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Electrical interface barriers
T. C. McGill* and C. A. Mead'

California Institute of Technology, Pasadena, California 91109

(Received 19 October 1973)

A review of the phenomena associated with electrical barriers between metals, and insulators and
semiconductors is presented. The observed phenomenological rules governing the value of the barrier
energies for different metals on the same insulator or semiconductor are presented. The barrier energies on
ionic insulators are shown to vary strongly with the metal. While in the case of covalent semiconductors,
the barrier energies are relatively independent of the metal. The barrier energy from the metal to the
conduction band of the semiconductor is shown to be approximately two-thirds of the semiconductor band
gap with certain exceptions. Transport through interfacial barriers is illustrated by discussing the transport
through metal-GaSe-metal structures and Mg-SiO, structures. Both thermal induced transport over the

barrier and tunneling through the barriers are discussed.

INTRODUCTION

The study of electrical interface barriers dates back to
1874, when K. F. Braun! observed that an interface
formed by a metal wire brought into contact with a
lead sulfide crystal carried current more easily in one
direction than in the other. While this result was rather
puzzling at the time, it can be explained by postulating
that a certain energy is required to take an electron
from the Fermi energy of the metal and place it in the
conduction band of the lead sulfide crystal. This energy
is called the interfacial barrier energy ¢p. Since that
first observation, interfacial barriers have been studied
extensively by a large number of workers.? In this paper
we would like to summarize some of the results of these
investigations.

We divide our discussion into two parts. First, we
summarize a series of empirical rules which tell how the
magnitude of the barrier energy varies as we change
the metal on a given insulator or semiconductor, and
how large the barrier energies are on a covalent semi-
conductor. Second, we discuss the various modes of
current transport across (or through) interfacial
barriers.

EMPIRICAL RULES FOR BARRIER ENERGIES

From the study of the size of ¢5 for a rather large
number of semiconductors and insulators, two empirical
rules have been noted. The first of these rules deals
with the variation of ¢ 5 on a given insulator or semi-
conductor as we change the metal. The second deals
with the magnitude of ¢z for metals on covalent
semiconductors.

Let us start with the first of these two rules. Simple
considerations of how the barrier forms? suggests that
¢ 5 should be written as the difference of two quantities:
one characteristic of the metal vacuum interface, and
the other characteristic of the insulator or semiconduc-
tor-vacuum interface. The first of these is the work
function of the metal ¢w, the energy required to take
an electron from the Fermi energy of the metal into
the vacuum; and the second is the electron affinity of
the insulator of semiconductor X,, the energy gained
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by taking an electron in vacuum and placing it at the
bottom of the conduction band of the semiconductor or
insulator. That is,

ds=ow—X,. (1)

Accurate values of ¢ w* are not readily accessible for all
the metals of interest; hence we will use instead the
electronegativity® of the metal Xy, a quantity which
is readily available. The values of ¢w are closely related
to those of X 4 except for a constant. This substitution
has no important effect on the results that are to follow.
Hence, we have that

¢5=X y—X,+const, (2)

where X is the electronegativity of the metal. This
simple argument would lead us to conclude that the
barrier energy should increase linearly as we vary the
electronegativity of the metal with a slope of unity.
More generally we might write that

¢ 5=SX »+const, (3)
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F16. 2. The slope of the line through the barrier energies as a
function of the electronegativity Xu of the metal as a function of
the electronegativity difference of the insulator or semiconductor.

where S is the slope of the variation of the barrier
energy with the electronegativity of the metal. The
simple theory would suggest that .S should be unity.

