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C. B. Duke
Coordinated Science Laboratory and Department of Physics
University of lllinois
Urbana, I1llinois
ABSTRACT
Historical highlights of studies of current flow across metal-semi-
conductor contacts via electron tunneling are outlined,, The physical origin
of the space-charge potential at a rectifying metal contact on a degenerate
semiconductor is illustrated with emphasis on the features of this potential
which determine the dominant mechanism of current flow across the contact»
Recent experiments on the tunneling characteristics of these junctions are
described. Their interpretation in terms of phenomenological independent-
electron models is discussed critically» The tunneling spectroscopy of
collective excitations is described by use of the transfer-Hamiltonian model.
The influence of features of the phonon spectra in the semiconductor on in-
elastic tunneling is illustrated for Ge. The effects of electronic interactions
with collective excitations in the semiconductor electrode are discussed for
phonons in Si and CdS, and for plasmons in GaAs» The references given herein

supplement those presented in a recent comprehensive review.
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TUNNELING IN SEMICONDUCTORS

The invention of the p-n tunnel diode by Esaki” in 1957 provided
the first definitive experimental observation of tunneling as a mechanism of
current flow in a junction between two solid electrodes» The development of
one-electron models of tunneling from metals into semiconductorsz_5 and of
interband tunneling in semiconductors occurred in the early years of quantum
theory» However, it was the subsequent development of the materials technology
of semiconductors which permitted the Ffirst observations of not only these one-
electron effects, but also of phonon-assisted tunneling7’8» the most elementary
manifestation of a many-body tunneling phenomenon» Recent studies of tunneling
into semiconductors have consisted of (the first) precision test of the one-
electron modelg, use of this model to measure parameters characterizing the
semiconductor energy band structure” further investigations of phonon-

9”14_16, and the observation of the influence on the tunnel-

assisted tunneling
ing characteristics of electron-phonon interactions in the "bulk™ part of a
semiconductor electrode» ’» In this paper, we attempt to give an indication
of the scope of recent efforts on semiconductor tunneling by surveying briefly
the work on metal-semiconductor contacts published during 1968 and early 1969
_ - . . 18

(thereby supplementing an earlier, comprehensive review™  )»

The nature of the current flow across a metal-semiconductor contact
is determined predominately by the one-electron potential-energy profile in
the region of the contact» For contacts on group IV and I111-V semiconductors,
the value of the potential at the metal surface is caused primarily by the
18,19

difference in the cohesive energies of the materials comprising the contact

and is approximately independent of the bias voltage applied across the



- 3 -
contact”” The potential energy diagrams of a metal and a degenerate semi-
conductor are illustrated schematically in Fig. 1 for both the isolated electrons
and the intimate contact. The extent of the space-charge region in the degen-
erate, n-type semiconductor is determined from the (prescribed) barrier height,
v~, at the interface and the density, n, of ionized donors in the space-charge

20

region. For a uniform doping density one obtainslS’ the Schottky-barrier

model for a junction at x=0;

V(X)) = [2TTne2/s](x-d)2 (13a)
d = [e(Vb-eV)/2nne2]" (1b)
in which e is the static dielectric constant of the semiconductor and V is the
bias iImposed across the junction. The image potential causes negligible effect
on the tunneling in narrow junctions”™ and has been omitted from Egs. ().
In the limit of high and/or thick junctions [large , small n]
the current flows predominately via the mechanism of thermionic emission
over the potential barrier as shown in Fig. 2 for the case that V>0. The
contact rectifies in this limit with V>0 causing a lower barrier height hence
large current flow. |[In the "limit of low, thin barriers the tunneling
mechanism of current flow predominates as indicated in the lower panel of
Fig. 2. The junction also rectifies in this case but for small values of
the bias (eV«E ), the combined influence of the increasingly thinner barrier
and inexhaustable reservoir of electrons in the metal causes V<O to define
the direction of large current flow. Rectification for this sign of the
bias first was identified unambiguously by Padovani and StrattonS in 1966,
forty-four years after its theoretical predictions_5 in 1932. The

intermediate regime of low, thick junctions is characterized by
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"thermionic—field'].emissionzs*‘2 0 The independent-electron description of
specular tunneling in all three regimes has been reviewed recently by
Padovani25

