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ABSTRACT

When (Ba,Sr)O is bombarded by electrons, it is found that the resistance
versus accelerating voltage curve shows a trough at some accelerating voltage.
From the estimation of the kinetic energy of an incident electron which causes
the trough change, it has been found that the optical activation energy required
to remove an electron from the impurity level 1o the conduction band is about
3.35 ev. This agrees with the value as estimated roughly from thermionic data.

By this method may be obtained the energetic structure of such a substance
that cannot be investigated by spectroscopic method.

To get more accuracy, however, the results obtained by this method must be
compared with those obtained by the spectroscopic method for the well-known
substances. '

Moreover, it has been found that the impurity level plays an important role
in the phenomenon of secondary emission of eXcess type impurity semi-
conductor.

‘1. Introduction

The thermionic work function of (Ba, Sr) O has been measured by
many workers since 1924 (1). But the thermal activation energy de
bas not been measured because it is not distinct whether the value
obtained from the temperature dependence of conductivity is de/2 or
de . Also, optical activation energy has not yet been measured because
of the difficulty in the treatment of a sample. Thus we have attempted
to get its activation energy by electron bombardment.

2. Experiment

(1) Apparatus

The apparatus used in our experiment is shown in Fig. 1. The
sample was made by winding 16 turns of each of two tungsten Wwires,
about 0.01 cm in diameter, on the cylinder of insulating material about
0.2 ¢m in diameter and about 3.5 c¢m in length, and coating with (Ba,
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Sr) O between the wires (Fig. 2). The heater was inserted within the
cylinder. The dark resistance of the sample was 10°~1C® ohms.
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Fig. 1.
S sample 61In: incident current VR,: 100K€ 1W R;: 500K&
G grid E; : 200volts VRs: 100KE€ 7 o a @ 102
C @ emitter E, : 0.2volis VR;: 82 24 b : 2000%
N : nickel plate E; : 18volts Ry 1Me ¢r @ 1000~1C000 2
I. : sample current Re: 1ME

As the emitter of the bombarding electrons use
was made of direct heating Th'W wire in the first
case and indirect heating mnickel cylinder coated
with (Ba, Sr) O in the second case.

The voltage between the sample and the emitter
could be varied from a potentiometer connected with
a storage battery. An adjustable voltage on the
grid, mounted between the sample and the emitter,
Fig. 2. regulated the incident current without altering the

w : electrodes filament cuarrent.
H;, Ho: heater

The sample was inserted in one arm of a Wheat-
stone bridge in parallel with a known resistance », whose midpoint
was connected through the voltage supply to the emitter, a galvano-
meter serving to read the conducting current and a voltage meter
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indicating the sample potential, i.e. accelerating voltage. The parallel
resistance was inserted so that none of the incident current did flow
through the bridge circuit. All the measuring instruments were supnorted
with insulating materials in order to prevent the leakage current.

(2) Procedure

Emitter’s filament was fired after biasing the grid —30 volts so that
none of the electron beam was incident. After the resistance of the
sample, that was decreased by radiation from the emitter, had reached
to equilibrium state, the sample was bombarded by electron beam for
two minutes. Since it required 15~25 seconds to measure the resistance
of the sample, the value after 30 seconds was recorded. The bridge
circuit was open, during the bombardment, not to scale out. The same
procedure was repeated by altering sample voltage after the resistance
of the sample reached to equilibrinm state. Thus it required 90~120
minutes for one series of observation to be finished. The vessel was
kept evacuated at about 107*mm Hg by means of a liquid air trap.

(3) Results

(i) The resistance of the sample versus the accelerating voltage
curve shows a minimum at about 1.5 volts in the case of Th'W emitter
(Fig. 3) and at about 0.2 volts in the case of Oxide emitter (Fig. 4)
and then increases up to the value in the case of non-bombardment with
increasing accelerating voltage. Above 2.0 volts in the former case,
and above 0.7 volts in the latter one, the resistance does not change
by the electron bombardment.

This trough of the resistance curve seems to depend upon the exci-
tation of electrons from a bound state to the conduction band. And
the kinetic energy of an incident electron which causes the trough gives
approximately the optical activation energy from the bound state to the
conduction band. We shall call this quantity Avwa. (cf. Discussion).
Now hvaa is given by substituting the observed value of V into the
following equation (2) :

1 s . .
/w,,mz;:mv“: V= dga— i+ ¥y — ¥, (ev) (1)

where V : reading (in volt) of accelerating voltage meter when the
trough occurs,
is : sample current (ampere) (cf. Results (ii)),
74 : internal resistance of ammeter = 1013 Q,
7 : series resistance = 0.5 X 10°Q,
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¥,: work function of sample = 4.54 ev (c¢f. Discussion),
Peo: work function of emitter : 3.00 ev for ThW and 1.35
ev for Oxide (cf. Discussion).
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4R decrement of the resistance.
D: dark resistance of the sample.

