
P HYSICA L RE VIE%' B VOLUME 11, NUMBER 8 15 APRIL 1975

Nonequilibrium electron tunneling in metal-insulator-metal junctions*
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The small structure in the conductance curve near zero bias of metal-insulator-metal tunnel junctions
has been studied extensively. These experiments are analyzed in detail in a nonequilibrium model. It is

shown that this type of zero-bias anomaly can be accounted for entirely by an electron bottleneck

arising from the blocking of tunneling states due to nonzero electron relaxation times.

I. INTRODUCTION

Electron tunneling in normal metal-insulator-
metal (M-I-M) junctions has revealed a wealth of
information on the tunneling process itself and on
microscopic excitation mechanisms in the metals
and oxide barrier. ~'~ Since many of the effects ob-
served in the current-voltage characteristics of
junctions are small one usually studies the dynam-
ic conductance o(V) =df/dV as well as its derivative
do/d V. Examining the gross features of a tunneling-
conductance curve as shown in Fig. 1 one notes a
more or less parabolic shape for biases up to sev-
eral hundred millivolts. 3 A closer scrutiny in the
region near zero bias, however, reveals a sharp
conductance dip of the order of a few percent of the
zero-bias conductance oo as shown in the insert in

Fig. 1. Such conductance dips are usually referred
to as zero-bias anomalies (ZBA). In order to
compare different junctions without loss in gen-
erality our curves have been normalized by the
zero-bias conductance 00 as shown in Fig. 1. As
we will show later, junction asymmetry and coun-
ter-electrode effects do not concern us in this pa-
per; therefore we will present in many instances
the even part of the conductance and its derivative.
The odd part is usually small and linear as shown

in Fig. 2. A typical plot of (1/ao)(do, /dV) is given
in Fig. 3 for a Pb-Pb junction. 4 The peaks in the
region above - 20 meV arise typically from in-
elastic barrier excitations (oxide phonons, impur-
ity excitations, etc. ). The structure in the 2- to
20-meV region has been identified as metal-phonon
excitations. These effects can be understood on

the microscopic level as inelastic electron tunnel-

ing through opening up of new channels at and above
the excitation energies. In this paper we shall
concern ourselves only with the additional struc-
ture around a few meV. This structure is visible
below 10 K and grows rapidly as temperature de-
creases in contrast to the temperature-independent
inelastic-excitation-assisted tunneling.

A number of different mechanisms have been
proposed for certain types of ZBA and checked ex-
perimentally. We briefly want to review the major
mechanisms in order to define the effect we are

looking at.
Zeller and Giaever have shown that large zero-

bias conductivity dips can be achieved if tunneling
occurs through intermediate states on metal par-
ticles embedded in the oxide barrier. Typical re-
sults of their ZBA are (i) linear decrease of oo

with increasing temperature; (ii) no magnetic field
dependence; (iii) increase of ZBA with decreasing
particle size. It is to be expected that the Zeller-
Giaever mechanism is only important in junctions
specifically fabricated for this kind of a ZBA.

A large ZBA similar to the Al-Ni junction shown
in Fig. 1 arises if magnetic impurities are present
in the oxide barrier. ' In this paper we shall not
be dealing with either this or the Zeller-Giaever
anomalies.
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FIG. 1. Typical behavior of tunnel conductance for
various junctions. The insert illustrates the behavior in
the zero-bias region.

2812



NONEQUILIBRIUM ELECTRON TUNNELING IN METAL-. . .
2.3215 "

0.0015
2.3205 "

0
2.3195-

2.3185-

0~0010

0.0005,

0
E
Q

2.3165 "
t

-5 -4 -3 -2 -1 0 1 2 3 4 5

ENERGY (meV)

851 Al-Al

ENERGY

FIG. 2. Normalized odd conductance in the zero-bias
region,

212?5

2.70—

2.30-
2.1 Q—

1.90—

1.7Q —'

1.5Q—

1.30—

1.1 Q—

0.90—

0.7Q—

0.50
0 15 60 75

ENERGY (me~i
FIG. 3. Normalized even derivative of conductance

for Pb-0-Pb junction. The region below 3 meV which
induced the ZBA peak is deleted for clarity.

