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Tunneling asymmetries in doped Al-A1O, -Pb junctions
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Asymmetries in both the elastic and inelastic electron tunneling components of Al-A10„-Pb junctions doped
with organic ring compounds have been examined. The barrier shapes and heights and the correlated
behavior of the elastic characteristic curves and the inelastic vibrational modes are unusually sensitive to
differences in molecular components and the resulting interface structure of the junction. Model barriers
fitted with a computer program adequately fit the large variations in + bias asymmetry of the elastic
tunneling component observed for different molecules. Asymmetries in the inelastic mode intensity generally
indicate an agreement with a long-range potential interaction between the molecule and tunneling electron.
Enhanced asymmetry in inelastic mode intensity is observed for some cases which also show usually low
effective organic barriers and a correlated effect on mode coupling,

I. INTRODUCTION

Tunnel junctions doped with organic impurities
have been used for a wide range of studies on the
excitation of molecular vibrations via the mech-
anism of inelastic electron tunneling. " The in-
elastic tunneling channel involves the coupling
of the tunneling electron to the bonding electrons
of the impurity molecule and the excitation of a
vibrational mode of the molecule via the electron-
phonon coupling in the molecule. A number of
theoretical papers" hive developed model calcu-
lations for the magnitude and range of this inter-
action.

Under most doping procedures the molecules
are adsorbed on an oxide substrate and both the
oxide and molecular layer contribute to the tunnel-
ing barrier between the metal electrodes. When
dissimilar electrodes are used the difference in
work functions results in a charge transfer and
the development of an electric field in the barrier
which gives rise to a trapezoidal' shape for the
barrier. The elastic tunneling characteristic will
therefore show a natural (a) bias asymmetry re-
flecting the presence of the trapezoidal barrier.
A natural (+) bias asymmetry is also introduced
in the inelastic tunneling intensity when the mole-
cules are placed closer to one electrode than to
the other. This arises from the spatial location of
the interaction potential and the consequent asym-
metry in transmission probability for the inelastic
tunneling electron when the tunneling direction is
reversed. The amount of asymmetry can be re-
lated to the range of the interaction potential and
has been calculated and compared to experiment
by Kirtley et al.4 for benzoic acid doped on A10„
for a Al-AlO„-Pb junction.

When a wide range of organic molecules are used
to fabricate tunnel junctions a striking variation
is observed in the magnitudes and asymmetries of

both the elastic and inelastic tunneling compon-
ents." A two-barrier model was previously used
by our group in order to compare the elastic be-
haviors observed for different dopants on both
AlO„and MgO„ tunnel barriers. The r esulting
variation in effective organic barrier heights was
compared for a wide range of compounds and sub-
stantial differences were observed for different
dopants on both A10,. and MgO„. In this paper we
have extended this model to a more detailed study
ot the (+) bias asymmetries and have developed
the data and analysis for a complete comparison
between both elastic and inelastic junction asym-
metries.

II. EXPERIMENTAL TECHNIQUE

The tunneling measurements reported here were
taken using aluminum- aluminum- oxide- lead tun-
nel junctions. The junctions mere fabricated in an
oil diffusion pumped vacuum system at 10 ' Torr
using the following sequence of steps. Five thin-
film aluminum strips were evaporated from a re-
sistively heated tungsten coil onto a precleaned
microscope slide. ' The slide was transferred
from the vacuum to a laminar flow hood where
the aluminum strips were oxidized in air for a
period of five minutes. Liquid phase doping of the
oxidized strips, as initially described by Hansma
and Coleman, ' was accomplished by placing a drop
of dopant solution on the strips and immediately
spinning off the excess liquid. To complete the
junctions, the slide was returned to the vacuum
chamber where a strip of lead from a molybdenum
boat was evaporated crosswise over the doped
aluminum oxide strips.

Dopant solutions were prepared beforehand. The
organic solvents used were ethanol, toluene, ben-
zene, and chloroform. Solution concentrations
were varied from 0.02 to 1 mg/ml in order to ob-
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tain junctions in the resistance range of 200 to
650 Q. The majority of chemicals and solvents
were of spectrograde purity and were obtained
from Aldrich and Eastman Chemical companies.

The resistances of the completed junctions were
measured at room temperature using a low-voltage
ohmmeter. The center junction of each slide was
left undoped as a monitor for outside contamination.
The resistance is an indication of the amount of
material adsorbed onto the oxide surface of the
junctions. Clean junctions had a nominal resis-
tance of 15-30 Q. Junctions were mounted in a
sample holder and lowered into a liquid-helium
dewar. All measurements were taken at 4.2 K.

The I-V curve is a sum of the elastic and inelas-
tic tunneling contributions to the junction current.
Due to the very small relative component of inelas-
tic structure, the measurements of interest include
dV/dI vs V and d'V/dI' vs V as well as I vs V.

