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Many-body effects at metal-semiconductor junctions:
I. Surface plasmons and the electron—electron screened
interaction

J CINKSON
Cavendish Laboratory, Cambridge, UK

MS received 3 February 1972

Abstract. The electron-electron screened interaction nearthe metal-semiconductor junction
is calculated analytically by the introduction of model bulk dielectric functions which contain
all of the essential energy and wavelength dependent features of the real dielectric functions
of the metal and semiconductor. The poles of the interaction give the dispersion relations
for the surface plasmon excitations at the junction and these are studied for various para-
meters of the two bulk media. It is shown that there are two possible plasmon modes charac-
teristic of bimetal and metal-classical dielectric interfaces. The metal-dielectric plasmon has
a long wavelength energy which is always within the direct band gap energy of the semi-
conductor and so could be important for some tunnelling experiments, The high energy
‘metal-metal’ plasmon is damped by the ability to decay into a bulk plasmon of the metal
and in addition shows a minimum in the plasmon dispersion relation which is shown to be
due to the attractive form of the interaction in that energy range. Finally the rdle of surface
plasmons in Schottky barriers is discussed.

1. Introduction

In a recent paper (Inkson 1971b) we derived a new approximation to the full nonlocal
energy dependent electron—electron screened interaction near an interface. We showed
how the use of such a function would put many-body calculations of surface properties
on a firmer footing and in addition discussed the exchange and correlation potential and
the surface plasmon dispersion relation for the metal-vacuum system. In this, the first
of two connected papers, we derive the screened interaction for the metal-semiconductor
junction and examine the properties of the surface (or rather interface) plasmons. This
interaction will be used in the second paper to derive the electron self energy and hence
an effective nonlocal exchange and correlation potential. The resulting effects upon the
band structure in the vicinity of the interface and its application to Schottky barrier
formation will also be considered.

Plasmons, collective excitations of the electrons, follow directly from the work of
Bohn and Pines (1952, 1953) on the exchange and correlation energy of the electron gas
and have been identified many times in electron transmission and reflection experiments
(Pines 1955). A surface plasmon mode was first suggested by Ritchie (1957); later Stern
and Ferrel (1960) showed that it could be considered as an oscillating charge distribution
at the plasma-vacuum interface. They derived a simple relation for the long wavelength
energy limit which was confirmed by the elegant experiments of Powell and Swan (1960).
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The actual dispersion relation for the surface plasmon (ie how the energy varies with
wavelength) is difficult to obtain. Theoretically it should be given by the zeros of the
dielectric function for the complete system as in the bulk (Pines 1963). There have been
a number of detailed calculations using RPA or the time dependent Hartree method for
the metal-vacuum system with varying results (Newns 1970, Fedders 1967, Feibleman
1968). Harris and Griffin (1971) have shown that within RPA the dispersion relation is
critically dependent upon the model used for the wavefunctions but they conclude that
one should get a linear term in the dispersion relation.

In discussing the metal-semiconductor junction one is up against an even more
complicated system, certainly from the point of view of a detailed calculation of the
RpA type. Even for the bulk semiconductor the agreement between theoretical and experi-
mental dielectric functions leaves a lot to be desired. There are a number of reasons
however for wishing to know the properties of the plasmons at the metal-semiconductor
junction, Phillips (1970) has suggested that low energy plasmons (< the direct band gap
energy) at the interface may be responsible for the charge accumulation which results
in the pinning of the Fermi level in Schottky barrier formation. If these low energy
plasmons exist they may also be important in electron tunnelling experiments. For
instance Tsui (1969) has observed the increase in conductance due to the onset of surface
plasmon excitations in forward biased lead—GaAs tunnel junctions. These plasmons due
to the collective oscillation of the conduction electrons were at very low energies
(~100 meV). In order to achieve excitation of plasmons of the order of an electron volt
or so in this sort of experiment one would have to consider much more intrinsic semi-
conductors to obtain the electron energies needed without excessive currents.

