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Schottky's Theories of Dry Solid Rectifiers
By J. JOFFE, Ph.D.
Professor i n Chemical Engineering, Newark College of Engineering, Newark, New Jersey

Editor's Note : Following a brief introduction, this article summarizes W. Schottky's views on rectifica
tion as expounded in a series of papers published during the years 1939 to 19-l-2 , inclusive. The manuscript
was prepared by Dr. Joffe in 19-l--l- while on the staff of the Rectifier Division, · Federal Telephone and
Radio Corporation, and on a leave of absence from the Newark College of Engineering.

T

HE two most important technical devel
opments dependent on the rectifying
action of a contact between semi
conductor and metal, a phenomenon known since
1 874, are the cuprous oxide and selenium recti
fiers. Many papers have been published and
various theories advanced to explain their recti
fying action. Any successful theory, however,
had to await the formulation of a valid theory
of electronic conduction in metals and semi
conductors.
The modern theory of electron conduction1
assumes the presence in a crystal of energy
levels comprising electrons. Such energy levels
have been postulated in the quantum theory for
the electrons of a single isolated atom . Energy
levels in an isolated atom, as a rule, are spaced
far apart ; contrariwise, energy levels in crystals
occur in bands of very closely spaced levels, and
the bands are separated by regions containing
no energy levels. According to the quantum
theory each level at most can accommodate two
electrons, the lowest levels being filled first. If
the energy levels of a band are completely filled
with electrons, while the accessible adjacent band
is completely empty, the crystal behaves as an
insulator. In this case a moderate external elec
tric field can produce no current ; there are no
vacant levels to which the electrons can be trans
ferred except in the next higher band-a transfer
that would require an enormous potential gra
dient. In the case of an energy band not com
pletely filled with electrons, an electric field
causes redistribution of the electrons over the
energy levels and so produces an electric current.
i

See References at end of article.

The crystal is then a metal. When a band is
nearly full, the electrons responsible for con
duction behave in an anomalous manner. The
conduction mechanism is then best described in
terms of the motion of vacant spaces in the
band or "holes." These "holes" behave like posi
tive charge-carriers having the mass of electrons.
It is possible to determine from measurements
of the Hall and thermoelectric effects whether
the current in a given conductor is carried by
electrons in the normal way or by positive
' 'holes.''
Semiconductors are a class of substances that
o�e their electronic conductivity to the presence
of impurities or lattice imperfections. The semi
conductor itself possesses a lower energy band
completely filled with electrons and an upper one
which is empty. The intrinsic conductivity of
the semiconductor is similar in nature to that of
an insulator and is due to the relative scarcity
of electrons that possess sufficient thermal energy
to pass from the lower band into the upper
normally empty one. Their number is given by
a function of the form e- b! T , where b is propor
tional to the energy difference between the bands
and T is the absolute temperature. Impurities in
a semiconductor possess energy levels which fall
in the region between the two bands of the semi
conductor and which may act as donors of elec
trons to the upper band. The energy step then
becomes small enough to permit appreciable
electronic conductivity at room temperature.
Such a semiconductor is referred to as an "excess
conductor" since the current is carried by elec
trons in a nearly empty band. On the other hand,
the energy levels corresponding to the impurity
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atoms may accept electrons from the lower band
of the semiconductor. Holes are thereby created
in the band, their number depending on the
energy step between the lower band and the
energy level of the impurity. Current is then
carried by the "positive holes" in the semiconductor which is said to be a "defect conductor. "
Cuprous oxide and selenium are both regarded
as "defect conductors."
Attempts to explain rectification at the bound
ary between metal and semiconductor, based on
modern theories of electronic conduction, were
made independently in 1932 by A. H. Wilson,
by Nordheim, and by Frenkel and Joffe. These
investigators pictured the metal and semiconductor as separated by a potential barrier. Elec
trons were assumed to pass through the potential
barrier in either direction by the well-known
tunnel effect. The direction of easy flow of electrons would be from metal to semiconductor.
For a "defect conductor," however, the direction
of easy flow would be reversed. This theory fails
because it predicts rectification in the wrong
direction. Thus, in cuprous oxide, a "defect con
ductor," the direction of easy flow is that of
positive current from cuprous oxide to copper.
In 1939 N. F. Mott2 proposed a crystal rectifier
theory in which he assumed a potential barrier
between metal and semiconductor sufficiently
thick so that electrons could not go through it by
the tunnel effect. The electrons would then have
to pass over the barrier by thermal excitation.
In his treatment he made a number of assump
tions, the chief limitation being that the space
charge in the region of the potential hump may
be neglected so that the potential gradient in this
region would be constant. Mott arrived at a
function for the current giving the correct direc
tion of rectification and, after introducing a
correction for the Schottky field emission effect,
obtained approximate agreement with experi
mental characteristics of cuprous oxide rectifiers.
Qualitative Aspects of Schottky's Theory
\V. Schottky in a series of papers3•4• 5· 6• 7 be
ginning in 1939 attacked the problem somewhat
in the same manner as Mott, assuming a poten
tial hill extending from the metal into the semi
conductor. Schottky, however, placed great
emphasis on the space charges formed in the