In Fig. 1, we have plotted the values of ¢5 vs X
for three different insulators or semiconductors—=SiOs,
GaSe, and Si. In the case of SiO; the slope .S is approxi-
mately one. While in the case of GaSe it is 0.6; and
in the case of Si it is approximately zero. This shows
that the values of S can be quite different from the
simple theory; and, since SiO, is more ionic than GaSe
which in turn is more ionic than Si, it suggests that the
value of .S depends upon the ionicity of the semicon-
ductor or insulator. To illustrate this point further,
we take as a measure of the ionicity of an AB com-
pound?® ¢ the difference in the electronegativities of the
two constituents

AX=Xp—X4, 4)

where X 4 is the electronegativity of the species 4 and
X 5 is the electronegativity of the species B. Then if
we plot .S vs AX, we obtain the rather surprising results
shown in Fig. 2.7 The value of S is quantitatively deter-
mined by AX with S remaining small for AX <0.7 and
then changing rather rapidly to a value of S equal to
unity for AX >0.7. That is, for ionic materials where
AX >0.7, ¢ varies directly with the electronegativity
of the metal. While for AX<0.7, ¢5 depends rather
weakly on the electronegativity of the metal.

Since the behavior of the more ionic materials can
be understood qualitatively in terms of the simple
ideas mentioned above, most theoretical effort’~1 has
been concentrated upon accounting for the behavior
of the more covalent materials and explaining why an
abrupt transition in behavior should occur when
AX =0.7.

The second empirical rule for barriers deals with the
magnitude of the barrier energy of a metal on covalent
semiconductors. If one studies the size of ¢ for the
covalent semiconductors, one finds with a few excep-
tions that the barrier energy is at approximately % the
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band gap E,." To illustrate this point, we have plotted
the barrier energy of Au on a number of different co-
valent semiconductors as a function of the band gap
of the semiconductor in Fig. 3. The straight line in the
figure is the line ¢ 5=2E,/3.

In summary, the barrier energy varies according to
Eq. (2) for metals on ionic materials and is relatively
independent of the metal for metals on covalent semi-
conductors. For metals on covalent semiconductors, the
barrier energy is approximately % of the band gap.

ELECTRICAL TRANSPORT OVER AND THROUGH
INTERFACIAL BARRIERS

The electrical barrier at the interface between a metal
and an insulator or semiconductor can be explored
experimentally by studying the transport of current
through the interface. This can be accomplished in two
ways: first by exciting electrons over the barrier using
light and studying the photocurrent,? and second by
measuring the current transport due to electrons which
are thermally excited over the barrier!® or owing to
electrons which tunnel through the barrier.!® In this
paper we concentrate upon the second of these two
methods.

One of the simplest ways of studying the influence of
the interfacial barrier on current transport is to make
samples in which the insulator is sufficiently thin that
current transport is limited by the interfacial barrier.
Such a structure consisting of Al, a thin layer of GaSe,
and Au is shown in Fig. 4. In this case the barrier
energies are measured from the Fermi level of the metal
to the valence band of the GaSe. The values of the
various parameters relevant to (GaSe are given in Ref.
15.

If the thickness of the GaSe layer is greater than a
few-hundred angstroms, then the current is carried by
carriers which are thermally excited over the barrier.
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F16. 3. Barrier energies for zinc-blende materials as a function
of the band gap of the semiconductor. See Ref. 14 for the method
of obtaining the corrected values.
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Hence the current should vary as the number of carriers
which have a thermal energy large enough to surmount
the barrier. That is,

J~J exp(—oeti/krT), (5)

where ¢.¢¢ is the barrier height limiting the current flow.
Current—voltage characteristics, -V, like those given
by Eq. (5) are observed in Au—-GaSe-Al structures as
shown in Fig. 5. In the ‘“low forward” the current flow
of holes from the Au is limited by the Al-GaSe barrier
which is reduced in value with respect to the Fermi
level of Au. In the “high forward’’ the current flow of
holes from the Au is limited by the Au—~GaSe barrier
which in the first approximation does not move with
respect to the Fermi level of the Au. However, once
the image of the carrier in the insulator in the metal is
included in the calculation of the barrier shape, the
barrier becomes field-dependent and lowers slightly with
increasing bias.’® This leads to the observed increase of
current with voltage.