Junctions without metal particles or magnetic
impurities built into the barrier show a much weak-
er ZBA involving a decrease of only a fraction of
1% in conductance nea, r zero bias and are usually
restricted to a voltage range less than 5 mV. 'Qle

have observed such small ZBA in a variety of junc-
tions (Al-Al, Al-Pb, Pb-Pb, Mg-Au, Mg-Mg, etc. ).
If one or both metals are superconducting any pos-
sibility of mistaking the onset of superconductivity
for a ZBA can be clearly eliminated as shown in
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FIG. 4. Temperature dependence of conductivity of
Al-Al junctions demonstrating the drastic effect of super-
conductivity at 2 K.

Fig. 4. %e note that this 680-A Al film with an
elevRted transition temperature of 2 K shows super-
conductivity quite clearly. The small ZBA which
we deal with is a universal feature of M-I-M junc-
tions in the normal state and is also demonstrRted
in Fig. 5 where both metals are clearly normal.
Both the junctions of Figs. 4 and 5 show the same
temperature and magnetic field dependence' which
clearly excludes attributing these ZBA to any re-
sidual superconductivity effects. ~~

It will be shown in this paper that the small ZBA
are due to the nonequilibrium aspect of the elec-
tron transport in tunneling which results in blocking
of tunneling states due to nonzero electron relaxa-
tion times most important just above the Fermi
surface. The resulting electron bottleneck shows
up as a dip in the tunneling conductivity in all junc-
tions unless more effective blocking mechanisms
are present.

The theoxetical model to be advanced in Sec. II
predicts the temperature dependence and allows
discussion of various size effects. Moreover we
will be able to estimate impurity scattering times
and the electron-phonon relaxation time. The de-
tailed predictions of the model have been verified
by numerous experiments to be discussed in Sec.
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where f is the Fermi-Dirac distribution function
and A is the junction area, In a more realistic
theory, however, it will take the electron a nonzero
time to relax to the Fermi sea, thus blocking an
otherwise available tunneling state leading to a
decrease in conductance over a voltage range in
which electron relaxation times are appreciably
different from zero. According to Fig. 6 an elec-
tron will occupy its excited state until it is scat-
tered out of the tunneling direction via impurity
scattering with a relaxation time v& or via elec-
tron-phonon scattering v,~(e, T). In 7, we include
all scattering mechanisms that are energy and
temperature independent over the range covered by
the experiments. In the region of interest, at low
temperatures (T& 10 K) and low energies (~ kev),
the temperature- and energy-dependent electron-
phonon relaxation time is given by
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FIG. 5. Zero-bias anomaly of a typical Mg-Mg junc-
tion for various temperatures.

III. A discussion of the magnetic field dependence
has been given elsewhere.
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where q = k -k' is the phonon momentum and M is
the Bose-Einstein distribution function. We can

II. THEORETICAL MODEL

To understand the nonequilibrium aspect of elec-
tron tunneling let us follow the history of an elec-
tron in a semiclassical picture neglecting many-
body effects. Consider for simplicity a junction
consisting of an infinite metal on the left side and
a metal film of thickness L on the right side. Call
the tunneling direction the z axis and assume in-
finite extension of the junction in the x, y plane.
An electron starting on the left will tunnel to the
right at a rate v, P(v~)/2L= I/vs, where P(v, ) is its
penetrability through the barrier and v, - v~ is the
z component of its velocity. In our classical pic-
ture, 2L/v, is the time it takes the electron to
travel from the right barrier interface to the back
wall of the right metal and return. In a quantum-
mechanical picture the size of the metal film would
enter in the same way through the density of states
in a finite box. In the standard treatments of tun-
neling it is next assumed that the electron relaxes
spontaneously to the Fermi sea thus making its
state available to the next tunneling electron. In
this quasiequilibrium theory the tunneling current
is given by