If we are to calculate the self energy and hence the exchange and correlation potential
from (Hedin 1965, Hedin and Lundqgvist 1969)

Y (x, X, @) = z%j exp (—idw) G(x, x', w — w') W(x, x', ») do’

where G is the Green function and W the interaction, we must know the poles of the
interaction. These poles correspond directly to the plasmon oscillations so that in a
two component system there will be poles in the integrand corresponding to the surface
excitations of the system. This causes changes in the self energy and in fact for the free
metal surface the image potential asymptote comes from the surface plasmon pole in
the interaction (Inkson 1971b).

We have examined the surface poles of the interaction and find that there are two
basic types of surface plasmons at the metal-semiconductor interface. One is charac-
teristic of a bi-metal and the other of a metal-dielectric interface. The bi-metal type of
plasmon lies between the bulk plasmon energies of the two media while the metal-
dielectric type always has an energy less than the direct band gap of the semiconductor.
The different dispersion relations for the two modes are related to the interaction at
the interface as a function of energy. Finally we discuss the suggestion by Phillips (1970)
in the light of these new results.

2. Dielectric functions

In order to calculate the screened interaction we need to have the bulk dielectric function
of the media on either side of the interface. Unfortunately these are not known in any
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great detail so we use model dielectric functions which have the correct long wavelength
high energy limits. For the metal we use

k2
e RIS

with k being the Thomas—Fermi wavevector given by

k= <67‘mez>”2
EF

n is the electron density and E. the Fermi energy, and w, the plasmon energy. This is a
simplified version of the dielectric function used by Lundqvist (1967, 1968) for the
calculation of the self energy of the electron gas, which gave good agreement with the
Lindhard dielectric function. It amounts to letting the plasmon absorption peak exhaust
the sum rule (Hedin and Lundqvist 1969, Pines 1963) so that we ignore the single
particle excitations which form the only means of plasmon decay at low energies.

For the semiconductor we use

(1)

(60 - 1)
1+ €, (@?/?) — (*/og) €,

elg,w) =1+

where
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€
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Figure 1. Comparison of theoretical static dielectric functions: A, Srinivasan; B, Walter
and Cohen; C, model.
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density electron gas and ¢ is the static dielectric constant of the semiconductor. This
dielectric function corresponds to the same approximation in the sum rule. In figure 1
we plot the static dielectric functions as calculated by Walter and Cohen (1970) and
Srinivasan (1969). We see that in this limit the model is at least as good as the more
sophisticated calculations. (Note that this limit can be used to produce a Thomas—
Fermi type of equation for the semiconductor (Inkson 1971a).)

In figure 2 we plot the experimental dielectric function variation with energy (Ehren-
reich and Phillipp 1963) for two commeon semiconductors and compare it with the model

- 15
3 !
w
- 15
3 |
T

~10+ D

20 " Model

Figure 2. Comparison of the long wavelength model dielectric function with the experimental
results of Ehrenreich and Phillipp: (a) silicon, () indium antinomide.

dielectric function. The structure around the direct band gap energy is due to the high
density of states on either side of the gap. The model function includes this in a simplified
form. In fact we will find that as far as the surface plasmons are concerned these lie at
energies where the agreement with the experimental function is very good and for the
calculation of the self energy we are interested in integrations over the dielectric function.
We do not expect the use of these model dielectric functions to be a major limitation of
this work. The bulk plasmon dispersion relations for the metal and semiconductor are
given by

y(g) = o (1 + g*/k*)!? (5a)
wy(g) = wp(1 + ¢*/7*)"* (5b)
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3. The screened interaction

