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CHARACTERIZATION OF METAL OXIDE TUNNELING BARRIERS 

Duncan Eldridge McBride, Jr. 

Department of Physics, University of California 
and 

Inorganic Materials Research Division 
Lawrence Berkeley Laboratory, 

Berkeley, California 

ABSTRACT 

We have developed a method of characterizing the barrier in a 

metal-insulator-metal tunneling junction on the basis of experimental 

current-voltage curves and a simple theoretical model. We are able to 

determine, unambiguously the barrier height <jl and barrier thickness S 

3/2 
by, first, measuring the quantity S<jl from the slope of the Fowler-

Nordheim plot. Then experimental data are compared with a family 

of current-voltage curves calculated for various pairs of S and <jl 

3/2 with S<jl . fixed at the measured value, and the pair which gives the 

best fit is determined. This procedure has been tested on the best 

understood tunneling barrier, that grown thermally on an aluminum 

film, and is found to give a barrier height of about 2.6 eV, in good 

agreement with independent measurements. 

Our method also enables us to construct a qualitative description 

of the tunneling barrier which provides a context for the quantitative 

measurements. The barrier seems adequately described by a trapezoidal 

model, often with unequal sides but of nearly uniform height over the 

junction area. Although the barrier thickness is not uniform, the 

variation occurs on a microscopic scale in a well-prepared junction. 
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and the magnitude of the variation is a small fraction of the mean 

thickness. 

We have also used the method to measure parameters of barriers 

grown thermally on chromium, thin film vanadium, and bulk vanadium, 

and we obtain barrier heights of 0.6 eV, 0.1 eV, and 0.2 eV respectively. 

The technique is a convenient one for the analysis of data from an 

experiment, and the results it gives are unambiguous, consistent, and 

provide a sensitive measurement of the characteristics of the barrier. 

.~. 

\. 
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I. INTRODUCTION 

When two metal electrodes are separated by a sufficiently thin 

insulating layer, electrons can transfer between them by the process 

of quantum mechanical tunneling. Tunneling has proved to be an 

extraordinarily useful technique for studying the electrodes; it has 

provided a wealth of information about electron interactions in metals, 

particularly superconductivity. More recently, attention has been 

turned to the nature of the insulating barrier, largely because of the 

discovery that tunneling electrons can excite molecular vibrational 

1-5 and rotational modes in the barrier, and also because it has been 

discovered that more than one kind of barrier material can be formed 

on the same meta1~ In order to compare results of different experi-

ments it is necessary to be able to confirm that they were done with 

the same barrier material. Likewise, in order to study the molecular 

modes, which appear as weak fine structure on the current-voltage 

graph of the junction, it is necessary both to be able to characterize 

the tunneling barrier in sufficient detail and to know as accurately 

as possible the junction's gross behavior on which the structure 

appears superimposed. Further, in any tunneling experiment it is 

useful to have some knowledge of the nature of the tunneling barrier. 

This work describes a way of attacking these problems and 

presents results from junctions made by thermally oxidizing four 

differ~nt kinds of metal electrodes to form an insulating layer on 

them. The electrodes are bulk vanadium and thin film aluminum, 

chrOmium, and vanadium. 
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In section II we discuss the results of theoretical work which 

has been done to characterize the tunneling barrier. Most of the 

simple theory of ttalOeling between metals which ate not superconducting 

was developed quite early. but it was necessary, until fast computers 

. were available, to make rather severe mathematical approximations in 

order to make calculations possible. Since much of the intuitive 

thinking about tunnel junctions still depends on the approximations, 

they will be discussed briefly. In addition we discuss some of the 

general ideas which it is necessary to consider in constructing a 

model barrier for our calculations and, on the basis of these. present 

the model barrier and method of calculation which we employ throughout 

our analysis. 

In section III we describe the preparation of our samples and the 

way in which our measurements are made. In addition, we discuss the 

criteria which we employ to verify that our samples are indeed tunneling 

junctions. 

Section IV contains·a description of our general method of 

analysis in which we combine the results of experiments with the theory 

described in section II to obtain values for the parameters of the 

theory for an experimental junction. 

Our analysis is applied to speci fic junctions in section V. We 

begin by applying j t to the most extensively studied ki.nd of tunneling 

barrier, that grown thermally in air on an aluminum electrode. Barrier 

thickness and barrier height are obtained for a particular aluminum 

junction and compared to our own and other independent measurements 

of these parameters. The discrepancy between the average barrier 
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thickness determined from capacitance measurements and the thickness 

determined from tunneling leads us to modify the plane parallel geometry 

of our model to include a variation in the barrier thickness which is 

small compared to the mean thickness and occurs on a microscopic scale 

over the junction area. We briefly consider three alternate methods 

of determining barrier heights and note that all of them have given 

results consistent with our own. The analysis is then applied to 

barriers grown thermally on thin film chromium and thin film, and bulk 

vanadium. Tentative suggestions are made relating the barrier heights 

we measure to the properties of the compounds which we suppose make up 

the insulating layers. Finally, on the basis of our analysis we out-

line the most complete description of a tunneling barrier which we 

think can reasonably be made based on macroscopic electrical measure-

ments. 

In an appendix a series of curves are presented which encompass 

a wide range of barrier heights and thicknesses for use in estimating 

barrier parameters without doing lengthy computer calculations. 

Ii' 
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II. THE MODEL AND THEORY 

A tunnel j unction is conventionally made by exposing a clean sur-

face of either a relatively thick (> 1000 A) evaporated metal film or 
: 

a bulk ingot to a reactive atmosphere to form a thin (10-30 A) insulating 

barrier. Usually the atmosphere is air or oxygen and the barrier is 

assumed to, be an oxide. After suitable masking, a cross strip of 

metal is evaporated on top. The simplest useful model of this type of 

junction is that of two semi-infinite bulk electrodes which are free 

electron gas metals separated by a uniform thin insulating layer. A 

rather stylized schematic drawing of this is shown in figure 1. The 

potential barrier, of height ¢ and thickness S, is formed by the for-

bidden gap of the insulator, with filled valence band below and con-

duction band above. At nonzero bias (figure lb) the Fermi levels of 

the metals are offset and a net tunneling current flows through the 

barrier. 

This kind of model' has been used since the very beginning of 

tunneling calc~lations, and in this section we explore some of the 

calculations which have been done on it. 

A. Fowler-Nordheim Calculation 

One of the earliest and most useful calculations was,done by 

7-9 Fowler and Nordheim in 1928, in which they considered field emission ~ 

of electrons from a metal surface ill an intense electric field. Here, 

, one electrode is a metal as before, but the other is replaced by tile 

vacuum, and a barrier to the flow of electrons exists because of the 

work function of the metal, which produces a roughly triangular barrier 

for the electrons. This problem is the same as .that of tunneling at 
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very high bais, in which the Fermi levels are offset by more than the 

barrier height, producing the same roughly triangular barrier through 

which the electrons can be thought of as being field emitted into the 

conduction band of the positively biased electrode. 

By considering the transmission and reflection coefficients for 

electrons incident on such a barrier and the statistics of the electron 

gas. Fowle r and Nordheim derive an exprel:lsion for the field t~misBion 

current in terms of barrier properties, Wlder the assumption of low 

temperature (kT « ¢) and high voltage (eV> ¢). It is 

I = cV2 exp [_ 412iii E.1.
3

/
2

]' 
3h eV (1) 

where C is a constant which depends on the metal, m is the free electron 

mass, (~e) is the electron charge, and vis is the electric field 

10 strength. 

The importance of this expression is its simplicity. The properties 

of the barrier are contained in a simple (albeit nonlinear) product in 

the exponent, and the whole expression has but one term. Thus dividing 

by v2 and taking a logarithm gives 

where 
2/2i;i 

a. =--
h 

Equation 2 implies that 

l/V will result in a straight line of slope 

(2) 

a graph of ~n(I/V2) versus 

~~ s¢3/2 yielding 
3 e ' 

3/2 
an immediate measurement of the product S¢ • 

In a tunnel junction the measurement is almost, but not quite, this 

simple. In the case of field emission almost no current is observed 

Wltil the voltage is high enough to give the Fowler-Nordheim result, 
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and the barrier is always roughly triangular • This is not true in 

a tunnel junction. Instead, the barrier becomes triangular at high 

bias, and thus there is a gradual asymptotic approach to the Fowler-

Nordheim behavior at voltages which are greater than the barrier height. 

(For an example, see figure 4, page 31 ). 

B. Calculation of the Tunnel Current 

A large part of the most general theory of tunneling between non-
11 . 

superconducting electrodes was worked out by Frenkel in 1930 (although 

little was done with it until the 1960's). He considered exactly the 

toodel" we have discussed, that of free electron gas metals separated by 

an insulator, and assumed the problem could be treated as one of 

independent electrons tunneling through a one-dimensional barrier. 

Thus transmission coefficients can be calculated using the one-dimensional 

Single-particle SchroeQinger equation. These coefficients can be cast 

in the form of a tunneling probability at a given energy, D(E), which 

contains all the information about the assumed barrier geometry and 

which is voltage dependent. Then the product of this probability and 

the number density of electrons with a given energy n(E) can be inte-

grated to obtain the current. 

To be more precise, let us define E"Ss the energy of an electron 

above the bottom of the conduction band on the left of the barrier in 

figure 1 and D(Ex) as the probability that an electron of energy 

1 2 E = -2 mv will tunnel through the barrier. The number of electrons x x . 

per unit· area and time tunneling from left to right can be written as 
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Fig. 1. A schematic one-dimensional representation of the band 
structure of a tunnel junction in the neighborhood of the 
barrier region. At zero bias (a) the Fermi levels (t: f> in 
the two metals are at the same energy. The barrier is formed 
by the forbidden gap of the insulator, with conduction band 
(c) above and valence band (v) below. The barrier is of 
height ¢ and thickness S. At some nonzero blas (b) the Fermi 
levels in the metals are offset by eV, where V is the bias 
voltage. The barrier tilts due to the' voltage drop across it. 
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v n(v )D(E )dv = x x x x 
1 JOO . 
- nL(v )D(E )dE m x x x 

(3) 

o 

where ~ (v )dv is the number of electron per unit volume on the left 
L x x 

with x-component of velocity between v and v + dv. In addition, x x x 

nLev ) dvdv dv .: x y z 
2m4 

= -3 f(E)dv dv dVz h . x Y 
(4) 

where f(E) is the Fermi- Dirac function. Thus 

nL(v )dv = zm34 jf(E)dV dv (5) 
x x h Y z 

and, substituting, we obtain 

NLR - 2 (~y JdEx J dVydVzD(Ex)f(E) • (6) 

The probability for tunneling from right to left is the same D(E). 