A

•

S O D I U M VA P O R

B.
E L E C T R O N D E N SITY

C.
Fig. 1-(a) Thermionic analogy, Pt, C electrodes and
sodium vapor; (b) Curve showing distribution of electron
density in semiconductor; (c) Diagram showing semiconductor
with uniform concentration of impurity centers, placed be
tween metal electrodes M1 and Mn.

boundary laye(of the semiconductor in contact
with the metal and their effect on the potential
profile and on conductivity. In his first paper,3
using thermionic analogies, he considered one of
the simpler cases, i.e. , that of a semiconductor
with uniformly distributed dissociating impurity
spots in contact with two metal electrodes. The
semiconductor, in the thermionic analogy, corre
sponds to space filled with an ionizable gas, such
as sodium vapor, and the metal electrodes to the
electrodes of a thermioni c tube. Just as in the
latter the work-function , metal-vacuum , deter
mines the electron density in the immediate
neighborhood of the metal electrode, the ideal
rectifier work-function, metal-semiconductor,

www.americanradiohistory.com
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determines the electron density in the semicon
ductor at the metal boundary. Corresponding
to the two metals, I and II, the two boundary
electron densities are n1 and nIJ. In the interior
of the semiconductor an electron density, nH,
is determined by the dissociation of impurity
centers and by the requirement of neutrality
(Fig. 1 ) . At the boundaries between semicon
ductor and metal electrodes there exists a space
charge density, determined by the difference be
tween the existing electron density and that
which would prevail under neutral conditions,
i.e.,

p = e X (n - nH).

The space charge

is

re

lated to the potential gradient F and to the
potential V by the well-known Poisson relations
41rp
d F 47rp d2 V
. constant.
- = - -- = - - e = d"ieIectnc
dx
e
dx2
e '
The boundary layers in which these space
charges are present exhibit a non-ohmic resist
ance while the interior of the semiconductor,
where n = n H, acts as an ohmic resistance.
Further, if nH > nII > n1, there is a smaller bound
ary resistance at metal electrode II than at
metal electrode I, so that the non-ohmic effects
at the two metal boundaries do not cancel each
other. The effect of current in the blocking direc
tion on the space charge distribution and thick
ness of the boundary layer can be determined by
assuming a steady state with pure field flow
(neglecting diffusion currents) ; the current
strength then must be constant with respect to
the position coordinate. Hence F X n = const.,
where n, the electron density, is assumed to be
proportional to the conductivity. The field
strength F, the space charge p, and the potential
V are in turn related by Poisson ' s equation. An
increase in current requires an increase in F
and in the differences in F as we progress from
boundary to semiconductor interior. This means
an increase in the space charge in the boundary
layer. Since, however, the space charge density
is limited by the fixed bound n1 or nu, an increase
in the total charge in the boundary layer can
be brought about only by an increase in the
width of the layer. The reiistance of the bound
ary layer consequently increases with the cur
rent.
If, subsequently, under the action of an exter
nal field, current is made to flow in the opposite
direction with electrons moving from semicon'
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ductor to metal, a steady state with pure field
flow cannot be attained in the boundary layer
where electron impoverishment exists. Instead
the boundary layer must contract until the rate
of decrease of n at the boundary becomes suffi
ciently steep for diffusion to carry electrons
through the boundary layer to the metal. As the
boundary layer contracts, the boundary resist
ance correspondingly decreases. The fundamenta!
equation for a steady state of current flow
through the boundary layer is
i = ebnF ±ebB

�:

.