In the “reverse direction’ the current is due to holes
from the Al and is limited by the Al-GaSe barrier. As
in the case of the “high forward” the barrier height
should vary slowly with bias due to the image lowering
of the barrier. However, the current increases more
sharply than predicted by the simple image lowering.
The rather large rate of increase of the current with
applied bias is due to the fact that the barrier can be-
come so sharply peaked at high biases that holes can
actually tunnel through the top of the barrier. This
phenomenon is illustrated in Fig. 6, where we have
plotted the distribution of current due to holes as a
function of hole energy along the barrier shape. As can
be seen from this figure, the current at small biases is
carried mainly by carriers coming over the top of the
barrier. While at large biases, the current is due mainly
to the electrons which have been thermally excited and
then tunnel through the top of the barrier.

One simple experimental verification of the current
expression given in Eq. (5) is the temperature depen-
dence of the current. One would expect that the current
for fixed voltage should decrease exponentially with

Fic. 4. Energy band
diagram of an Al-GaSe—
Au structure under zero- Eg
applied bias. Hole en-
ergy increases down E,
in the bandgap of GaSe, E
2.0 eV. ¢a1 is the Al- F PiE
GaSe barrier energy, o 1Gase ¢
1.05 eV. ¢ay is the Au- - = TAu
GaSe Dbarrier energy, Al

0.52 eV. Ep is the Fermi 2y

level.
Ehl L
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Fic. 5. Current-volt- o7k
age characteristic of an
Al-GaSe—Au structure.
The dots are experi-
mental data; the solid
line is calculated as de-
scribed in Ref. 15. The el
insets show the partial
band diagram of the Al-
GaSe-Au structure and ool
illustrate the various
bias conditions.
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1/T with a slope given by the barrier energy divided by
Boltzmann'’s constant. In Fig. 7 we have the results of
measuring the temperature dependence of the current
when the sample is biased in the ‘‘high forward.” The
correct exponential activation of the current is observed.

For very thin samples less than 100-A thick the cur-
rent—voltage characteristic of the devices are different
from those observed for devices with thicker insulators. In
this case the current is due to the tunneling of electrons
through the insulator. One might expect that the wave-
function of the tunneling electron would be exponen-
tially attenuated as it passes through the insulator. The
attenuation would in the simplest case (of relatively
small electric field) be dependent upon the energy of
the electron relative to the valence band. Hence, we

CURRENT DISTRIBUTIONS (AI*)

Or— —_— PR

10F

l2r v=0] V=10 V2.0

Fic. 6. Theoretical (normalized) current distribution for a reverse
biased 600-A thick Al-GaSe-Au structure. The solid curves illus-
trate the shape of the image-lowered potential barrier; the dotted
curves represent the distribution, as a function of hole energy E,
of the injected carriers.

Jpd-euluo™ L7 ZZ1/209881 L L/2ZL/L/L LiPpd-elonesAl/sae/Bio die sqnd//:dpy wouy pepeojumoq



125 T. C. McGill and C. A. Mead: Electrical interface barriers 125
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F1c. 7. Current as a function of 1000/T for the Au electrode

buried +0.75 V on a 600-A-thick Al-GaSe-Au structure. The
gio'ig afrelgxperlmental data; the solid line is calculated as described
in Ref. 15.

would expect that the probability of an electron in the
metal with a given energy E tunneling would be given
by

2.0

.20

F16. 8. The attenuation constant of the electronic wavefunction
vs energy for GaSe. The way in which the function was obtained
is described in Ref. 16.
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P(E) =exp|:—2/k(e) dx:l, (6)

where k(e) is the decay constant for a given energy e
measured with respect to the valence band or conduc-
tion band of the insulator and the integral is taken over
the distance x, in which the electron is in the forbidden
gap of the insulator. We can distinguish two cases: one
in which the electron has an energy such that it is in
the forbidden gap of the insulator during the entire
distance across the insulator, and one in which the elec-
tron has an energy such that it is in the forbidden gap
of the insulator only during part of the distance across
the insulator. We discuss the former case first.

In this case the total current-density J would be
given by the integral over those electrons which are
below the Fermi energy of one metal and above the
Fermi energy of the other metal.® That is

]=A/dEP(E), )

where A is approximately constant.!® In the case of
GaSe all the tunneling characteristics can be explained
by using the function k(e) given in Fig. 8. (The zero of
energy is taken at the valence band edge in this figure.)