1Z' 
One way of seeing this, as Duke points out, is to note that the one-

electron Schroedinger equation is invariant under time reversal. Then 

the number of electrons flowing from right to left is 

N = 
RL 

v nR(v )D(E -eV)dv , x . x x x 

o 1 ( O)Z where Vx is defined by ~ Vx = eV. Then 

N = 
RL 

00 

~t 
x 

00 

nR(v )D(E -eV)dE =! J n (v')D(E')dE' x. x x m Lx"~ x 
o 

(7) 

(8) 

which is in the same form as NLR• The only difference is the fact that 

the Fermi level has been shifted by eV and f(E) must be replaced by 

f(E+eV). Upon doing this we obtain 
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(9) 

Therefore we obtain the same argument forV(E) in both NLR and 

NRL and the net flow of electrons is simply N = NLR-N
RL

• The current 

density is just Ne; from equations 6 and 9, 

J = 2. (~y f dEx fVydVzD(Ex) [f(E)-f(E+eV) I . 

If we define 

2 2 
v = v 

r y 

and 

2 + v 
z 

then equation 10 can be written in cylindrical coordinates as 

J = 41Tme
3 

fdE fdE D(E ) [f(E)-f(E+eV)]. 
h x r x 

This in turn can be expressed as 

J = f dE D(E )N(E) , 
x x x 

o 

where 
00 

N(E ) = 
x { [f(E)-f(E+eV)]dE • 

r 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

The integral for N(E
x

) can be done exactly (e. g .• by parts) to 

give 

N(E ) = 
x 

(16) 



whi.ch has a T=O limit. of 
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N(E ) 
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(17) 

Then equation 14 can be written in a form useful for computation 

as 

J 

£ -eV 

f f D(E )dE 
x x 

o 

+f€f (C_-E )D(E )dE I 
1 X X X 

c_-eV 
.t 

(18) 

at 1'=0. Although our derivation has been st:lUiclas8ic.al. Duke
l3 

shows 

that the thick barrier limit (D« 1) of the c.oherent elastic tunneling 

current in the transfer Hamiltonian scheme is exactly this expression 

except perhaps for a constant of normalization. By writing equation 18 

we have reduced the problem, within the framework of our general 

assumptions, to that of defining and calculating the tunneling probabil-

ity D(E ). 
x 
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c. J'he Tunneling Probability and the Barrier 

The probability D implicitly., contains all the information about 

the tunneling barrier, and in order to construct a model for the 

potential and calculate the probability we must consider what we know 

about experimental. barriers. Unfortunately not a great deal is known 

about the details of either the physics or the chemistry of the barrier, 

but we can make some general statements. The barrier is made by 

admitting air, oxygen, or nitrogen into the vacuum chamber in which the 

fresh metal surface has been prepared. The gas presumably diffuses into 

and reacts with the metal, forming a thin film on the surface which is 

an insulator and which is relatively impermeable to further diffusion 

of the gas, thus limiting the thickness of- the layer formed. The 

insulating film is thought to be amorphous or polycrystalline, and it 

is probably inhomogeneous, with a progression from pure metal deep 

inside the electrode to a rather highly oxidized state at the surface. 

The compound formed is conventionally assumed to be an oxide (usually 

the common bulk oxide) when the barrier has been formed in air or 

oxygen, although this usually cannot be confirmed. 

Ideally the barrier would be marked by a sharp transition on the 

surface of the oxidized film at which the band structure changed from 

that of a metal to that of an insulator, the forb.idden gap of which 

forms the barrier. Actually we know from the manner in which the 

insulator grows that the transition is in fact not sharp. There might 

even be more than one distinct compound in the barrier region and 

trerefore more than one gap as a function of depth from the surface. 
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Many barrier profiles have been proposed to take account of these 

factors, although considerations of computational simplicity seem to 

have been as important. 14 Duke gives a comprehensive list with refer-

ences. The most common choice is one form or another of the trapezoidal 

profile, a simple example of which has already been shown in figure 1. 

Once a basic barrier profile has been chosen it can be modified 

by the interaction of the potentials in the metals and the insulator. 

In addition to the uniform-field voltage drop across the barrier due to 

biasing the junction, there may be charge imbalances which distort the 

barrier. For example, this would cause a barrier which would otherwise 

be rectangular at zero bias to become a more general trapezoid. Further. 

there has been discussion of the effects of electric field penetration 

into the metal electrodes. Ku and Ullman15 have concluded that this 

has a significant effect on the apparent barrier thickness. In a more 

. 16 
recent calculation, however, Theophilou and Modenos show that, under 

a different set of assumptions, the effect is negligible. The matter 

is not yet fully resolved. Finally, the barrier profile has often 

been corrected by the inclusion of the image potential of the electrodes 

in the barrier. For a plane parallel geometry this tends to make all 

barriers more or less parabolic in shape. For a barrier which is not 

uniform in composition or thickness the effect of the image potential 

is difficult to estimate. 



'.-

fj- ;) {~f : J .j 9 d '~" 
-, 

'<J . "~I f;) v 

-13-

D. Approximation Methods 

Once a model is chosen which allows a tunneling probability to be 

computed, either analytically or numerically, equation 18 may be 

evaluated to give the current density as a function of voltage. Both 

the calculation of the probability and the current have traditionally 

involved approximations and, although some of them are now largely of 

historical interest, we consider here briefly a few of their qualitative 

features. 

The tunneling probability D can be calculated exactly for a number 

of simple barriers by solving the Schroedinger equation for a particle 

of a given energy incident on the barrier. However, the WKB approxima-

17· -
tion has almost universally been used, largely because it is simple 

and because one does not like to have to perform a further integral 

(for the current density) over the horrendous functions one usually 

obtains in an exact calculation of the probability <_ 

approximation the tunneling probability is given as 

t [Ef + ¢(x) 

1/2 

I· D(E ) ex exp -a - Ex] dx x 
81 

where ¢(x) is the barrier profile, S1 and S2 are the 

energy E , and a is 2l2ni/h 
x 

points for an electron of 

eq uat ion- 2. 

In the WKB 

(19) 

classical turning 

as defined in 

Further, the WKB approximation is probably a good one in most 

Gundlach and Simmonsl8 have shown that for a trapezoidal cases. 

barrier the functional form of the tunneling probability is accurately 

approximated as long as the barrier is sufficiently thick and high 
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(S¢1/2 ~ 6 A (eV)1/2 , where S is the barrier thickness and ¢ the 

barrier height). This is true in spite of the fact that, of all simple 

barriers, the trapezoidal barrier shape most severly violates the 

assumption, made in deriving the WKB approximation, that the potential 

does not change too rapidly as a function of position. The results of 

their comparison made between the exact arid WKB probabilities show 

that the calculated probabilities, differ by a multiplicative factor 

which depends on the details of the barrier but which is almost inde-

pendent of bias voltage. This is probably true for other barrier 

shapes as well, and the WKB probability, which is much simpler to 

compute and express, can thus be used as long as the correction factor 

is either known or unimportant. 

Further approximations have traditionally been made in the calcula-

tion of J from equation i8. 19-21 One, associated wi th , Simmons, in 

effect replaces the actual model barrier with an effective square 

barrier whose' height is a function both of the model barrier shape and 

bias voltage. The intagrals for the probability and the current can 

then be done by retaining only the most significant terms. The other, 

21 22 associated with Stratton, ' takes advantage of the fact that 

tunneling takes place predominantly at high electron energies (E near . x 

Ef ) because the barrier is lower there and, at high biases, thinner as 

well. Thus the WKB exponent is expanded around the small parameter 

E = (Ef~E ) and integrated term by term. In practice only the first x x 

two terms are retained. 

Neither of the methods of approximation for the current integral 

is very satisfactory. It is difficult to tell exactly how serious the 
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approximations are, although the unphysical discontinuities which 

appear at voltages equal to the barrier height. do not instill confi-

dence. Further, the expressions obtained in trying to write an 

approximate analytic formula for the current are so unweildy that 

algebraic and computational errors seem inevitabl~ and in fact 

apparently have occurred23 in most published versions of the approxima-

tions. Fortunately, modern computers almost entirely eliminate the 

need for the approximations, although they may be useful for studying 

the dependence of current on a parameter over a limited range of 

values (e.g., J on V near V=O). 

E. Choice of a Model Barrier and Method of Calculation 

It is apparent that, from a theoretical point of view. the nature 

of the tunneling current-voltage curves (for example) can be exactly 

predictE'.d only after the barrier is sufficiently well understood. 

However, it is useful to consider what can be said about the barrier 

based on experimental current-voltage curves and other measurements. 

Here we ar.e attempting to obtain information about a cause from its 

effects, and finally we can only make a description of the cause 

plausible, not certain. We may construct a description which accounts 

for the effects but which corresponds in only a vague way to the 

cause itself. Yet, even though a description is not an explanation. 

it is useful from an experimental point of view to have the order of 

classification which a description allows even if the description is 

based on an inadequate view of the situation. 

It is in this spirit that we attempt to characterize the tunnel 

barrier of a metal-insulator-metal junction. The theory we have 
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presented to this point is elementary, and we are not able to make 

a definitive test of its adequacy. Any model barrier we pick to use 

with the theory is at best tentative and certainly too simple. Rather, 

we wish to see if, using this theory and a simple barrier model, we 

can construct a description of a tunnel barrier which will allow us 

to classify experimental barriers on the basis of their measured 

characteristics with sufficient sensitivity to be useful experimentally. 

If we are successful we can then try to relate the properties we have 

assumed in the model to the properties we know from other measurements 

on actual barriers, being pleased with successes _~d using major dis

crepancies to refine the model while realizing that a realistically 

simple model and theory cannot account for minor disagreements. 

Thus our plan is to take the simple theory and its underlying 

assumptions as a beginning, pick a simple but reasonable model for 

the barrier, and find a way to relate a comparison of experimental 

data and calculations as sensitively as possible to the properties of 

the model barrier. Finally, we attempt to use the properties of the 

model to discern some of the physical and chemical properties of the 

actual barrier, admitting that we must be most tentative here. 

For the model barrier we have chosen to start with that shown 

in figure l: a potential barrier which is uniform in height and width 

over the junction area and, at zero bias, has a square profile. It 

is characterized by two parameters, height <p and width S. At a non

zero bias the barrier tilts, becoming trapezoidal, since the voltage 

drop appears entirely across the barrier and we assume it to be 

uniform. This is the simplest model of a barrier which yields 

.' 

.. -
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interesting results. It cannot be expected to reproduce fine structure 

in the tunnel current and may, in fact, introduce some artificial 

structure because of the discontinuous potential changes at the edges 

of the barrier. 

Further, we have chosen to ignore all the modifications to the 

basic barrier shape discussed previously, at least for the moment. 

