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Al-AlO,-Pb junctions prepared for inelastic-electron-tunneling spectroscopy (IETS) have
been studied as a function of OH structure associated with the AlO, barrier. The charged
OH structure has been modified by cooling and roughening the substrate and by varying
the exposure to H,O during fabrication. A model barrier calculation using a WKB approx-
imation for the tunneling current and a computer fitting procedure for obtaining a fit to the
experimental I-V curves has allowed quantitative comparison of the barrier parameters re-
sulting from the different preparation procedures. In all cases the AlO, barrier asymmetry
is dominated by the charged OH structure and the polarizable dipole layer associated with
this interface structure. Cooling the substrate or roughening the substrate during prepara-
tion enhances the OH mode structure and reduces the barrier asymmetry by several elec-
tron volts from that observed for standard room-temperature preparation of smooth junc-
tions. Exposure of rough substrates to water vapor can completely reverse the barrier
asymmetry. The contribution of the OH groups can be modeled as a dipole layer contribut-
ing a high, thin barrier near the second electrode. A two-barrier model can be used to fit
the elastic-tunneling data quite well. For doped junctions used for molecular-vibrational-
mode analysis an enhanced OH structure contributed by the barrier generally produces a
strong reduction of vibrational-mode intensity. A sharp, well-defined dipole layer appears
to enhance the IET spectrum, possibly through the presence of a high, thin barrier as well
as through the detailed polarization properties of the barrier. Additional OH adsorption
reduces and disorders this barrier, leading to less electron-phonon coupling in the excitation
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of IETS modes.

I. INTRODUCTION

The use of inelastic-electron-tunneling spectros-
copy (IETS) to study the vibrational spectra of mol-
ecules has been expanded to cover a wide range of
applications! 3 and is a particularly sensitive tech-
nique for studying molecules adsorbed at interfaces.
A critical component in this technique is the forma-
tion of a suitable tunneling barrier on which the
molecules to be studied are either chemisorbed or
physisorbed. In the majority of the IETS applica-
tions so far reported, this barrier has been AlO,
formed on an evaporated Al film serving as one of
the electrodes in the tunnel junction. The structure
and surface state of this oxide can have a significant
effect on the resulting IET spectra and a complete
characterization of the oxide-barrier effects on IET
spectra is essential for development of the IETS
technique.

In this paper we report the results of experiments
which modify the detailed behavior of the AlO,
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barrier and analyze the effects on both the elastic-
and inelastic-tunneling characteristics of the IETS
junctions prepared with AlO, barriers. Major ef-
fects on the barrier shape and height and on the
inelastic-mode intensity have been observed for dif-
ferent preparation procedures carried out during the
barrier fabrication.

AlO, barriers formed by both thermal oxidation
and plasma-discharge oxidation have been studied.
The amount of H,O present during the oxidation
procedure can modify the junction behavior and has
been found to depend on such factors as the tem-
perature of the doped substrate during deposition of
the top electrode and on the roughness of the bar-
rier surface. Some of these modifications are rever-
sible, while others are not. The detailed behavior is
very sensitive to the charge structure at the barrier-
electrode interface and has been correlated with the
effective-barrier heights by fitting the measured I-
vs-V characteristics to a WKB expression for the
elastic-tunneling current.
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II. EXPERIMENTAL TECHNIQUES

The Al-AlO,-Pb junctions were fabricated in an
oil-diffusion-pumped vacuum system using the fol-
lowing sequence of steps. Five thin-film aluminum
strips (~2000-A thick) were evaporated from a
resistively heated tungsten coil onto a precleaned
glass microscope slide at a vacuum of 10~® Torr.
The thermal-oxide barriers were formed by admit-
ting room air at room temperature. The plasma-
discharge barriers were produced by plasma
discharge in ~20 mTorr of O, at 750 V and 20 mA
for 1—5 min. For undoped junctions the vacuum
system was immediately repumped to 10~% Torr
and the overlaid Pb strip evaporated from a
molybdenum boat. In the case of doped junctions
the slide was transferred from the vacuum system
to a laminar flow hood and doped using liquid-
phase doping as initially described by Hansma and
Coleman.* The doped AlO, substrate was then re-
turned to the vacuum chamber and repumped to
1078 Torr followed by evaporation of the lead cross
strip.

Dopant solutions were prepared beforehand using
triply distilled water or ethanol as solvents. Solu-
tion concentrations varied from 0.02 to 5 mg/ml in
order to adjust the coverage to give the desired junc-
tion resistance in the range 100—3000 Q. The
chemicals and solvents were to spectrograde purity
and were obtained from the Aldrich, Eastman, and
Calbiochem chemical companies.

For the junctions prepared using cooled sub-
strates the glass slides and masks were mounted
directly on a liquid-nitrogen-cooled copper block.
The temperature of the substrate was monitored us-
ing a copper-constantan thermocouple in direct con-
tact with the aluminum electrodes.