Here e is the electronic charge, b the mobility,
n the electron concentration or density, F the
field strength, B

=

kT where is the Boltzmann
k
e

dn
constant and T the absolute temperature and
dx
the concentration gradient. The first term on the
right of the equation represents field flow and
the second t.erm the diffusion current. The minus
sign in the equation holds for "defect conductors"
in which conduction is by "positive holes."
The same equation was used by Mott. In his
treatment, however, Mott integrated the equa
tion on the assumption that F is constant, where
as Schottky and Spenke4 consider the variation
of F with space charge density according to the
.
dF
.
.
P01sson equat10n,
d = 411"
-p. I t is sh own by
X

E

Schottky that in his treatment, j ust as in Mott's
theory, the direction of rectification for a "de
fect" semiconductor is the reverse of that of an
"excess" semicon<luctor, i.e. , the easy direction
of flow is that of positive holes in the direction
from semiconductor interior toward the metal.
The blocking effect in the boundary layer of
a semiconductor so far considered may be de
scribed as physical since it depends entirely on
the existence of space charge in the boundary
layer which, in every other respect including
distribution of impurity centers, does not differ
from the interior of the semiconductor. Never
theless, a boundary layer of a semiconductor may
differ from the semiconductor interior in that it
may possess much smaller concentration of im
purity centers-a prerequisite for what Schottky
calls a chemical barrier layer. As explained
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Fig. 2-Characteristics in blocking direction: (a) "Re
serve" boundary layer; (b) "Exhaustion" boundary layer;
(c) Experimental curve for (high-voltage) cuprous oxide
rectifier.

previously, when the current in the blocking
direction is increased, the space charge in the
boundary layer must increase. This can occur
through an increase in the width of the space
charge zone or through an increase in space
charge density. Adjoining the chemical barrier
layer is a region of relatively large impurity

center concentration in which (say, through
dissociation of the impurity centers) a high

space charge density can be established. Hence,
the width of the space charge zone will never
appreciably exceed the width of the chemical
barrier layer, i.e., the region of impurity center
impoverishment. A region extending beyond the
space charge zone, on the other hand, must
exhibit a pure ohmic resistance regardless of its
impurity center content. It may be surmised
that the optimum of technical rectification is
obtained when the thickness of the chemical
barrier layer is of the same order of magnitude
as the width of the space charge zone. Thus,
according to Schottky, the width of the boundary
layer predicted by space charge theory is 1 0-6 to
1 0-3 centimeters, depending on the conductivity
assumed in the semiconductor interior. Capacity
measurements on cuprous oxide and selenium
rectifiers indicate boundary layers of 10-5 to
1 0-4 centimeter thickness, a similar order of
magnitude.
Schottky places in a different class artificial
·barrier layers, such as organic lacquer layers
applied between semiconductor and metal elec
trode. Microscopic holes in such layers permit
contact between metal and semiconductor, thus
giving in effect a multiple point-contact rectifier
with fine and widely separated point contacts.
In such arrangements the ohmic resistance is
particularly small as compared to the non-ohmic
boundary resistance and hence especially good
rectification is obtained. Invisible high-resistance
layers on the surface of the semiconductor or
metal electrode (say, oxides) may act in a manner
similar to artificial blocking layers by reducing
the contact area between metal and semicon
ductor.
Results of Schottky's Mathematical Analy
sis