We shall account for barrier distortion (here, tilt at zero bias, 

with the barrier of unequal height on. the two edges) in a satisfactory 

way at a later stage. Field penetration into the electrodes is an 

open question, but we have arrived at a consistent model without needing 

to consider it. Image potential corrections play an unknown role, but 

one which is apparently not of major importance. In any case it is 

impossible to correct for them in anything but a plane geometry, and 

we certainly do not have that here because of the variation in oxide 

thickness which must occur. This variation itself will be dealt 

with at a later stage as well. For now we take a barrier which is 

tmiform in width and height. 

The tunneling probability can be calculated exactly for the . 
24 trapezoidal barrier, but the result does not invite furthercomputa-

tion because it is a complicated set of Airy functions and their 

derivatives. Therefore we use the WKB approximation as a sufficiently 

18 accurate approximation to the functional form of the probability. 

For our trapezoidal barrier, figure I, the function ~(x) in the 

WKB exponent of equation 19 is ¢-Vx/S if the coordinates of the barrier 

edges are taken to be 0 and S, respectively. The classical turning 

points may be determined by inspection of figure 1 and a straightforward 
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integration of equation 19 results in 

j .rz: S (£ t+<i-E,,) 3/2 ~. (£ f +<i-Ex - V) 3/2 ] ; 

D(E ) a: 
X 

4 12m s ---
3 h 

(£ +¢-E ) 3/2 ] 
f x 

v 
E ~ £f +¢-V x .• 

Since all our experiments were done at 4.2°K or below we can 

(20) 

:;. 
safely use the zero-temperature form of the tunneling current given ~ 

by equation 18. (For a 1 volt barrier height kBT/e¢ ~ 3 x 10-4). It 

is 

J = 
41Tme 

7 (21) 

Using D given by equation 20 in equation 21, we can calculate the 

tunneling c9rrent as a function of voltage for any S and ¢. The 

calculation is a rather long but straightforward numerical integration 

which we carried out without further approximation on a CDC 7600 

computer. The program and sample tabular results are reproduced in 

Appendix A. 

We still need a way of relating the calculations to experiments 

we do. While it might be possible merely to compare calculated and 

experimental curves until a fit is found, this has not proved feasible. 

The primary difficulty is that, without the knowledge of more than a 

general range of reasonable barrier parameters, the fit obtained is 

( 

,. 
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not very sensitive to the choice of the parameters. We need to have 

an idea. of where to start which will restrict our choice of parameters 

and, we hope, eliminate all but one suitable fit. 

The high-voltage asymptotic behavior of the tunnel current as a 

function of voltage gives us exactly the necessary constraint on our 

choice of S and~. As we wrote it in equation 2, the Fowler-Nordheim 

2 relation predicts that a graph of ~n l/V vs ltV is asymptotic at high 

2 3/2 voltages (small ltV) to a straight line of slope -3 aS~ . Thus for 

a particular j unction the product s~3/2 is fixed once the Fowler-

Nordheim plot is made, and therefore we need to consider in our calcula-

tions only those values of S and ~ which give the proper product; 

geometrically put, we have picked a line of possible values out of 

an entire plane of values of S and ~. 

There is one potentially complicating factor to this simple 

measurement of s~3/2. The quality 0., which is equal to 212m/h ,contains 

the electron mass, and if there are any effective mass corrections 

3/2 we need to know their effects in order· to obtain S~ • Basavaiah, 

25 Eldridge, and Matisoo have suggested that in lead-oxide-Iead junctions 

* it may be necessary to define a tunneling effective mass m of ap-

proximately 0.5 mt where m is the free electron mass, in order to 

obtain agreement between the trapezoidal barrier model and experiment. 

While we cannot duplicate their experiment directly because it involves 

the use of a sophisticated ellipsometer to monitor the oxide growth, 

we obtain a satisfactory picture of a junction using the free electron 

value which occurs naturally in our simple model, and we known of 

no compelling theoretical reason for assuming otherwise. 
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Thus from a set of experimental data we can determine the product 

3/2 3/2 . 
S~ from the slope of a Fowler-Nordheim plot. With S~ fixed at 

this value a family of current-voltage curves can be generated from 

equations 20 and 21 by use of different pairs of S and~. Then the 

experimental data can be compared to each member of the calculated 

family to obtain a fit which will determine S and ~ for a particular 

barrier • 

. 1'1' ',I 
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III. EXPERIMENT 

A. Sa~le Preparation 

Experimental work was carried out on barriers grown on four kinds 

of metal substrates: bulk vanadium and thin films of aluminum, chromium, 

26 and vanadium. All the films were fabricated by electron beam evapora-

tion of high purity metals in an ion-pumped vacuum chamber at pressures 

-7 of approximately 10 torr. Evaporation,was done through aluminum masks 

onto a standard 1 in. by 3 in. glass microscope slide at room temperature. 

The film strips were 5 cm long, 2000 A thick, and either 0.125 mm (Al) 

or 0.25 nun (Cr and V) wide. The bulk vanadium junctions were made on 

2 gm ingots which were first melted in a vacuum of 10-7 torr and allowed 

to cool, and then the desired junction area was masked with GE 7031 

insulating varnish. 

Oxidation of 'the samples was carried out in laboratory air. The 

aluminum strips were removed from the evaporation chamber and immediately 

placed on a ceramic support in a glass dessicator jar which had about 
-

100 m1 of distilled water in the bottom. The jar was sealed and two 

heat lamps (standard 250 watt infrared flood lights) were placed about 

5 feet from it. The temperature inside t,he jar after several hours was 

in the neighborhood of 30-35°C and the humidity close to 100%, although 

care was taken to prevent water droplets from dripping or condensing 

on the slide. In general, 6 to 8 hours under these conditions would 

result in finished junctions (using an aluminum cross strip) with low-

bias resistances of 0.5 to 1.0 megohm; 15 to 18 hours would result in 

resistances of 10 to 30 megohms, too great for easy measurement. The 
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final resistance ceuld not be predicted exactly from oxidation time, 

but, except fer eccasienal shorted junctions, junction resistance 

2 scaled with Junction area, which ranged from 0.015 to. 0.05 mm on the 

same slide. 

The. chremium films were placed in an oven and oxidized forap-

preximately 30 minutes at 200°C. Both types of vanadium samples were 

exidized in air in an oven at 120°C for approximately 20 minutes. The 

erder ef magnitude lew voltage resistances obtained in the finished 

junctions liere 20 krl fer chromium, 10 krl for bulk vanadium, and 1 krl 

fer vanadium film. 

After oxidation the samples were returned to. the vacuum chamber 

and cress strips of silver, aluminum, or lead, appreximately 2000 A 

thick, were evaporated on top. Five junctions were made simultaneously 

en the film samples; it was pessible to. make only one junction at a 

time on the bulk vanadium. 

Fellowing cempletion ef the sample it was installed in a sample 

holder and electrical leads were attached wi th silver paint to pads 

abeut 5 mm in diameter at each end efthe metal strips. The pads were 

ef the same material and thickness as the strips but merely much wider 

to. provide geod centact to. the leads. 
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B. Cryogenics 

Within 30 to 60 minutes after completion of the final deposition 

the sample, mounted on the sample holder, was installed in a standard 

2-liter glass cryostat in an atmosphere of helium gas and cooled to 

77°K with liquid nitrogen in the outer jacket of the cryostat. Then 

liquid helium was admitted to cool the sample to 4.2°K. It could be 

cooled further by pumping on the helium bath with a large mechanical 

-5 
pump (- 10 liters/sec) through a network of vacuum valves that per-

mitted a variable pumping rate. In fact most of the measurements were 

carried out at about 1.2°K in order to observe the superconducting 

characteristics of the lead, vanadium. and aluminum electrodes. The 

temperature of the helium bath was determined by measuring the pressure 

of the helium gas above it using a standard manometer. 

C. Electronics 

Current was fed to the junction from a sawtooth signal generator 

through a large resistor. For the vanadium and chromium junctions the 

resistor was large enough to give a constant current source at all 

biases. For the aluminum junctions the resistor was only 3 to 5 times 

the low-voltage resistance. However, this does not affect the measure-

ment of the current-voltage curves. 

Measurements were carried out in a 4-terminal configuration. The 

voltage across the junction was measured using a high input impedance 

amplifier (100 Mn) driving the horizontal axis of an X~X recorder. 

Current was measured using another amplifier which· amplified the voltage 

across a 1 kQ resistor in series with the junction and drove the 

vertical axis of the recorder. 
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When the resistcmce dV/dI was needed to observe the phonon struc-

ture in the lead or vanadium electrodes, a standard ac modulation 

27 technique was used. Superimposed on the current fed to the jlmction 

was a small constant ac signal at a frequency of a few hlmdred hertz. 

The voltage which appeared across the jlmction at this frequency was 

synchronously detected with a lock-in amplifier and, if we assume that 

the current modulation dI is constant, the voltage modulation dV is 

proportional to the resistance dV/dI. Here a constant current source 

for both the dc sweep and ac modulation is necessary, and high enough 

resistances were employed to achieve this. 

Capacitance measurements were carried out on most high resistance 

jlmctiona by using an ac capacitance bridge and subtracting the capac-

tance of the leads. The capac! tance of these j Imctions is considerable; 

a 0.015 mm2 aluminumroxide-aluminumjlmction has a typical capacitance 

of about 100 pf. 

D. Jlmction Quality 

The verification of jlmction quality is of great importance in a 

tunneling experiment because tlmneling is only one of the possible mech-

anisms of current transport in a jlmction and because jlmction fabrication 

techniques are not yet sufficiently exact to assure a good jlmction. In 

many of our j Imctions one of the electrodes was a superconductor, usually • 

lead, and in these it was possible to observe the current which flowed 

through the jlmction at voltages below the superconducting energy gap 

and at temperatures well below the superconducting transition temperature 

of the film. 28 
This is considered to be the most satisfactory method of 
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verifying that the predominant transport mechanism is indeed tunneling. 

Our data were taken from junctions which had satisfactorily low excess 

currents below the gap; most junctions had currents in the range of 0.005 

to 0.001 of the normal state current at 1.2°K. 

A further test of junction quality is to observe the lead phonon 

structure in the junction conductance. Figure 2 shows a graph of 

conductance versus voltage for an a1uminum-oxide-lead junction made 

in the standard way and measured at about l.2°K. This can be compared 

with figurel9 in McMillan and Rowell's review article Tunneling and 

29 Strong Coupling Superconductivity, although McMillan and Rowell's 

curve is for a lead-insulator-lead junction. 
. 30 

M. D. Jack has done 

a calculation in which he has shown that the conductance change in 

figure 2 due to the phonons is of the correct magnitude to within the 

uncertainty of the superconducting energy gap in the aluminum film. 

For the highest resistance samples, particularly aluminu~it was 

impossible to investigate the first few millivolts of the current-

voltage curve, and thus we had to infer j unction quality more indirectly. 