The rough substrates were prepared by first eva-
porating a thin film of CaF, over the microscope
slide. The junction preparation was then carried
out with the same sequence as described above. The
CaF, films were more than 900-A thick and, ac-
cording to data from Endriz and Spicer’ and Ben-
nett et al.,® the aluminum films evaporated onto the
CaF, films will have an atomic scale roughness of
20—40 A. This should create an AlO, barrier with
a surface roughness on the same order as the aver-
age thickness of the barrier, which is estimated to
be (10—20)-A thick.

For junction preparation in which excess water
vapor was used, the water vapor was evaporated
directly into the vacuum-preparation chamber from
a glass chamber containing liquid H,O.
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The I-vs-¥ curve obtained from the junction is a
sum of the elastic- and inelastic-tunneling contribu-
tions to the current. Owing to the very small rela-
tive component of inelastic current (~1%), the
measurements of interest include dV/dI vs V and
d2V/dI?* vs V, as well as I vs V. Measurements
were made by incorporating the junction into a
bridge circuit developed after Adler et al.” A 500-
Hz ac modulation voltage with an amplitude of
1—3 mV peak to peak was applied to the junction
and the first- and second-derivative curves were
then recorded directly using conventional harmonic
detection with a lock-in amplifier. The resolution
of the second-derivative plot, or tunneling spec-
trum, is on the order of 8 cm™!. The I-vs-V curve
was recorded by placing a resistor in series with the
junction to obtain a voltage proportional to the
current and by measuring the voltage applied
directly to the junction. The data were all taken at
4.2 K with the Pb electrode superconducting. The
IET spectra have been shifted by ~8 cm™! to ac-
count for the superconducting gap.

The computer fits to the I-vs-V curves were ob-
tained using a modification of the expression given
by Brinkman et al.® using the WKB approximation
and assuming perfectly sharp boundaries between
electrodes and insulator. The detailed barrier
models and current expression are discussed in Sec.
IV A. Computer programs have been developed for

the CDC Cyber-176 and DEC PDP 11/34 comput-
er systems and fits to the I-vs-V curves have been

made for the range O to +1 V. Further details of
the barrier modeling procedure can be found in the
article by Korman et al.’

All intensity comparisons between IET spectra
have been made using spectra recorded at the same
modulation voltage and using the same sensitivity
settings on the bridge electronics and lock-in am-
plifier. The intensity units have not been calibrated,
but the same magnitude of intensity unit has been
used for all spectra.

III. EXPERIMENTAL RESULTS
A. Standard AlO, barriers

IETS junctions prepared in high-purity vacuum
systems without doping show inelastic-vibrational-
mode structure arising from the oxide. In both the
thermal- and plasma-discharge oxides prepared at
room temperature under normal vacuum condi-
tions, the most prominent mode is an intense broad
mode at 117 meV attributed to the AlO, phonon



26 EFFECTS OF BARRIER PREPARATION ON INELASTIC. .. 5335

r g Al - AlOx - Pb .
- g THERMAL OXIDE |
X
- g a. -
<
L 2 4
o Z
- = .
3 3 l
L 5 3 L i
>
333 §3 -
EEE oc
L EEF i
8= s
—~r / [NA 4
[%2]
’é" \ -190°C 4
oF E 4
> Z‘; ® B
I z 2 F3
L z 2 i
x 2z I
t'_ S a .
@ h <«
xl a z E
<< a E
S E 3 '—e; i
— | (]
3 ERE SE )l
x
- o 4
“lz87 8%
i r l [ -

22°¢

T
— Al PHONON
— (OH BEND)

L L L L L
0 800 1600 2400 3200 4000 m -1

717 11

0 01 ©2 t Cc4 05

ENERGY (eV)

FIG. 1. Undoped Al-AlO,-Pb junctions prepared with

thermal oxide barriers; upper curve—oxide substrate

cooled to — 190°C before evaporation of the Pb electrode;

lower curve—Pb electrode evaporated at room tempera-

ture (22°C). OH stretching mode is downshifted by 120
cm~! when the substrate is cooled.

modes. Examples of this dominant mode are shown
in the lower spectra of Figs. 1 and 3, and are
recorded from junctions having barriers prepared by
thermal and plasma oxidation, respectively.

Additional inelastic-mode structure is assigned to
surface OH groups associated with the active sites
of the aluminum-oxide barrier. These groups con-
tribute a fairly strong OH-strectching mode nor-
mally located at ~454 meV (3660 cm™!). The ex-
treme broadness of this mode can be attributed to
the existence of different active sites on the AlO,
surface and to hydrogen bonding of closely spaced
surface OH groups. The OH groups also contribute
bending modes at 75 and 90 meV. For barriers
prepared under standard conditions, the bending
modes usually appear as very weak shoulders on the
lower side of the intense alumina phonon mode at
117 meV.