The inelastic component of the tunneling current
appears as a set of peaks in the second derivative,
d'V/dP vs V, curve. Each peak occurs at a voltage
V such that eV =h(d+ ~, where I& is the charac-
teristic energy of a vibrational mode in the barrier
excited by the tunneling electron and 6 is the
superconducting energy gap of the lead electrode.
Measurements are obtained by incorporating the
junction into a bridge circuit developed after Adler
et al."A 500-Hz ac modulation voltage with an
amplitude of approximately 1 mV is applied to the
junction and the first and second derivative curves
are then recorded directly using conventional har-

.monic detection with a lock-in amplifier. Resolu-
tion of the second derivative plots, or tunneling
spectra, is on the order of 8 cm-'. The I-V curve
was recorded by placing a resistor in series with
the junction to obtain the current and measuring
the junction voltage directly.

When the first and second derivative curves are
used to calculate the inelastic asymmetry we use
AG to represent the increase in conductance that
occurs at specific bias voltages V, =Aco, /e due to
the onset of the inelastic tunneling channel. In .

most cases the conductance increase at a given
bias voltage is larger when the lead electrode is
biased positive than when the lead electrode is
biased negative and we use the ratio AG /C G, as a
measure of the inelastic asymmetry.

The conductance increases are determined to a
good approximation using the peak areas of the
d'V/dI' curve in conjunction with the measured
junction conductance G=dI/dV. The area is re-
lated to the conductance and conductance change by

G 3 dV G 3+@
dI~ dV

The conductance G varies by less than 3% over the

voltage range of most inelastic peaks so that G'

may be taken outside the integral with a minimal
loss of accuracy. The areas of the peaks are de-
termined graphically using a planimeter. The er-
ror involved in this process is the limiting factor
in the analysis and is due to the combined effects
of planimeter inaccuracy, the presence of noise
and difficulty in determining the exact elastic
background of the tunneling spectra.

Area asymmetries were measured for selected
peaks in the 1-200 mP region and for the C-H
stretch peak between 350 and 400 mP. The scatter
in the data is large, but is within a range consistent
with the error anticipated from the three factors
mentioned above. A smooth curve has been drawn
to fit these points and points on this curve have
then been used in further calculations involving
area asymmetry.

III. EXPERIMENTAL RESULTS

A. Elastic tunneling characteristics

The I vs V and dV/dI vs V characteristic curves
for Al-AlO„-Pb junctions can be substantially mod-
ified by doping with organic molecules. The addi-
tional barrier thickness contributed by the layer
of molecules increases the zero-bias resistance
and modifies the nonlinear characteristic of the
junctions at high bias voltages. These modifica-
tions are highly variable and depend on the substi-
tutional groups on the organic molecules and the
related interaction of the molecule with the alum-
inum oxide substrate. The doped junctions also
show large variations in the (a) bias asymmetry
observed in the I vs V and dV/dI vs V curves.
These are related to the nonlinear behavior and
also reflect the detailed shape of the modified
tunnel barrier.

The variety of I vs V and dV/dI vs V behavior
observed results from a combination of nonlinear-
ity and (+) bias asymmetry. Representative I vs
V curves for Al-AlO„-Pb junctions doped with cor-
onene, 4-cyanobenzoic acid, and perylene-3-COOH
are shown in Fig. 1. In all cases the current for
Al' rises more rapidly than for Pb' but for either
bias there are large differences in nonlinearity
for the different dopants over a comparable range
of bias voltage. The coronene doped junction shows
relatively mild nonlinearity with substantial (+)
asymmetry developing at voltages above 0.6 V.
Junctions doped with 4-cyanobenzoic acid and per-
ylene-3-COOH both develop extreme nonlinearity
above 0.3 V and the (a) bias asymmetry is accent-
uated by asymmetry in the onset of the nonlinear
region. In contrast junctions doped with other
compounds, for example 3, 4-dinitrobenzoic acid,
are highly symmetric with substantially less non-
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F&G. 1. I vs U curves
for Al-A10„-Pb junctions
doped with coronene, 4-
cyanobenzoic acid, and
perylene-3-COOH. The
curves labeled Pb'and Al'
are taken for opposite bias
polarities on the junction
and demonstrate the asym-
metry in elastic tunneling.
The three doping com-
pounds shown represent
the range of nonlinear be-
havior observed for a va-
riety of aromatic ring
compounds.

linearity below 1.0 V.
The overall elastic asymmetry of the different

doped junctions can also be easily compared using
the dynamic resistance dV/dI vs V curves as shown
in Fig. 2. The positive and negative bias curves
for a given junction are plotted to the same maxi-
mum voltage in order to facilitate comparison.
Although the data of Fig. 2 have been taken for
junctions with different resistances at low bias the
dynamic resistance has been calibrated and nor-
malized to the junction resistance at 50 mV.
Therefore the relative change in dynamic resis-
tance and the difference in (+) bias asymmetry can
be compared for the different compounds. The
highly nonlinear junctions with dopants such as
perylene-3-POOH and 4-cyanobenzoic acid show
a rapid decrease in dynamic resistance with very
strong (+) bias asymmetries as shown in Fig. 2(b).
Other dopants show a range of behavior with vary-
ing degrees of (+) bias asymmetry and examples
are shown in Fig. 2(a). The dopants corenene and
anthracene-9-carboxylic acid show very similar
elastic tunneling characteristics with a pronounced
(+) bias asymmetry but a relatively small nonlin-
ear behavior over a 0 to 1-V range as shown for
coronene in Fig. 2(a). 3,4-dinitrobenzoic acid
shows the least (+) bias asymmetry and also ex-
hibits a weak nonlinear behavior as shown in Fig.
2(a,).