Let us return now to a more thorough con
sideration of Schottky's space charge theory. In
the paper by Schottky and Spenke,4 in which the
theory is formulated quantitatively, two limiting
cases are considered. In the first, the fraction of
dissociated or ionized impurity centers is small.
The electron density (for "excess" conductors)
is then inversely proportional to the concentra
tion of ionized impurity centers. A layer in which
this relation holds is referred to by Schottky as
a "reserve" layer. The second limiting case is
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actenstrcs obtained with selenium rectifiers at
first made it appear that selenium blocking layers
0
z
w
V (REDUCED VOLTAGE)
belong to the class of "reserve" layers (see Fig. 3) .
0::
The work of Miss A. Schmidt8, however, showed
0::
::::>
the strong dependence of current-voltage char
0
1 0- •
acteristics
of selenium rectifiers on the metal
0
w
used as counter-electrode. Thus, the character
0
istic of a selenium rectifier with a bismuth-tin
::::>
0
counter-electrode is typically of the "exhaus
.,____._-+-,__1--.1<'-1--1----1---1---1 ' o-s
w
tion" variety. Field emission effects are brought
.e;
into play with the usual type of counter-electrode
......
(cadmium-tin) , masking the "exhaustion" char
acter of the blocking layer.
0.1
Measurements made by H . Schweickert5 on
10
the resistance of selenium rectifiers with counter
Fig. 3-Characteristic in blocking direction for a commer
electrodes made of different metals are interest
cial selenium rectifier.
ing. Fig. 4 shows resistance plotted against the
work-function, metal-vacuum. There should be
a close parallelism between the work-functions,
that where practically all the impurity centers metal-vacuum, and metal-semiconductor. The
are ionized. This gives a positive space charge metal with the larger work-function should
density (for "excess" conductors) , practically create the greater boundary impoverishment in
constant and equal to the concentration of the
impurity centers. A layer in which this condition
exists Schottky designates as an "exhaustion"
layer. The current-voltage characteristics for
.n/CM 2
these two types of barrier layers are decidedly
1a7
different in the blocking direction.
�Fig. 2 shows the theoretical curves for the
z ,......
- CJ)
0
Nn
two cases as well as an experimental curve for a
--I
I- z
--Li
cuprous oxide rectifier (a reduced voltage as
<..:> w
W ;:E
abscissa is plotted logarithmically against a re
Ba. ..Q.2:.
� w
Be
duced current as ordinate). Physically the dif
0 0:::
Mq
Al (!) :::> (\j
ference between the two types may be explained
- <(
z
CJ) <..:>
:::iE 1 05
as follows : As the current in the blocking direc
Zh
� w c:::
ca
tion is raised, the space charge in the blocking
<..:> :E w
0
0.
layer must increase. For the "reserve" type this
..J I-
Tl
CD z
is accomplished partly by an increase in the
z W � 104
- 0:::
fraction of impurity centers which are ionized.
J:
Sb
w 0::: 0
Mn ..-,_Sri
Hence, there is only a moderate increase in the
<..:> :::>
Cr
z <..:>
width of the space charge zone and in the bound
<(
I
1 --.£>! �
ary resistance. In the case of an "exhaustion"
i-- 5
cu � w
Au
layer there can be practically no further increase
CJ) c:::
w in space charge density since practically all the
Ni
0::: 8
impurity centers are already ionized. Hence, a
relatively large increase occurs in the width of
5V
4
3
2
the space charge zone and, therefore, in resist
WOR K - FUN CTION
ance. Deviation from a 45 degree line is greater
( I N V O LT S )
for the "exhaustion" type. As seen from the
figure, the cuprous oxide rectifier approximates
Fig. 4 -Resistance in blocking direction of selenium
the "exhaustion" type. Current-voltage char- rectifiers vs. work-function of metal,
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Fig. 5-Energy levels in metal and semiconductor.

electrons in the semiconductor and thus produce
the larger boundary resistance. The anomaly in
the case of selenium-larger work-functions pro
ducing smaller resistance-is explained by the
fact that selenium is a "defect conductor. " The
work-function for "positive holes" is complemen
tary to the work-function for electrons, as can be
. seen from the energy level diagram of Fig. 5.
When an electron i s raised from the energy
level E ff! (corresponding to a filled electron band)
to the energy level E8 (corresponding to a vacant
band) , the energy, E, expended in the process
creates a conductance electron and a "positive
hole" in the semiconductor. EF represents the
surface of the Fermi distribution in the metal.
It is obviovs from the diagram that the work
function for electrons, tf;8 , and the work-function
for positive holes, tf;ffi , must add up to the
constant value E. Hence, metals with small
work-functions, tf;8 , have large work-functions,
if;$ , and produce a strong impoverishment in
positive holes in the selenium boundary layer,
leading to a high boundary resistance. Inasmuch
as selenium rectifiers with low resistance bis
muth-tin counter-electrodes were shown to be
long to the "exhaustion" type, commercial
selenium rectifiers with cadmium-tin counter
electrodes, which produce greater boundary
impoverishment (more complete ionization of
impurity centers) , would according to Schottky6
certainly be of the "exhaustion" type.