B. Modified AlO, barriers

The inelastic structure contributed by the surface
OH groups can be modified by using a number of
different barrier-preparation procedures. One of
these is the addition of excess H,O vapor during the
oxidation step. This can be done by adding H,O
directly to the vacuum system during plasma oxida-
tion' or by cooling the substrate to —190°C after
thermal oxidation and before deposition of the Pb
electrode. Examples are shown in Fig. 2. In either
case, the OH bending and stretching modes show a
strongly enhanced intensity. The OH bending
modes at 75 and 90 meV become well resolved and
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FIG. 2. Comparison of undoped junctions with bar-
riers prepared by plasma discharge in 20 mTorr of H,O
(upper curve), and by thermal oxidation with the sub-
strate cooled to —190°C (lower curve). In both cases, the
OH bending modes at 75 and 90 meV are enhanced.
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FIG. 3. OH-mode structure observed on junction
prepared with a substrate roughened with an underlying
CaF, film (upper curve). Compared to the standard
plasma-discharge barrier (lower curve) prepared on a
smooth substrate, the OH bending modes are enhanced
and the OH stretching mode is downshifted.

show an integrated intensity comparable to that of
the alumina phonon mode at 117 meV.

In the case of substrates cooled to —190°C, the
OH stretching mode also shows a downshift in en-
ergy of 14 meV from 454 to 440 meV. The OH
mode changes induced by cooling the sub-
strate are irreversible after evaporation of the Pb
electrode. However, reheating the thermal oxide to
room temperature before evaporation of the Pb elec-
trode completely reverses the enhancement and en-
ergy downshfit of the OH-mode structure. This
modification of OH vibrational modes by substrate
cooling can also have a strong effect on the mode
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FIG. 4. Comparison of energies observed for OH
stretching mode for junctions prepared under various
conditions. Energy varies from 454 meV for the room-
temperature thermal oxide to 438 meV for the substrate
doped with p-chlorobenzoic acid and cooled to —115°C.

intensity of doped IETS junctions and this will be
discussed in Sec. III C.

The OH enhancement produced by plasma
discharge in H,O is relatively insensitive to tem-
perature unless the substrate is heated to above
150°C during discharge. Bowser and Weinberg'®
showed that above 150°C dehydroxylation of the
barrier occurs and that the OH-mode structure re-
turns to that observed for the standard barrier.

The OH-mode structure of the AlO, barrier can
also be modified by roughening the underlying
aluminum electrode before preparation of the oxide
barrier. This can be accomplished by first evaporat-
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ing a thin film of CaF, on the glass substrate before
evaporation of the aluminum base electrode. As the
CaF, film is made thicker, the overlaid aluminum
film has been shown to become substantially
rougher.>$

Subsequent thermal oxidation in air of the Al
film roughened in this way produces a barrier with
a large enhancement of the OH-mode structure, as
shown in the upper curve of Fig. 3. The OH bend-
ing modes at 76 and 90 meV completely dominate
over the alumina phonon mode intensity at 117
meV. The OH stretching mode is also enhanced
and downshifted by ~9 meV (72 cm~!). Figure 4
shows a detailed comparison of the OH-stretching-
mode energies and intensities observed for the dif-
ferent preparation procedures. For doped junctions,
this modified barrier structure produces a substan-
tial reduction of the IETS-mode intensity, as dis-
cussed in the next section (Sec. IIIC). In addition,
barriers produced from roughened substrates can
also show time-dependent changes in the effective-
barrier parameters. A model calculation is used to
analyze these changes and will be discussed in Sec.
Iv.

C. Substrate effects on mode intensity
1. Cooled substrates

In the case of doped substrates cooled to below
—100°C, the mode intensity for molecular vibra-
tions can be substantially reduced while the OH
structure is enhanced. An example of this is shown
for p-chlorobenzoic acid in Fig. 5, which compares
spectra from two junctions, one cooled to —115° C
before evaporation of the Pb electrode and the other
completely fabricated at room temperature. The in-
tensities have been compared at the same level of
modulation voltage on each junction while using the
same sensitivity setting on the bridge and lock-in
amplifier. All of the intensity comparisons cited in
this paper have been made under the above condi-
tions.

For the cooled substrate, the broad modes associ-
ated with the OH bending vibrations below 100
meV are enhanced while the superimposed-ring-
mode intensities in the same range are substantially
reduced. The OH-stretching-mode intensity is also
greatly enhanced as well as downshifted in energy
by ~140 cm™! (16 meV). The effect of the sub-
strate cooling on the vibrational-mode intensity of
the dopant molecule is completely reversible if the
substrate is reheated before evaporation of the Pb

electrode. Evaporation of the Pb electrode stops
any further effects of the temperature cycling.