The doped junctions with varying degrees of non-
linear behavior can be modeled with a two barrier
model to be discussed in Sec. IVA. The bias asym-
metries for most junctions can be adequately fitted
with a single set of barrier parameters and are
represented by effective organic barrier heights
in the range 3-9 eV. The dopants which induce
extreme nonlinear behavior require very low ef-
fective barrier heights and the extreme (+) bias
asymmetries are more difficult to fit with a single
set of model barrier parameters although fair

overall fits can be obtained. Effective organic bar-
rier heights of 1 eV or less are required in these
cases.

In addition to the features of the elastic tunnel
characteristics summarized above, the inelastic
components observed in the d'V/dI' vs V curves
have also been studied for both (+) bias asymme-
tries and for variations in peak intensity and back-,
ground. The inelastic behavior shows substantial
variation for different dopants, but the analysis
indicates that these differences are not in general
correlated with the variations in elastic charac-
teristics. Representative experimental results
will be presented in Sec. IIIB.

B. Asymmetry in inelastic peak intensities

The inelastic tunneling spectra have been mea-
sured for the same organic dopants as used in the
studies of elastic tunneling characteristics. The
quantity experimentally recorded is d'V/dI' and
includes contributions from both the inelastic
channel due to phonon excitation and the elastic
channel giving rise to the background. The large
asymmetries and nonlinear behavior in the elastic
tunneling contribute to major changes in the over-
all background behavior of d'V/dP for the different
dopants as is evident in the spectra shown in Figs.
3-7.

The inelastic spectra have been recorded for
both the Pb and the Al at positive voltage and all
compounds follow the same general pattern al-
though at high bias voltages the elastic background
can show substantial variation. In all cases the
inelastic peak intensity due to phonon excitation is
smaller for the spectrum recorded with the alum-
inum electrode positive than for the lead electrode
positive. In order to make a quantitative compari-
son to theory the data must be converted to d2I/dV~
and the area under each peak calculated. This
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FIG. 2. Normalized dynamic resistance vs voltage
plots are shown for representative doping compounds.
(a) Coronene and 3,4-dinitrobenzoic acid both show
relatively high effective organic barriers, but with a
substantial difference in (+) bias asymmetry. (b) Pery-
lene-3-COOH and 4-cyanobenzoic acid are dopants which
produce strong nonlinear behavior as evidenced by the
rapid drop in dynamic resistance.

has been done for all cases and the detailed anal-
ysis will be discussed in Sec. IVB.

In addition to the asymmetries in peak intensity
the background s-lope and curvature also show sub-
stantial asymmetry. The typical behavior is rep-
resented by the chlorobenzoic acid and anthracene-
9-carboxylic acid spectra as shown in Figs. 3 and
4. For Pb' the overall'background slope is posi-
tive with upward curvature. For Al' the overall
slope below 300 meV is negative and becomes
slightly positive at higher bias voltages. For both
bias voltages-broad structure due to the aluminum

FIG. 3. Inelastic-electron-tunneling (IETS) spectra
for 4-chlorobenzoic acid taken for Pb' (upper curve)
and Al' (lower curve). The difference in area under the
same mode peak for the two polarities is used to ana-
lyze the inelastic asymmetry and to compare it to calcu-
lations for the range of the molecular potential.

oxide phonons between 80 and 120 meV contribute's
to curvature variations in the background of this
region. This contribution from the oxide phonons
is also observed in the I vs V and dV/dI vs V
curves and is generally consistent in all three
characteristic curves. For Al' the background
d'V/dI ' shows a reversal of slope in the range
0.2-0.4 V except for the highly nonlinear cases
where two reversals of curvature are observed for
Al'.

For dopants which induce strong nonlinear feat-
ures both the inelastic and the elastic background
contributions deviate substantially at high bias
voltages. For example 4-cyanobenzoic acid shows
a strong reversal of curvature in background slope
above 300 meV. For Pb' this occurs near 450
meV while for Al' it occurs near 300 meV. Inelas-
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tic spectra for 4-cyanobenzoic acid are shown in

Fig. 5. As previously observed the onset of this
reversal either reduces or eliminates entirely the
intensity of the C-H stretching mode at 360 meV.
A similar effect is observed in the spectrum of
perylene-3-COOH adsorbed on A10„as reported in
Ref. 7 and shown in Fig. 6.

