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Modification of Al—oxide tunnel barriers with organic self-assembled
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Al-oxide tunneling barriers were modified by exposure to a vaparaétadecyltrimethoxysilane

which forms self-assembled monolayers. The dynamic conductéhice/ of the modified Al—

oxide barrier between Al and Pb electrodes was measured at 4.2 K. Quasilinear conductance
backgrounds are observed up to 200 mV with a strength that increases with increasing exposure time
from 10 to 60 min. A saturation effect is observed around 200 mV. Beyond 200 mV the dynamic
conductance shows a parabolic behavior indicative of elastic tunneling from an asymmetric barrier.
The linear background is attributed to inelastic tunneling from a continuum of excitation4999
American Institute of Physic§S0021-897@9)03910-9

I. INTRODUCTION following the process with a thin film Pb counterelectrode.

The organic used was octadecyltrimethoxysilg@TMS)
Self-assembled monolaye(SAMs) are ordered molecu- and the AAg) film was dipped directly into the liquid.

lar assemblies formed by the adsorption of an active SurfaC’T’hese junctions all resulted in electrical shorts, presumably

tant on a S(.)“d surface. Two-dimensional order is a CONS€qLe to pinholes in the SAMs layer. We thus used Al films as
guence of intermolecular forces but depends also on th

X _ fhe base electrode which were then subsequently oxidized by
length of the molecule and properties of the underl_ymg sur-, very short exposure~10 § to pure oxygen gas. This pro-
r\Bided a thin, surface layer of Al oxide upon which the SAMs
AFere grown as shown in Fig. 1. A systematic study of junc-

. . . . . tion properties was obtained by fitting the dynamic conduc-
hanced nonlinear optical properties, interfacial eleCtrontance(dI/dV Vs V) to the elastic tunneling model of Brink-

transfer; molecular cor_1duct|V|t§ and surface wettin. man, Dynes and RowéllThe principal result of this work is

There has bgen recent interest in these layers 'fosprotect ﬂ?ﬁat there is a uniform increase in barrier thickness with ex-
surfaces of high temperature superconductefss’).” Fur- posure to the OTMS vapor, indicating that the organic layer
thermo_r_e, the t_yp_lcal molecular Iengtlﬁsts A o_ffer the_ is participating as a tunnel barrier, but there is also a relative
possibility 9f ut|_I|zmg a SAMs Iayer_as an |ns_u|atmg barrier increase in the contribution of another conductance channel.
for tunnel ]un_ctl(_)ns on HTS. The first such Jgncnons WEreThis additional channel is characterized by a strong, linear
formed on thin films of YBaCuO; (YBCO) using octade- 0 oase in conductance with bias voltage|Y¥|) up to a

cylamine as the organic molecule and a Pb counter- g .
. e . characteristic voltagé~170 mV) where saturation then sets
electrodé®’ The results of this study were difficult to inter- ge~ v

: . . in. As the relative contribution of this other channel in-
pret due to the presence of a native barrier on the aw—exposetaeases the superconducting gap structure of the Pb becomes
;urface; of the .YBCO film. Thug the observat@on ofa Strongincrea:~“,ir,1gly broadened. While we have not unambiguously
linearly Increasing background mlthe dynamic Cond_UCtanC?dentified the origin of this second channel, it appears to be
of these junctions and poorly defined superconducting Ya8P¢onsistent with inelastic tunneling from a continuum of
in YBCO could not be definitively attributed to the SAMs states.
layer, as such effects were often observed in junctions with-
out a SAMs layer.

The intention of this investigation was to examine thell. EXPERIMENTAL PROCEDURE
utility of SAMs as tunnel barriers on conventional supercon- o gg g9gos purity aluminum pellet from Alfa Products
ductors. The well established elastic tunneling characteristic§as used and the 1/2 cm diam pellet was cut into small

of superconducting Pb films make this material a naturabieces. The Al pieces were cleaned using 0.5 M NaOH so-
choice for this study. Our initial attempts were to make| tion and etching for 1 min. Then two or three cleaned Al
superconductor—insulator—normal meté$IN) sandwich-  hieces were put into a boron nitride crucible wrapped by
type junctions of the form Pb/SAMs/A&g) by growing the  ngsten filament. A clean glass microscope slide was placed
SAMs layer directly on a deposited film of Au or Ag, and roughly 8 in. from the source. An aluminum mask was
placed close to the slide to make sharp edged Al strips. 1000
dElectronic mail: JohnZasadzinski@qgmgate.anl.gov A thick Al films were deposited on the microscope glass

for fundamental studies as well as applications, such
chemical sensors,novel photoresist$, materials with en-
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tached to the OTMS molecule source was also pumped to the
vacuum pressure of 16 Torr while the valve between
chamber and OTMS tube was open. It was kept closed dur-
ing Al deposition and oxidation. After 10 s oxidation the
vacuum system was brought to 10Torr.