The degree of spectral modification induced by
substrate cooling is dependent on the molecular sur-
face coverage as well as on the type of dopant mole-
cule. For p-chlorobenzoic acid the cooled substrate
effect is eliminated at higher surface coverages, as
measured by junction resistance. This is demon-
strated for the series of spectra shown in Fig. 6, all
prepared with the doped substrates cooled to
—190°C. Mode reduction and enhanced OH struc-
ture are observed at low resistance, while these ef-
fects are progressively reduced as junction resis-
tance increases. The region of enhanced OH-
bending-mode intensity is indicated by the dashed
lines in Fig. 6.
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FIG. 5. IET spectra of p-chlorobenzoic acid obtained
from Al-AlO,-Pb junctions; lower curve—Pb electrode
evaporated with substrate at 22°C; upper curve—Pb eva-
porated with substrate at —115°C.
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FIG. 6. IET spectra of p-chlorobenzoic acid obtained
with substrate cooled to —190°C before evaporation of
the Pb electrode. The three curves show progressively
greater surface coverage corresponding to junction resis-
‘tances of 810, 1670, and 2760 Q. Enhancement of the
OH bending modes (dashed lines) and the dowhshift of
the OH stretching mode become progressively less at
high surface coverage.

p-chlorobenzoic acid is a single aromatic ring
with a COOH side group that reacts with the AlO,
surface to form a CO, ™ bidentate structure bonded
to the AI** ions. The active sites of the AlO, sur-
face involve coordinated OH groups, and as surface
coverage and junction resistance increase more and
more of these sites involve an adsorbed molecule.
The intensity of the IET modes has been shown to
rise nonlinearly with surface concentration until a
partial saturation of intensity is reached near a cov-
erage equivalent to one monolayer.!! Figure 7 com-
pares the intensities as a function of junction resis-
tance observed for junctions prepared with room-
temperature substrates and with substrates cooled to
—190°C. On the log-log plot of Fig. 7 the cooled
substrates show a significantly greater slope, but ex-
hibit much lower relative intensities until very high
resistances are obtained. The functional relation-
ship between surface coverage and resistance has

not been established, but the data clearly confirm
the strong intensity reduction induced by substrate
cooling at lower coverages. Data on the strong C-C
stretching mode of p-chlorobenzoic acid has been
used for the data in Fig. 7.

2. Rough substrates.

A substantial reducton of IETS-mode intensity is
also observed for junctions prepared on substrates
roughened with CaF, films. The correlated
enhancement of OH structure has already been out-
lined in Sec. IIIB. Figure 8 compares IET spectra
obtained on rough versus smooth AlO, substrates
doped with p-chlorobenzoic acid. The same
voltage-modulation level has been used to record
both spectra giving rise to an intensity reduction by
a factor of 7 for the rough substrate versus smooth.

The modifications produced in the IET spectra
by substrate cooling or roughening are very similar
except that the cooling is a completely reversible

105 T |||n||| T |u||ll|| T T T 11Tt

p- CHLOROBENZOIC ACID
C-C STRETCH (1597 cm™)

X THERMAL OXIDE
A PLASMA OXIDE in Op
A PLASMA OXIDE in H20

T T 7T

T
1411

S
>
T llllrl_”

Lol

® COOLED TO -190°C

T

S
o

T
>>

|

o
N

T
|

PEAK HEIGHT (ARBITRARY UNITS)

X [ )
A °
X
SLOPE =19
[ ]
\ A /‘
A

y
/x /\\SLOPE =24

10 102 103 104
RESISTANCE (Q)

FIG. 7. Plots of peak height vs junction resistance for
the C-C stretching mode of p-chlorobenzoic acid doped
on AlO, for substrates at 22°C and cooled to —190°C
before evaporation of the Pb electrode. Data have been
taken from junctions run at the same modulation voltage
and bridge sensitivity or, in a few cases, the spectra have
been normalized after recording.

UELELERLLY |

ol




26 EFFECTS OF BARRIER PREPARATION ON INELASTIC. .. 5339

L
Al - AlOy -
r p-CHLOROBENZOIC - Pb T

(450 meV)

T T
\ — 3662 cm”!
1 1 1

— 3581 cm™!

-d®v/d1® (ARBITRARY UNITS)
T T T
(444 meV)
1 1 1

T

-

OH STR. %—?
.

I L
I MMWWJ ™

- CaFp -Al - AlOy - .
- p-CHLOROBENZOIC-Pb T
T T | T I T ] T T
800 1600 2400 3200 4OOO(Cm,|)
L e e e TR
(0] Cl c2 [ c4 0.5
ENERGY (eV)

0
¥

FIG. 8. IET spectra of p-chlorobenzoic acid obtained
from doped Al-AlO,-Pb junctions with smooth substrate
(upper curve) and with rough substrate (lower curve).
Substrate was roughened by first evaporating a thin film
of CaF, before evaporation of the Al

10%0 T T T T T T
r RESISTANCE vs TIME
CaF, - Al - AIO, -Pb 7

ol
.
L

'
i
Ll

RESISTANCE (Q)
)
[

\

PUMP DOWN
TO HIGH VACUUM

VENTED TO
6 ATMOSPHERE
HOURS

L

VENTED TO
ATMOSPHERE

102 e,
O 20 40 60 O 20 40 60

t (min)

FIG. 9. Resistance of Al-AlO,-Pb junction prepared
on CaF, as a function of time of exposure to air and wa-
ter vapor at atmospheric pressure followed by reevacua-
tion to 10~° Torr for 16 h and reexposure to room atmo-
sphere.

process while the roughening is a permanent
preparation step and the effects produced by further
exposure to H,O are only partially reversible. Both
are strongly correlated with changes in the OH
mode structure of the junction.