The inelastic mode intensities and frequencies
show quite a few detailed variations associated
with the surface-molecular interaction and a num-

FIG. 4. IETS spectra for anthracene-9-COOH. The
two junction polarities Pb' (upper curve) and Al' (lower
curve) are again shown. Both this molecule and the 4-
chlorobenzoic acid molecule react with the alumina sur-
face to form a CO2 ion which contribute modes as la-
beled in the upper curves of Figs. 3 and 4-. In both cases
the C-H stretching mode is located above 3000 cm ' in
approximate agreement with the free molecule vibration-
al spectra.
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FIG. 5. IETS spectra for 4-cyanobenzoic acid for the
two polarities Pb' (upper curve) and Al'(lower curve).
The reversal of curvature above 400 meV for Pb' and
above 300 meV for Al' is associated with the very low
effective organic barrier height. Modes with higher en-
ergies such as the C-H stretching mode are reduced in
intensity for organics with low barriers.

ber of these have been cataloged in Ref. 7. A sig-
nificant difference in overall inelastic mode in-
tensity is observed for unsubstituted ring com-
pounds compared to substituted compounds with
localized surface interactions. For example the
spectra of 4-chlorobenzoic acid and anthracene-9-
COOH shown in Figs. 3 and 4 show many extremely
intense ring modes while compounds such as an-

' thracene and coronene show much weaker ring
mode intensities. A spectrum for coronene is
shown in Fig. 7. An additional difference for the
spectra of unsubstituted ring compounds shows up
as a strong downshift of the aromatic C-H stretch-
irg mode normally located above 3000 cm-'. In
coronene the mean C-H stretch intensity is ob-
served at 2880 cm-' while in anthracene-9-COOH
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of the molecular potential interacting with the tun-
neling electron. Both the models and calculations
have lead to fairly consistent fits of the data and
the wide variations can be accommodated within
the context of a systematic variation of parameters.
A summary of the analysis is given in Sec. IV bel-
ow. Initial details and fits for compounds adsorbed
on both A10„and Mg0have been published in Ref.
7 although the (+) bias asymmetries were not dis-
cussed in that paper.
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FIG. 6. IETS spectra for perylene-3-COOH. Pb' (up-
per curve); Al' (lower curve). The reversal of curva-
ture in this case has an onset at even lower voltage and
for the Al' polarity reduces the mode intensity for a
number of the intermediate phonon modes. This effect
gives rise to an enhanced asymmetry in inelastic mode
intensity (see Fig. 18).

IV. DISCUSSION

A. Barrier models for elastic tunneling

The organic dopants raise the zero-bias resis-
tance of the junctions by at least an order of mag-
nitude and give rise to enhanced nonlinear behavior
and (+) bias asymmetries. The organic dopant is
itself an insulator and contributes a tunnel barrier
with a thickness and height. In addition the mole-
cular charge structure and the organic-metal in-
terface can give rise to changes in the trapezoidal
shape of the aluminum oxide barrier.

We have modeled the total barrier with a trap-
ezoidal barrier representing the aluminum oxide
and a square barrier representing the organic.
The combination barrier is designated TRAPSQR
and is diagramed in Fig. 9. In general each bar-
rier will have a different height and thickness and
an intrinsic (+) bias asymmetry will be present
in the elastic characteristics of the junction. The
nonlinear behavior will generally be governed by
the effective height of the organic barrier and will
be largest when the effective organic barrier height
is lowest.

The calculated barrier parameters have been ob-
tained by fitting the experimental I vs V curves .
using a modified version of the expression given
by Brinkman et al."based on the WKB approxima-
tion and assuming perfectly sharp boundaries be-
tween the electrodes and insulator. The current
voltage expression is of the form given below":

4gme
ex

V'8m
C x V E l2dx

it is essentially unshifted at 3050 cm-'.
The wide variations in (+) bias asymmetries for

both the elastic and inelastic tunneling character-
istic plus the changes in mode intensity and fre-
quency observed for the different organic dopants
suggest a sensitive dependence of the barrier pa-
rameters on the electrode-molecule interface. We
have attempted to model the overall elastic char-
acteristics and asymmetries with a two barrier
model and a computer fit to the experimental I
vs V curves while asymmetries in inelastic mode
intensity have been analyzed in terms of the range

xdE„E — E +eV E„,
0

where m is the mass of electron, e is the charge
of electron, h =h/2w where h is Planck's constant,
x is the distance into the barrier, d+s is the total
thickness of the barrier, E is the total energy of
the electron which equals (E„+E„),E„ is the
energy component in the x direction of the electron,
E„ is the energy component of the electron perpen-
dicular to x, V is the bias voltage applied to junc-
tion, (x, V) is the barrier height as a function of
x and V, and E is the maximum energy in E„di-
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rection of electron.
A linear distribution of voltage across the bar-

rier has been assumed and the potential 4(x, V) in

Eq. (1) has been expressed in terms of the five
barrier parameters for the TRAPSQR barrier
shown in Fig. 8.

For left to right tunneling the potential is ex-
pressed as

4(x, U)=i, — V+q d~x~d+sx
d+s

where g is the Fermi energy of the negatively
biased electrode.

For right to left tunneling the potential is ex-
pressed as

i(x, V)=4, +(C, —i, )d —
d V+q, 0-x- d (2)d+s
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FIG. 8. TBAPSQB barrier used to model the combina-
tion aluminum-oxide —organic tunneling barrier. Five
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FIG. 9. Representative TBAPSQB barriers resultin
from computer fits to Kq. (1) for various or ' d
ants. These compounds all show relatively high effective
organic barrier heights C 3.
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The integration over E„ in Eq. (1) is carried out
by a Simpson's rule numerical integration routine
with a convergence criterion of 0.1%. A nonlinear
least squares routine adapted from Bevington" was
used on a. CDC Cyber 172 computer to vary the pa-
rameters in the TRAPSQR model in order to obtain
a best fit to the current density versus voltage
curve. An initial fit is obtained by varying onl.y
4Q @3 and s in order to generate a reasonable set
of starting parameters. All five parameters are
then allowed to vary and the convergence criterion
required X' to va.ry by less than 1& between suc-
cessive iterations.