Despite the almost universal use in the literature of the one-
electron, average-barrier model which we have just described, a critical,
quantitative examination of the validity of this model has been performed
only in the past year . It is not self-evident that such a model ever
describes experimental data. |If the doping of semiconductor is large
[n>aB , ag = h e/m e ], then charge-density fluctuations in the space
charge region can cause the failure of the junction potential to be de-
scribed adequately by its average value. IT the doping is low, [n < a ]
then iImpurity-band (or hopping) conduction can cause the series resistance
in the semiconductor electrode to dominates the electrical characteristics
OE the confathG,, & survey18 of experiments on semiconductor tunnel
junctions indicates that the one-electron, average-barrier model almost
always predicts a current density which is over an order-of magnitude
below the experimental value. Therefore Steinrisser, Davis, and Duke9
undertook a critical examination of the one-electron model description
of tunneling into Ge.Sb, As. They used a phenomenological approach
characterized by;

(1) The verification of the tunneling mechanism of current
flow via the superconducting-electrode test.l8 using super-

conducting metal contacts.
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(2 The independent measurement of the parameters [m ,6,1/" and n]
which characterize the (Schottky) barrier.
(@ Evaluation of the independent-electron specular tunneling
characteristics by numerical methods which avoid any
approximations once the model of the junction charge density
has been selected«
Their junctions were fabricated by evaporating metal dots on vacuum-
do defi-nedcto be

cleaved semiconductor surfaces« The conductance characteristic is/the
derivative of the current-voltage characteristic shown in the bottom
panel of Fig, 2, It exhibits a minimum at eV = |i because for eV > p
the electron reservoir in the semiconductor is exhausted, i»e,, no
additional electrons become available for tunneling« A comparisong
between the model calculation27 for a Schottky barrier and experimental
data is shown in Fig» 3, The absolute magnitude of the experimental
conductance is uncertain by approximately + 100% due to a 5k uncertainty
in ,» Therefore the agreement between the calculated and experimental
characteristics is quite adequate for Ge°Sb in the doping range around
n = 8x1018 uﬁg ,» The experimental results for GesAs in this doping
range compare less favorably with the model calculations»

Applications of tunneling measurements to determine the energy-
momentum relation in the forbidden gap of the semiconductor have been

10’115}3 and InAle» The superconducting electrode test

performed in GaAs
was not performed in any of these experiments« They were analyzed using

approximate evaluations of the expression for the current through a
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Schottky-barrier potential» Critiques of the analysis have been given by
11 18 _ 21
Conley and Mahan and by Duke ™ O A comparison of the complete Schottky-

-3

1

barrier analysis with data for metal contacts on Si°P, 4.5x10 8 cm
19 3 28
< n < 1,55x10 cm has been given by Wolf and Losee during the course
of a study of zero-bias anomalies associated with localized, paramagnetic
impurities at the edge of the space-charge barrier in the semiconductor.
They also have performed a similar analysis29 of contacts on CdS°In,Ga
. _ _ 18 -3 18
with doping in the range 1.7x10 cm < n < 6x10",, Although Wolf and
Losee did not measure the barrier height independently, they conclude
that the shape of the experimental conductance data on the more heavily
doped samples is described adequately by the complete Schottky-barrier
- 27

anaflysis

Many-body effects in electron tunneling usually are described

using the transfer-Hamiltonian model18,, The model Hamiltonian is given by
Jo XI +\ +Kl )

in which X~ and X~ describe the isolated left and right hand electrodes
respectively, and X* is a "transfer"™ term which describes the motion of

an electron from one electrode to the other. In this model, a distinction
is made between inelastic tunneling ["barrier-excitation’™], described by
(e.g.) electron-phonon interaction terms in X, and electrode '"self-energy"
effects, associated with (e, g,,) electron-phonon interaction terms in X"