Usually junction resistance scaled with junction area, and the few 

junctions which departed from this pattern were rejected. The method 

of junction preparation for aluminum described in section III-A seems 

to have been highly reliable. In the lower resistance junctions, such 

as that shown in figure 2, where we could judge quality directly, it 

produced uniformly satisfactory junctions, except for a few junctions 

which were shorted. Thus we may have some confidence that most of the 

high resistance junctions were similarly good, since they were prepared 

in the same way except for being oxidized longer. ~urther, the fact 
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that we obtain results which are consistent from junction to junction 

argues that there was little significant variation in the quality of 

", our junctions. 

E. Junction Stability 

Tunnel junctions often tend to be unstable. While we did not 

do any systematic study of junction aging, no change was observed in 

the gross characteristics of several alumin~oxide-aluminum and 

chromium-oxide-silver junctions which had been stored for several months 

at room temperature between the times two sets of data were taken. On 

the other hand, we did observe two effects of bias on aluminum junctions. 

First, data were taken on most junctions to as high a bias voltage as 

possible: that is, until the junction either shorted or suddenly 

changed its resistance irreversibly. We think these effects are caused 

by junctiOli heating, and this is another reason j unctions were run in 

a bath of liquid helium. However, pumping the bath below the A-point 

of helium seemed to have no further effect on the amount of power a 

junction' could dissipate before failing. Second, on several of the 

highest resistance junctions (10-20 Mn) on which we attempted to take 

data, the resistance showed a slow bias-dependent increase as data 

were being taken. That is, a particular current would be put through 

the junction and then removed. If the same current were again applied, 

the voltage across the junction would be greater, and this process could 

be repeated many times while the resistance seemed to approach some 

limit asymptotically. However, if the current were set to a new, 

higher value, the whole process would begin again. Since the field 

strength in the junction was then 0.1 to 0.5 ViA it is not' unreasonable 
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to suppose that the increase in resistance was due to an electrochemical 

effect within the barrier. Data from these junctions were discarded, 

and junctions with resistances in the range O. Sto 1.0 Mn did not show 

this behavior. 

t-
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IV. ANALYSIS 

In thi.s section we demonstrate our method of combining experimental 

results with the theory described in section II to obtain values for the 

parameters of the theory for an experimental junction. We begin by 

making a Fowler-Nordheim plot of the data and, if we have data to a high 

enough voltage, we obtain a straight line asymptote as predicted by 

equation 2. For example, figure 3 shows a Fowler-Nordheim plot for an 

aluminum junction, together with the asymptote. It yields a value for 

scp3/2 of 79 A (eV) 3/2. Next a family of calculated current-voltage 

curves is generated from equations 20 and 21 by using different values 

of S and ¢ for each, chosen so that the product s¢3/2 is kept constant. 

To continue the example, part of the family for Sq;3/2 = 79 is shown in 

figure 4. Then the experimental data are compared with each member of 

the calculated family until one is found which most closely matches the 

data. S1,nce a relatively small change in the barrier parameters assumed 

for the calculation results in a considerable change in both the shape 

and magnitude of the calculated curves, the fit is a sensitive one. 

Figure 5 shows a comparison of experimental data and the calculated 

curve with which we obtained the best fit for s¢3/2 = 79, giving 

s = 20A,and ¢ = 2.50 eV. Figure 6 shows the same data compared with 

the next member of the family, with S = 22 A and ¢ = 2.35 eV. The 

fit of the latter is obviously much poorer, and it is shown merely to 

illustrate the sensitivity of the method. 

In doing the fitting in figures 5 and 6 the vertical axis of the 

calculated curves has been relabeled by adding an arbitrary constant 

to the logarithm of the current so that the curves lie approximately 
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Fig. 3. A Fowler-Nordheim plot for an aluminum-oxide-aluminum junction. 

2 'r 412m sp3/2] 
Since ' I 0. V exp ["3tl eV for large V, the data points 

asymptotically approach a straight line towird the left of ~he graph. 
The slope of the line gives a value for S¢3 20f 79 A (eV) 3(2. 
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Fig. 4. A family 7f calculated curves for various values of S with 
the product S~J 2 fixed at 79 A(eV)3/2. The shape of the curve is 
a sensi ti ve function of S, permit ting an unambiguous determination 
of parameters by comparing this family to the experimental data. 
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Fig. 5. The curve from figure 4 which gave the best fit for the 

particular j unction with 5</>3/2 = 79 A (eV) 3/2 plotted on top of 
the'experimental data. The agreement is excellent over five orders 
of magni tude of cur rent. The slight hump in the data points near 
V ... 1 voltts not understood. 
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Fig. 6. The same data as that shown in figure 5 compared wi th the 
calculated curve for a value of S which is 10% away from the best 
fit. The magnitude of disagreement illustrates the sensitivity 
of our technique for determining barrier parameters. 
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on the experimental data. This is equivalent: to allowing an arbitrary 

constant multiplying equation 21. It is therefore the shape of the 

calculated curve and not its absolute magnitude that we compare with 

the data. 

This procedure is necessary because the absolute current through a 

tunnel junction apparently cannot be calculated adequately in the 

coherent-elastic-tunneling scheme used to derive equation 21. First, 

there is an uncertainty in the multiplicative factor which should 

precede the WKB tunneling probability. For a trapezoidal barrier 

Gundlach and Simmons18 show that this is between 1 and 10. Second, 

there is the possibility of other, parallel tunneling processes. Duke3l 

discusses one which has the same functional form as the current described 

by equation 21 and therefore will produce a total current which is that 

of equation 21 multiplied by some constant. Finally there is the 

correction to the model used to derive equations 20 and 21 which takes 

account of the nonuniformity of the barrier thickness. It is difficult 

to know how to account for this quantitatively, since it depends on' 

the details of the nonuniformity. 

Practically we have decided to. allow an arbitrary constant factor 

mUltiplying equation 21 in order to bring the calculations into rough 

agreement with the data, and we attach no physical significance to its 

value. With the graphs for data and calculations plotted on semilog 

paper it is easy to slide them up and down on top of each other until 

a reasonable fit is obtained, and this is equivalent to the multiplica

tion we have described. The value of the mu1iplicative constant appears 

to vary from one type of sample to another, although it appears roughly 
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the same for the limited range of barrier parameters we have observed 

in each ~ype of sample. For the aluminum sample shown in figure 5 it 

is experimentally 7.9 x 107, while that calculated from the constants 

in equation 21 (including conversion of the di~nsions of the integrals 

from electron volts to joules) is about 3.6 x 106 C(sec)3 , a: factor 
m 4 (kg)2 

of 22 smaller. For the vanadium and chromium samples to be discussed 
/ 

2 3 later (figures 7, 8 and 9) the experimental value is about 10 or 10 , 
/' 

while the calculated value is on'the order of 104 larger. 

While we have chosen largely to ignore this point in our analysis, 

and, as can be seen from figure 5 and later figures, we obtain good 

sensitive fits with reasonable barrier parameters, it is the least tidy 

part of the analysis. It certainly points to the inadequacy of our 

model in some respects. However, it is puzzling why the experimentally 

measured current should be greater than predicted in the case of 

aluminum junctions, yet considerably less in the case of chromium and 

vanadium junctions. We proceed with our analysis using the shape of 

the curves as the important criterion, since it appears that equation 21 

does describe relative currents quite accurately. 

( ,I' 
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V. RESULTS 

A. The Test Case: A1uminum-Oxide~A1uminum 

The barrier grown thermally in air on an alUminum electrode was 

chosen to test our method of analysis because it has been the most 

32-35 extensively studied kind of tunneling barrier. In addition, 

junctions made this way are relatively easy to fabricate with a variety 

of counterelectrodes, and they are relatively rugged and stable. 

The fit shown in figure 5 for alUminum-oxide-alUminum is excellent 

over the whole range of tunnel current, and from it we can assign an 

effective tunneling thickness of 20 A and an effective tunneling barrier 

height of 2.50 eV to this particular junction. We obtain similar fits 

for other alUminum junctions with thicknesses in the range 12-22 A 

and barrier heights of 2.50-2.75 eVe All these measurements were made 

with the oxidized electrode biased negative. 

1. Barrier Thickness 

The parameters Sand ¢ which we determine can of course be measured 

in other ways •. A measure of barrier thickness can most simply be ob-

tained by measuring the capacitance of the junction and its area. By 

assUming a value for the dielectric constant, a thickness can then be 

derived. The film thickness can also be measured by ellipsometry, with 

36 identical results, although we have not performed this measurem~nt 

ourselves. Capacitance and ellipsometry measurements always give a 

measure of barrier thickness greater than the thickness determined from 

tunneling measurements. For example, capacitance measurements on the 

alUminum j unction discussed above, together with an assumed static 

dielectric constant of 8.8,37 yield a barrier thickness of 33 A. 
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While both the thickness measurements we have obtained, one from 

tunneling, one from capacitance t are reasonable values and correspond 

33 
roughly to what has been obtained previously, they differ by a large 

enough amount so that the difference cannot be ignored or readily ex-

plained away. For example the dielectric constant we have assumed is 

the value for bulk amorphous Al203 and it may not be exactly correct 

in this case. However, the value necessary to put the capacitance 

measurement in agreement with the tunneling measurement is much too 

low. A more reasonable explanation leads us to a refinement in our 

model for the barrier. In both the tunneling and capacitance calcula-

tions we have assumed a plane parallel geometry for the j unction. As 

we have indicated in section III, this is certainly not the case in a 

real junction. The grown oxide does not cover the oxidized electrode in 

a layer uniform on the scale of a few angstroms, and thus there are 

some areas which are thinner and some which are thicker. 

We can obtain an idea of how these nonuniformities must be distributed 

38 
from the work of Dynes and Fulton on Josephson junctions. Using the 

Josephson interference pattern they have shown that current flow is dis-

tributed almost uniformly over the area of a thermally oxidized tin-

insulator--tin junction. It is likely that our junctions. oxidized in 

a similar way, have a similarly uniform current density distribution 

over the junction area. Thus the difference in thickness measurements 

in our junction is probably not due to only a small number of thin 

spots in the oxide, or to thin edges. However, the Fourier trans form 

technique which Dynes and Fulton used is limited in resolution by the 

nunber of lobes of the Josephson interference pattern which can be 
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measured. Their measurements effectively average the current density 

. over strips of about 0.01 mm by 0.2 mm on a junction 0.2 mm square. Thus 

their experiment could not resolve a variation in barrier thickness which 

occurred over distances much smaller than 0.01 mm. 

In fact, there must be some variation in the thickness of the oxide 

layer, since thermal growth certainly cannot produce an oxide a few 

atomic layers thick which is uniform in thickness to within a single 

atomic layer. This variation apparently occurs on a scale small enough 

so that no macroscopic region of the junction carries a predominantly 

larger current than any other. The sample can be thought of schematical-

ly as a set of microscopic plane tunnel junctions, with the same barrier 

height but with barrier thickness distributed about a mean, which are 

connected in parallel and arranged randomly over the actual junction 

region. 