The development of the screened interaction has been described previously (Inkson
1971b, referred to as I hereafter) so we will only briefly review it here. When we have
an interface the interaction becomes nonlocal, depending upon absolute rather than
relative coordinates, and, in addition, new structure appears in the energy dependence
corresponding to the new interface excitations. Nonlocality will arise in two ways:
firstly we have at the interface an abrupt change in the screening properties; secondly,
because of charge redistribution and the new boundary conditions on the wavefunctions
at the interface, there are additional changes in the bulk dielectric functions and they
also become nonlocal. In our model this second contribution is ignored and we obtain
all the nonlocality from the change in the screening properties across the interface.
This is reasonable because the second form of nonlocality is brought about by the
changes in the density of the electrons near the interface but as we see from the simple
Thomas—Fermi equation the bulk screening is not very sensitive to the electron density
(ie k cc n*"). In addition of course this type of nonlocality will be very sensitive to the
boundary conditions at the interface; we will have a self consistency problem. Within
this model it is thus possible to calculate the interaction between two electrons through-
out all space. When they are on the same side it splits naturally into the direct interaction
just as in the bulk, and an indirect interaction by way of the induced potential due to
the presence of the other medium. We have for an electron at (g, 0, 0) and another at
(z, p, @) (cylindrical coordinates) in medium 1 (Inkson 1971b)

2

4r ial) + fila, m, ) .
Wiz, pia w) = (—;7?6)3 f mdldm (?;pj_mm)z) e{l(l[; _T n(;;’ a))> exp (—izl) Jo(mp) (6)

fi(a, m, ») gives the effect of having medium 2 on the other side of the interface; that is,
used in equation 6 it gives the induced potential arising from the change in screening
properties across the interface. This is discussed in detail in L (I, m, y) are the momentum
variables; because of the cylindrical symmetry ¢ and ¥ do not appear. The interaction
splits into bulk and surface parts.

4ne* [(mdldm f (a, m, o) exp (—izl) J (mp)

Wep,a )= (Zn)ZJ P+ mde,(Z + miw) (7a)
4ne* [ mdldmexp {—i(z — a)l} Jo(mp)

Wz p.a,0) = (27'5)2J. (P +m?e (> + m?, o) (75)

In the bulk case the vanishing of the denominator, that is
eP +m?w =0

gives an equation for the bulk plasmon dispersion relation (Pines 1963). A pole in the
integrand of the surface part will in the same way describe the interface plasmons.
There are two possible ways in which the integrand can explode, by the vanishing of the
bulk dielectric constant, which tells us nothing new, or when

fl(a: m, Cl)) - L
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We can calculate f|(a, m, ) by the techniques described in L. It involves evaluating
integrals like

oo lexp (ial) di
(> + mH) e(l? + m*, w)

as a function of m and w. When the energy is high enough so that we have zeros of the
dielectric function on the real | axis (physically corresponding to the possibility of bulk
plasmon excitation) this integral needs to be further defined. By considering the energy
as a complex function the ambiguity is resolved, we find that there are cuts along the
real w axis starting from the energies given by

em? w) =0

and going out to infinity. In the self energy calculation we will see that the contribution
of these cuts is quite important. For the case of the two model dielectric functions we
obtain for f,(a, m, w)

fila,m,w) = m[exp(—am)o - zuaz) )(% - 1) + (g — 1) exp (iaS)

{5556

w? w? (e, — Dm W\ (iegm  €,w?
Dimaw) =1 -2 )1 ¢ & LM MY [y @ —
(m, ) < a)2> < €0 i TS * wi )\ M w?

where ©)

w? 12 2
M = 1{18 <1 - w—§> + mz} w? < vl <1 + %) (10a)
2 12 2
=+ {kz <Z—U)7 — 1> - mz} w® > w? (1 + %) (10b)
P
pA 1/2 mz
S=i /2(1———2>+m2} w2<w§<1+ > (11la)
R

K
w? 1z m2
=+ {yz <Z)_2 - 1) — mz} w? > wé(l + F) (11b)
R

The + refers to the values on either side of the cut. The analytic structure of f,(a,m, w)
is shown schematically in figure 3. In the present paper we are concerned primarily
with the surface plasmon poles, that is when

