Normal-State Electron Tunneling Only Qualitatively Understood

From an experimentalist’s point of
view, the field of electron tunneling
‘owes its present lively state to the dis-
‘covery of the p-n tunnel diode by Leo
‘Esaki in 1957 and of tunneling
through oxide layers by John C. Fisher
‘and Ivar Giaever in 1960. The results
in the oxide system became even more
remarkable when the electrodes
against the oxide were made super-
‘conducting by Giaever in 1960. In the
five years that followed, a happy com-
‘bination of theory and simple experi-
ments led to confirmation of the
Bardeen-Cooper-Schrieffer gap and
square-root singularity in the electron-
ic density of states, the fascination of
the Josephson effect and the measure-
ment of the details of the electron—
phonon interaction.

However, in the past two years, in-
terest has again cycled to p-n diodes,
| metal-semiconductor conductor con-

tacts and metal-insulator-metal (M-I-

M) junctions in the normal state, As
i a result a conference on nonsupercon-
- ducting electron tunneling was held at
I Prouts Neck, Maine, during 3-5 Sept.
~ The meeting was arranged in the style
of a Gordon conference with morning
and evening sessions. In keeping with
the Gordon conference tradition, no
further publication of proceedings is
contemplated. Previous conferences,
which considered tunneling into both
superconducting and normal elec-
trodes, were held at Philadelphia
(1961) and Risg (1967).

The result of this conference can be
summarized briefly: Tunneling in
normal systems, for experimentalists
and theorists alike, is in some trouble
E unless one is satisfied with a purely
qualitative understanding of the field.
Remembering the successful applica-
tion of tunneling to superconductivity,
we may find this conclusion surpris-
ing. The origin of the difficulties of
the normal state was summarized by
Doug Scalapino (University of Cali-
fornia, Santa Barbara) in his impres-
sions at the end of the conference.
The superconducting experiments
probe properties of the electrodes over
distances comparable to the coherence
length, generally large enough to sam-
ple bulk effects (maybe not in the

case of transition metals and type-II
materials), whereas the normal-state
experiments are affected by the nature

of the tunnel barrier, sometimes only a
few atom layers thick, and by the
metal electrodes within a screening
length of the oxide-metal interface.
Thus tunneling has become a problem
of surface physics.

The first topic dealt with at the
conference was: How well can the
overall conductance-versus-voltage de-
pendences be explained by single-par-
ticle tunneling theory? Next, interac-
tions of the tunneling electron with
the oxide, or impurities or particles in
the oxide, led to discussion of “zero-
bias anomalies.” Finally, observations
of interactions within the electrodes,
the many-body or self-energy effects,
were reported and the theory of these
effects received considerable discus-
sion.

Single-particle tunneling. The cal-
culation of single-particle tunneling
currents through a potential barrier re-
quires an exact knowledge of the bar-
rier potential as a function of distance.
As Gerald Mahan (University of Ore-
gon) pointed out in the opening talk,
this is poorly known in p-n diodes and
only guessed at in M-I-M junctions;
therefore, the metal-semiconductor
contact (Schottky barrier on degener-
ate material) has received the most at-
tention recently. He showed that a
calculation of the tunneling current
could be made, based on uniform
charge density in the depletion region,
which results in a parabolic potential
barrier. Experiments in which the
barrier height and thickness are deter-
mined by independent measurements
give an absolute conductance in “bet-
ter than an order of magnitude” agree-
ment with the calculation. The ex-
periments also show the correct volt-
age dependence of the conductance.
This agreement holds only when the
surface-barrier contacts are made by
cleaving the semiconductor in vacu-
um. Mahan's gloom with respect to
M-I-M junctions was questioned by
Carver Mead (Cal Tech) who pre-
sented a detailed investigation of
aluminum—aluminum-nitride ~ metal
junctions.  Combining capacitance
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and current-voltage measurements on
a series of junctions with different ni-
tride thicknesses, he and collaborators
have determined the E versus k rela-
tionship for - the electron over the
whole of the forbidden gap of the in-
sulator. This result raised the inevita-
ble question: What “band structure”
can we associate with such thin layers,
and is the insulator crystalline or
amorphous? The extension of such
careful analysis to other systems will
be of interest.

