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The present paper is a theoretical treatment of the Schottky effect for mor
emitters .of thermal, photoelectric and secondary electrons,

conductor nature.
ky’s usual formula for metals.

At present it can be regarded as a reliably
established fact that almost all recent effective
composite emitters of thermal, photoelectric
and secondary electrons are semi-conductors
of a specific volume and surface structure ().
In this connection such semi-conductor catho-
des possess a number of specific features
not inherent in ordinary metallic cathodes.
Unfortunately, the latter fact is not always
given sufficient consideration, as the syste-
matic study of these very important semi-
conductor properties of modern composite
cathodes is still at its beginning only. The
present paper deals with a very essential
feature of such composite semi-conductor cath-
odes which is related to the so-called Schott-
ky effect.

As well known, when an external electric
field of strength E is applied, the electron
work function for metallic cathodes decreases
by the magnitude Ap=7V ek, which usually
brings about a corresponding increase in therm-
ionic emission of the cathode (the Schottky
effect). Consider now what will be the result
of the same electric field applied to the surface
of a semi-conductor cathode.

Consider, for instance, a usual electronic
semi-conductor with a donating admixture,
the potential diagram of its surface being,
as shown in Fig. 1 to the left (/). Here p is
the chemical potential level, @ and & are the
levels corresponding to the lower edges of the
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[ lern composite
the emitters having a semi-

It is shown that in such cases one encounters very important features
that did not take place in the case of ordinary metallic emitters. Formula }211 biained
for the change in the work function of thermionic emission that differs grea

) is obtained
tly from Schott-

conduction and fordidden zones respectivelv
of the semi-conductor, ¢ is the level of the ad-
mixture. Upon application of the electric ficld
the potential diagram alters as shown in Fig. |
to the right (7). From Fig. 1 the application
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Fig. 1

of an external accelerating field is seen (u
bring about two effects: 1) a reduction in the
outer work function y by wvalue Ay and
2) anarrowing of the zone width { by value AZ.
In other words, the complete thermionic work
function for a semi-conductor cathode ¢=y--Z
from formula:

I=A,T?exp ( — :-;;) (1%
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decreases under the action of external field
£ by the value

Ap=Ay +AL. 2)

We now proceed to a more detailed dis-
cussion of the both terms of formula (2).

1. For semi-conductors and dielectrics the
outher work function of an electron y is li-
ke for metals reducible with a certain app-
roximation to the work done against the elec-
trostatic 1mage forces. In this case (?), if a
charge e is located; for instance, at distan-
ce r beyond the surface of a perfect insula-
tor with a dielectric constant e, its electro-
static image ¢’ is located at the same distance
on the other side of this surface “within”’
the substance, but in its absolute magnitude
the image charge is e’ = —(s—1 /e 1) e, i.e.
the image force attracting the charge is

ee’ se—1 e
FO=—@p=—Fiw

The expression derived for an insulator
differs from the familiar one for a metal by
the factor e—1/e4+1. It is quite natural
that in the intermediate case of an electron-
ic semi-conductor the above formulae for ¢’
and F{r) become

’ 82
e = —ae, F(r)=———15é,

where the factor « lies within the following,
usually rather narrow, range

e—1

s 41

From condition eE =1 (r)) there is deduced
in the usual way the following expression
for the decrease in the value of y in electric
field &

<oa<1.

)

Ay = Ery+ % S F(rydr=Vak.

To
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Hxpression (4) differs from that for a metal
by factor Va only.

In making use of formula (4), it should be
kept in mind that the polarization of the free
electronic gas in the semi-conductor occurring
at the moment of the electron emission, pro-
ceeds slowly and hence z =y e—1/e4-1. This
relasion will evidently hold only when the
time = taken by the emitted electron to tra-
verse the main range of the electrostatic image
force [<<10°° ¢ with a heat velocity, say,

u 107 em/sec. will be much shorter than the
relaxation time of the electronic gas in the
semi-conductor <, =sz0,/4x, i. e. sgr1,. For
the majority of modern activated semi-conduc-
tor cathodes and in particular for barium-
oxide coated thermocathodes,even when heat-
ed, this condition is found to hold.