The calculated barriers obtained for a variety
of doped junctions are shown in the diagrams of
Figs. 9 and 10. The barrier parameters are first
calculated for the best fit to the I vs V curves ob-
tained for Al' (right to left tunneling) since the
greater current rise occurs for this bias. These
calculated parameters when substituted into the
potential expression for left to right tunneling
(Pb') also give reasonably good fits to the I vs V
curves in all but the extremely nonlinear junctions.
As shown in Fig. 11(a) a single set of parameters
fits the (+) bias asymmetry observed in coronene
with a relatively small error.

Coronene although highly asymmetric has a rel-
atively high effective organic barrier of 6.7 eP
and therefore does not show extreme nonlinear be-
havior. Anthracene-9-POOH is highly asymmetric
and also shows a substantial nonlinear behavior
for the Al' bias with the effective organic barrier
height 4, reduced to 3.3 eV and 4, reduced to 0.4
e7. A single set of parameters as shown in Fig.
11(b) again fits both the positive and negative I vs
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FIG. 1&. Computer fits to. the experimental I vs V
data on coronene (a) and anthracene-9-carboxylic acid.
(b) Solid curves are the calculated curves and the solid
triangles are the data points. Both the Pb' and AI' polar-
ities have been fit with the same set of parameters as
listed. In both cases the elastic tunneling asymmetry is
accounted for by the calculated barrier shape.
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FIG. 10. Calculated barriers for three dopant com-
poounds which show low effective barrier heights,
strong linear behavior and large asymmetries at high
bias voltages. The overall barrier shapes in these
cases are quite variable.

V curves reasonably well although deviation for
the higher bias Pb' curve is also observed. This
deviation for Pb' is not fundamental. The Al' curve
is more nonlinear and therefore more sensitive
to the parameter variation and is used to effect
the convergence first. Further adjustment could
equalize the error, but would not significantly
change the parameters. Since the barrier asym-'
metry of the TRAPSQR model adequately accounts
for the asymmetry in two of the highly asymmetric
cases the other dopants showing a range of lesser
asymmetries are accurately fit with a single set of
parameters. For example 3, 4-dinitrobenzoic
acid as shown in Fig. 12(b). The model barriers
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The parameter convergence has again been ob-
tained using the Al' data. With these parameters
substituted in the potential expression for Pb' a
large asymmetry accounting for 8$ff~-90&& of the
observed asymmetry is obtained, but the calculated
current is still too large as indicated by the lower
curve and points of Fig. 12(a).

The extreme nonlinear junctions are consistently
modeled with lower barrier heights and effectively
thicker organic barriers. However, the detailed
shapes and relative heights of the oxide and organ-
ic barriers become more variable and it is more
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FIG. 12. (a) Computer fits to thd I vs U data for the
highly asymmetric and nonlinear behavior observed for
the perylene-3-carboxylic acid dopant. In this case Al'
data is fit well by the set of barrier parameters indi-
cated, but the Pb' data corresponds to a greater asym-
metry than can be accounted for within the THAPSQR
model. (b) Computer fit to 3,4-dinitrobenzoic acid
which shows a very symmetric (+) bias behavior.

which result from junctions doped with compounds
that give high effective organic barriers are all
similar in shape (see Fig. 9) and correspond to a
solution of Eq. (1) which fits both the current and

(a) bias asymmetry well.
For the highly nonlinear junctions the asymme-

tries become extreme at high bias voltages and it
is difficult to fit I vs V curves for both (+) bias
with the same set of parameters. In these cases
the effective organic barrier height is generally
reduced to the range of 1 eV or- less and the other
barrier parameters are also lowered. Typical
fits for perylene-2-COOH are shown in Fig. .12(a).
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FIG. 13. Computer fits to I vs U data for 4-cyanoben-
zoic acid. The Pb' and Al' curves can be fit with dif-
ferent sets of parameters as indicated in (a) and (b).
However as shown in (a) the (+) bias asymmetry cannot
be adequately fit. This is again connected with the ex-
treme nonlinear behavior associated with the low-ef-
fective organic barrier.
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difficult to obtain a unique set of parameters. The
asymmetries cannot be fully accounted for with
a single TRAPSQR barrier shape and slower con-
vergence for fits to the I vs V curves is observed.
Typical barrier shapes for the dopants giving low
effective organic barrier heights were shown in
Fig. 10. For example junctions doped with 4-cyan-
obenzoic acid show the most extreme nonlinear
behavior and (a) bias asymmetry. The combination
barrier is characterized by an extremely low or-
ganic barrier and an enhanced trapezoidal shape
for the oxide barrier. As shown in Fig. 13 this
shape can fit both the Al' and Pb' data but with

somewhat different values of the parameters. How-
ever, for either set of parameters the (+) bias
asymmetry is not adequately accounted for as in-
dicated in Fig. 13(a) for the Al' data calculated
with the Pb' parameters. In the case of perylene-
3-COOH a more regular barrier was obtained, but
all barrier heights were low making it difficult
to predict the full asymmetry.