For M-I-M systems, the tunneling
conductance at low voltages (less than
200 mV) is not constant but has a
roughly parabolic dependence on volt-
age. As reported by J. M. Rowell
(Bell Labs), calculations based on
simple trapezoidal barriers also show
that the minimal conductance only oc-
curs at V = 0 for symmetrical barriers.
However, no comparison of calculated
and measured conductance has been
made for junctions with barrier pa-
rameters determined independently.

Returning to an older barrier prob-
lem, phonon emission in p—n diodes,
Charlie Duke (University of Illinois,
Urbana) concluded that the theory of
Kleinman offers a good description of
the effect. New measurements of
such phonon-assisted tunneling in a
very wide gap material with complex
lattice dynamics, silicon carbide, were
reported by Phil Stiles (IBM).

Impurities. Although most oxide
junctions contain unknown impurities,
the addition of intentional impurities
to the barrier is a relatively recent de-
velopment, Two talks on the very in-
teresting effects of adding metallic
particles were given by Hansrudi Zel-
ler (GE) and John Lambe (Ford).
Although different in concept and re-
sults, the two experiments both raise a
puzzling question. In the work de-
seribed by Zeller (performed in collab-
oration with Giaever) the well known
agglomoration of very thin metal films
is used to introduce an array of parti-
cles (about 10 nm or less in diameter)
into the oxide of a tunnel junction.
The current flows as electrons tunnel
to the particles, localize, and then tun-
nel to the other electrode. However,
if a particle is about 5 nm in diameter.
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the addition of one electronic charge
requires a charging energy (A,) of ap-
proximately 10 meV. For a single par-
ticle the junction conductance would
show a step at A.. For a distribution
of particles the conductance rises
rapidly as a function of voltage; that is,
the resistance shows a strong peak at
V = 0. Zeller frequently pointed out
that this picture can be generalized to
explain all “zero-bias resistance peaks,”
by claiming that “states” exist in the
barrier with a density given by dG/dV.,
This explanation, of course, is possible,
but it appears dangerous to assume
that it is always correct, and hence to
lose interest in the problem. For ex-
ample, an alternative explanation of
the conductance dip near V. = 0 in
metal—semiconductor  contacts  in-
volves the excitation of phonons in
the semiconductor depletion layer.
The theory of Duke and others was
compared to experiment by Tom Car-
ruthers (University of Chicago) and,
although the energy range of the ob-
served structure is correct, a disagree-
ment in line-shape was apparent.
Further discussion of the various ex-
citaion processes observable in
metal—semiconductor contacts was
given by Matthew Mikkor (Ford)
and William Thompson (IBM). The
possibility of observing organic impu-
rity vibrations was a point of disagree-
ment in these two talks.
- Let us return now to the physics of

particles. A small globule brought .

close to a metal electrode will, by tun-
neling, lose or gain electrons until its
highest filled electron level is within
the charging energy (A,) of the Fermi
level in the electrode. In order to ex-
plain the data Zeller assumes that,
over all the particles of a given size,
the highest filled level is uniformly
‘distributed within —A, to +A, of
‘the Fermi level. In other words,
‘there is no preferred alignment of the
‘particle level with the electrode, be-
cause partial electronic charge cannot
‘be exchanged. However, it is just
such an alignment that is essential to
‘the new work described by Lambe.
" He and Bob Jaklevic (Ford) studied
the metal-oxide—particle-oxide-metal
BySIBm where one oxide is too thick to
~ permit tunneling. The properties of
‘the device are probed using capaci-
tance measurements, that is by mak-
ing electrons hop on and off the par-
ticle through the thinner oxide. The

resulting capacitance-voltage depen-

dence, which shows symmetrical
structure about V = 0, is explained on
the basis of some degree of alignment
of particle “Fermi level” with that of
the electrode. Even more dramatical-
ly, if a voltage (or series of voltages)
is applied to the device at room tem-
perature and maintained during cool-
ing, then at low temperatures the ca-
pacitance-versus-voltage structure is
removed from V = 0 and shifted to the
“forming” voltage (or voltages). This
result implies that realignment of par-
ticle and electrode “Fermi levels” is
induced by the applied voltage. The
necessary transfer of partial charge to
the particle is achieved by “polariza-
tion” of the oxide. Although details
of this polarization were not under-
stood, results described by John Adler
(University of Alberta) may be rele-
vant. In a study of the excitations of
molecular impurities in  aluminum-
oxide tunnel junctions he found that
the relative strengths of the various vi-
brational modes could be changed by
applying a voltage to the junction at
room temperature. If this change
implies a motion, or rotation, of polar-
ized molecules then it is equivalent to
rearrangement of charge in the oxide.