By opening the valve between the vacuum chamber and
the organic molecule, SAMs have been introduced as an ad-
ditional barrier onto the Al oxide by exposure to the molecu-
lar vapor for 10-60 min. After opening the valve to the

organic molecule the chamber pressure suddenly rises from
10"’ Torr to 10 mTorr, and then it increases slowly with
time. A heat gun was used to increase the vapor pressure of
FIG. 1. A schematic view of a SAMs structure. Inset: A schematic view of tn€ OTMS since it starts to boil at about 400 °C at 50 mTorr.
an Al/Al,0;/SAMs/Pb tunnel junction. A copper tube was set up below the substrate and connected
to the OTMS bulb to carry the vapor directly under the oxi-
dized Al strips. The pressure difference between the organic

slide with a deposition rate of 15 A/s. The Al film was oxi- liquid and the chamber helps to move the vapor of OTMS
dized by venting the chamber to pure oxygen for 10 s. Thighrough the copper tube onto the Al oxide strips.
gave reproducible results with junction resistances between 1 The chamber was repumped to Y0 orr for the Pb elec-
and 400Q. trode(cross strip deposition after finishing organic molecule
The next step was modifying the oxidized Al strips with doping. The substrate deposited with-Al oxide+SAMs
the organic molecule, OTMS. The intention was to obtain avas moved over the cross strip mask. Pb evaporation was
complete monolayer of chemisorbed molecules on the oxidone without using a shutter so that Pb deposition rates
dized aluminum film. There are two basic methods for doingstarted from zero. This minimizes knocking off the freshly
this: gas phase and liquid phase doping. In gas phase dopiﬁ@p&‘d organic molecules from the Al-oxide film surface. A
the oxidized aluminum strip is exposed to a vapor of the2500 A Pb deposition takes about 1 min.
dopant in the vacuum chamb®t? If the substance is vola- Thirty junctions are produced on a single microscope
tile, the vapor can be introduced from a bulb that is isolatedylass slide in our system, and only six junctions can be mea-
from the vacuum chamber by a stopcock, or a sealed capibured at a time. A set of six junctions is cut from the 3 in.
lary glass can be broken inside the chamber. glass microscope slide using a hard jaw spinning at 20 000
In the case of liquid doping‘!? the dopant molecules rpm as a guide in making the scratch; then the slide is bent
are applied to the oxidized Al film from a liquid solution. until it breaks along the scratch. After the junctions are re-
The concentration of molecules on the surface is controllednoved from the vacuum evaporator, their resistance was
by varying the concentration of the dopant molecules in theneasured immediately. The typical resistance for tunnel
solution. The entire slide can be put into a solution containjunctions was about 10 for a clean junction with a 0.5
ing the molecules and the excess solution shaken or blowi 0.5 mn? area but increased up to 5000with exposure to
off. Dropping of the dopant solution on the junction area andOTMS vapor. Before mounting the junctions to the sample
spinning it off is another way of liquid doping. At first, we holder, the ends of the strips are soldered with indium to
used the liquid phase doping method to mdkel, Ag)—  make connections to thin insulated copper wires. The sam-
SAMs—Pb tunnel junctions. We simply put freshly evapo-pler holder was designed to fit down the 5/8 in. neck of a
rated Au or Ag films into OTMS for 2 days to obtain maxi- commercial liquid helium storage Dewar. In general it is
mum (complete coverage and spin off the excess moleculesimportant to get the junctions into liquid helium within 20
Our attempts to make pure SAMs barriers using the liquidmin after removing them from the vacuum system to prevent
doping procedure failed. Shorts through pinholes in the purelegradation.
SAMs barrier did not allow a tunneling current to be mea-  Four terminal measurement was used to minimize the
sured. effect of the strip resistance on the measured junction char-
In the liquid phase doping procedure the Al film must beacteristics. After the junctions are inserted into liquid helium
taken out from the vacuum chamber and therefore exposed fat 4.2 K), it is important to measure the current—voltage
air. This results in a thick Al-oxide layer that is affected by (1 -V) characteristics out to a few mV of bias to determine if
humidity and therefore uncontrolled. Because of these diffithe junctions are good or if there arg) bad electrical con-
culties we chose gas phase doping to introduce the OTM8ectionsii) excessive noise, ar(di) poor-quality junctions.
molecule and modified our vacuum syst&hWe attached a This is done by looking at the structure due to the supercon-
magnetovacuum valve between the vacuum chamber andducting Pb energy gap. For an ideal conductance at 4.2 K, it
vacuum hose with an open end. The open end was closdad important to note that the conductance at zero voltage
with a laboratory glass tube after filling with OTMS organic should be approximately 1/7 the conductance at high bias
molecule. A pure oxygen tank was attached to the ventingoltage. The conductance at zero bias is due to thermal ex-
line of the chamber. The air inside the venting line wascitations above the Pb gap at 4.2 K. If the ratio is closer to
pumped with a mechanical pump and then filled with pureunity, it indicates current flow in channels other than elastic
oxygen before each deposition. The air inside the hose atunneling such as microshorts. In this experiment, a lock-in
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FIG. 2. The representative tunneling conductance vs bias voltage curves for ( )