The reason for the wide range of effective bar-
rier heights and shapes due to the different. dopants
is yet to be fully understood. Several observations
can be, made on this point although detailed mech-
anisms have to remain speculative. Drastic mod-
ifications of the adsorbed molecules do not take
place since in most all cases the majority of the
vibrational modes can be quite accurately matched
against the Raman and infrared spectra of the un-
perturbed molecule. Different orientations of the
rings on the surface are possible and are influenced
by reactive side groups. For example molecules
with a COOH substituent react with the AlO„surface
by donating a proton and forming a CO, carboxylate
ion' "with a symmetric bidentate Structure and

equivalent oxygen atoms. Anthracene-9-COOH is
such a case and the aromatic rings are probably
held off the surface. In contrast coronene is a
planar ring structure and would be expected to lie
flat on the surface. The w electrons may then form
some degree of complex with the surface and a
related downshift of the C-H stretching mode oc-
curs.

The above two cases show markedly different
inelastic mode intensities and similar cases have
been compared in Refs. 6 and V. For unsubstituted
ring compounds like coronene the ring modes gen-
erally show low intensity and the inelastic-electxon-
tunneling (IETS) spectra are dominated by the
modes with predominately CH character. Ring
compounds substituted with a COOH group gen-
erally show much stronger IETS intensity and in
Bll cases the COOH interacts with the alumina to
form a carboxylate ion. The IETS spectra for
these compounds are characterized by a number
of very strong ring modes involving stretch mo-

tions of the ring carbon atoms. The difference in
IETS mode intensities observed for the two classes
of compounds described above suggest subtle
changes in the electronic interaction with the sur-
face accompanied by changes in the strength of
the inelastic coupling to the phonon modes. These
changes in inelastic mode intensity do not seem
to be correlated with any major changes in the
model barrier parameters or the differences ob-
served in the elastic behavior. For example cor-
onene and anthracene-9-COOH produce effective
organic barrier heights of 6.7 and 3.2 eV, respec-
tively. Although they differ by a factor of 2 both
are relatively high and both show a strong (a) bias
asymmetry adequately modeled by the TRAPSQR
barrier as indicated in Fig. 11. Therefore from
the elastic tunneling characteristics the two mele-
cules produce similar behavior while the inelastic
modes indicate a substantial difference in surface
interaction.

In contrast to anthracene-9-COOH perylene-2-
COOH shows more nonlinear elastic behavior,
much less asymmetry and a low effective organic
barrier height (1.2 eV). This major difference of
barrier shape and height must therefore involve
a combination of the COOH interaction with the
surface and the electronic structure of the ring
complex. This must arise from rather subtle
differences in net molecular charge and m-electron
density since the basic molecular structure inter-
acted on the surface would not be expected to be
drastically diffe rent.

The inelastic mode intensity asymmetries give
information on the range of the molecular potential
and the analysis of this asymmetry is discussed
below. A large number of cases representing the
complete range of elastic behavior have been anal-
yzed in order to look for possible changes in the
behavior of the molecular-tunneling-electron in-
te r3ction potential.

B. Asymmetry in inelastic peak intensity

The dopant molecules are adsorbed on one side
of the aluminum oxide barrier gad are therefore
spatially asymmetric with respect to left-right
versus right-left tunneling electrons. For the in-
elastic electron tunneling channel this can introduce
a difference in barrier transmission for left-right
versus right-left tunneling since for one polarity
the electron loses energy after tunneling and for
the other polarity loses energy before tunneling.
The tunneling probability is proportional to energy
and one would therefore expect a greater inelastic
tunneling current with the lead electrode positive
(left-right tunneling). The size of this inelastic .

mode intensity asymmetry will also depend on the
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FIG. 14. Data and analysis showing the (+) bias asymmetry in conductance change, &&, associated with vibrational
mode excitation Qy IETS in coronene. The points represent ratios of the areas under a given Inode peak in the d V/dI
vs V spectrum measured for opposite bias voltage on the junction. (+) refers to Pb' and (—) refers to Pb . The dashed
curve is the best fit through the points representing the area ratios. The curves labeled 4G /&&, and &G /~t", (cor-
rected) are the conductance change ratios computed from the measured area ratios. The final curve to be compared to
theory i.s corrected for the elastic asymmetry G /& . The lowest solid curve represents a short range potential inter-
action calculated in Ref. 16 while the upper solid curve represents a long range potential interaction calculated in Ref.
4. After correcting for the large conductance asymmetry observed in coronene the conductance change asymmetry
associated with the vibrational. modes falls close to that predicted by KSH.

range of the potential describing the interaction
between the tunneling electron and the molecule.
If the potential range is comparable or greater
than the barrier thickness the effect will be reduced
while if a very short range molecular potential is
appropriate a maximum asymmetry should be ob-
served.