or X~. Some phenomena, like tunneling into a superconducting metal contact,
clearly fall into one of these two categories [self-energy effects in that
case]. If, however, structure in the tunneling characteristic is observed

for values of the bias
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near an optical phonon energy in the semiconductor, it is not obvious
a priori that the distinction between ”barrier” and "electrode”™ effects
is a useful concept for the interpretation of such observations» Its
utility is based on the extent to which the two types of mechanisms pre-
dict distinguishable features in the tunneling characteristics» If we
consider deformation-potential interactions of the electron with optical
phonons, then the electron-phonon interaction vertex 1is given by:

V = const (©))
q

and the two mechanisms predict different characteristic” structures in the
conductance [G = dI/dV] and in dzlldv2 as shown in Fig, 4» In this
case, for which the electron-phonon interaction is independent of the
momentum transfer, q, to the phonon, the electrode interactions cause
an approximately symmetric structure in d 1/dV  about zero bias whereas
the barrier interactions [i.e. inelastic tunneling] always cause an
antisymmetric structure in d2I/dV2 about zero bias» This distinction
based on symmetry is peculiar to the form (3) for the interaction vertex.
In general, all that can be said * is that inelastic tunneling always
causes approximately symmetrical threshold increases in dl/dV whereas
electrode interactions cause cusp-like behavior in dl/dv at eV ::jhﬂ%
for (dispersionless) bosons of energy huwo .

The essential feature of interactions in the barrier is their
stimulation of an additional current flow proportional to the number of
opportunities for an electron to both tunnel and simultaneously create

an elementary excitation in the barrier. The kinematics of these inelastic
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tunneling processes are outlined in Fig* 5. The sharp step in the
conductance at eV = + hlb for optical phonons is seen to be a con-
sequence of the sharp peak iIn the optical phonon density of states
at e = ny) for optical phonons is seen to be a consequence of the
sharp peak in the optical phonon density of states at s = hwo. The
emission of acoustical phonons leads to a minimum in the conductance
_ _ - 14-16
near zero bias, which seems to have been observed in several systems
However, the topic of acoustical phonon emission in direct-band gap
- J - } - 18

semiconductors is currently a controversiaF one

The one case in which phonon-assisted tunneling has been
observed unambiguously in metal-semiconductor contacts is that of

. - - - -9 S 31
tunneling into the indirect semiconductors germanium and silicon
In these semiconductors, the inelastic phonon emission occurs with a
large change in the quasimomentum of the electron, just as in the case
_ 7.8.18 _

of p-n tunnel diodes . An example of the experimental tunnel
characteristics is shown in Fig,, 60 The experimental lineshapes are
, , , i, 9 . i, , ,
in semiquantitative agreement with a model calculation in which the
tunneling process may be regarded as consisting of two stages. An
electron in the metal contact first tunnels into an evanescent state
composed of a superposition of Bloch waves with quasimomenta near
T (i.e. k = 0). Then it emits a phonon and is transferred to one of
the conduction band minima near the L points [k = (n/3) (111)] in the

Brillouin zone. In p-n tunnel diodes other mechanisms for the phonon

o _ 18 _
emission have been considered with the one analogous to that described
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above being proposed in that case by Kleinman O The optical-phonon
contributions to the characteristics shown in Fig, 6 are in accordance
with our expectations from Fig, 5, The sharp steps in the conductance
[as opposed to a gradually rising conductance G h(V)O\Z] associated with
acoustical phonons are due to the fact that the electrons can be trans-
ferred from T to L in the semiconductor only by emitting a phonon of
quasimomentum k = 4%4;’ As these phonons have an energy, e? = hDX(fgt), we
find that momentum conservation restricts the vertex function, V~(e),
[for electron-phonon coupling to the X branch of the phonon spectrum]
to be zero for e<e”, Therefore, provided the appropriate conservation
laws are incorporated into the vertex function, the considerations
shown in Fig, 5 apply to this case also.