clean and modified Al—-oxide barriers exposed to SAMs for 10-60 min. 55 3 Normalized dynamic tunneling conductance vs bias voltaigh
biag for modified Al—oxide barriers exposed to SAMs for 60, 20 10 and 0
min (from top).

amplifier was used to measure first and second derivatives

using standard harmonic detection methods. ] o
tances of high temperature superconductors often exhibit a

similar linearly increasing background shape that has been

lll. RESULTS AND ANALYSIS attributed to inelastic tunneling from a continuum of states.

The tunneling conductance spectdi/dV vs V) were  Kirtley**® has shown that such linear increases in back-
obtained for clean junctionéo SAMs layey and for junc- ground can be consistently observed in modified Al-oxide
tions formed with three different exposure times to thebarriers when magnetic impurities have been introduced, but
OTMS vapor, 10, 20 and 60 min. Representative conducit is not clear whether such magnetic ions develop when the
tance spectra at 4.2 K for the four different junction types aréfOTMS molecule attaches itself to the Al-oxide surface.
shown in Fig. 2 outd 1 V bias and on this voltage scale the Nevertheless, we will analyze these data within the frame-
superconducting energy gap feature of Pb is barely discerrwork of continuum inelastic tunneling, because this channel
ible. For each junction type, up to 20 junctions were mea-offers a natural explanation of the concave downward shape
sured. The characteristic features of the clean junction aras being due to a saturation effect. When the continuum of
typical of those found in the literature for Al/XD;/Pb thin  states has a cutoff, as in a phonon spectrum, the inelastic
film junctions. Near zero bias, but above the Pb gap voltageshannel approaches a constant at high biaghis will be
the conductance is flat and at high bias the conductance haéscussed in more detail later in the article.
an asymmetric, parabolic shape. These features are consis- In Fig. 4 is shown the rescaled conductance data for bias
tent with elastic tunneling through a trapezoidal barrier. Withvoltages near the superconducting energy gap of Pb. The
increasing exposure time to the OTMS vapor, the junctiorclean junction exhibits a well-defined superconducting gap
conductance at zero bias decreases substantially, indicatifigature with sharp conductance peaks near the Pb energy
that the tunnel barrier thickness is increasing. Furthermore,
there is a noticeable change in the shape of the high bias,

background conductance. For bias voltages<300mV, 12

there is a rapidly increasing, concave downward conductance 60 min )
which is not consistent with elastic tunneling and suggests 20 min_3
that an additional conductance channel is developing. — 10 min
These features can be seen more clearly in Fig. 3 where E 08 ]
rescaled junction conductances are presented. For each & [ 0 min
curve, the conductanc8(V) has been divided by the con- O 06 08 ]
ductance value at 2 mV bia§,(2 mV). On this rescaled plot = 07
the 60 min exposure junction which was barely observable in O o4l 30-6 V ]
Fig. 1 exhibits the most rapid relative increase in conduc- U Cos
tance with bias voltage. The junctions all display a strong, 02 F 04 .
quasilinear increase in conductance out to aboL@0 mV, U -15-10 \5/ (?nVS) 10 15
followed by a concave downward shape out#800 mV, 0 Lwn e L : 1
followed by an increasing, parabolic shape foi beyond 20 -15 .10 -5 0 5 10 15 20
300 mV. Since elastic tunneling predicts a flat conductance V (mV)