The junctions prepared with rough substrates
show a time-dependent resistance change when ex-
posed to air and water vapor, as shown in Fig. 9 for
an undoped junction with a barrier prepared by
thermal oxidation. An initial rapid rise in resis-
tance is observed, a fraction of which is reversible if
the junction is subsequently pumped to high vacu-
um again. After thermal oxidation, the experiment
used to obtain the results in Fig. 9 was carried out
entirely within.the vacuum system and the resis-
tances were monitored continuously.

If the rough substrate is removed and liquid
doped before completion of the junction, time-
dependent resistance changes are also observed upon
subsequent exposure to air and water vapor. The
background curvature of the d*V /dI*-vs-V curve
also changes upon exposure to air and water vapor
and shows a strong downward curvature at high
bias. This is characteristic of a decreasing barrier
height and is confirmed in model calculations, to be
discussed in Sec. IV. In addition, the barrier calcu-
lations show that sufficient uptake of water vapor
can completely reverse the initial barrier asym-
metry. The resistance rise is correlated with the
time-dependent changes in barrier parameters, to be
discussed in Sec. IV.

IV. DISCUSSION

Water vapor is generally present in all high-
vacuum systems unless very special procedures are

used to eliminate it. Water adsorption on a fresh
aluminum surface has been observed to lower the
aluminum work function by about 1 eV.!? This
lowering is observed on both fresh aluminum or on
aluminum first exposed to oxygen. The work-
function results are consistent with a hydrogen out-
ward orientation of either H,O or OH radicals to
produce a polar sheet on the initial monolayer of
oxide. Further thickening of the oxide in the pres-
ence of water vapor can be expected to induce a po-
lar structure of OH radicals that can substantially
effect the electron affinity of the barrier. The main
differences in the tunneling characteristics reported
in the present experiments are connected with varia-
tions in the OH or H,O structure and its effect on
the barrier parameters of the tunnel junction.
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A. TRAPSQR barrier

The changes in overall barrier characteristics
have been monitored using a model calculation
based on a trapezoidal barrier of heights ®; and &,
and thickness d representing the oxide, and a square
barrier of height ®; and thickness S representing
the dopant (TRAPSQR). The barrier heights and
thicknesses have been calculated by fitting the ex-
perimental I-vs-V curves to a modified WKB ap-

. 4wme Em V8m pd+s
j= PE fo exp 7 Jo [®(x,V)—

where m is the mass of the electron, e is the charge
of the electron, #i=h /2w, where h is Planck’s con-
stant, x is the distance into the barrier, E is the total
energy of the electron equal to E, +E,, E, is the
energy component in the x direction, and E, is the
component perpendicular to x. ¥V 'is the bias voltage
applied to the junction, ®(x,¥) is the barrier height
as a function of x and V, and E,, is the maximum
energy of the electron in the x direction. Further
detail on the calculation as applied to the
TRAPSQR barrier (model with one trapezoidal
component side by side with a square one) can be
found in Ref. 9. A similar model calculation has
been carried out by Floyd and Walmsley.!? In the
case of undoped barriers, only the three parameters,
®,, ®,, and d have initially been used for the
model calculation. However, the polarizable dipole
layer due to charged-OH groups can be modeled us-
ing the TRAPSQR model and will be discussed in
Sec. IV.

The barrier parameters obtained for the standard

E,]"%dx |dE, [ "[f(E

proximation for the tunneling current expressed as
an integral of electron energy through the barrier.
A least-squares computer program has been used to
fit the experimental I-vs-V data over the range —1
to 1 V. The resulting barriers show systematic vari-
ations depending on the preparation treatment and
type of doping molecule. The expression used for
the current calculation is given in the following
equation:

—f(E +eWdE, , 5

f

junctions prepared at room temperature without the
specific addition of water vapor are listed in Table
I. The thermal-oxide barrier shows a greater asym-
metry than the plasma oxide, with barrier heights of
1.8 and 7.7 eV for thermal oxide, versus 2.0 and 4. 9
eV for the plasma oxide. Both types of barriers in-
dicate an electron affinity dominated by the
charged-OH structure, since the trapezoidal barriers
are reversed from those expected from the work
functions of the pure metals alone (Al=4.2 eV,
Pb=4.0 eV). The reduction of the Al work func-
tion by H,O and OH, as reported in Ref. 12, will
contribute to such a change, but the degree of re-
versed asymmetry suggests a combination of re-
duced Al work function and specific variations of
the charged-OH structure in the oxide and at the
oxide-Pb interface.