I(V)=, dE[f (E-eV —p, ,) -f (E —ui)1h3 0

EL
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FIG. 6. An electron that tunnels through the barrier
will leave a hole in the left electrode and occupy a state
(a) in the right electrode. This electron will travel away
from the barrier in the right electrode and may be scat-
tered by various processes: (j.) Inelastic scattering with
emission or absorption of a phonon (b) will alter both the
energy and momentum of the electron; this type of pro-
cess will be described by an energy- and temperature-
dependent relaxation time v'+(&, T), where &' is the energy
measured relative to the chemical potential of the right
electrode and T is the temperature. (2) Elastic scattering
by impurities, (c) and (d), will alter only the momentum
of the electron and will be accounted for by a constant re-
laxation time v;. (3) Boundary scattering, if specular,
(e), will reverse the component of the momentum of the
electron perpendicular to the barrier.
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now write down the balance equations for the non-
equilibrium distribution functions f=f +5f for the
left and right metal films:

Bf„ 1 1 1
(fi -f ) —&f +

gg, l s"

8 ep

These formulas reproduce the experimental data
qualitatively and are sketched in Pigs. 7 and 8.
To get an order-of-magnitude estimate of the re-
laxation times involved, observe that the conduc-
tance dip at zero bias is typically 10 ' to 10 which
is equal to

Sf, 1 1 1—'=-—(fi-f.)-Vi i +~ ~

eg ~ 1 r 5 ~f
v.(o)

0'0 Tg+73
(2. 12)

In steady state we get

fi f,=-(fi f', )[-1 -r(e, &)]

with the blocking factor

1 vp
I/i, +[~,(eV Z, T)-+~„(Z,r)] ' '

(2.4)

—,
—l .(&)1 =

f~ „,."„,. l&( & — »)
+ S(eV + xk T)] (2.&)

1 v, (&, 7') r(cr)), ,
7'p 7'g

Before we proceed to the experimental verifica-
tion of our model, a short discussion of the general
aspects is in order Let us. assume for simplicity
that the left-hand metal is in equilibrium f, =f, .
This can be achieved, e.g. , by making its thick-
ness very large, i.e. , 7~ -~. Then blocking
arises from the right-hand metal only. To be able
to evaluate r,~( Ve, T), let us further assume that
e (a&)E(u) =aid is effectively linear in ur in the rele-
vant energy region, '3 then

where v '=7,', +7 ('.
Next we calculate the tunneling current equation

(2. 1) using these steady-state occupation functions
instead of their equilibrium values. For the nor-
malized blocking conductance ho'(V) co= [o(v) —&0]/&0
we find

~c(V, r) '"„df'(s,&)'~

G ~ dE

~v, fc+eV, 5 &,(&+«, ~)) {g g)+ ~ ~

The second derivative is then given by

thus v, - (10 vs). With typical impurity times
v&™10 sec, we get v~-10 6-10 sec. Recalling
I/rs = (iir/21. )P, we find for a typical thickness of
metal films of a few thousand Angstroms a pen-
etrability corresponding to an oxide thickness of
a few molecular layers. We should mention
here that our model predicts a dependence of
the size of the ZBA on the thickness of the
metal films, the effect being smaller for thick-
er films. This thickness dependence is, however,
not as dramatic as the zero-temperature formula
equations (2. 10)-(2.12) suggest, because, e.g. ,
at T= 1 K and for eV= 0, 7',~ is already of the or-
der of 7'g

q thus 1 educ1ng the sxze dependence
sharply. This will be checked out experimentally
in Sec. IV. Using 6e(v)/oo we can fit r,&(ev, 0)
and thus g in ~~E=g& with the help of the width of
the conductance dip, or the peak position in (1/oz)
x(d/dV). It should be noted that the three param-
eters 7 „7s,and a do not enter Eqs. (2. 10) and
(2. 11) independently but in the combinations vi/v s
and I'= Ii/miami It is.the latter parameter that de-
termines the temperature dependence. To ex-
tract a we thus will have to make an assumption on
7'g and vlcc versa. A comparison with experi-
mental data is presented in Sec. IV.