The expected asymmetry has been calculated
for a number of cases. Yanson et al."assumed
a 5 function potential at the electrode-molecule
interface @nd calculated the asymmetry in conduc-

tance (nG /nG, ) as shown by the lowest curve in
Fig. 14. Kirtley, Scalapino, and Hansma4 used a
longer range Coulomb potential with partial charges
representing the bound electrons of the molecule.
Assuming that the molecule extends -1 A beyond
the effective electrode-barrier interface they cal-
culated the asymmetry as shown by the upper solid
curve in Fig. 14 and referred to as KSH.

The exact potential has both a short range mole-
cular part and a longer range dipole part. Kirtley
and Soven" have developed a short-range multiple
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FIG. 15. AG asymmetry
associated with inelastic
peak intensity for anthra-
cene-9-COOH. See Fig.
14 for definitions of the
curves. The final correc-
ted asymmetry curve is
very close to that predicted
by KSH for long-range
theory.
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FIG. 16. ~G asymme-
try associated with the in-
elastic mode intensity for
4-chlorobenzoic acid.
This is very similar to the
behavior for anthracene-
9-COOH and is typical of
all compounds measured
which have fairl'y large
effective organic barrier
heights.

scattering theory of IETS intensities using an X~
approximation for the. exchange correlation poten-
tial and a Bardeen transfer Hamiltonian approach
to calculate inelastic tunneling cross sections.
They calculate higher harmonic amplitudes and
opposite voltage bias asymmetries for the speeifie
case of CO adsorbed in, a Al-A10„-Rh-CO-Pb junc-
tion. For this case they predict a large asymmetry
ratio which would not be far from that predicted by
the 6-function potential. The predicted short-range
cross sections are strongly energy dependent and
could become quite large if the tunneling electron
happened to correspond to a molecular bound state
energy. Such a resonance scattering state might
be important for particular molecules although re-
sults to date on IETS suggest that the long-range
potential is dominant. This is the case for benzoic
acid on alumina as reported by Kirtley et a/. 4

We have examined a large number of junctions
doped with different organies and have analyzed

the experimental (+) bias asymmetries in inelastic
intensity for possible variations. These have in-
cluded dopants which produce the complete range
of barrier behavior outlined in Sees. III. %e have
also looked at several dinitrobenzoic acids since
dinitro compounds are reported to show the longest
negative ion resonant lifetimes. "

Since the quantity needed for comparison to theo-
ry is the conductance change ~G associated with
the inelastic event the area under the observed
peak in d'V/dI' is measured and then converted
using the calibrated conductance of the junction
and the relation

dI 1dV
dV~ G' dp (6)

Selected peaks have been analyzed for both (+) bias
and the ratio b, G /&G' is then plotted as a function
of voltage as shown in Figs. 14-19. The theoretic-
al curves of Fig. 14 were calculated assuming the
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FIG. 17. &G asymmetry associated with the inelastic
peak intensity for 3, 4-dinitrobenzoic acid. The elastic
conductance is quite symmetric for this dopant so that
the calculated curves group together. The final asym-
metry is again not far from KSH. No evidence of res-
onance effects is observed although the free molecule is
expected to show a long negative ion resonance lifetime.

FIG. 18. &G asymmetry associated with the inelastic
peak intensity for perylene-3-COOH. In this case the
asymmetry is greater than predicted by the long range
potential interaction of KSH. This additional asymmetry
is correlated with the low barrier height and curvature
reversal in cP V//dI2 vs V and is not necessarily connected
with the molecular potential range.
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FIG. &9. &G asymmetry associated with the inelastic
peak intensity for 4-cyanobenzoic acid. In this case the
curvature reversal in d V/dI vs V is well above the
lower lying phonon modes which again show a &G asym-
metry close to that expected from KSH.

tunnel barrier to be square and hence takes no
account of the barrier asymmetry introduced by
the organic or dissimilar metal electrodes. Such
a calculation mould be rather complex so that only
an approximate correction can be made at this
time. The measured ratio b.G /r G has a contri-
bution from both the molecular potential range
effect and the direct barrier asymmetry one mea-
sure of which is the ratio G /G'. The conductance
G- is always greater than G' consistent with the
barrier shape which makes it easier to tunnel from
right to left and therefore counters the potential
range asymmetry (molecules are located on the
right side). An approximate correction for this
effect can be made by simply multiplying the ratio
DG /hG' by G'/G which approximately cancels
the effect of the barrier asymmetry. The final
experimental curve converted to b.G-/AG' and
corrected for conductance asymmetries is labeled
AG /&G' (corrected) in Figs. 14-19 and is the one
that should be compared to the calculated curve
labeled KSH. The original asymmetries in areas
measured from the d'V/dI' vs V curve are repre-
sented by the points. The dashed curve is the best
fit through the experimentally measured points.