An "exhaustion" boundary layer with uniform
distribution of ionized impurity centers is treated
by Schottky in a more recent article,7 the mathe
matical exposition being simplified. Since the
space charge density in the boundary layer must
be constant and proportional to the concentra
tion of impurity centers, the field strength, F, is
a linear function of the position co-ordinate. The
potential profile is parabolic, as seen from Fig. 6.
Here A- represents the negatively charged im
purity center,' tf;ff! the work-function for "positive
holes," lk the thickness of the space charge layer,
and VD the "diffusion" potential between semi
conductor boundary and interior, necessary to
maintain the space charge distribution in the
semiconductor when no current is flowing. With
the aid of additionaJ simplifying assumptions
Schottky derives mathematical expressions for
the current both in the forward and in the block
ing direction.
An important consequence of the simplified
theory is that the concentration of impurity
centers in the boundary layer can be calculated
from capacity measurements according to the
U .
.
d(l/C2)
811"
equat10n d U
where
1s the app 1.1ed
eenA-

= --

potential, C the capacity, e the dielectric con
stant, e the electronic charge, and nA- the con
centration of ionized impurity centers. For an
"exhaustion" layer, nA- is approximately equal
to nA, the concentration of impurity centers. If
the distribution of impurity centers in the bound
ary layer is not uniform, as in the case of a
chemical barrier layer, the potential profile of
Fig. 6 is no longer parabolic. The expression
d(l/C2)
U
d

871"

eenA-

'

however, still. holds. The value of nA is obtained
from the slope of the curve which results when
U
1/C2 is plotted against . The value of x, the
distance from the metal boundary corresponding
to any given value of nA , can be calculated from
the capacity C according to the equation
E
C = --·
47rX

Capacity measurements made by Miss A.
Schmidt8 on selenium rectifiers show that, j ust
as for cuprous oxide rectifiers, the equivalent
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circuit consists of a capacity and resistance in
parallel and a small series resistance. The latter
corresponds to the ohmic resistance of the se
lenium layer ; the resistance and capacity in
parallel, to the boundary layer. In Fig. 7 are
shown the results of measurements with selenium
rectifiers, one with a magnesium and the other
with a bismuth counter-electrode. The counter
electrodes were produced by thermal evapora
tion of the metals in question. These results,
indicating uniform distribution of impurity cen
ters, are particularly significant in the case of the
magnesium counter-electrode. The formation of

a rectifying magnesium-selenide layer could not
be excluded a priori. Such a layer, however,
would have a capacity independent of the applied
voltage, which is certainly at variance with the
observed behavior. From the slopes of the lines
in Fig. 7, the impurity center concentration
can be calculated ; the concentration for the
magnesium-selenium rectifier is approximately
8 X l015 particles per cc and for the bismuth
selenium rectifier it is 1 . 6 X 101 6 particles per cc.
The widths of the boundary layers, calculated
from the capacities, are 3 X 10-5 and 1 X 10-5 centi
meters, respectively, when no potential is applied.
Another interesting consequence of Schottky's

M E TA L - S E L E N I U M
B O U N DARY
M E TA L

S E LE N I UM
_ _
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, _ __ _
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Fig. 6-Potential (ordinate) vs. distance (abscissa) from
metal-selenium boundary showing layer of constant space
charge density.
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Fig_. 7-Capacity of selenium rectifiers with magnesium
and bismuth counter-electrodes vs. voltage in blocking direction.