So far, all tunneling layers between
metal films have been thermally
grown oxides. However, Giaever de-
scribed his fabrication of junctions
using evaporated semiconductors such
as germanium, zinc sulfide and cadmi-
um sulfide. By oxidation, any pin-
holes in the semiconducting layer
were filled with oxide of the base
metal. That tunneling was taking
place through the semiconductor was
confirmed by observing conductance
structure at the correct energy for ex-
citation of LO phonons in the semi-
conductor. In the case of cadmium
sulfide Giaever showed that the tun-
neling characteristic could be changed
by shining light on the junction; a
“tunable tunneling matrix element.”

Zero-bias anomalies. As mentioned
above, the question of zero-bias anom-
alies was discussed frequently at the
conference. One of the best under-
stood of these is the conductance-peak
anomaly, This anomaly is categorized
by a conductance obeying the law

(eV)? + (ks T)?
E — Eo?
where eV is the voltage, kyT the tem-
perature, and E, a cut-off parameter.
The conductance is also strongly de-
pendent on magnetic field. An expla-
nation for this effect had been ad-

G « lo

Heavylon
Accelerator

It's new from us, and it's the
only low energy accelerator
on the market that comes
complete — from source to
beam handling equipment.

Or should we say sources,
because the LS-4 can deliver
heavy ions of boron, bismuth,
phosphorus, and indium, as
well as the more traditional ion
beams such as hydrogen,
argon, and helium.

The LS-4 is ideal for ion im-
plantation, sputtering, neutron
activation analysis, glass
polishing, neutron radiography,
and teaching. It is convertible
from 150 KeV to 300 KeV max.

Reliability? We've been making
accelerators for 20 years.
Maintenance? We provide a
complete prevenlive mainte-
nance service program.,

For complete information
write or call.

HIBH VOLTAGE ENGINEERING

EQUIPMENT DIVISION, Burlington,
Mass. 01803 [] Suppliers of
research equipment: Accelerator
Accessories — Scattering Cham-
bers, Beam Profile Monitors, Beam
Line Plumbing, Beam Handling
System. Accelerators — 150-300
KeV air insulated systems, Molec-
ular Beam Systems, lon Sources
Cryogenics — Mossbauer Cryo-
stats and Furnaces, Control
Syslems. Magnels—Quadrupoles,
Switching Magnets, NMR Flux-
meters, Ullra Stable Power
Supplies, Custom Electromagnets
Vacuum — Valves 1 - 40 inches,
All metal valves, 2-inch and

4-inch plumbing, Vacuum Pumps.

PHYSICS TODAY « DECEMBER 1969

91



Never heard of Harshaw’s Crystal
& Electronic Products Department?
Neither has anybody else.Until now.
We used to call it the Crystal-Solid
State Department. But now that
we’'re headquartered in a brand new
plant at Solon, Ohio, we wanted an
accurate new name to match. But,
by any name, we stand for the ulti-
mate in products and service for our
customers.

Our new centralized facility, how-
ever, adds extra dimensions to our
well-known capabilities. Now that
we’'re centralized, it’s even more
natural for you to think of us as
sole source for your projects.

We assume beginning-to-end re-
sponsibility. Including the manu-
facture of all components, assembly,
testing and a guarantee of the per-
formance of every Harshaw product
you buy.

As always, Harshaw quality con-

Name dropper:

trol is absolute and
conducted to your exact specifications. That
includes detectors and all downstream electronics.

Another bonus brought to you by our new
centralized facilities is the advantage of cross-
talk between disciplines which helps promote
even more advanced and effective products and
performance.

Our product line today incorporates the entire
line of our former affiliate, Hamner Electronics
Co., Inc., and further includes: Optical crystals
and materials for the IR/UV field. Nuclear
detectors. Nuclear electronics. Medical instru-
mentation. And microwave materials. For your
many needs, look to an old pro with a new name.
The Crystal & Electronic Products Department
of Harshaw.

Write or call for our complete catalog.