This .distribution of thicknesses affects the tunneling current and 

j unction capacitance in different ways ~. because of their different 

dependence on thickness. The capacitance varies as lis, while the 

tunneling current very crudely can be approximated by an exponential 

-sis e 0, where S (although voltage dependent) is a characteristic o 

length on the order of 1 A. Therefore a distribution of thicknesses 

has a much larger effect on the tunneling current than on the capaci-

tance of the junction, and this effect tends to make the apparent tun-

neling thickness smaller than the capacitative thickness. 

We can get a quantitative estimate of this variation by assuming 

39 a Gaussian distribution and asking what standard deviation is necessary, 

assuming a mean thickness of 33 A, to match the tunneling curve which 

0" 
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we calculated by assuming a thickness of 20 A and a plane geometry. 

Let us approximate the dependence of current on barrier tnickness by 

the simple exponential 

(22) 

and defineS as the mean barrier thickness, a as the standard deviation m 

around the mean, and t as the thickness of the equivalent plane barrier. 

Then we c~~ obtain an equation for a in terms of S ; S , and t by m 0 

equating the current through a barrier of mean thickness S and deviation m 

a to that through a plane barrier of thickness t. Using the usual ex-

pression for a weighted average 

I == f p(S) 1,(S) dS (23) 

and letting P(S), the probability of a given thickness occurring; be 

given by 

P(S) 

we obtain 

I ~ 1 

I2Tf a 

1 
(24) 

= e- t / So (25) 

The integral in this equation is the current through a barrier with a 

distribution of thicknesses about the mean S ; the term on the right 
m 

is that through a plane barrier of thickness t. 

One potential difficulty must be noted before we can simplify 

equation 25. 1 t 1s not meaningful to consider a value of S leso than 

zero in doing the integral, since this corresponds to a barrier with 
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negative thickness. However, if S. is sufficiently large and (J suf
m 

ficiently small the contribution from the region S< 0 will be negli-

gible and, as we shall see (equation 26 below), the problem is merely 

a conceptual one. 

By completing the square in the exponent of the integrand in 

equation 25, the equation can be written as 
t 

S ~a[f 
1 ( 0 2 )2 

- 202 S-Sm + So 
e dS] e~ t o. (26) == e 

The integral in brackets is just another Gaussian and, since 

properly 

the rest 

or 

normalized, unity. By taking the logarithm of both 

we obtain 

S 
0

2 
= t m 2S 

0 

0
2 

== 2S (S -t) 
o m 

it is 

sides of 

(27) 

(28) 

An estimate for the value of S can be made by noting that in the 
o 

high voltage (Fowler-Nordheim) region 

1 
S o 

2acp3/2 
3 eV 

. -1 
which for ¢== V = 2 volts has a value of about 1 A • Using this 

value and S = 33 A and t - 20 A, we obtain a value of 0 = 5 A • 
m 

(29) 

I 
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While the calculation is oversimplified, the estimate we make is 

useful, and a more detailed calculation is probably unwarranted. A 

deviation of 5 A is small and entirely reasonable and gives us an idea 

of the scale on which the thickness variations in the junction occur. 

The capacitance is hardly affected by a variation of thickness with 

this distribution; an almost exact calculation can be done40 which 

shows the capacitance increases by about 3%. 

In this way we conclude that a thermally oxidized tunneling barrier 

is microscopically nonuniform and that the capacitatively determined 

thickness is to a good approximation the mean thickness of the insulating' 

barrier. The thickness derived from tunneling measurements is, however, 

the thickness which must be used to determine a barrier height from a 

3/2 . 
Fowler-Nordheim value of S~ , not the capacitative thickness, which 

results in a considerable underestimate of ~. 

2. Barrier Height 

The most convincing independent measurement of barrier height is 

41 obtained from photoemission over the barrier. In this experiment 

the junction is irradiated with photons through one .of the electrodes, 

which is made sufficiently thin to pass most of the light incident on 

it. Elec~rons are photoexcited, primarily in the thin electrode,41 

and those excited by photons of energy greater than the barrier height 

can flow through the conduction band of the insulator to the other 

electrode, inducing a photocurrent in parallel with the tunneling cur-

rent. The photon energy below which no photoresponse 1s observed is 

taken as the barrier height. 
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Unfortunately attempts to observe aphotoresponse in our junctions 

have been unsuccessful, and the reasons for this are still not understood. 

42 However,. Mead has told us that their photoresponse measurements re-

quired a powerful light source, large aperture optics, and a great deal 

of fiddling with equipment and junctions before any photoresponse at all 

was observed. In particular, they were able to see. a photocurrent only 

in junctions whose barriers were formed at high temperatures (several 

hundred degrees Celsius) in a nitrogen atmosphere; they were not able 

to obtain a response with any junctions whose barriers were formed at 

room temperature • 

.•. . 32 
Gundlach and Ho1z1 do report a value for the barrier height 

determined from photoresponse in thermally oxidized a1uminu~oxide-

aluminum j~ctions; they obtain a value of about 2.4 eV for a junction 

in the direction corresponding to the oxl.dized e1ecq·ode being negative
\ 

1y biased. 

43 Gundlach has developed another technique for determining barrier 

heights f·rom the derivative of the logarithm of the tunneling current 

with respect to voltage d tn I/dV (logarithmic derivative). He noted 

that in the Simmons approximation for a trapezoidal barrier this 

quantity exhibits a discontinuity and peak at a voltage corresponding 

to the barrier height and, although the discontinuity is an artifact 

of the approximation, the logarithmic derivative of the current obtained 

from equation 21, using a trapezoidal barrier model, does contain a 

pronounced peak at a voltage approximately corresponding to the barrier 

. .• 32 
height as well. Further, Gundlach and Holzl have observed this peak 

experimentally in aluminu~oxide-a1uminum j unctions at about 2.6 volts 

with the oxidized electrode negative. 
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Our calculations and experience have shown that, while it is some-

times useful, this peak is not an unambiguous indicator of junction 

barrier height. A more complete discussion of our calculations can be 

found in Appendix B. To summarize them briefly, the peak is highly 

model dependent, in that we can produce it in a calculation at a 

voltage anywhere from 25% below to 40% above the actual barrier height 

used merely by changing the shape of the model barrier slightly, and 

for some barrier profiles it does not occur at all. The latter 

behavior will be illustrated by our chromium and vanadium junctions 

discussed later in this section. For a trapezoidal barrier with 

parameters which correspond roughly to those of aluminum, the peak 

occurs about 10 to 20% above the aCtual barrier height. If it is 

possible to obtain data to this voltage and if there are reasons to 

believe the trapezoidal model is reasonably good, then the peak can 

be used aa an indicator of barrier height, as'in the case of Gundlach 

and Ha!tI's junctions. However, for the junction whose data are shown 

in figure 5 we estimate that ,the peak would occur between 2.8 and 

3 volts and that the junction would then be dissipating about 

2 200 watts/em. Our highest data point, limited by junction burnout, 

is 2.7 volts, and the logarithmic derivative is still rising. 

There is one further way of obtaining an estimate of the barrier 

height from experimental data. If the calculation of the tunneling 

current is done for,a nonzero temperature, rather than for T = 0 as 

we have done, the temperature dependence of J(V, T) will be found to be 

greatest at V ~ ¢.44, The physical.origin of this effect is that an 

increase in temperature effectively removes electrons from a region 
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where the barrier is high and thick to a region where the barrier is 

both lower and thinner. At V ~ ~ the effect is a maximum. The usual 

measure of this is to plot 

J(V,TI )-J(V,T2)· 

J(V,T2) 
(30) 

as a function of bias for fixed TI and T2 • As with the peak in the 

logarithmic derivative, this effect is somewhat model dependent, although 

apparently less so. However, there may also be effects due to changes 

in the properties of the insulator with temperature which confuse the 

interpretation of the method. As an ind:lcationof this,' the rilagnitude 

of the temperature dependence predicted from the finite-temperature 

version of the theory in section II is always much smaller than that 

34 observed. Chang, Stiles, and Esaki have used the method to estimate 

the barrier height of an a I umin um-o xi de-aluminum j unction and report a 

value of about 2.3 eVe 

We have discussed briefly' three other methods of estimating barrier 

. heights in tunnel j unctions. The results they have given other workers 

for junctions which are similar to ours are consistent with our estimates, 

although a little lower. The most satisfactory of the four for 

measuring the barrier height alone is photoresponse, although it appears 

to be a difficult experiment which is not suitable for routine use. The 

three tunneling methods all require high-voltage data. However, with 

our method we have been able to obtain estimates of parameters in 

junctions for which neither of the other two could be used because of 

lack of data to quite a high enough voltage. Here the voltage difference 

... ;'" 
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is small but the current difference is enorIOOUS. All three methods are 

more or less model dependent, but seem to give reasonably consistent 

results, to judge by those for aluminum. 

Having a measure of the barrier height can not only allow us to 

compare tunnel junctions, but it can also suggest something about the 

properties of the barrier material. In figure 1 we show the Fermi level 

half way between the valence and conduction bands in the insulator. 

This is true for an insulator without impurities in our simple model 

and predicts that the tunneling barrier is just one-hal f the opti cal 

band gap: in the insulator. While nothing is so simple for a real junc-

tion, the~e seems to be a remarkably close correspondence in the 

aluminum oxide barrier. Our values of ¢ lie between 2.5 and 2.75 volts, 

while half the band gap 45 46 
in amorphous Al203 is between 2.5 and 3 volts. ' 

B. Other Materials: Chromium and Vanadium 

We have applied the method developed above for aluminum junctions 

to determine parameters for barriers grown thermally on thin film 

chromium and on thin film and bulk vanadium. Representative values of 

3/2 S¢ for these junctions are 2.75 for barriers on bulk vahadium, 0.52 

for barriers on thin film vanadium, and 5.9 for barriers on thin film 

chromium. Figure 7 shows data taken from a junction made on bulk 

vanadium with a lead counterelectrode, together with the calculated 

curve from the family with s¢3/2 = 2.75 which gives the best fit to the 

data. The fit is quite good, and from it we can assign a thickness 

parameter of 25 A and a barrier height of 0.23 eV to this junction. In 

figure 8 we show data from a similar junction made on thin film vanadium. 
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Fj g. 7. ExperiI:}ental. data a.."ld calculated curves for a tunneling uarr-ier 

grovm on a piece of bulk vanadium. The fit is almost as good a:::; that 
shown in figure 5. 
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S(A) ¢(eV) 

A 14 
8 17 
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0.1 0.2 
V (volts) 

0.111 
0.097 
0.087 

0.3 

XBL 736-6341 
Fig. 8. Experimental data and calculated curves for a tunneling barrier 

grown on a vanadium film. The fit is not as good as that in figure 
5, and therefore three calculated curves are shown, bracketing the 
barrier parameters, S between 14 and 20 A and ¢ between 0.087 and 
0.111 eVe 



-48-

In this case three calcUlated curves have been drawn, bracketing the 

data, because the deviation from anyone of the curves is larger than 

that in figures 5 or 7. The middle curve (B) seems to be the most 

reasonable since the deviation from it is on the whole the smallest. 

was calculated with a barrier thickness of 17 A and a barrier height 

of 0.097 eVe Figure 9 shows data from a junction made on chromium. 