for voltages ,mUCh '|ESS th{,jm the barrier height, we att!’l,bUt%IG. 4. The normalized conductance at low bias voltatgss than 20 mYy.
the strong, linear increasing conductance to an additionahset: one of thell/dV vs V curves for the 60 min exposed tunnel junctions
conductance channel. The background tunneling conduct 4.2 and at 8 K.
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gap,A=1.4meV. Also, the strong coupling effects due to 200 i e B AR
peaks in Pb phonon density of states are seen near 5 and 10
meV. With increasing exposure to the OTMS vapor, the Pb ]
gap structure weakens and the strong linear background be- 150 } -
comes observable. This is further evidence that the SAMs
layer is not just modifying the barrier propertigsg., barrier
height and thicknegsas this would lead to nearly identical L
rescaled conductance spectra in the Pb gap region. Rather, in _— d=5.76 A —G |
correlation with the development of the linear background © ¢1= 021v Ge
there is a weakening and broadening of the Pb gap structure, 50 | q>2= 7.08V inel ]
which indicates that another conductance channel is contrib- p=005s G
uting to the current. For the maximum exposyé® min inel el
there is often observed an apparent increase of the Pb gap 0 e rrre————e A
feature as seen in Fig. 4 and an additional, smaller, gap-like -800 -600 -400 200 0 200 400 600 800
feature. Both structures disappear above Theof Pb as
shown in the inset of Fig. 4 and thus this indicates that a V (mV)
multiple SISIN junction has formed. Presumably, some Pt?:IG. 5. The dynamic conductance fit for a clean Al,@d—Pb tunnel junc-
atoms have diffused down the OTMS molecule and a junction using elastic and inelastic tunneling components.
tion is formed between a cluster of Pb atoms and the top Pb
film with the SAMs layer acting as the tunnel barrier. The
two features are the sum and difference gaps of the Pb cluéic tunneling was found to be 170 mV for all of the junctions
ters and Pb layer. analyzed. The barrier heigh#s,, ¢», expressed in volts, the
The parabo"c increase in tunne”ng conductance backbarrier thicknessl in angstroms, and the bias Voltage value
ground above 200 mV can be explained as elastic tunnelinfpr the minimum conductancé,, for each set of tunneling
through asymmetrical barriers given by Brinkman, Dynesdata were inferred from the fitting parametérsc, and « by
and Rowell(BDR) in 19708 According to this theory the solving a nonlinear equation system consisting of

clean

kS/m”)
=
@
2
=)
g

tunneling conductance through a trapezoidal barrier is given 9 AS
as A¢=¢2—¢>1:§3?,
Gel(V) _ ) . . .,
=1-bV+cV" (elastic tunneling, (1) — i+, 16¢%2
G(0) o >
2 Agb

where G(0) is the zero bias conductance anb
=AoA ¢/ (16¢°?) andc=9A3/(28¢) are the elastic tunnel-
ing fitting parameters described below. To account for the
other conductance channel which we have labeled “inelastic

G(0)= 3.1®<g 1010\/Tg exp(—1.025 \/?) ,

tunneling” we add a term and
Ad
Ginel(v) _
= €Viin=0.649——,
G(0) atank(IVI/VC). (2 min d\/i

This phenomenological expression exhibits the essential fegyhereA,=0.685l. The ratio of the maximum inelastic tun-

tures observed in Fig. 3, i.e., a linear increase Witfor V- neling conductance to the minimum elastic tunneling con-
<V,, and constanfor saturationconductance fov>V.. It  ductance can be defined as

has been demonstrated both experimentilgnd theoreti-

cally ® that a linear increase in conductance with bias results ~ ,_ Cinel(Vmax

from inelastic tunneling of electrons via a continuum of Gel(Vimin)

states, say from phonons or spin fluctuations. Howevery, his provides a quality factor to describe the junction.
when the spectrum of excitations is exhausted at very h'gilbleal junctions would hav@g=0.

