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The excess tunneling current due to electron-surface-plasmon interactions in semi-
conductor-metal tunnel junctions is calculated. The expression for the second deriva-
tive of this excess current, which corresponds to structure in d2I/dV2 as an increase in

conductance at bias voltages near the surface plasmon energy in the semiconductor,

agrees with experiment both in magnitude and line shape.

Recent studies of n-type GaAs-Pb surface-bar-
rier tunnel junctions by Tsui' have shown evi-
dence for the observation of surface-plasmon ex-
citation in a degenerate semiconductor. Struc-
ture is observed in d'I/dV which corresponds to
an increase in conductance at bias voltages near
the surface-plasmon energy in GaAs. The bias
position of the broad peak structures is strongly
dependent on the electron concentration of the
GaAs electrode. These measurements led Tsui
to explain his observations as due to the excita-
tion of surface plasmons (SP) in GaAs by tunnel-
ing electrons. Here we present a theoretical
model based on Tsui's idea of SP excitation and
amenable to quantitative calculation. The magni-
tude of the change in conductance induced by
electron-SP interaction is in agreement with ex-
periment as is the line shape. In addition, it
helps to clarify some puzzling features of the ob-
servations. '

We idealize the semiconductor-metal junction
as consisting of semiconductor (S) and metal (M),
both semi-infinite, separated by a dielectric me-
dium (I).' Their dielectric functions are taken to
be of the form' eS(&o) = e (1-&uS'/&o'), eM(&u) = 1
-~M'/~', and e&(&o) = e (e = 11.3 and m*=0.07
for GaAs'). The dispersion relation for surface-
plasma oscillations has been calculated with in-
clusion of retardation effects (i.e., coupling of
longitudinal Coulomb fields with transverse elec-
tromagnetic ones)~ and is shown in Fig. 1. The
mode described by the upper branch corresponds
to oscillations in the M-I interface for large p~~

(the SP wave vector parallel to the interfaces).
The initial sections of this branch are near the
curves &a=cd pll a"d ~ ( / ~)pll +~S', and
hence are oscillations of very small amplitude

with no physical importance as has been dis-
cussed by one of us. ' Consequently, for frequen-
cy range co- ~S, the upper mode does not exert
any effect and can be neglected. The lower
branch describes modes of primary importance.
The dispersion is linear for pii «kS = ~S/c, i.e.,
~-

eP~~ wit

v=c[d./(d. +~ +x )e ]'",
z z M S

1/XM = upM/c, and 1/g = &uS/c. This is reminis-
cent of the SP modes that gave rise to Fiske
steps in Josephson junctions. ' When p~~«kS, the
mode corresponds to oscillations in the S-I inter-
face and can be adequately described by

' =—[1-exp(-2P d)]"'+i, (1)
co ~+ z(d, 1 X/2
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FIG. 1. Schematic dispersion relation for surface-
plasmon oscQlations in an idealized metal-semicon-
ductor junction (see text). F corresponds to a frequen-
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to lowest order in (&uS'/~M'). This expression is
invalid for low frequencies because at these fre-
quencies, polar lattice vibrations strongly modi-
fy' eS(&u) from the form assumed. The error
committed by omitting this contribution is not
important in this consideration and we shall in-
troduce a lower cutoff in frequency at somewhat
above the maximum phonon energies. Equation
(1) is inadequate also for large values of PII such
that the condition pllvp «co, implicitly assumed
to justify the form of the dielectric functions
used, is violated. Quasiparticle-quasihole pair
damping (i.e., Landau damping) becomes possi-
ble when PII- ~/vF and a SP ceases to be a well-
defined excitation. For the n-GaAs studied by
Tsui, kc = &uS/vF = kp/3. 5 = 1.5 x 10' cm ', and the
correction due to damping is significant at a
much lower pll than in the case of a typical metal,
where k =0.48re"2kF= 108 cm ' (rs is the inter-
electron spacing measured in units of the Bohr
radius). The contribution of Landau damping to
the imaginary part of SP frequency has been cal-
culated' "and found to be linear in PII/kF for PII/
kF & 1, although its magnitude has not been
agreed upon. On the other hand, the correction
to the real part of the SP frequency due to the p
dependence of the dielectric function is not well
established. "