Again, three calculated curves have been drawn, bracketing the data. 

The middle one (B) allows us to assign a barrier 'thickness of 13 A 

and a barrier height of 0.59 eV; the parameters assumed in the other 

two curves in figure 9 differ only slightly. 

The deviations of the data from the calculated curves which occur 

in figures 7, 8 and 9 are probably due to the fact that the model used 

in the calculations is oversimplified. In fact, the deviations are 

reproducible from sample to sample and even resemble each other from 

one type of junction to another. That is, after the best fit is made 

to the experimental data, deviations regUlarly occur in two places: 

the current at low voltages is slightly too small and the current at 

intermediate voltages is slightly too large. No better ,fit can be 

obtained to the data shown, the deviations fortunately are small, and 

we can tightly bracket the range of possible values of the parameters 

we determine. 

It 

We know of no other measurements of barrier parameters in chromium 

and vanadium oxide junctions. We have calculated the logarithmic 

derivative d £n I/dV for the data shown in figures 7, 8 and 9 in an 

attempt to check our own measurements. For the thin film chromium and 

vanadium junctions there is no definite peak in the derivative; it 
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• Measured current 
-Calculated current 

Cr - I - Pb 

0 

S{A) ¢ (eV) 

A 12 0.62 
B 13 0.59 
C 14 0.56 

0.2 0.4 0.6 0.8 1.0 
v (volts) 

XBL 736- 6340 

Fig. 9. Experimental data and calculated curves for a tunneling 
barder grown on a chromium film. The fit is not as good as 
that in figure 5, and therefore three calculated curves are 
shown, bracketing the barrier parameters, S between 12 and 
14 A and $ between 0.56 and 0.62 eVe 
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decreases IIlOIlotonically. In both cases, however,there may bea weak 

broad shoulder at approximately the proper bias voltage, although its 

amplitude is less than the scatter in the data. In the case of bulk 

vanadium there is a small but definite peak at about 0.2 volts, which 

is consistent with our measurements. 

C. Discussion 

The results we have shown so far have been obtained for particular 

junctions with the oxidized electrode negative in each case. However, 

from the analysis of many samples it is possible to draw some more 

general conclusions about the barriers of the tunnel junctions we have 

made. 

First, the barrier height we measure is practically the same from 

sample to sample for a barrier grown in the same way on the same material, 

and therefore we conclude that we are measuring an intrinsic property 

of the material. Our range of measurements has been 2.50-2.75 eV for 

aluminum, 0.52-0.60 eV for chromium, 0.20-0.25 eV for bulk vanadium, and 

0.090-0.110 eV for thin film vanadium. The barrier thickness, on the 

other hand, varies considerably from sample to sample, and its value 

means little except for the individual sample. 

Second, when data are used from the opposite bias polarity, that 

with the oxidized electrode positive, for a particular sample, the 

thickness par.ameter we measure is almost exactly the same as ,that 

measured wi tll the electrode negative, but the barrier height we measure 

is often different. In the case of aluminum junctions it corresponds 

to that obtained previously by other workers (e. g., reference 32), 

roughly 2 eV, for the oxidized electrode positive. Chromiu~lead 
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junctions show a similar asymmetry, but in both bulk and thin film 

vanadium-lead junctions the current-voltage curves are virtually sym-

metic in, bias polarity, and this results in the same measure of barrier 

height. By comparing our results with those from photoemission and 

logarithmic derivative measurements on asymmetric barriers, we judge 

that we are measuring the barrier height at whichever electrode is 

negatively biased (in our sharp barrier model). ,Thus although the 

model we use is exact only for a symmetric barrier, it seems to give 

reasonable estimates of the barrier heights of asymmetric barriers as 

well. 

One remarkable fact emerges when results are compared for barriers 

grown on the two types of vanadium. Even though the base metal is the 

same and the barriers were formed under identical conditions, the 

barrier heights differ by more than a factor of two. This is a prop-

erty common to all the barriers we have grown on each type of vanadium 

base. The reasons for it are not understood. However, there is one 

condition'which is likely to account for the difference. OXygen is 

highly soluble in vanadium, and the evaporated films probably contain 

a significant amount of dissolved oXygen. Because the vanadium-oxygen 

47 system is so complex this may result in different nonstoichiometric 

versions of the same oxide or two entirely different oxides in the two 

types of junction. In addition the presence of different amounts of 

oxygen in the vanadium may make the metal-barrier interface quite 

different in the two cases. 

Up to this point we have avoided specifying what the insulating 

compounds are which make up the barrier. We have made no direct study 
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of the question, although techniques (Auger andESCA spectroscopy, 

most notably) are becoming available and can do exactly this. It is 

now a question of major importance in the study of the tunneling barrier 

and should be pursued. It is conventionally assumed that the common 

oxide of the ~tal which forms the base makes up the barrier in junctions 

thermally oxidized in air. Therefore for a barrier grown on an aluminum 

film the material would be A1 203, and, in comparing the barrier height 

to the optical band gap in A1 20 3, we obtained a reasonable agreement. 

However, the situation is almost certainly more complicated than that 

suggested by our model-a homogeneous layer of pure A1203 with sharp 

boundaries between the aluminum electrodes. In particular, there is 

likely to pe a gradual progression from pure aluminum deep inside the 

oxidized electrode to a rather highly oxidized state at the surface 

of the counterelectrode, although there may be regions where there is 

a specific compound. The most highly oxidized state is also likely to 

be the best insulator. 

In the case of chromium the insulator is almost certainly Cr203 , 

since it is the only common oxide which grows on pure chromium under 

48-50 oxidation conditions similar to those we used. Further, the other 

common oxide, Cro2 , is metallic. However, the barrier height we obtain 

for a chromium junction, about 0.6 eV, is only about one-quarter of the 

optical gap in Cr20 3• 

Before discussing this difference we consider vanadium. The 

vanadiu~oxygen system is extremely complicated. About ten oxides and 

two stable solid solutions have been reported in bulk; these are 

47 51 reviewed by Adler and Stringer. In addition, the oxides have 
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considerably different electron transport properties. In particular, 

most of them show in bulk a sharp metal-semiconductor transition. The 

common oxide which does not !s V205~ The transition was not observed 

in any of our junctions except a few whose o~de was reduced at high 

temperatures in an atmosphere of carbon monoxide before depositing the 

52 top electrode. This was done to produce a different oxide, and data 

from t~ese junctions has been excluded from the present analysis. The 

transition observed in these reduced junctions was that corresponding 

52 to V20
3

, which suggests that the original oxide was a higher ox:f.de. 

V
2

0
5 

is the likely candidate, and it has the further attraction of being 

the best insulator of the group; the other common oxides are probably 

not good. enough insulators to account for the junction resistances we 

53 observe. The other possibility which has been suggested is one of 

the so-called Magneli phases, V 3°5' about which little is known. While 

any statement about the insulator is speculation, if the barrier were V205 

the barrier heights we measure, 0.1 eV (film) or 0.2 eV (bulk) would be 

only a small fraction of the optical gap, 2.5 eV. 54 

If the oxides on vanadium and chromium are indeed V205 and Cr20
3 

it is possible to a·ccount for the abnormally low barrier height by noting 

that these two oxides in bulk are both oxygen-deficient n~type semi-

47 54 conductors.' That is, oxygen vacancies occur in the compounds, 

3+ leaving two extra electrons which attach themselves loosely to Cr 

_5+ 2+ ~ 
and V' ions, resulting in Cr and V donors. These donors, which 

would not be ionized at the temperature at which our experiments were 

47 done, lie approximately 0.6 eV below the conduction band in the case 

of chromium and 0.2 eV54 below the conduction band in the case of 
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vanadium., At zero temperature the Fermi level lies half way between the 
. . _. 

conduction band arid the donor level,' resulting in a ,barrier height of 

half the donor depth. While thi~ explanation is based on an oversimplified 

model and, a guess about the oxides, it goes' remarkably far' towards 

accolttlting for the abnormally low barriers. 
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VI. SUMMARY AND CONCLUSION 

We have· described a method for obtaining a set of characteristic 

parameters for the barrier in a tunnel junction frpmthe experimental 

current-voltage curves by use of a simple model for the barrier. The 

general method is to determine the combination of parameters s~3/2 for 

a particular junction from a Fowler-Nordheim (~n I/V2 vs l/V) plot of 

the experimental data. Then, using a trapezoidal barrier profile which 

is rectangular at zero bias and theWKB approximation to calculate the 

tunneling probability, we compute the tunneling current from equation 

21. 
, 3/2 

This'is done for several values of S and ~ with the product S¢ 

held equal to the experimentally determined one. Experimental data are 

then compared to the calculated curves and barrier parameters are assigned 

based on the curve to which the data corresponds most closely. 

We have tested the method with high quality aluminum-oxide-aluminum 

junctions using one bias polarity, and we obtain fits to data which are 

both excellent over a large- range of current and voltage and highly 

sensitive to the choice of barrier parameters. In addition, the method 

is more generally applicable than the model might suggest, since, for 

barriers which are not rectangular at zero bias, the barrier thickness 

we determi.ne seems to be independent of polarity and the barrier height 

seems to be equal to those determined by others for the corresponding 

polarity. 

Further, from our analyses has emerged a description of the insu-

lating tunnel barrier which we believe to be as detailed as is reasonable 

to consider from an analysis based on macroscopic properties (e.g., 

tunnel current and capacitance). While we have at times gone beyond 
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this description to speculate about some of the details of the barrier 

materials and the way they grow, this speculation relies on information 

which is less certainly known, and it is not at all necessary for the 

analysis we have presented. The trapezoic;1al model seems to be a reason-

ably adequate description of the barrier. The barrier heights on the 

two sides of the barrier are often unequal, producing ,a potential profile 

with a tilt at zero bias, but the barrier height does not appear to 

vary to any significant extent over the junction area. The barrier 

thickness is not uniform, but the variation, which i,s on a microscopic 

scale, can be approximated, at least for t~e purposes of calculation, by 

a Gaussian distribution with a standard deviation which is a small 

fraction of the mean. 

Within the framework of this simplified description of the barrier 

our analysis provides a convenient, consistent, and sensitive way to 

determine barrier parameters of high resistance, tunnel junctions. We 

have been able to achieve this sensitivity and tpe good agreement between 

, ourmeas:urements and' those of others largely because of the way in 

which we have combined experimental data and theoretical calculations. 