equations is that the intercepts of the lines in Fig.
7 on the horizontal (voltage) axis give directly
the values of the "diffusion" voltage Vn. The
difference in the intercepts, as read from the
figure, is about . 7 volt. If in Fig. 6 the difference
between the energy level of "positive holes" in
the interior of the selenium layer and the level
of the Fermi surface is assumed to be the same
for the magnesium-selenium and bismuth-sele
nium rectifiers, then the difference in Vn for
the two rectifiers must correspond to an equal
difference in the work-function for "positive
holes," ij;!fJ. This, in turn, should correspond
to a difference in the work-function for elec
trons, ife, in the opposite sense. Such a dif
ference is actually observed, as can be seen
from Schweickert's diagram, Fig. 4 , which gives
if (vacuum) = 3.6 volts for magnesium and if
(vacuum) = 4.4 volts for bismuth, a difference
of .8 volt.
A non-uniform distribution of impurity centers
in the boundary layer can be inferred from ca
pacity measurements when the counter-electrode
is applied by cathodic sputtering. Fig. 8 shows
the difference in results when a gold counter
electrode is applied by thermal evaporation and
by cathodic sputtering. Fig. 9 shows the manner
in which the calculated impurity center concen
tration varies with the distance from the metal
boundary.
Values of Vn calculated from resistance meas
urements are in much poorer agreement with
theory than those calculated from capacities.
According to Schottky, field emission effects
which cause the discrepancy have a much
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stronger influence on the conductivity than on
the capacity of the boundary layer. Fig. 1 0
shows the current-voltage characteristics o f a
bismuth-selenium rectifier in the blocking direc
tion : (a) calculated by B. Davydov's formula
on the assumption of a "reserve" boundary
layer9 ; (b) calculated by Schottky's method on
the assumption of an "exhaustion" boundary
layer ; and (c) the observed curve. 8 Schottky
explains the deviation of curve (c) from (b) by
field emission effects. The applied field not only
lowers the potential barrier but also changes the
electron density distribution and thus the con
ductivity in the boundary layer. Schottky's cal
culations, however, would indicate that only a
small fraction of the current deviation from the
theoretical value can be explained in these terms.
His view is that the discrete nature of the space
charge distribution is chiefly responsible for the
deviations from thermal emission theory. Since
impurity center concentrations in selenium rec
tifiers are of the order of 1 016 per cm3 and widths
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of boundary layers of the order of 10-5 cm, it
follows that a boundary layer has a thickness
corresponding to only about two to six layers of
impurity centers.
Fig. 1 1 represents a hypothetical potential
profile of such a boundary layer. (The dashed
curve would hold for a continuous space charge
distribution like the one assumed in Fig. 6.)
Probability calculations, assuming random fluc
tuations, show that under these circumstances
the concentration of impurity centers will be
sufficiently high in certain locations in the bound
ary layer to overcome the potential hump and
create a path for electrons. These electron paths
only slightly affect the capacity of the boundary
layer but greatly influence the resistance in the
blocking direction, tending to lower it as the
applied voltage is increased. Current leakage
through these paths, as well as decreased resist
ance with increasing voltage, becomes relatively
more pronounced at lower temperatures at which
thermal emission is suppressed. For concentra
tions of impurity centers much in excess of 1016
per cm3 electron paths lower the resistance of the
boundary layer to such an extent that rectifying
action is practically eliminated at room tem
perature. Concentration of 1016 impurity centers
per cm3 represents an extremely low value. Thus,
for the bismuth-selenium rectifier, for which the
calculated impurity center concentration is 1 .6
X 1016 per cm3, there would be only one impurity
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center for every two million selenium atoms.
Schottky remarks that the combination of a
sufficiently low concentration of impurity centers
with a relatively high semiconductor conduc
tivity is unusual, a circumstance that accounts
for the rarity of good rectifying materializations.
Schottky shows too how the simplified mathe
matical treatment developed for an "exhaustion"
boundary layer can be applied to the cuprous
oxide rectifier. 7 In the latter the "exhaustion"
layer is separated from the semiconductor in
terior by a "reserve" layer. Capacity measure
ments yield values for the thickness of the "ex
haustion" layer instead of that of the entire
boundary layer. Calculations of impurity center
concentrations from capacity measurements on
cuprous oxide rectifiers indicate a boundary layer
impoverishment (chemical barrier layer) , corre
sponding to concentrations of only about 4 X 1015
impurity centers per cm3 and extending to a depth
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Fig. 11-Potential diagram for boundary layer with dis
crete (negative) point charges.

of about 6 X 10-5 cm. into the cuprous oxide.
Beyond this depth the concentration quickly
rises to values of over 1 017 per cm3• However, the
space charge layer attains a width of 6 X 1 0-5
centimeters only when the applied potential in
the blocking direction reaches about . 7 volt.
Hence, for potentials under . 7 volt, the rectifier
behaves both with respect to direct and alter
nating currents as if it had a boundary layer with
a uniform impurity center concentration and a
variable thickness depending on the applied
potential. According to Schottky, the assumption
of a chemical barrier layer of constant thickness
yields the better approximation provided the
applied voltage in the blocking direction exceeds
one volt.
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