Our model is basically a one-electron picture
in which we take the dynamics of the electron-SP
interaction into account by including the SP wave
fields in the potential which the electron sees in
the insulating layer of the junction. Roughly

speaking, when an electron is inside the elec-
trodes its dynamical effects are well screened.
This is no longer so when it tunnels into the di-
electric region, and its long-range fields can
excite SP. Thereby new tunneling channels are
opened by the inelastic electron-SP interaction.
The SP wave fields can be quantized in a stan-
dard manner. In the frequency region of our
present interest, retardation effects can be
shown to be negligible, and the SP wave fields
can be approximated by the Coulomb potential
y(r). We consider a continuum model of an elec-
tron gas with a rigid fixed background of positive
charge, the Lagrangian of which is taken to be

f.= v fd'y+ 2 f5p p(r)d'r,
2nm

where f is the momentum density, n the density,
m the effective mass, and 5p the charge-density
fluctuation of the electron gas." The Lagrangian
of the system is taken as the sum of two such
contributions from the GaAs and Pb media. Ex-
panding all relevant fields in eigenfunctions for
SP oscillations, the method of quantum fields
leads us to the creation and annihilation opera-
tors cplI and cp~l for SP. Then the interaction
energy of an electron in the dielectric region
(0 &x & d) with the SP field is

ep(r) =ega (c +c ~) exp(ip r),
g) PII PII PII

E

=co ' 1+—exp(-p x)+ 1-—exp(-2p d+p x)
S S

PII PII E II E II II

(e + 1) 1+—+ (1-e ) 1-—exp(-2p d)
II S S

F E II

E -X/2

j. +—+exp -2p d 1-—+exp -2p d 1+— + E -E exp -2p
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The inelastic current due to SP excitation at temperature T and bias t/' is given by

-2e den, des,5I(V, T)= ' '(f(&u )-f(&u -eV)][f(&u )+N(&u -&u +eV)]&(&u f)-I @ w 1 1 2 2 1 1"
II

R R
XImG (k, u )ImD (v -e +eV)5(k -q -p )kq 2 X II II II

' (3)
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using the general formula and notation of Bennett, Duke, and Silverstein, "and

2ImD- ((u) = @!A- ("I'Q
I

e !'[t)((u+K(o )—5(x-k&u )],
kq (I() krak' kq p([ p[[ p]]

where [(2m*/I')(I()(k)]'" can be regarded as an average of the argument of the WKBJ exponent and

= d
8 = f dxy (x).

PII PII

The summation over pII is over SP states of momentum pII and frequency copII. Then as T-O,

d2QI g2m*~2

d Y" 2y eff
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dI dI
(
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pl dV gli t)ii (fV pii pii

(4)

when expressed in terms of the normal conduc-
tance dI/dV and its derivative and jeff, an effec-
tive barrier height. Both dI/dV and d'I/dV' are
obtainable from experiment. From Tsui's data
we can show that the second term within the
braces is two orders of magnitude smaller than
the first and can be neglected. Here k~1 and k~2
are lower and upper cutoff wave numbers intro-
duced for the physical reasons given earlier.
However, real SP have finite lifetime as de-
scribed by &u2(p ~[)

=
1m&vi()~~. This can be account-

ed for by replacing the |) function in (4) by a Lo-
rentzian K(d2(P ~~)/v((K(d I eV)'+ -I 2('d(P ~~)) ~2(P ~~)

is the sum of the contributions due to collision
broadening and Landau damping, i.e., (d2(P~~)
=-,'L(d~+ np~~/kc. To include any correction to (d,
due to the P dependence of the dielectric function

we put" +1=2 "'~S[1-exp(-2p~~d)]"'(I+lp~~/
kF)'". y and o.'are left as adjustable parame-
ters. %e take 4~„=8 MeV as calculated from
the electron mobility in the GaAs samples. The
upper cutoff k~2 is determined by the require-
ment that at pII=k~2, ~2 is an appreciable frac-
tion' of ~, so that the SP is no longer a well-de-
fined mode of excitation. The theoretical line
shapes for various n and y are calculated from
(4).