bias, the conductance will saturate to a constant value. Thus, Using the procedure outlined above the elastic and in-

our phenomenological expression is physically quite reasorgagtic tunneling contributions of the clean and modified

able. n _ n , _ Al-Al,0;—Pb tunnel junctions have been obtained. Gener-
The data fitting function describing the elastic and in-41y the calculated total tunneling conductance of elastic and
elastic tunneling process is given as inelastic tunneling contributions give very good fits to the
G(V) , data to bias voItage&SOOl mV. Figgre 5 shows the data.
Wzl—bVJr cV i+ atani(|V[/ Vo). (3)  analysis for a representative tunneling conductance vs bias
voltage for the clean Al oxide barriers. In Fig. 5, the calcu-
The best values for the fitting parametérs and a for each  lated elastic, inelastic and total tunnel contributions are pre-
set of tunneling data have been calculated by using the leasented a$5|, G aNdGjnet Gg, respectively. The barrier
square fit method, and the cutoff eneflgy=eV, for inelas-  thickness was found to be 5.76 A for the clean junction. The
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FIG. 6. The dynamic conductance fit for the modified Al,@-SAMs—Pb  FIG. 8. The dynamic conductance fit for the modified Al,@J—SAMs—Pb
tunnel junction exposed to SAMs for 10 min using elastic and inelastictunnel junction exposed to SAMs for 60 min using elastic and inelastic
tunneling components. tunneling components.

barrier heights obtained for Al and Pb were 0.21 and 7.08 Vdue to asymmetric barrier effects. The inelastic tunneling
respectively. The average barrier height was calculated asonductance contribution started to increase due to intro-
3.65 V. The conductance minimum was shifted from 0 toduced SAMs in the Al-oxide barrier. The inelastic tunneling
406 mV due to asymmetric barrier effects. There is a smaltatio was found ag=0.334, which is six times that of the
inelastic tunneling conductance found due to possible hydroelean Al-oxide tunnel barrier in Fig. 5. The saturation effect
carbon contaminations coming from the oil diffusion pumpat 170 mV of inelastic tunneling is more pronounced in the
during the junction fabrication, but the ratio of inelastic tun- 10 min exposed Al-oxide tunnel barrier conductance.
neling to elastic tunneling was found to jge=0.055, which Figure 7 shows the data analysis for the tunneling con-
is quite low. ductance versus voltage for modified Al-oxide barriers ex-
Figure 6 shows the data analysis for a representativposed to SAMs for 20 min. The barrier thickness was found
tunneling conductance versus bias voltage for the modifietb be 11.37 A for the 20 min sample. The barrier heights for
Al—oxide barrier exposed to the OTMS molecules for 10Al and Pb were 0.62 and 1.14 V, respectively. The average
min. Using the same method as described before, the barriéarrier height was calculated as 1.04 V. The conductance
thickness was found to be 9.36 A for the 10 min sample. Theninimum was found at 120 mV. The inelastic tunneling ratio
barrier heights for Al and Pb were obtained as 0.53 and 3.4increased tg3=1.18.
V, respectively. The average barrier height was calculated as The data analysis for the tunneling conductance versus
1.98 V. The minimum point was shifted from 0 to 155 mV bias voltage for the modified Al-oxide barrier exposed to the
OTMS molecules for 60 min is given in Fig. 8. The barrier

160 T T A T L T T 1
20 min * G (data)

140
120

)

100

(o]

m

80

G (kS/

60
40
20

0

-800 -600 -400 -200 0 200 400 600 800
V (mV) -600 -400 -200 O 200 400 600
V (mV)
FIG. 7. The dynamic conductance fit for the modified Al,@J—SAMs—Pb

tunnel junction exposed to SAMs for 20 min using elastic and inelasticFIG. 9. The inferred inelastic conductance data comparison for clean and
tunneling components. modified Al-AlL,O;—SAMs—Pb tunnel junctions. Dashed lines are fits.
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TABLE |. dI/dV analysis of clean and modified &) tunnel barriers. po|arity it loses energy before tunne”ng_ The tunne“ng prob-
ability is proportional to energy. Thus as a consequence of
spatial location of the interaction potential, the transmission
0A 7.77 0.033 403 1.99 74.0 0.087 probability for inelastic tunneling electron becomes asym-
0B 7.09 0.48 254 150 71.0 0.098  metric when the tunneling direction is reversed and a greater
oc 710 043 27 160 570 0129 ineastic tunneling current and conductance with the Pb elec-

sample d(A) $i(V) 4oV) #(V) GokSim) B

clean oD 714 034 283 159 56.0 0120~ it ted
0OE 707 022 272 147 820 0.120 !rode posilive are expected. _ o
OF 725 0.32 2.45 1.39 80.0 0.110 What is also evident in Fig. 9 is that the characteristic
0G 572 0.17 725 371 132 0.070 saturation voltag®/ is essentially the same for all junctions,