By using the Fowler-Nordheim graph to limit. our choice. of possible 

values of S and ¢ before doing any calculations, we have avoided the 

problem which others have had who have tried to. fit tunneling data and 
.,." 

calculations without first knowing something of the parameters involved: 

A fit c~n then be obtained with quite a wide range of parameters, most 

of them reasonable. By initially restricting our choice we obtain 

parameters which are virtually unique for a particular junction. 
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We illustrate the use.ofour method of analysis with three other 

types of tunneling barriers: those grown thermally on thin film -

chromium, thin film vanadium, and bulk vanadium, and we consider briefly 

what guesses can be made about the composition of the barrier materials 

based on our analysis. Finally, in Appendix C we have graphed a series 

of curves with different values of s¢3/2 for use in estimating barrier 

parameters without doing lenghty computer calculations. 
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APPENDIX A 

Details of the Computer Calculation 

The following pages contain a listing and sample tabular results 

of the computer program used to calculate the tunneling current given 

by equation 21. The method used is an adaptive Simpson's rule numerical 

integration, which proved to be sufficiently fast and accurate. If the 

integration interval 1.s divided into n segments of length z, then the 

integral can be approximated by 

(b b-a [1 J. f(x)dx = ~ 4 f(b) 
a 

+ ; f(b ~) + ii f(b-z) + f(b-2z) + ••. 

(31) 

••• + f(b-(n-2)z) + g f(a+z) + ~ f(a+ ~) +! f(a)] 

Computation was done to about 3 digit accuracy. On a CDC 7600 computer 

with the Berkeley RUN76 compiler ,'t!0mputation of a 100-point current

voltage table with this program required about 1 second of central 

processor time. 
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PROGR4M TUNNI INPUT,OUTPUT' 
COMMON D,V,EF,PHI 
DIMENSION AJ(100) 
OIHENSI'lN OJUOO) 
D I ,,",r NS ION V X I 5' 
OIMf:NSION AX(5) 
READ 1,D,PHl,VTOP,IENO 
F8RMAT (3F10.4,IIG) 
~F:6. 
VP=VTOP 1100. 
V=-VP 
PRINT4,D,PHI 
FORMATlllHlCUPRENT,0=,F10.l,5H PHI=,FIO.3111) 
00 1000 J=l,lOO . 
V=V+VP 
BINT=O. 
N=16 
STORE=OEX( H-V) 
FN=N 
A=(EF-V'/FN 
X=!:F-V 
AINT .. DEX( X)/4~ 
X =X-A/2. 
AINT=AINT+DEX(X)/3. 
X=X-A/2. 
~ I NT=AI NT+ll. *OEX( X )/12 •. 
L.::N-l 
DO 10 {=3, L 
X:X-A 
OX=OEX(X) 
AINT .. AINT+DX 

.IF(OX/STOPE-.OOOOOOI )11,11,10 
CflNTI NUf 
X=X-A 
AINT=AINT+11.*OEX(X)/lt. 
X=X-A/2. 
AINT=AINT+OeX(X)/3. 
X=X-A/2. 
AINT=AINT+OEX(XJ/~~ 
AI NT= AI NT* (':;F-V)I FN 
IFIAINT)20,30,20 
ABINT=ABS(AINT' 
IF(ABS(ABINT-ABS (BINT) )/ABINT';'.OOl 
N=2*N 
B·I NT:AI NT 
GO TO 50 

SECOND INTEGRAl* ••••••••••••••••••••••••• 

B I NT=O~ 
C INT=O. 
N=16 
S T')RE=OEX( EF, 
FN=N 
A=V/FN 
X.::EF 

30,30,40 
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315 1000 
317 
320 
326 
331 
332 
334 101 
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IF(V)60,60,10 
BINT=«fF-X)/4.)*n[:X(X) 
X=X-A/2. 
B I NT = B I NT + ( ( [ F-X , 13. ) *0 E X ( X ) 
X =X-A 12. 
BINT=BINT+(11.*(EF-X'/12.'*OEX(X' 
L=N-l 
DO 80 I=3,L 
X=X-A 
DX=DEX(xJ 
BINT=BINT+(EF-XJ*OX 
IfeOX/STORE-.OOOOOOl '81~81,80 
CONTINUF . 
X=X-A 
BINT=BINT+(11.*(EF-X'/12.'*OEXeX) 
X=X-A/2. 
BINT=BINT+(eEF-X)/3.J*OEX(X) 
X=X-A/2. 
III NT=BI NT+ {( r F-X )/4. J *OEX (X) 
AINT=BINT*V/FN 
IF(BINT)90,60,9C 
A !3 I N T =A B S ( BIN T ) 
1 F( ABS( AS INT-ASS {C INTJ·' lAB INT- .001 
N=2*N 
CINT=BfNT 
GO TO 120 
AJ(J,=V*AINT+BINT 
CONTINUf 
DO 1('0 1=1,20 
0(1 101 J:: 1, 5 
L = I + ( J-l ) * 2 0 
QTEMP=l-l 
VX(J'::QTEMP*1000.*VP 
A X ( J J =A J , L » 
PRINT 2,(VX(K),AX(K)~K=1,5) 
FOR~AT(5(FIO.1,E14.5)' 
IF(IEND)700,800,700 
CONTINUf 
END 

FUNCTION OEX(X) 
CCMMON D,V,EF,PHI 
IF(V)l,lr2 
TE~M=EF+P"'I-X 
TRl=TFRM**1.5 
IF(TERM-V)3,3,4 
TR2=(TFRM-V'**1.5 
GO TO 5 
TR2=0. 
COEFF=eZ.*1.025*U)/{3.*V) 
OEX=EXP(-COEFF*(TRI-TR2)) 
R ETUP N 
DEX=EXP(-1.025*0.(EF+P~I-X)*·.5) 
RETURN 
END 

) 60, 60,123 



CURPENT,D= 14.0 PHI = 2.580 

0.0 o. 800.0 3.01198E-ll 1600.0 
40.8 9.136841:-13 840.0 3.32002E-ll 1640.0 
80.C 1.83464E-12 880.0 3.t5826E-ll 1680.0 

120.C 2.17023E-12 920.0 4.03011'=-11 1720.0 
160.C 3.121941=-12 960.0 4.43962E-ll 1160.0 
200.0 4.1154912'-12 10)0.0 4.89093E-ll 1800.0 
24 0.0 5.14091f-12 lC40.0 5.38898E-ll 1840.0 
280.0 6.81260E-12 1080.0 5.93917F-ll 1880.0 
320.0 7.93943F-12 1120.0 6. 54764F-ll 1920.0 
360.0 9.13084E-12 116:1.0 7. 22123E-ll 1960.0 
400.0 1.03969F.-ll 1200.0 7.96168E-ll 2('00.0 
440 •. 0 - 1.17486E-ll 1240.:> 8.79569E-ll 2040.0 
480.0 1.31976F-ll 1280.0 9.1l510E-ll <'080.0 
520.0 1.47561F-ll 1320.0 1.07370E-10 7120.0 
~60.0 "1.6439<;E-ll 1360.0 1.18740E-10 ~160.0 
600.0 1.92625E-l! 140:> .0 1.31404E-I0 2200.0 
640.0 2.02416E-ll 1.440.0 1.45522E-IO 2240.0 
680.0 2.2395lF-ll 1480.0 1.61279F-I0 2280.0 
720.0 2.47437E-l1 1520.0 1.79884F-I0 2320.0 
760.0 2.73103r.'-1l 1560.0 1.98575E-IO ;>360.0 

2.20625E-I0 2400.0 2.35091E-09 
2.45345F-I0 2440.0 2.69824E-09 
2.13116E-IO 2480.0 3.10641E-09 
3.04306E-I0 252).0 3. 58929E- 09 
3.39406F-I0 2560.0 4.16316F-09 
3.18960E-I0 2600.0 4.85451 E-09 
4.23596f-10 264:1.0 5.69801F-09 
4.14041E-I0 2680.0 6. n988F-09 
5.31140F-10 2720.0 8.03188::-09 
5.95811E-10 276).0 9.63293E-09 
6.69398E-I0 2800.0 1.16102F-08 
7.53047E-IO 284). ;) 1.40415F-08 
8.48402f-10 2880.0 1.70150E-08 
9.573221=-10 2920.0 2.06307F-08 
1.08201E-09 2960.0 2.50045E-OB 
1.22508F-09 3CJO.O 3.0264<1":-08 
1.38965F-09 3040.0 3.65606F-C8 
1.57948E-09 3080.0 4.40558E-Q8 
1.79908E-09 312J.0 5.29380!E-08 
2. OS398E-09 ~160. 0 6.34150F-C8 

, 

3200.0 
3240.0 
3280.0 
3320.0 
3360.0 
3400.0 
3440.0 
3480.0 
3520.0 
3560.0 
3600.0 
3640.0 
3680.0 
3720.0 
~760.0 
3800.0 
3840.0 
3880.0 
3920.0 
3960.0 

,. 
~ 

1. 57195F-08 
9.011C9E-08 
1.06816E-01 
1.26331E-01 I 

1.48821E-01 0-
N 

1.74148E-Q1 I 

2.04513f-01 
2.38585E-07 
2.17463F-01 
3.21693E-01 
3.71861f-07 
4.28623E-07 
4.92653 E-07 
5.64701F-07 
6.45566E-07 
7.36108E-07 
8. 37243F-07 
9.49955E-07 
1.07529E-06 
1.21437E-06 
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APPENDIX B 

The Logarithmic Derivative as a Means of 

Determining Barrier Heights 

43 Gundlach has proposed a technique for determining the barrier 

height of a tunnel junction by the observation of a peak in the loga-

rithmic derivative d tn I/dV of the tunnel current. In the Simmons 

approximation for a trapezoidal barrier an analytic expression may be 

obtained for this quantity, and it contains a discontinuity which 

results in a peak at a voltage corresponding to the barrier height. 

The discontinuity is an artifact of the approximation, since the 

actual current in a tunnel junction does not show a discontinuity in 

slope J but in a numerical calculation for the same model a definite 

peak remains, displaced to a somewhat higher voltage than the barrier 

height. 

43 Gundlach saw the peak in experimental data from alumin~oxide-

aluminum and alumin~oxide:"magnesium junctions, and since then he 

and HolzI,32 and Basavaiah, Eldridge, and Matiso025 report data which 

also exhibits a peak of this kind. We were unable to obtain data to 

a high enough voltage from our aluminum junctions to confirm its 

existence for our junctions, although the derivative rises steeply at 

a high voltage, as it would just below the peak. However, our 

chromium and vanadium data show virtually no sign of a peak except for 

some junctions made on bulk vanadium, which show a small peak. 