Dim, w) =0 (12)
Note that this denominator does not change as z or a cross the interface so although
we have introduced it by way of f; (a, m, w) we are not restricted in that sense (cf equations

8inl).
Let us first look at the long wavelength plasmons (m = 0). We have from equations

9 and 12
2 2 2 2
<1—60w—2><1——6—07>—609—2<1—w—2>=0 (13)
U)R CL)p Cl)p UJR
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Figure 3. Analytic structure of f,{a,m,w) in the complex energy plane.

There are two useful limits which will tell us the type of plasmon we have
(i) €, — oo, the metal-metal interface, gives the well known solution

, O+ o}
Q- =

]

(ii) wg — oc; this approximates to a metal-classical dielectric interface in this
case since then for all energies of interest e5(w) = €, (cf equation 2) and then

2
wzz._gﬂ_
1 + ¢,

The other reference energy is the direct band gap of the semiconductor which is related
to the static dielectric constant by the well known relation (Ziman 1965)

E2
S
which means that
w
E =—R 1
PJe 12

Now the right hand side of equation 13 is positive for zero energy but negative for
an energy equal to the direct band gap. This means that no matter what the relative
values of the metal and semiconductor plasmon energies there will always be one inter-
face plasmon with an energy less than the direct band gap energy. Such a low energy
plasmon should be fairly easily excited and could be important in some tunnelling
processes. Figures 4 and 5 show the long wavelength plasmon energies for various values
of the static dielectric constant €. (wg like w, is determined by the electron density and
will not vary very much between semiconductors, in contrast to €,) We see that there
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are two interface plasmons at the metal-semiconductor junction: one metal-metal
and the other metal-dielectric like. The metal dielectric plasmon stays well within the

(direct) band gap energy being approximately $ to %Eg. In silicon for instance this
amounts to a plasmon of energy between 2 and 3 eV,

{2"(1..)5 +o§)}1/2

T

Energy (eV)

L
. / (e, D12

W I —

€

o=

o
S
)

Figure 4. Long wavelength surface plasma energies as a function of the semiconductor
dielectric constant. (wp =8¢V, wy = 16¢V).

e r—— [AT)

151 {Jz“(o§+o§ )}‘/2

Enerqy (eV)

Figure 5. Long wavelength surface plasmon energies as a function of the semiconductor
dielectric constant (w = 16eV, wg = 16eV).

For finite m, that is in order to obtain the dispersion relation, we have to solve
equation 12. Even for our model dielectric functions this can not be done analytically
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Figure 6. Surface plasmon dispersion relations as a function of the bulk plasmon energies:
w,, metal-dielectric like plasmon; w,, metal-metal like plasmon. Numbers on the dispersion

curves correspond to wg/o, .
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Figure 7. Surface plasmon dispersion relations as a function of the dielectric constant of the
semiconductor.
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and, since the values of w may very well be complex, the solution was performed
numerically. Starting from the m = 0 solutions, m was incremented and the new solutions
found using Newton’s method in complex algebra taking care as to which side of the
cut we were on. This procedure was satisfactory until the solutions came close together
when the method broke down. This usually occurred at fairly large m however so was
not too restrictive.

Summaries of the solutions obtained are shown in figures 6 and 7. The most striking
features are the initial decrease in the metal-metal plasmon energy with increasing m
and the appearance of a negative imaginary part to this same plasmon energy showing
that the excitation has a finite lifetime. This is maintained for large variations in €, k, 7,
only vanishing as the two bulk plasmon energies come close together as in figure 6.
The finite lifetime must come about through decay into bulk plasmons of the metal
since this is the only process available in this energy range (we specifically neglected
the single particle excitations in constructing our model dielectric functions). The decay
process will take place since the plasmons will be able to couple through the electric
field. In figure 6 we have plotted the bulk metal dispersion relation (with the / component

(5

15 \

g

5

= : N

S i
pk
AN

Figure 8. The electron-electron interaction at the interface: (a) below the metal- metal
surface plasmon energy; (b) below the metal-dielectric surface plasmon energy

zero). There is certainly some correlation between the movement of the peak of the
imaginary part and the position of the bulk and surface plasmons with the same (real)
energy and momentum. The effect of a damping mechanism on the plasmon frequency
has been discussed by Mendelowitz (1960) for the infinite crystal.