Although the experimental scatter for a given
junction is fairly large comparison of the results
on the entire range of junctions shows a systematic
trend. In most cases the inelastic asymmetry is
close to that predicted by the KSH theory using the
long range potential. Large differences in elastic
asymmetry and the apparent differences in mea-
sured d'V/dI' inelastic peak asymmetry generally
cancel out in the final corrected quantity which
measures the true potential range asymmetry of

'

the inelastic tunneling channel.
Figures 14 and 15 show results on coronene and

anthracene-9-COOH. These are dopants which
give high effective organic barriers and show sub-
stantial (a) bias asymmetries in the elastic char-

acteristics. They also represent the two different
cases of strong and weak inelastic coupling to the
major ring vibrations which may be related to dif-
ferences in surface interaction. The direct data
when converted to &G /&G, give the upper curves
in Figs. 14-19 and show the effect of the large
conductance asymmetry which counters the asym-
metry produced by the potential interaction. The
final curves &G /&G, (corrected) with the effect
of the conductance asymmetry approximately re-
moved give inelastic intensity asymmetries which
are not far from those calculated by KSH. A single
ring compound like 4-chlorobenzoic acid also gives
a very similar result as shown in Fig. 16. The re-
sults on 3, 4-dinitrobenzoic acid show much less
intrinsic (+) bias asymmetry in the elastic tunnel-
ing and barrier shape and therefore the corrections
are smaller. However, the observed inelastic as-
ymmetry as shown in Fig. 17 is again close to that
calculated by KSH with no evidence of enhanced
asymmetry due to possible short range potential
effects and resonance.

The molecules like perylene-3-COOH and 4-
cyanobenzoic acid which produce very low effective
organic barriers have also been analyzed for (+)
bias asymmetries in inelastic intensity. For pery-
lene-3-COOH %hi'ch was characterized by a curva-
ture reversal in d'V/dI' below 300 meV and a cor-
responding loss of intensity in the C-H stretching
mode the asymmetry in mode intensity is stronger
than predicted by KSH as shown in Fig. 18. Since
the change in curvature and loss of intensity in
the vibrational modes is itself quite asymmetric
(see Fig. I) the enhanced inelastic intensity asym-
metry can be directly correlated with this behav-
ior. Whether this is related in turn to the molecu-
lar potential is not clear at this time.

4-cyanobenzoic acid exhibits the same type of
d'V/dI' curvature reversal but at higher bias volt-
age (-500 meV for Pb', see Fig. 6). This is suf-
ficiently above most of the phonon peak energies
such that the inelastic peak intensity asymmetry
below the C-H stretching mode is apparently un-
affected as shown in Fig. 19 and again agrees with
KSH.

V. CONCLUSIONS

Measurements and analysis of the characteristic
tunneling curves for Al-A10„-Pb tunnel junctions
doped with a wide range or organic ring compounds
have been carried out. These dopants have been
selected on the basis of substantial variations in
the effect of the dopant on both the elastic and in-
elastic characteristics of the junctions. In this
study we have analyzed particularly the (+) bias
asymmetries appearing in both the elastic and in-
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elastic tunneling components.
The elastic tunneling current vs voltage and the

(+) bias asymmetry in the elastic tunneling char-
acteristic can be adequately modeled with a.
modified version of. standard tunneling equations.
We have modeled the barrier in two parts, a trap-
ezoid representing the oxide and a square barrier
representing the organic. The effective organic
barriers vary from less than 1 eV to 9 eV and pro-
duce a wide variation in the elastic tunneling ob-
served in the bias range 0-1 V. Ln most cases the
model is adequate for obtaining a reasonably good
fit to both the Pb' and Al' characteristic curve with

a single set of parameters describing the barrier.
The most unusual behavior occurs for the com- .

pounds which produce very low effective organic
barriers. These show a curvature reversal in the
d'V/dI' vs V curve above some critical bias and
this enhances the asymmetry in both the elastic
and inelastic tunneling components.

The (+) bias asymmetries in the inelastic peak
intensities have also been measured and analyzed
for the same range of compounds. The results
have been compared to calculated asymmetries
based on the range of the molecular potential tun-
neling electron interaction. After correcting for
the wide variations in elastic conductance asym-
metry we conclude that for most of the compounds
the intensity asymmetry follows that expected for
a long-range potential interaction. Stronger asym-
metries have been observed for those compounds
showing extremely low effective organic barrier
heights and this is related to the correlated ef-
fects of curvature reversal in d'V/dI' vs V and
loss of mode intensity.

The origin of the interface structure providing
these low effective barrier heights and the corre-
lated effects on the inelastic tunneling interaction

needs further investigation. They are reproducible
and occur for a rather selected group of molecules
although no single structural feature clearly dis-
tinguishes each case. Preliminary data with other
oxides and electrodes indicates that all elements
of the interface and barrier play a role.

Although a still wider range of organic molecules
should be studied no case has yet been found where
the inelastic intensity asymmetry is large enough
to suggest short range potential interactions or
resonance. Dinitro compounds where negative ion
resonances are long lived do not show enhanced
asymmetry although the surface adsorbed mole-
cule is of course not necessarily comparable to
the free molecule.

The tunneling data presented here have shown
that the interface structure and effective barriers
in these doped junctions exhibit significant varia-
tions related to surface molecula~ interactions.
The microscopic models need to be developed,
but the sensitivity of the technique to interface
structure looks promising.
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