Typical experimental current voltage, /-V, charac-
teristics as a function of thickness are shown in Fig. 9.
In this figure we have also included the current voltage
characteristic to be expected from an equation similar to
Eq. (7).1® The agreement of the experimental J-V with
the theoretical I-V for a number of different thicknesses
using a single function k(¢) verifies at least qualitatively
that the tunneling model gives a good account of the
I-V characteristics. To give some idea of how the dis-
tribution of tunneling electrons change as we vary the

103,
e=ame EXPERIMENT s7A
THEORY

Al-GaSe-Au
102}

107!

1072

J(omps/cmz)

073

1077
0o 2 4

V {volts)

F16. 9. Current—voltage curves, for both directions of applied
bias, of a number of Al-GaSe—Au structures. Solid symbols repre-
sent experimental data. The solid lines are theoretical curves ob-
tained in a manner described in Ref. 16.
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Fic. 10. Energy distributions of tunneling
electrons and corresponding band diagrams for
two Al-GaSe-Au structures. The calculation of
these distributions is described in Ref. 16. The
number beneath the peak of each distribution
indicates the absolute magnitude of the peak
relative to the peak of every other distribution
in the figure.

thickness of the insulator, we have plotted the current
distribution for a few voltages in Fig. 10. From this
figure one can see the big difference in the current dis-
tributions for the two different thicknesses. Finally, we
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might consider the result of changing one of the inter-
faces. That is we replace the Al by Cu and measure the
I-V characteristic of an Au-GaSe-Cu structure. The
resulting I-T characteristic is shown in Fig. 11 along

with the theoretical I-7 computed from Eq. (7). The

Cu-GaSe;Au
t=83A

Fic. 12, Energy dia-
gram of a thick metal
insulator-metal  struc-
ture under high applied

e
N
S Cu
S 102
S
o
- |O‘3
* EXPERIMENT
1074+ — THEORY
Ve,>0 Ve <0
105 ] | Ll l 1 ]
0 2 .4 670 2 4 6
V (volts)

bias. Note that the
tunneling distance is

¢/F

F16. 11. Experimental current-voltage curve of an 83-A-thick
Cu—-GaSe-Au structure is shown by the solid symbols. The solid
curve is the theoretical current—voltage curve described in Ref. 16.
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agreement is quite good.
Finally, we take up the second type of tunneling

TUNNELING
PATH

METAL
2
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FiG. 13. Fowler Nordhelm plot of the current-voltage charac-
10\ L ey 1.1

LCIIBLILB Ul OI\J2—1Vlg \dl LCl l\cl 10), 11T Cuirent is normaiizeda
such that it is one at the lowest fields.

called Fowler Nordheim tunneling.'” In this mechanism
of current flow, an electron near the Fermi energy of the
metal tunnels into the insulator and then is transported
across the insulator into a second collecting metal (see
Fig. 12). In this situation the current is given by the
probability that the electron tunnels through the upper-
most triangular part of the barrier. The distance that
the electron has to tunnel is given by ¢/F where F is
the applied field (see Fig. 12). Hence, the current voltage
characteristic should go as

J=J, exp[_2¢k-|, (8)

F
i

-

where k is the average decay constant of the wave-
function in the insulator at energies from ¢ to the con-
duction band. Experimental I-V characteristics for
Mg-5i0; interface®® is given in Fig. 13 where the log of

J. Vac. Sci. Technol.,, Vol. 11, No. 1, Jan./Feb. 1974

Jis ] ted as a function

The agreement is quite good between theory and
experiment.

SUMMARY

In summary, we have reviewed some of the empirical

ATrOATT

1l tha howlaw amacoios ot caetal ol
Tuics Suvululus LuC parlicl ClTIEITS dt 1licidl dCllil-
conductor and metal insulator contacts, and found that
there are some striking regularities in the variation and

magnitude of the barrler energies. We have also re-
viewed the various modes of current transport through
interfaces and shown that there is quite good quali-
tative if not quantative agreement of the experimental
results with highly simplified model theories of trans-
port through interfaces.
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