And finally, in making use of the obtained
results, one should bear in mind that for
the considered cathodes, as well as in the case
of the metallic ones there arises a difficulty
connected with the irregular relief of the emit-
ter surface. The true electric field at the emit-
ter surface might be considerably higher than
its mean macroscopic value £, and simul-
taneously the effective emitting surface of
the cathode, which is less than the geometrical
one, does not remain constant but increases
in acertain manner with increasing £. Since
this problem, in spite of its being put
forward long ago, is not as yet sotved even
for metallic cathodes, we leave this problem
open to discussion also for our case of semi-
conductor cathode. :

2. Because of the limited concentration of
free electrons » in a semi-conductor, the ex-
ternal electric field E is not screcned at the
very surface as in metals, but partly penct-
rates into the semi-conductor, thus stimula-
ting a reduction by AL [formula (2)] in the
width of the zone { near the surface, as
shown in Fig. 1. As a result the free elec-
tron concentration near the surface of the se-
mi-conductor increases as compared with the
concentration within its body up to the va-
lue »’ > n, where

’

P oexp (4)
n = OXD KT )

In our cases of thermionic «¢mission from
semi-conductor cathodes the following con-
dition always holds (*):

()

N elp
h= o kT <1,

where [ is the emission current density, o, —
the specific conductivity of the semi-conduc-
tor, p—the Debye-Hiickel screening radius:

kT g
o (| —— .
v <4ne2n'P >

On the other hand, there exists the following
rclation between the external electric field

(6)
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in vachum £ and the internal field at the
semi-conductor surface E’:

E =¢E’ T 4o, (7)

where T o is the surface density of free char-
ges (negative electrons and positive holes),
situated on localized levels at the outer sur-
face of our semi-conductor emitter.

In our case of A € 1 the relation between
the value AZ from (2) and (5) andthe exter-
nal accelerating field strenght E is represen-
table as (%)

en

-k*\T E, k]v (E ""‘ 4’10) =

—va[(5)"-() v e

or, otherwise,

p 2T
s—-—e—arbsh[-r L4 ]| (9)

Thus we have deduced an explicit and con-
venient form of the relation Al = f(E).

As in the previous case, we as yet leave
open the question as to the possible part played
by the relief of the emitter surface. We
only note that, if the absolute magnitude
of the relief irregularities is much less than
the shielding radius p from (6), the influence
of the relief upon the value of A{ can be
disregarded, i. e. the actual field at the emitter
surface can be considered as equal to the mac-
roscopic field E.

In the case £=0 and ¢ >0 formula 9)

becomes
argsh< vk o 4:%) . (10)

(AQ), =

This formula shows the decrease of the quan-
tity % and, therefore, that of thermoelectro-
nic work function o= (;+7y) (Fig. 1), which is
associated with the presence of free positive char-
ges of arbitrary origin on the outer surface of
the semi-conductor cathode, on its local surface
levels. These ions build up here a double layer
with (AC), & 4nop/e [for small (AQ),], ¢

this double layer looks as if it were constructed
of dipoles with a very large arm of the order
of magnitude p/=. In the ordinary case the film
of polarized electropositive atoms sets up on
the cathode surface a double layer the field
of which practically does not penetrate into
the interior of the semi-conductor; as a result
the capacity of this double layer, 4nc’a=Ay,

affects only the decrease of the quantity
7. from Fig. 1 and hence also of the work
function ¢; this double layer looks as if it were
built up of dipoles with an arm equal to an
atomic value of a, ¢. e. to a value much below
ple.

The changes in the surface film, that are
associated with the uncertainty of state, pola-
rized atom—ion, are here of no importance.
because the frequency of these transitions
is of the order of 10 sec.”, which highly
exceeds the above mentioned relaxation fre-
quency for the electronic gas in the semi-
conductor, ;*

Summarizing the foregoing considerations.
we arrive at the conclusion thatif an external
electric field £ is applied, the thermionic
work function ¢ =y-§ of the semi-conduc-
tor from (1) and (2) decreases according to
formulae (4) and (9), by the wvalue

Ao = Ay + A= (seE)'s +

2T, e
+= arg sh [2V§SkT(Ej:4m)],

which is essentially other than Schoitky’s
formula Ag=(eE)'= for metallic cathodes.
This, in turn, must result, for instance, in
an increased thermionic emission / of the semi-
conductor, say, of the barium-oxide-coated
cathode, in conformity with the following

(113

-expression resulting from (1)

r=1,0x0 (53 (12)
g 1/l o
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Fig. 2

To illustrate the results obtained, in Fig. 2
are given the curves for the relation 1g(/// )=
=f(E) as derived from (11) and (12) for the
values: e=5,7.e. a=0.66,5=0,7 = 1100°K
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and three various values of the shielding ra-
Aivs 1 0= 0 (curve 1),p=2.5.10"° ecm (curve 2),
=12.5-10"* ( rve 3). From the graphs in
Fig. 2 it is seen that with the usual reasonable
values of radius p the correction to the quan-
tity AL disregarded heretofore may be of a
very great, and sometimes even of a decisive
significance. As a result the Schottky effect
for semi-conductor cathodes will be of a nature
entirely unlike that for metallic cathodes.