10A 917 045 318 166 24.0 0.230 mcludlng_those W|th(_)ut any SAM; layer. This argues against
10B 966 030 215 1.20 63.0 0.200 @ny exotic explanations of the linear conductance channel
10 min  10C 8.58 0.39 323 181 36.0 0.238 such as the Coulomb correlation gap or those proposed for
10D 936 053 341 198 23.0 0.334 high T, superconductor junctiord.Instead, the data suggest
10 889 031 320 175 230 0.302  that within the framework of continuum inelastic tunneling,
20A 1147 025 175  1.06 20.0 1.370 the excitations responsible for this channel exist in the bar-
20B 11.79 0.53 132 092 23.0 1.220 rier itself. One possibility is that the excitations are phonons
. 20C 1320 035 101  0.69 28.0 1570 associated with the Al oxide which, in the case of®y,
20min 20D 1090 020 202 111 21.0 1400 ayist out to 120 meV. It is not unreasonable to imagine that
20E 1137 062 141 104 22.0 1180 I h Al—oxide barri& th h
20F 1373 034 094 064 23.0 1980 for a nearly amorphous Al-oxide barrier,” these phonon
modes would broaden out to higher energies and would ex-

28@ E-gz g-gg ;22 i-ig %igg iég hibit a flat density of modes that would result in the linear
60c 1332 028 533 130 0447 o3¢ Increasein conductance obseryed_. In this picture, the SAMS

60 min 60D 1213 045 282 163 0.418  1.50 molecyle simply acts as an activation center for the inelastic
60E  13.10 0.24 214 119 1142 271 tunneling channel and the more molecules present on the
60F 1235 029 230 1.30 1595 249 oxide the greater the contribution from inelastic tunneling.
60G 1343 017 230 120 0712 265

Organic molecules typically have large dipole moments,
which according to inelastic tunneling theory, increase the
probability of an inelastic tunneling chanrf@IThis picture is

thickness increased to 13.43 A for the 60 min sample. Th&ISO reasonable one to explain the small but non-negligible
barrier heights for Al and Pb were obtained as 0.17 and 2.3#€lastic channel in the clean junctions. Here, organic mol-
V, respectively. The average barrier height was calculated #&Sules from contaminants in the vacuum systeaughing
1.2 V. The minimum conductance was found at 95 myand diffusion pump oilswould act in the same way as the
showing a lower asymmetry. The inelastic tunneling ratio©TMS molecule. o _ _
increased tg8=2.65. Again, the saturation effect at 170 my _ The results from the junction analysis are shown in
of inelastic tunneling is well pronounced. The superconduct- @PI€ |- In general, there is an increase in the barrier thick-
ing Pb feature is barely visible. nessd and pgramgteﬁ Wlth increasing exposure time. The
The normalized inelastic tunneling conductances for thé?Verage barrier thickness increases from aigod for clean
clean and modified Al—oxide barriers shown in Fig. 9 werelunctions to about 13 A for the 60 min exposure. The plots of
obtained by subtracting the calculated elastic tunneling cord @nd/3 versus exposure are shown in Fig. 10 and they indi-
ductance term given in E@L) from the original conductance cate that saturation of these parameter values has taken place
data. The inferred inelastic tunneling conductance shows
asymmetry with bias polarity. The inferred inelastic tunnel-
ing conductance with Pb positive bias is greater than that
with Al positive bias in the modified Al-oxide tunnel junc-
tions. Our simple tant|/V,) approximation for inelastic 2 r
tunneling conductance explains the linear increasing back-
ground and saturation at 170 mV, but it fails in explaining
the asymmetry with reverse polarity, since tguiiy,) is a
symmetric function. Similar asymmetries were reported in
several other inelastic tunneling experimefftén these ex-
periments, however, the inelastic tunneling conductance was
calculated finding the area under the peakslidV? cor- 6
responding the excitations in the barrier region. The peak
intensities due to phonon excitation with the Pb electrode 4
positive are always much greater than with the Al counter- 0 10 20 30 40 50 60 70
electrode positivé® The (+) bias asymmetry in the inelastic t (min)
tunneling intensity arises when the mo.lecmes are plac_eglG. 10. The average barrier thickness vs exposure fiafe hand sidé
closer to one electrode than to the other since for one polaritype inejastic tunneling conductance rafiovs exposure timeright hand
the electron loses energy after tunneling and for the otheside. The lines are quides to the eye obtained by an interpolation routine.
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