5 (v)

~„'(T)= [(eV)'+ (~I r)'], —
and we find at T= 0 K

5o(V) I/r,
I/~, + I/r, +(~/a)a(eV)' (2.10)

1 d
(

I/vsa(e V) (2 11)
~, d V [I/~, + I/~, + (~/a)a(e V)']'

Flo. 7. Calculated, T =0 K, behavior of the zero-bias
blocking conductance.
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III. EXPERIMENTAL TECHNIQUES

In order to compare theory and experiment a
large number of junctions were made including the
following metals: Al, Ag, Au, Mg, Pb and Pb-Bi
alloys. For the purposes of this paper three typi-
cal junctions suffice to illustrate Rll the results.
The evaporator used could be operated without
evel exposlQg the jUnctlon to Rll dux'lng the entire
fabrication procedure. The metals were evapo-
rated at pxessures below 10 6 Torr. The system
used sorption pumping along with an elaborately
baffled liquid-nitrogen trap so that contamination
(such as hydrocarbons) could be eliminated from
the insulating layer. The masking system was
such as to allow as many as three junctions to be
prepared on the same substrate. These three
junctions could share either a common base layer
or counterelectrode.

A glow discharge technique of barrier formation
was used to prepare tunnel barriers of Mg and Al.
The oxldatlon of Mg ln 106 to 200 Tox'x' of pure oxy-
gen with glow discharge current maintained for 1
to 3 min Rt 5 to 15 IQA%'Rs sufflclent to produce
tunnel junctions with resistances around 200 A.
Aluminum required longer oxidation times (5 to 10
min) and higher pressures (400 Torr) with approxi-
mately the same discharge current. The same
technique wRs used to prepRre tunnel junctions of
Mg in a nitrogen environment. In this case, how-
ever, the discharge had to be kept for 40 to 80 min
with currents up to 46 mA and pressures between
400 to 600 Torr. The exact composition of this
type of barriex' is not known and it is a subject of
a further investigation. It has been shown 5 that
Mg heated in nitrogen environment containing
traces of water vapor and oxygen reacts prefer-
ably with impurities, forming a compact layer of

oxide on the metal, thus inhibiting the formation
of the nitride.

In some cases junctions were purposely doped
with hydrocarbons during formation of the bRrx'lex'

layer in order to study this effect of this barrier
on the ZBA. Junction J112 (Fig. 5) is such a junc-
tion and the effect of this doping is discussed in
Sec. IV. All other junctions shown in this paper
Rl e CleRQ juQCtlOQS.

The measurements were carried out by a bridge
technique similar to that described previously by
Adler, Chen, and 3txaus. In this instance, how-
ever, the system was interfaced to a minicom-
puter ~ showing calibrated second-derivative plots
to be obtained at the end of each sweep. This mea-
surement system will be described in a forthcom-
ing pRpex'.

It can be seen from Fig. 1 that R typical tunnel-
ing conductance in the region of a few hundred mV
can be approximated by an asymmetric parabola
of the form

o(V) = op+ o, V+ o,V'+ 5o(V, T),

where the first three terms describe an ideal tem-
perature-independent (1 to 10 K) background in the
absence of ZBA. 1 For a coxnparison of theory
and experiment it is desirable to separate the ZBA
from this background. The small asymmetry aris-
ing from a temperature-independent linear term
shown in Fig. 2 can be eliminated over the energy
region of interest if we consider only the even part
of the conductance. In particular, if the second-
derivative data Rxe available we can write