The essential ingredient of phonon self-energy effects in the
semiconductor electrode is the modification of the "bulk™ electronic

spectral density by the electron-phonon interaction17’18

, As the
specular tunnel conductance is proportionall§ to the number of electronic
states associated with a specified electron energy, E = e+f£, phonon-
induced changes in the number of these states affect the tunneling
characteristics. The nature of this effect is indicated schematically

in Fig, 7, The conductance, G(V), is associated with electrons of
energy E = eV in the semiconductor. |In the case of an electron-phonon
vertex of the form given by Eq, (3), only the change in the energy-

momentum relation of the electron (due to the electron-phonon interaction)

enters the evaluation of the conductance. For the model illustrated in
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Fig. (M,
G(V) = const. x[h"k"(e=-eV)/2m ] (&)
in which the dependence of G(V) on k (-eV) is due to the phase-space

weighting of initial (or final) states for tunneling 18,30 When g -fou

the phonon-modified electronic dispersion relation, e(k), gives an unusually
small value of k2(g) as shown in Fig, 7b,, Therefore G(V) exhibits a dip
at eV = h(Jd) associated with G » -eV in Eq. (@) . The (inverse effect
occurs at s w +eV giving the antisymmetric tunnel characteristics shown
in Fig, 4 and in Fig,, 7c, A comparison of the predicted value of d21/dV2
[compare, e,g. with Fig. 4] and the measured value in In/oxide/Si:B
junctions is shown in Fig, 8» Corrections to the experimental data
considerably improve the agreement at eV E¥4ﬁ@ between the data and the
calculation17b,, Observations of this phenomenon were reported first.ll
for contacts on n-type GaAs,, FigO 8 shows data taken on the metal-oxide-
silicon system whose study was initiated by Wolf33,, The observation of similar
self-energy effects also has been reported in p-type GaAs34
Several generalizations of Eqs,, (3) and (4) are used in the
literature. The bias and energy dependence of the (independent-electron)
barrier penetration probability was incorporated into the analysis of
Davis and Duke by means of the plausible ansatzl7b that this probability
depends only on the electronic energy variable, g, and parallel component
of momentum, k]qp This prescription subsequently has been justified by

Davis™ and independently by Appelbaum and Brinkman®, The effect on

the tunnel characteristics of the q dependence of the electron-boson
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vertex also has been examined in more detail for polar electron-phonon

30,37

couplingl7b and e'ectron—ppasmon interactions . Whese analysis have

been applied to describe data taken using metal contacts on n-type
17b 529 37 _ _ , _ _
Cds and GaAs respectively. Inelastic plasmon excitation in
_ I - 30,38
GaAs also has been identified tentatively
Summarizing, we have surveyed briefly the recent (1968-69)
literature on tunneling spectroscopy in metal-semiconductor contacts.
Highlights of this work include a precision test of the one-electron

9,11 ,14-16 ,39

9 - - -
model ~ , various types of phonon spectroscopy , examinations

*
of the consequences, both experimentapll’29’33’34’37 ang theoret-

- 11,17,18,30,35-37 - _ _
ical of elfectronic self-energy effects in the semi-

conductor electrode, studies of zero-bias anomalies associated with
. .- 28 - - - 11-13,28,20,40-42

paramagnetic impurities™ , and various applications

(as opposed to critical tests) of the Schottky-barrier model of one-

electron tunneling. Future directions of this field include more

extensive and higher-precision spectroscopic studies of electrons and

elementary excitations (phonons, plasmons, magnons) iIn semiconductors,

and examinations of more specifically "surface" effects associated

43

with potential-fluctuations, magnetic impurities, and trapping states

in the junction region.
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FIGURE CAPTIONS
Figure 1: (@) Schematic potential-energy versus distance diagram both for an
isolated metal electrode of Fermi energy Er and work function 0 and for an
isolated degenerate semiconductor electrode with electron affinity y#p, and
(impurity-induced) Fermi degeneracy p,.-

(b) Schematic potential-energy versus distance diagram of an
intimate contact of the electrodes shown in Fig. 1. The order of magnitude
of the parameters for a "typical’l tunnel junction is indicated in the figure.
Figure 21 schematic illustration of current flow in a metal-semiconductor
contact and of the mechanisms of purrent flow for high, thick junctions
(thermionic emission) as opposed to low, thin junctions (tunnel or internal-
field emission).