The observed values of V' and the calculated values of Avum.s are given
in the following Table I.

TABLE I
. is Observed values of ¥V hymnx (ev)
Emitter (x 10-% A) (volt) (calculated)
ThW 0.5 0.9 219
U 10 1.0 . 2.04
” 20 1.45 1.99
y 4.0~5.0 1.65- 1.19
iy 5.0 1.7 0.74
Oxide 1.6 0.18 2.87
” 1.5 0.2 2.64
% 1.7 0.2 2.54
7 2.5 0.2 2.14
" 3.0 0.23 191
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The curve of hvma versus the sample current decreases with increasing
sample current both in the cases of ThW emitter and of Oxide emitter
(Fig. 5). By extrapolation from this curve we have obtained the value
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Fig. 5.

MA

MV~ 3.35 ev in the latter
case (cf. Discussion).

(i1) In order to explain the
question why the resistance
does not change above 2.0 volts
(ThW) or 0.7 volts (Oxide),
we observed the resistance and
secondary emission against the
accelerating voltage simulta-
neously.

The blackened nickel plate,
whose area is 1/6 of that of
the sample, wag placed in the
same plane of the surface of
the sample and perpendicular
to the incident beam. The plate
current 7, in case when the same

voltage as the sample voltage was supplied, was measured together with

the sample current 7.
(9«) 61, > is,

6?:71 - is
§ = m ks
(b) 67

Thus, we have obtained the results that

versus accelerating voltage curve shows the same

behaviour as the resistance curve (Fig. 6).

Thus the reason why the re-
sistance does not change above
the given voltage is that bound
electrons are not excited to the
conduction band but emitted
It
seems therefore that the im-
purity level (cf. thenext section)
plays an important role for the
secondary electron emission
from (Ba, Sr) O.

(iil) After two or three
series of the bombardment the
resistance begins to decrease
monotonously and is independ-

as secondary electrons.
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Fig. 6. & =yield of secondary electron.
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ent of the accelerating voltage and then the surface of the sample has
been blackened.

Also, as soon as a liquid air vessel is removed, it is immediately
blackened. Therefore it seems that adsorbed diffusion pump oil on the
surface is carbonized by the electron bombardment.

(iv) In spite of the fact that the dark resistance of the sample ranges
over 10°~10° ohms, the decrement of resistance is about the same quanti-
ty in each case and depends only upon the incident current. It seems
that this phenomenon depends only upon the energetic structure of sur-

face layers.

3. Comparison with the optical activation enzrgy estimated from
thermionic data

It has been known that the thermal activation encrgy, required to
excite thermally an electron from the impurity level to the conduction
band, is about 1.4 ev. Therefore the optical activation energy, roughly
estimated from the above value, is about 3.5 ev. This agrees approxi-
mately with the value 3.35 ev which bave been obtained in the present
experiment. Thus we conclude that the trough of resistance curve depends
upon the excitation of clectrons from the impurity level to the conduction
band by the electron bombardment.

For the work function of (Ba, Sr) O, various different values have
been obtained by many workers. Nijboer (3) attempted to explain this
fact by assuming that the nwmber of impurity levels is greater than
that of electrons available. He obtained the equilibrium state of crystal
from the condition that the free encrgy of crystal is minimum. Accord-
ing to his results work functions i and . corrvesponding respectively
to the cases of good activation and bad one, are given as follows:

=21y, Vo=de + ¢,

where 4de is the thermal activation energy and ¢ is the width of the
conduction band. Adopting the same model, we obtained the same results
by the entirely statistical method (cf. Appendix below).

Kawamura (1) bas found, by the method of Richardson’s line, that
the work function of (Ba,Sr) O ranges over 1.0~1.7 ev in various
cases. Thus, putting

de/2 + ¢ =10 (ev), )

de + ¢ =17 (ev),

he has obtained the results that
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de = 1.4 (ev), }
¢ =03 (ev).

(2)

Now it has been observed (4) that the surrounding ions do not move
during an electron’s removal from an impurity center by the absorption
of kinetic energy of an incident electron. Also this fact has been pre-
dicted from the probability calculated by the quantum theory of mole-
cules (5). Therefore, we have (6)

RVaas — A€ a <—1~ — L),

T 9R Ko P

where i« is the dielectric constant for high frequency, « the dielectric
constant for electrostatic field, and 2 the radins of impurity atom.

Since the depth of the potential hole with this model is ¢*/x £ we
shall have

]Lvmnx ~ C:z/le(\]i N
de ~ |2k k.

Assuming that xo~4, ©~10 for (Ba, Sr) O which seem to be probable,
we obtain

10
wmax ™ T A4E . 3
RV s 1 A4 (3)

Substituting Eq. (2) into Eq. (3) we have

hvmax~ 3.5 (C‘V) . ( 4 )

4. Discussion

(1) We assumed that the value of 2vwax , 1. e. the kinetic energy of an
incident electron which causes the trough change gives approximately
the optical activation energy. To know the more strict meaning of
hvuse We must take into account the fact that incident electrons distribute
according to the Maxwellian distribution law and that the conduction
band has its width. Thus we shall have a quantitative relation among
the short wave edge, the long wave edge and Ava.s . The discussion
on such a relation is now in progress.