This enables one to separate the ZBA contribution
to the tunnel conductance by simply subtracting a
straight liney passing through tile origin~ with R

slope which brings the measured do, /dV to zero
at about 5 meV. On the other hand if data are avail-
able at sufficiently high temperature (say 10 K),
then the background can be eliminated by simply
subtracting the high-temperature curve. The use
of either procedure leads to the same result re-
ducing raw data (Fig. 5) to the pure ZBA contribu-
tion (Fig. 9). The equivalence of both methods
becomes clear if we examine Figs. '7 and 8 which
show the behavior of the MBA with increasing volt-
Rge Rnd temperature

Typical experimental results for Mg-Mg junc-
tions axe shown in Fig. 9. From these data values
of V ~, the bias at which the maximum (in 1/op)
&& (d/dV)[5o, (V, T)j}in the even part of the second
derlvRtlve occux's cRQ be obtRlned for VRrloUS tem-
peratures. Figure 10 shows a plot of these ex-
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FIG. 11. Fit of even part of the second derivative of
the current-voltage characteristics of a Mg-Mg junction
compaxed with theory.
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FIG. 9, Reduced data showing the pure blocking effect
after subtraction of background from Fig. 5.

perimental data along with theoretical results for
values of between 0.4 and 1.2 meV . It can be
seen that the peak positions are best fitted by I'
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FIG. 10. Peak height and peak position fit for a Mg-Mg
junction as discussed in text.

=0.4 meV, while the peak heights are best rep-
resented by 1"=1.2 meV . An intermediate value
of I'= 0.8 meV~ gives a reasonable fit to the data
as shown in Fig. 11. With this choice of I' the
theory then predicts a stronger temperature de-
pendence for the peak amplitudes than experi-

'mentally observed. Correspondingly the peak po-
sitions are at lower biases than expected. We have
observed this small departure from theory in all
our junctions and will discuss the reasons for it in
Sec. V.

In the absence of any know'ledge of the electron-
phonon coupling constant for Mg, we have arbi-
trarily assumed it to be 0.0015 meV, which is
half that calculated for aluminum. ~ Using this
value we obtain

2&10 sec and v'~ 1&10 sec

by using I"=0.8 meV .
As mentioned in Sec. III the barrier layer of this

particular junction has been doped with hydrocar-
bons. On the other hand for clear junctions one
always finds that 6a{0)/cro is several times larger,
as shown in Fig. 12. The smaller ZBA of the
doped junctions is due to increased diffuse scatter-
ing at the metal-barrier intexface. In clean junc-
tions this interface is sharp, and more specular
scattering of electrons in the metals occurs de-
creasing the amount of deblocking, resulting in a
larger ZBA. Replacing the top Mg layer by an Au
counterelectrode does not alter the character of the
ZBA. This suggests that the deblocking occuxs in
the stronger coupling metal as expected from the
theory. Figuxe 12 shows the temperature depen-
dence of the conductance of two such junctions.
Both of these share a common Au overlayer.

%e were also able to study the effect of annealing
on these junctions. After measurement, some
junctions wexe allowed to warm up in a vacuum.
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FIG. 12. Tunneling
conductance of two
Mg-N2-Au junctions shar-
ing the same gold counter-
electrode. The magne-
SMm base layer of ]unction
35A wa. s 30 000 A. thick,
while that of 85B was only
3000 A thick.

Several days later they were cooled down again and
a new set of measurements was made. This an-
nealing increased the resistance of these junctions
about 2~ times. The relative magnitude of the
conductance dip, characteristic of the zero-bias
anomaly, remained unchanged. This shows that
the scattering mechanisms which deblock the tun-
neling electrons are unaltered. In Fig. 13 we
show the experimental data for 85B1 (unannealed)
and B2 (annealed) together with the fit obtained by
adjusting I' to 0.6 me7' . The theory again pre-
dicts a stronger temperature dependence for the
peak amplitudes. As the temperature decreases
the peak positions lie below the theoretical curve.
The line shapes of (1/oz)dna, /dV for T= 1 K and
3 K are shown in Fig. 14.