B. Barrier parameter modification

In the case of undoped thermally oxidized AlO,
barriers, the asymmetry is reduced by ~2—-3 eV

TABLE 1. Calculated barrier parameters for room- -temperature and cooled Al-AlO,-Pb

junctions.
b &2 d Ad
Ocxide preparation (eV) (eV) (A) (eV)
Smooth thermal
oxide at 22°C 1.8 7.7 10.9 5.9
Smooth thermal
oxide plus H,O at 22°C 0.7 8.4 10.6 7.7
Smooth thermal
oxide plus H,O at —190°C 1.8 6.7 10.5 4.9
Smooth thermal
oxide plus D,0 at 22°C 0.4 9.6 10.3 9.2
Smooth thermal
oxide plus D,O at —190°C 0.8 7.9 10.7 7.1
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FIG. 10. Barriers of undoped Al-AlO,-Pb junctions calculated using the TRAPSQR barrier model. Barriers were ex-
posed to H,O and D,0 vapor after thermal oxidation. Barriers on the left were calculated from I-vs-V curves of junctions
with substrates held at —190°C during Pb evaporations. Barriers on the right were calculated from I-vs-V curves with

substrates at room temperature during Pb evaporation.

upon cooling the substrate to —190°C and eva-
porating the Pb electrode. This effect is small
within the context of the TRAPSQR model, but is
reversible if the substrate is cycled back to room
temperature before evaporation of the lead elec-
trode. The relative comparison of barrier parame-
ters for —190°C and room temperature is shown in
Fig. 10 and Table I for substrates in the presence of
H,0 vapor and D,0 vapor. The asymmetry is re-
duced by 2.8 and 2.1 eV, respectively, upon cooling
the substrate to —190°C.

In the case of AlO, barriers roughened by CaF,
films, the effect of H,O uptake on barrier parame-
ters is more extreme. For undoped barriers mea-
sured immediately after removal from the vacuum

TABLE II. Calculated barrier parameters for tunnel
junctions roughened with CaF, and prepared at room
temperature.

& &2 d
Junction and preparation (eV) (eV) (A)
CaF, plus Al-AlO,-Pb 3.6 6.0 9.7

CaF, plus Al-AlO,-Pb plus 6.4 3.8 10.2
air and HO~5 min
CaF, plus Al-AlO,-Ag 2.6 39 12.0
CaF, plus Al-AlO,-Ag plus 5.2 3.9 10.4
air and HO~5 min

system, a reduction in barrier asymmetry of several
electron volts from that of smooth undoped barriers
is observed but the asymmetry is still characterized
by ®,>®,. Further exposure of the rough sub-
strate junction to air and water vapor completely
reverses the asymmetry of the barrier with @, > ®,.
These results are listed in Table II and diagrammed
in Fig. 11 for both Pb and Ag overlaid electrodes.
This change of barrier asymmetry upon exposure to
air and water vapor is a reversible phenomenon in
that placing the junction in a vacuum system and
repumping will restore the barrier asymmetry to
one with @, > ®;.

This reversible change in barrier asymmetry is
also observed for rough barrier junctions doped
with organic molecules and exposed to water vapor
and air, as diagrammed in Fig. 12 for junctions
doped with 5'-CMP (cytidine-5'-monophosphate).
In this case, the initial oxide barrier showed an
asymmetry with ®, 1.2 eV greater than ®; and an
effective organic barrier height of ®;=7.3 eV.
After further exposure to air and water vapor, P,
was calculated to be 0.7 eV less than ®; while ®;
was reduced to 5.0 eV. Vacuum pumpout for 12 h
restored the original direction of asymmetry with
®, 1.8 eV greater than @, and ®;=6.0 eV. The
exact division between the relative barrier heights of
the oxide and organic is dependent on the detailed
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convergence criteria for the computer fit; however
the overall changes in barrier asymmetry are clearly
established and the total barrier thickness remains
approximately the same for all three calculations.
The calculated parameters are listed in Table IIL.

C. Charged OH groups

The results of both the cooled-substrate and
rough-substrate experiments suggest a reversible ad-
sorption of water vapor at the interface of the junc-
tion. This adsorption of H,O enhances the IETS-
mode intensity of both the stretching and bending
modes of the OH bonds. In addition, the average
OH-stretching-mode energy downshifts by up to 16
meV (130 cm™!). The results suggest that, for the
junction barrier, a considerable modification of the
OH structure occurs for water adsorption at room
temperature or below.

For pure dried y-Al,03, infrared results place the
OH stretching modes in the wave-number range
3700—3800 cm~!. Peri'* assigned the various OH
configurations to five different bands within this
range, the high-wave-number band at ~3800 cm ™'
corresponding to an OH group with four oxide
nearest neighbors in the surface and the low-wave-
number band at ~3700 cm ™! to an OH group with
no oxide nearest neighbors, but only four exposed
five-coordinate A1’* ions. The other three OH con-
figurations were assigned to wave numbers between
3700—3800 cm ™.
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TABLE III. Calculated barrier parameters for CaF,-Al-AlO,-(5'-CMP)-Pb junctions.