It is difficult to compare the theoretical
results deduced here in the form of formula
(11) with the very scarce experimental data
on the Schottky effect, e. g. for oxide-coated
thermocathodes (*), since such comparison
requires the knowledge of a numter of para-
meters, namely, p, ¢, & and ¢ entering this
formula. Nevertheless, we have presented in
Fig. 2 by means of three groups of circles,
the data of the following experimental investi-
gations: a) the circles on curve 4 are the data
from Fig. 2 of He in ze’s paper (*) assuming
Ex30V; D) the circles on curve 5 are S pr o-
ull’s data (*) from his Fig. 10 for the initial
current i, corresponding to the instant =0,
and ¢) the circles on curve 6 areSproull’s
data (*) from his Fig. 10 for the equilibrium
current Z,. Then, by means of formula (11)
the theoretical curves 4, § and 6 in Fig. 2 were
plotted for the values = =5 and the appropriate
temperatures; the vaules of 4 and ¢=e/V were
«hosen in such a way as to find out whether
theoretical curves £, 5 and 6 can be made to
agree with the experimental data indicated
above (*). It was found, that such an agreement
was possible only with the values of p and
4ws listed in the following table:

2. The values, derived here for the shielding
radius p (column 2 of the table), are quite rea-
sonable and result on the basis of (6) (if assump-
tion P =1 is made) in the values for the free
electron concentration rn listed in column 4 of
the table. On the other hand, the experimental
data obtained in measuring the transverse
resistance of the oxide layer of the cathodes
of operating electron valves, have resulted in
values of the order of several hundred ohms
per 1 mm?; whence assuming the semi-conduc-
tor to be homogeneous, there is obtained the va-
lue n ~ 10'* cm~, which in order of magnitude
is in fair agreement with values listed in our
table.

3. The values of s derived here (column 3)
are of a positive sign and for the surface con-
centration of free positive charges on the lecal
surface levels IV, lead to the values presented
in column 5 of the table. In column 6 are given
the values of (A(), as obtained from formula
(10) with £ = 0. Therelative influence of these
free positive charges, yielding dipoles with a
large arm of the order of p/z, on the reduction
in values of %, and, therefore, on the work
function ¢=(y-+%) (Fig. 1), is seen to be a
very small one. The chief réle in reducing
greatly the work function of these effective
oxide-coated thermocathodes belongs evidently
to the comparatively dense film of adsorbed
and polarized atoms of the electropositive ba-
rium which, as mentioned above, sets up a
double layer with an arm of the atomic order,
this film affecting only the value of y (see
Fig. 1). 4

4. Comparison of the data presented in the
table for curves 4 and 6 enables to draw cer-

of cuive | 105+ (cm) 10-1. 4%s (V/em) ‘ 10-15.n (cm=3) 107103y (em=2) (8%% (eV)
|
4 1.8 tas | 0.9 2.4 0.100
5 1.6 1.4 1.0 0.8 0.031
6 1.0 +1.0 l 2.6 0.6

Examination of curves 4, 5 and6 in Fig. 2
and of the above table allows to draw the fol-
lowing conclusions.

1. Theoretical curves 4, 5 and 6 derived
here in all three cases do really agree very well
in their general course with the experimental
data of Heinze and Sproull, thereby affording
to the present theory ahigh degree of certainty.

( 0.014

tain preliminary conclusions as to the changes
occurring in an oxide-coated thermocathode
resulting from thermionic emission. One gets
the impression that this influence looks as
though the emission results in an activation
of the electrolytic processes in the cathode.
As -aresult of these processes a certain amount
of barium is released in the interior, this lead-
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ing to an increase in n, and a certain amount
of oxygen is released on the surface, this lead-
ing to a dercease in N, and (AJ), .

Thus comparison of our theory with expe-
rimental data enables to draw a number

of additional conclusions of great physical
interest. ‘

In conclusion the author expresses his gra-
titude to S. I. Peckar for his discussion of the
problems treated in the present paper.
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