As shown in the theoretical part, metals with
infinitely thick electrodes are essentially in equibb-
rium because the density of final states for the in-
coming electrons is infinite. This assertion was
tested with double junctions hamng a common
counterelectrode and base layers of different thick-
nesses. Also several junctions with thick base
layers and counterelectrodes of varying thick-
nesses were studied and gave the same results.
All of these consistently showed smaller zero-bias
anomalies in the junctions having the thicker film.
Junctions 85A, 858 are representative of these
(Flg. 15). We shouM add that all extensive study
of the lateral structure of our junctions has been
previously reported in Ref. 20 for the barrier
geometry and in Ref. 10 for the film geometry.

V. SUMMARY AND DISCUSSION

In this paper we have concerned ourselves with
small low-energy ZBAs in normal M-I-M junc-
tions. We have explained these ZBAs as due to an
electron 'bottleneck arising from nonzero electron
relaxation times. We have seen that the tempera-
ture dependence is due to electron-phonon relaxa-
tion. As has already been shown elsewhere the
magnetic field dependence is due entirely to a

geometrical size effect.
It should be noted that this theoretical model of

nonequilibrium electron tunneling can be general-
ized to include other kinds of ZBAs as well. For
example, the Zeller-Giaever mechanism which
produces large ZBAs by trapping electrons on
metalbc particles embedded in the oxide layer can
also be cast in the framework of this theory by
setting up the balance equations for a two-step
tunneling process with an additional relaxation
time for the electrons trapped on the metallic
grains.
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FIG. 13. Fit of peak heights and peak positions for a

Mg-N2-Au junction. The result shows the first run,
junction 8581, along with later results obtained after this
junction was allowed to anneal at room temperature, la-
beled junction 8582.
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FIG. 15. Zero-bias conductance for the two Mg-Nt-Au
~

junctions described in Fig. 12.

We have neglected one effect in the above theory
which becomes important at lower temperatures.
This is the presence of nonequilibrium phonons.
So far we have only considered the nonequilibrium
part of the electron distribution. However, in
steady state we also have to account for a non-
equilibrium phonon occupation. Assuming that
the thermal relaxation of phonons is due to bound-
ary scattering (with a typical time r2,„,e, -10
sec) which is of the same order as the electron-
phonon relaxation time in the ZBA peak region.
Thus the number of nonequilibrium phonons 6N in
steady state will be of the order of the number of
nonetluilibrium electrons 6f. A detailed study t of
the coupled electron-phonon system shows that the
nonequilibrium phonons keep the junction at an ef-
fective temperature of about 0. 1 to 0.5 K higher
than the temperature of the surrounding bath in
the ZBA region. Thus at very low temperatures
the electron-phonon relaxation will be faster than
expected without the nonequilibrium phonons. One
of the observable effects will be that the position
of the ZBA peak in the derivative of the tunneling
conductance will be at a somewhat lower bias than
expected from the simpler theory presented in

this paper (Figs. 11 and 14).
Finally we want to comment briefly on the in-

fluence of nonequilibrium effects on superconduct-
ing tunneling. Again we must expect a quasipar-
ticle bottleneck just above the gap. In this case
the elastic scattering times become infinite at the
gap edge, i.e. , at T=O K,

s (S2 g2)1/2 g &

where 7, and Y„arethe relaxation times in the
superconducting and normal state, respectively.
We thus expect total blocking just above the gap
edge. For the case of a junction with two identical
superconductors this leads to a continuous in-
crease in the tunnel current just above twice the
gap energy instead of the discontinuous jump pre-
dicted by quasiequilibrium theories. It should be
pointed out that the observed discrepancy between
theory and experiment has been explained in vari-
ous ways as arising from strain in the metal
films, local heating, gap anisotropies, etc. A
detailed investigation of our proposed explanation
will be presented elsewhere.
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