Harshaw

The Harshaw Chemical Company, Division of Kewanee Oil
Company « Crystal & Electronic Products Department 8801
Cochran Road, Solon, Ohio 44139 « Phone (218) 248-7400



. MEETINGS

vanced by Appelbaum and Anderson,
!Jased on the electron spin-flip scatter-
ing of magnetic impurities in the bar-
rier region. David Losee and Edward
Wolf (Eastman Kodak) presented
data on a number of different
vacuum-cleaved degenerate semicon-
ductor Scl‘lotﬂ(y-harrier junctions, in
which they ascribe the origin of the
magnetic impurities in their systems to
the neutral donors at the edge of the
depletion layer. They found good
agreement between their data and the
Appelbaum theory if they suitably ex-
tended the theory to include the life-
| time broadening of the magnetic level
as well as a g-shift. Work on these
anomalies in metal-doped insulator-
metal junctions was reported by
Adrian Wyatt of Nottingham Univer-
sity and also Paul Nielsen of Chicago.

Many-body effects. The influence
of many-body effects on nonsupercon-
ducting electron tunneling generated
considerable discussion. In the past,
tunneling has been a powerful probe of
the many-body interactions in super-
‘conductors. This is because of the
Strong momentum dependence of the
electron self-energy in a superconduc-
tor, which makes the structure seen in
the conductance large, and the super-
conductor’s large coherence length,
which makes the superconducting
wave functions near the metal-oxide
interface only weakly dependent on
the details of this surface. Both these
effects no longer operate in nonsuper-
| conducting tunneling. There the self-
| energy is predominantly frequency de-

pendent, leading to small (1% ) struc-

ture in the conductance. The effective
| “coherence length” is the order of the
| Fermi wavelength, so that the exact
form of the metal-oxide interface (or
semiconductor-Schottky barrier deple-
tion layer) has an important influence
of the structure one sees on the con-
ductance.

Craig Davis (Ford) presented
work, done in collaboration with
Duke, on the influence of the electron
self-energy, (resulting from the elec-
tron-optical phonon interaction in
semiconductors) on the conductance
of Schottky barriers. The self-energy
in this case is purely frequency depen-
dent. He emphasized that no struc-
ture in the conductance would be pre-
dicted unless the momentum depen-
dence of the tunneling matrix element
is taken into account. This momen-
tum dependence is uniformly ignored

in superconducting tunneling; so we
see again the important difference be-
tween the two types of tunneling.

The standard approach to tunneling
calculations, the tunneling Hamilto-
nian, came under attack in work pre-
sented by Joel Appelbaum and Bill
Brinkmann (Bell Labs). They ar-
gued that the tunneling Hamiltonian
predicts the incorrect form for the
transition matrix elements because it
first calculates the coupling between
the electrodes and then considers the
influence of the many-body effects.
To rectify this problem they proposed
a theory that considers the transition
rate between exact many-body states
of the electrodes. If the transition
rate is calculated by the WKB approx-
imation, they' find they can recover
the conventional formula for the cur-
rent, but with the transition matrix
element replaced by one that is pre-
dominantly frequency dependent. In
general, they find that the current de-
pends on the electron Green'’s function
in the vicinity of the barrier. They
showed, for the particularly simple ex-
ample of the electron interacting with
magnetic impurities (zero-bias con-
ductance peak), that the size as well
as the sign of the zero-bias anomaly
depends on the relative position of the
impurity and the junction interface.

The theoreticians therefore con-
cluded that the surface can have a
profound influence on the self-energy
effects observed in the conductance of
metal-insulator-metal junctions. It
was also obvious that experimentally
great variations in junction properties
(presence of zero-bias conductance
peak, for example) are obtained by al-
tering oxidation procedures. This re-
sult indicates that, in future, tunneling
experiments must be increasingly tied
to surface studies of the metal elec-
trodes, with such tools as low-energy
electron diffraction, field emission,
Auger spectroscopy and optical stud-
ies.

The conference was sponsored by the
Ford Scientific Laboratory, by the Na-
tional Science Foundation, and by the Air
Force Office of Scientific Research. As
stated ahove, no proceedings are to be
published, but those interested in further
reading on the subject will find an excel-
lent up-to-date review in: C. B. Duke,
Tunneling in Solids, Academic Press, New
York (1969) (Solid State Physics, Sup-
plement 10).
J. A. APPELBAUM
J. M. RowELL
Bell Telephone Laboratories
Murray Hill N.J. O
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