Useful information about y, a, and hence k~2
can be derived by fitting the experimental line
shape. %e arrive at the result that line shapes
inconsistent with Tsui's observations are ob-
tained for the cases where (1) o.'is negligibly
small and y has any value, or (2) a j&uS is in the
range 0.01-1.0 as expected" and y exceeds 0.1.
These seem to imply that the estimations for
(dl(p ~~)

and (d2(p~~) given by Ref. 10 are doubtful.
For the purpose of the present Letter, we shall
put y= 0, and the line shapes as calculated for
different o (or kc2) are shown in Fig. 2. We
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FIG. 2. The dashed curves are the experimental line
shapes and the vertical bars indicates the estimated
errors. (a) Curves 1, 2, 3, 4 are theoretical line
shapes corresponding to upper cutoffs k~2 = 5.4, 5.0,
3.0, 1.0 (x10 cm ), respectively. (b) Curves 1, 2, 3,
4 are theoretical line shapes corresponding to upper
cutoffs k~2=4. 6, 4.0, 3.6, 3.0 (x10 cm ), respec-
tively.

! found good agreement between theory and experi-
ment if o./(dS = 0.035 (kc2/kc = 2) for all samples
(see Table I). Moreover, the present theory ex-
plains quite well the various features of the ex-
perimental line shape. First, the long tail for
low voltages is due to the fact that the dispersion
for SP is given by 2 " (()S[1-exp(-2p~~d)]"' in-
stead of (dS jv 2 for one interface. Second, the

+'
I

n = 5.4xl0 /gm
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Table I. Comparison of line-shape parameters of surface-plasmon excitation between theory and experiment.

Electron
density

n
(1018 cm-3)

Surface
plasma

frequency
(uS/W
(meV)

Peak position
(meV)

Theory Experiment

Half-width
(meV)

Theory Experiment

9.5
6.5

4.2

90
74
68
60

83
69.5
62
56

80
68
60
55

30
24.5
20
18

30
25
20
18

maximum does not occur at ~S/~2 (as Tsui as-
sumed) but at a lower value (see Table 1) because
of the combined effects of dispersion and consid-
erable Landau damping at pll near 0~2. %e have
thus removed the discrepancy between the value
of the observed "threshold"' and ~S/v2. Third,
the broad line shape is mainly due to consider-
able Landau damping near 4~2 and to a much less
extent to dispersion. The strong dependence of
the half-width on the electron concentration but
not on electron mobility can be explained as fol-
lows. The half-width is determined roughly by
the total broadening of the SP energy at Pll near
~c2. At such pll, Landau damping dominates over
the collision broadening. Since the Landau damp-
ing is nearly linearly dependent upon ~S or" n"',
the strong dependence on concentration is veri-
fied. Fourth, the reason for the absence of vol-
ume plasmon excitation by tunneling electrons is
because the field of the bulk plasmon, unlike that
of SP, is essentially zero in the dielectric film.

The magnitude of the d'5I/dV' can be calculated
by taking d = 100 A, jeff = —,

' ev, and dI/d V as de-
duced from the experiment. Equation (4) gives a
change in the second derivative of the tunneling
current consistent with the experimentally' re-
ported size of this change.

In summary, we have shown that the excess
current due to electron-SP interaction can ac-
count not only quantitatively for the size but also
for the line shape of Tsui's experiment. " The
present analysis indicates that experiments like
those of Tsui show promise for providing new
quantitative information about the dispersion and
damping of surface plasmons in degenerate semi-
conductors for wave numbers near kz.
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