é1

Junction preparation (eV)

P é3 d S
(eV) (eV) (A) (A)

Thermal oxidation at

22°C, exposure to air

~5 min 3.5
Thermal oxidation at

22°C exposure to air

~35 min—additional

exposure to air and

H,0, ~5 min 5.3
Thermal oxidation at

22°C, exposure to air w
~5 min—additional

exposure to air and

H,0, ~5 min. Repumped

at 10~® Torr for ~12 h 3.8

4.8 7.3 9.3 1.7

4.6 5.0 9.6 1.5

5.6 6.0 9.5 1.8

For Al-AlO,-Pb junctions prepared under stand-
ard vacuum conditions at room temperature, the
maximum of the broad OH stretching mode ap-
pears regularly near 454 meV (~3660 cm~!). For
alumina dried at 700°C and then exposed to flowing
wet nitrogen at 500 °C, the infrared studies show the
lowest band to be a broad band just below 3680
cm™! which is identified as due to closely spaced
hydrogen-bonded hydroxyl groups (see Fig. 13). In
the case of junctions, the overlaid lead electrode can
produce a further downshift due to image effects or
additional hydrogen bonding to the lead. We there-
fore conclude that the junction band observed with
a maximum at ~ 3600 cm ™! corresponds closely to
the infrared band reported above as a broad band
below 3680 cm ™! formed when dried alumina has
been reexposed to wet nitrogen.

In the case of infrared studies on alumina
predried at 800°C and then reexposed to water va-
por at room temperature, corresponding to a cover-
age of ~40%, Peri and Hannan'® observed that the
hydroxyl band at 3795 cm™! was replaced by a
band near 3500 cm~!. The formation of a similar
band for junction barriers cooled or roughened and
exposed to water vapor would account for the
downshift in the OH stretching band observed in
the present experiments. Peri and Hannan' also
suggest that the broad tails below the isolated hy-
droxyl bands are caused by vibrations of closely
spaced hydrogen-bonded hydroxyl .groups which
disappear when the alumina is dried.

Peri and Hannan'® also report that undried y-
alumina aerogel shows strong, broad infrared ad-
sorption bands near 3300 and 1650 cm~! due to the
stretching and deformation frequencies of molecu-

PARTIALLY HYDRATED SURFACE Q-
s

D/eg,

Al
d s | PP FermI LEVEL

POTENTIAL DISCONTINUITY DUE
TO DIPOLE LAYER

COMPLETELY HYDRATED SURFACE WITH
HYDROGEN BONDING

FIG. 13. Model of AlO, barrier. Upper diagram—
partially hydrated AlO, surface, middle diagram—
TRAPSQR barrier model representing oxide and polariz-
able dipole layer; lower diagram—completely hydrated
AlO, surface with adsorbed OH groups exhibiting hydro-
gen bonding.
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FIG. 14. TRAPSQR barrier models used to describe data from undoped junctions with dipole layers due to adsorbed
OH and OD groups. Barriers describe the same data as used for the single barriers shown in Fig. 10. Reduction in asym-
metry obtained by cooling the substrate is on the order of 2 eV for both models. Cooled substrate barriers are on the left

and room-temperature substrate barriers are on the right.

lar water. The IETS junctions fabricated with ei-
ther cooled or rough substrates do not show any
substantial mode intensities at these wave numbers
due to free-molecular water. As indicated in Fig. 4,
a band at 3300 cm ™! would lie in the tail of the
OH-mode intensity and a slight shoulder may be
present in some cases, but the IETS intensity is
dominated by the OH stretching band in all cases.
The band due to the deformation vibration of
molecular water at 1650 cm ™! is extremely close to
the double-bond modes of organic molecules which
all lie near 1600 cm~!. However, we have not ob-
served any substantial mode intensity for either
doped or undoped junctions that could be assigned

to the deformation mode of molecular water.

Hydroxyl groups involved in hydrogen bonding
are favorably situated for recombination and remo-
val from the surface as water. The tunnel junction
data all point toward an increase in the density of
such hydrogen-bonded hydroxyl groups due to cool-
ing or roughening of the substrate and exposure to
water vapor. A reasonable fraction of these are
then easily removed by reheating or vacuum pump-
ing.

D. Dipole-layer model

The oriented charged OH groups form a polariz-
able dipole layer near the oxide — Pb-electrode inter-

TABLE IV. Calculated barrier parameters for dipole model applied to Al-AlO,-Pb junc-
tions fabricated at room temperature and cooled to —190°C.

#1 2 ?s3 d S

Oxide preparation (eV) (eV) (eV) (A) (A)
Smooth thermal

oxide plus H,0O at —190°C 2.7 32 8.6 7.5 2.9
Smooth thermal

oxide plus H,O at 22°C 1.2 3.7 10.0 7.6 3.1
Smooth thermal

oxide plus D,O at —190°C 1.2 3.8 9.2 7.6 32
Smooth thermal

oxide plus D,O at 22°C 0.9 34 11.3 7.4 33




face. The barrier asymmetry derived from the
model calculations indicates that this charged di-
pole layer dominates the barrier asymmetry for
most of the AlO, barriers. The large changes in
barrier asymmetry generated by the addition of wa-

ter vapor can then be assigned to modifications of
charge density associated with this layer.!® The OH

groups located at the different possible surface sites
are calculated to have partial charges in the range
—0.5¢ to + 0.5e. For the standard oxide barrier
located between two metal electrodes, a dipole layer
with dipole density D will contribute a discontinuity
in potential of magnitude D /€, as shown in Fig. 13.
Assuming a surface coverage of ~20%, an average
charge of —0.5¢ and a charge separation of 2.0 A
between the OH™ group and the Al positive ion, the
value of D is calculated to be ~4x10~2' C/A.
The discontinuity in potential would therefore be on
the order of 5 V. This would contribute a positive
potential barrier near the interface with the second
electrode, which will in turn be terminated by the
Fermi level of the second electrode.