The negative slope in the metal-metal plasmon dispersion relation is interesting.
It can not have anything to do with the coupled surface plasmon behaviour in thin
films (Economou 1969) since there is only one surface. Bennet (1970) has found that the
single surface plasmon dispersion relation for the metal-vacuum system shows a
minimum under certain conditions. In this case it is due to a variation in the back-
ground and electron charge distributions in the surface region which are absent here.

To investigate the phenomena further we obtain the interaction between electrons
at the interface. From equation 6 we obtain
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W(p, ) = 4me? del dm(f, (0, m, w) + 1) J,(mp)

(2m)? (* +mYe (> + m* w)

where f,(0, m, w) is evaluated at a = 07,
This simplifies to

{(im/M)— (a)z/wﬁ)} {1 —(w?/wd)e, + (e, — 1)im/S} J (mp)dm
(im/M)— w* /o) e (1 -0 /of) + (1 — w*/wl){1 - e,w?/wg + (€, — L)(im/s)}

W(p,w) = 2¢? f{

the real part of which can be evaluated numerically. In figure 8 we show the interaction
for energies below the metal-metal and metal-dielectric dispersion relation. We see
that the interaction is attractive at the higher energy so that the uniform electron density,
that is m = 0 configuration, is not stable and finite wavelength density fluctuations will
have a lower energy. This would explain the minimum in the higher energy dispersion
relation but obviously further work is required on this subject.

The lower metal-dielectric plasmon is by comparison much better behaved. It has a
positive slope dispersion relation and an infinite lifetime. If we included some low energy
absorption due to single particle excitations, as in Ritchie and Marusak (1966) for the
metal-vacuum case, the lifetime would become finite of course.

4, Discussion

We have shown how the screened interaction at the metal-semiconductor interface gives
rise to two surface plasmon modes. One is similar to the interface plasmons of a bimetal
junction and the other more characteristic of a metal—classical dielectric system. The
metal-dielectric plasmon has a very low long wavelength energy always lying well
within the direct band gap energy of the semiconductor concerned. With such a low
energy the plasmon could be important in tunnelling experiments where excitation of
surface plasmons could be expected to cause changes in the current voltage characteris-
tics (Tsui 1969). In this energy range however there are other competing energy loss
mechanisms, particularly impact ionizatien (Crowell 1967), which will complicate the
situation. Because of its restricted lifetime the higher energy plasmon will not be such
a well defined excitation at finite wavelength but we shall see that it has an important
part to play in the calculation of the electron self energy.

Finally we would like to discuss the suggestion of Phillips (1970) as to the part
played by stable plasmons in Schottky barriers. His assumptions are that the charge
accumulation which pins the Fermi level at the surface of some covalent semiconductors
is due to the excitation of surface plasmons and that these will only be stable if the
energy of the plasmon is smaller than that required to break a bond in the semiconductor
(~ direct energy gap). These are applied to the case of covalent and ionic semiconductors
and he shows that only in covalent semiconductors will the plasmons be stable and
hence pinning occur in agreement with experimental evidence (Kurtin et al 1969). Our
work shows however that the surface plasmon energy is always within the direct band
gap energy. Thus on Phillips’ criterion we would always have stable surface plasmons
and there would be no difference between covalent and ionic semiconductors in Schottky
barrier behavicur. He also considers the metal-oxide-semiconductor system but we
cannot say anything about this at present.
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