(2) In calculating Avwma by Eq. (1), the following three assumptions
are made :—
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(a) Initial velocity distribution of incident electrons is assumed to
show a maximum at zero velocity. Since incident electrons actually
distribute according to the Maxwellian distribution law the maximum
would be at about 0.0869 ev. This, however, is of the order of lattice
vibration, i.e., the order of 1/40~1/20 ev and so can be neglected.

Also the hump of surface barrier that accelerates the emitted electrons
is neglected. But it seems to have an appreciable height in the case
of Th'W emitter, as we shall show later.

(b) The work function of tungsten electrodes (4.54 ev (7)) is taken
as that of the sample, since the electrodes expose from the Oxide
surface. Otherwise the reasonable valne of v cannot be obtained simul-
taneously both in the cases of Th'W and Oxide emitters.

The work function of Th'W emitter (3.00 ev) is taken from the
table (7). It corresponds to the case of 8 = 0.812. That of Oxide (1.35
ev) is the intermediate value of Kawamura’s data (cf. the previous
section). Therefore, the obtained value of A has uncertainty of about
&+ 0.35 ¢v in both cases. To obtain the more accurate value, the
contact potential difference between the sample and the emitter should
be measured.

(¢) The effect of charging up the sample is neglected. It, however,
should be estimated as for the well-known substanccs.

(3) It seems to depend upon the hump of surface barrier and direct
heating voltage that the value of Zwvumy is smaller in the case of Th'W
than in the case of Oxide. Therefore the data in the latter case are
used t0 get hvuax .

(4) The decrease of the L.y versus the incident current curve is more
rapid in the case of Oxide than in the case of Th'W. The fact shows
that this decrease cannot be explained only by the lastice vibration of
the sample. It seems to be probable that, externally applied voltage is
decreased in the case of Oxide, since the mean work function of the
sample is increased by the production of WO (¥ = 9.2 ev (8)) on
the sample electrodes. And it secems that the oxygen which produces
WO, becomes to be dissociated from the CO, gas, that is evaporated
from the Oxide emitter, and adsorbed on the electrodes. According to
this assumption it seems to be reasonable that /iv.uax decreases with the
increasing incident current, since the production of WO increases with
the increasing incident current. This should be tested by measuring
the actual contact potential difference in the above case.

(5) The fact that the resistance curve closely agrees with the secondary
emission curve, seems to suggest how -interactions occur between the
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low velocity electron and the crystal. From this point of view, it seems
to be naturally comprehensible that the effect of the bombardment can
be observed after 30 seconds.

In conclusion, the writer wishes to express his sincere thanks to
Professor Dr. K. Arakatsu and Professor Dr. K. Kimura for their kind
guidance and invaluable suggestions during the course of his research.
His hearty thanks are also due to Professor Dr. M. Sonoda, Assistant
Professor Dr. 8. Shimizu, Lecturer Dr. Y. Uemura, Mr. T. Yanabu
and Mr. J. Muto for their kind advice and encouragement.

Appendix
The feature of this derivation is that Fermi level, ¢, is obtained
and therefore is easy to get the emission formula. Calculating by the
usual S-function method (8) we obtained the following results:

e’ 3 _dgwe

T Vw2 = Ne T — (No— N, (1)

where O == 47 (2m™/L* and m™® is the effective mass of electron, N,
the number of impurity states, N the number of electrons available at
0°K, ¢ the Fermi level at 7°K, de the thermal activation energy.
Energy zero is taken at the bottom of conduction band. The quantity
on the left-hand side of Eq. (1) is the number of eclectrons that have
been excited from the impurity level. Then, the following two limiting
cases present themselves :—

g’ 3
. . v 2 - s . . ' .
(i) If Ny— N< Q™) v/ /2, “which holds in the case of good
activation, we have approximately

g

C S e
O D) V|2 = Ne ™.

Thus,
e M, N3
R ok (2)
Therefore the thermionic current is
L2 + de/2
izAlN“’”exp<-i“];;F€—/—>, (3)
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where 4,==(2/ ha)% @ m”")iL ki eo, and ¢, is the electronic charge and ¢
the width of conduction band. Hence, the work function as 0bts5ined
from the slope of Richardson’s line is

V1= ¢ + de/2. / (4)

LA |
(i) If No— N> C™(6T)* /7 /2, which holds in the case of bad
activation, we bave approximately

de + ¢
T o A = Noyn| e — %
Ny — N N exp( T ) R
and consequently
e':»—de—f—k’l’logm. (5)
Therefore
. N " ¢ + de
= o T e - "77*) (e
with  A.==47m*[7eo/k*, and consequently
oz 6 + de. (7)
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