In addition to the fact that we sometimes did not see the peak, 

we were concerned about its dep~ndence on the trapezoidal barrier model, 
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both because it was said to measure the height of the sharp barrier 

at the metal-insulator interface, which is highly model dependent, and 

because in the calculations the assumed barrier height apparently dif-

fered from the position of the peak by a small but unknown amount. We 

therefore have done a set of calculations on the trapezoidal model and 

two others which, while far from exhaustive, suggest some of the 

strengths and limits of the method. Our calculations are to some extent 

•• I 32 complementary to Gundlach and Holzl s, to which we shall refer as 

well. 

For the trapezoidal barrier model they have shown that a peak 

always occurs, and that its position is relatively insensitive to the 

barriert;hickness, energy difference between the top of the valence 

band and the Fermi level, and the dielectric constant of the insulator. 

For a limited range of barrier heights corresponding to reasonable 

parameters for aluminum junctions, the peak occurs from 10 to 20% 

above the barrier height assumed for a trapezoidal barrier. For ex-

ample, figure 10 shows the logarithmic derivative from a calculation 

made with a trapezoidal barrier of height 2.5 eV and thickness 20 A 

which is square at zero bias. The peak is evident and rather sharp, 

and it occurs at about 2.75 volts, or 10% above the assumed barrier 

height, which is marked with an arrow. 

This difference is not itself independent of barrier parameters, 

however. Figure 11 shows the logarithmic derivative for exactly the 

same barrier profile but with parameters at the opposite extreme, a 

barrier height of 0.097 eV and a barrier thickness of 17 A. Here 

the peak is relatively broader, and it occurs at 0.138 volts, about 
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12rT--~r----,~---.-----.-----.----~-----r----~ 

o 
S = 20 Aj ¢ = 2.5 eV 

10 
TRAPEZOID 

<: 8 

....... 
c > 

6 

4 

o 1.0 2.0 3.0 4.0 
V (volts) 

XBL 738-1693 

Fig. 10. Logarithmic derivative of the tunnel current calculated 
for a trapezoidal barrier like that shown in figure 1. The 
peak occurs at 2.75 volts, 10% above the 2.50 eV assumed 
barrie r height. marked wi th an arrow. 
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32r----.-----.-----r----.-----.-----.----,-----.-----r----~ 

o 
S = 17'A i 4>= 0.097 eV 

TRAPEZOID 
28 

I 
24 

~> 
- "0 
"0 

20 

16~----~----~----~----~----~----~----~----~----~----~ o 0.04 0.08 0.12 0.16 0.20 
V'(volts) 

X8L 738 - 1694 

Fig. 11. Logar.ithmic derivative of the ttmnel current calculated 
for a trapezoidal barrier as in figure 10, but with a much 
lower barrier height. The peak is now at D.138 volts, about 
40% above the 0.097 assumed barrier height, marked with an 
arrow. The minimum which occurs near the arrow is not 
significant. 
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40% higher than the assumed barrier height. (The fact that the minimum 

occurs at almost the assumed height is clearly fortuitous.) We .have 

made no attempt to be more systematic in investigating the shift in 

the peak since we make little use of the effect, but we must conclude 

that the position of the peak cannot be predicted even with a trapezoidal 

model of known barrier height. 

In order to check to what extent the peak in the logarithmic 

derivative is dependent on the particular barrier shape chosen, we 

picked two other shapes which were reasonably easy to calculate: the 

half (truncated) parabola and the full parabola. 

The half parabola, whose profile is shown in the inset to figure 

12, is a shape which is not too different from the trapezoidal barrier 

used in the rest of our calculations. In particular, it has a sharp 

edge of height ¢ at one edge of the barrier, and this height is what 

the peak in the logarithmic derivative is supposed to represent. If 

the voltage drop across the. barrier is taken to be linear, the profile 

can be written as 

rh 2 V 
¢(x,V) = - ~ x - -S x + ¢ 

S2 
(32) 

The WKB integral can be done exactly and the results, using the param-

eters S = 20)\ and ¢ = 2.5 eV, are shown in figure 12. There is still 

a peak, but here it occurs at about 1.9 volts, 25% below the assumed 

barrier height. 

An additional barrier profile was tried, that of a full parabola, 

shown in the inset to figure 13. This does not have the sharp barrier 

edge of the trapezoid or half parabola. If the maximum height at zero 
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o 

8 S = 20 A; 4> = 2.5 eV 

HALF PARABOLA 

6 

o~----~----~--~~--~----~----~----~----~ o 1.0 2.0 3.0 4.0 
V (volts) 

XBL 738 - 1695 

Fig. 12. Logarithmic derivative of the tunnel current calculated 
for a half parabolic barrier as shown in the inset. The peak 
still occurs but is shifted to 1.9 volts, 25% below the 2.50 eV 
assumed barrier height, marked with an arrow. 
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bias is taken as ¢ and the voltage drop is again linear, then the 

profile can be written as 

¢(x,V) = - 2 1 x + s(4¢-V)x (33) 

For the same barrier parameters as before, S = 20 A and ¢ = 2.5 eV, 

the logartihmic derivative is shown in figure 13. There is absolutely 

no peak or shoulder on the curve, and above 1 volt it is exactly linear. 

We make no claim that either of these barrier profiles is likely 

to describe a real tunnel junction; we have merely carried out a 

mathematical exercise. However, the half parabola is not far from a 

trapezoid with a low edge, and if image potentials are added to a plane 

junction with a trapezoidal barrier profile, the resulting profile can 

19 be roughly approximated by a parabola. 

Rather, what this analysis shows is that, if a peak is seen in 

the logarithmic derivative, its position is near but not necessarily 

equal to the. barrier height: The actual barrier height cannot be 

determined merely from the peak, however, because its position is 

highly model dependent. When compared wi th independent measurements, 

as has been possible in the case of alumin~oxide-aluminum junctions, 

where the trapezoidal model seems to work reasonably well, it can be 

used with some confidence as a check on barrier heights of individual 

junctions. For a new junction material, other measurements are 

needed as well. When a peak is not observed, as in the case of our 

chromium and vanadium j unctions, it suggests that the trapezoidal model 

is not entirely correct, but it can say nothing about the actual barrier 

height or, as far as our calculations have shown, about what profile it 

is appropriate to use. 
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o 
S=20A; ¢= 2.5 eV 

6.0 
FULL PARABOLA 

5.0 > "" 

/; 
jl/I , 1/ / I , 

/'. ,/ 
/ / 

/ / 
/ ; 

/1 

~I> - "0 
"0 

4.0 

t 
3.0L-__ ~L-~~ ____ -L ____ -L ____ ~ ____ ~ ____ ~ __ ~ 

o 4.0 
v (volts) 

XBL 738-1696 

Fig. 13.' Logarithmic derivative of the tunne.l current calculated for 
a full parabolic barrier as shown in the inset. The re is no peak 
whatsoever in the function, nor is there any evidence of a 
departure from linearity above about I volt. 
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APPENDIX C 

Graphs for an Approximate 

Determination of Barrier Parameters 

Figures 14 a-f show families of curves for various S-~ pairs for 

3/2 six different values of S~ • We present these as a rough guide for 

determining barrier parameters when more exact information is unavail

able or unnecessary. For each value of s~3/2 the family includes more 

than the full range of barrier thicknesses which might reasonably be 

expected in oxidized barriers, along with enough values so that interpola-

tion is possible. The graphs have been accurately scaled to 1 cm per 

division to facilitate use. 

Because the voltage (horizontal) scale is different for the different 

members of figure 14, they bear a superficial resemblance to each other. 

However, curve shapes are actually quite different between the various 

families, and we have been able to find no means of parameterizing the 

curves into one universal family. 
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v (volts) 
0.4 

s ¢ 3/2 = 2.0 A (eV)312 

• S (A) ¢(eV) 

A 10 0.34 
B 15 0.26 
C 20 0.22 
o 25 0.19 
E. 30 0.16 
F 40 0.14 
G 50 0.i2· 
H 75 0.09 

0.2 0.3 
V (volts) 

XBL737- 6452 

Fig. 14j.Computer generated current-voltage curves for 
S¢3 2 = 2.0. The axes have been scaled so that one 
division is one centimeter. The curves in figures 
14a through 14f can be used for quickly approximating 
barrier parameters of a new material. 
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v (volts) 
0.6 0.9 

S ¢3/2= 4.0 A (eV)3/2 

0 

SIAl ¢(eV) 

A 7 0.69 
B 10 0.54 
C 15 0.4/ 
0 20 0.34 
E 25 0.30 
F 30 0.26 
G 40 0.22 
H 50 0.18 

-~~------~~--~~~~------~--~ o 0.15 0.30 0.45 
V (volts) 

XBL737-6453 

Fig. 14b. Curves for approximating barrier parameters for 
a junction with S¢372 near 4.0. 
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o 

-2 

S¢3/2 = s.o A (eV) 3/2 

0 

SIAl ¢(eVI 

A 7 1.09 
8 10 0.86 
C 15 0.66 
0 20 054 

-16 E 25 0.47 
F 30 0.41 
G 40 0.34 
H 50 030 

-IS~ __ ~ __ ~ ____ L-__ ~ __ -L __ ~ __ ~ 

0.75 o 0.2·5 0.50 
V (volts) 

XSL 737- 6454 

Fig. 14c. Curves for approximat ing barrier paramete rs for a 
junction with S¢3/2 near 8.0. 
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v (volts) 
o 1.0 2.0 3.0 

-2~~,--r~-'--r-r-~~-r~~~~ 

S¢3/2 ::!§ A (eV)312 

0 

SIAl ¢(eVl 

A 5 2.17 
B 7 1.74 
C 10 1.37 
0 15 1.04 
E 20 0.86 
F 25 0.74 
G 30 0.66 
H 40 0.54 

-18 I 50 .0.47 

o 1.5 

XBL 737- 6455 

Fig. 14d. Curves for ap'proximating barrier parameters for 
a junction with S~3/2 near 16. 



0> 
o 

o 

-4 

-18 

-76-

v (volts) 
1.0 2.0 3.0 

S¢3/2 = 32 A (eV) 3/2 

0.5 

0 
5 (A) 

A 5 
B 7 
C 10 
0 15 
E 20 
F 25 
G 30 
H 40 

1.0 
V (volts) 

¢(eV) 

3.45 
2.76 
2.17 
1.66 
1.37 
1.18 
1.04 
0.86 

1.5 

XBL 737 - 6456 

Fig. 14e. Curves for approximating barrier parameters for 
a j unction with S¢3/2 near 32. 



o 

tJ) -

Ol 
o 

o 2.0 

-4 

1.0 

-77-

v (volts) 
4.0 6.0 

s¢ 3/2 = 64 A (eV) 312 

0 

S(Al 

A 5 
B 7 
C 10 
0 15 
E 20 
F 25 
G 30 

2.0 
V (volts) 

c;2)(eV) 

5.47 
4.37 
3.44 
2.63 
2.17 
1.87 
1.66 

3.0 

XBL 737- 6457 

Fig. 14f. Curves for approximating barrier parameters for 
a junction witp S¢3/2 near 64. 
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