Figure 3; Comparison between three experimentally measured conductance curves
on n = 7.5x1018/cm3 Sb-doped Ge [solid lines (@), (c), and (d)] at 4-20K and

the calculated conductance [dashed line (b)] using the model developed by
Conley et. al. (ref. 27) for a barrier height = 0.63 eV obtained from
capacitance measurements. The most commonly observed conductance curves were
similar to (c), whereas (@) and (d) represent the high- and the low- conductance
extremes. The contact metal is Pb and the contact area is 2_5+O_5x10_4 cm2
Structure associated with the superconducting energy gap has been omitted.

The Fermi degeneracy p = 25 meV has been indicated. After Steinrisser, Davis,

and Duke, ref. 9.
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Figure 45 Schematic illustration of the distinction between the tunneling
characteristics associated with iInteractions in the barrier [described by

and labeled inelastic tunneling] and those associated with interactions

The illustrated curves are

drawn for a model of a metal-semiconductor contact in which interactions
in the metal are neglected and the electrons in the semiconductor interact
with dispersionless optical phonons via a vertex of the form given by Eq,
() iIn the text*
Figure 5; Schematic description of the nature of a barrier-excitation
(i.e. "inelastic tunneling'™) process, and outline of the kinematical evalua-
tion of the conductance G, Nb(e) is the density of states for the barrier
excitations, and V(e) is the electron-excitation vertex for an excitation
of energy &€,
Figure 6: Conductance and d I/dV- of an indium contact on As-doped Ge

junctions at ZOK, The arsenic doping is n = 7,0x1018/cm3

. The observation
of the indium superconducting gap at zero bias is shown explicitly. Its
presence shifts the phonon structure to higher energies by approximately
A = 0,5 meV. (After Steinrisser, Davis, and Duke, ref, 9.)
Figure h (@) Schematic potential energy versus distance diagram for a
metal-insulator-semiconductor junction. Energies are measured from the
bottom of the semiconductor band, and Q denotes the Fermi degeneracy of the
semiconductor,

(b) Dispersion relation for electrons in the (degenerate) semi-
conductor electrode interacting with optical phonons of energy hu)Q . The
heavy dashed line indicates the dispersion relation in the absence of

electron-phonon interactions.
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(©) The conductance of the metal-insulator-semiconductor tunnel
junction shown in Fig,, 7a evaluated using a constant-barrier-penetration
factor model. The dashed line shows the conductance predicted by this model
in the absence of electron-phonon interactions in the (bulk) semiconductor
electrode» (After Davis and Duke, ref,, 17b,,)
Figure 8; Comparison of theoretical (dashed line) and experimental (solid
line) d2I/dV2 characteristic for an indium/oxide/silicon:Boron junction.
The resonant structure at eV = +hu) 1is attributed to electron-phonon inter-
actions in the semiconductor electrodes. The parameters refer to Eqs. (1.8),

(2.3), (2.5) and (A.2.6) in ref. 17b. (After Davis and Duke, ref, 17b.)
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Many-Body Effects in MS Contacts

Inelastic Interaction in
Tunneling the Electrode

Electron-Optical Phonon Interaction

Figure 4
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KINEMATICS OF BARRIER-EXCITATION SPECTROSCOPY

N(e)dc

G = CHANGE IN CURRENT DUE TO CHANGE IN BIAS

a NUMBER OF NEW POSSIBLE "CHANNELS" FOR
TUNNELING

leNL
aC |/ N.(«)de < |V(e) |

dv a Np(ev>

Figure 5
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