In terms of the TRAPSQR tunneling model this
will be equivalent to a high thin barrier, as shown in
Fig. 14. The single trapezoidal barrier of the un-
doped Al-AlO,-Pb junction can therefore be re-
placed by the two-barrier TRAPSQR model. The
calculated parameters are listed in Table IV and are
found to fit the I-vs-¥ data quite well with a con-
vergence equally as good as that obtained with a
single trapezoidal barrier.

The addition of water vapor and an increase in
the density of surface OH groups can be expected to
have two effects. The OH sites occupied at higher
coverage are surrounded by more oxide molecules'*
and have a less negative charge, which should lower
the vibrational frequency, as observed. Extensive
hydrogen bonding on close OH groups will also fur-
ther reduce the net negative charge on the OH layer.
Both of these effects will lower the effective value
of D and therefore lower the height of the associat-
ed barrier. This can account for the reduction of
barrier height due to cooling where a reasonably flat
oxide interface and associated ordered dipole layer
can be expected.

The reversal of the barrier asymmetry observed
for the rough barriers suggests a more complex dis-
tribution of OH groups. The roughness of the sur-
face is estimated to be on the same order as the
thickness of the barrier (20—40 A) and therefore
the geometry of the polarizable dipole regions will
be more disordered. In addition, intercalation of
water into the junction interface can be expected to
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effect the OH structure throughout most of the bar-
rier. The model calculations again indicate a reduc-
tion in the effective dipole-layer density, but the ex-
treme change in barrier asymmetry requires some
reversal as well as reduction of the charge configu-
ration contributing to the dipole layer.

The formation of a higher density of polarizable
groups around the adsorbed dopant molecules sub-
stantially reduces the IETS-mode intensity. The
IETS-mode intensity due to highly polarizable
bonds such as those in an aromatic ring seem to
couple strongly with the tunneling electron. Conse-
quently, the addition of polarizable OH groups in
near proximity to the adsorbed molecule might be
expected to compete for interaction with the tunnel-
ing electron. As shown for the high-resistance
smooth junctions doped with p-chlorobenzoic acid,
sufficient molecular coverage can block the intensi-
ty reduction and suggests that the active sites for
OH formation have been blocked if sufficient
molecular coverage is obtained. The rough oxides
appear to be too rough for sufficient molecular cov-
erage to stop additional OH formation, at least at
measurable tunneling resistances.

V. CONCLUSIONS

Variations in the conditions used for the prepara-
tion of aluminum-oxide tunnel barriers have been
shown to have dramatic effects on the tunnel bar-
rier heights and shapes. The variations include
cooling and roughening the substrate combined
with variations in the exposure to water vapor dur-
ing and after fabrication. Analysis of the inelastic-
electron-tunneling modes indicates that the majority
of the barrier modification can be assigned to
changes in the formation of charged-OH groups
during and after oxidation of the aluminum elec-
trode.

A model barrier calculation using a WKB ap-
proximation for the tunneling current and a
computer-fitting procedure for obtaining a fit to the
experimental I-vs-V curves has allowed quantitative
comparison of the barrier parameters resulting from
the different preparation procedures. In all cases
the AlO, barrier asymmetry is dominated by the
charged-OH structure and the polarizable dipole
layer associated with this structure. Cooling the
substrate or roughening the substrate enhances the
OH-mode structure and reduces the barrier asym-
metry from that observed for standard room-
temperature preparation of tunnel junctions using
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either thermal oxidation under ambient conditions
or plasma discharge in O,. Roughening the sub-
strate and extreme exposure to water vapor can
completely reverse the barrier asymmetry.

The contribution of the OH groups can be
modeled as a dipole layer which contributes a high
thin barrier near the second electrode. The comput-
er fit to a two-barrier model (TRAPSQR) fits the
data for undoped junctions quite well. The changes
in barrier asymmetry due to enhanced OH forma-
tion are accounted for by a reduction of the dipole-
moment density and changes in the dipole configu-
ration. An'increased density of OH groups can re-
sult in a net reduction in the effective charge due to
changes in the coordination to the oxide and alumi-
num ions and to hydrogen bonding of the close OH
groups. The results of the barrier calculations and
the energy shifts observed for the OH stretching vi-
bration are all consistent with this conclusion.

The effect of enhanced OH structure on the
doped junctions used for vibrational-mode analysis
is generally a strong reduction in molecular
vibrational-mode intensity. For smooth junctions
this intensity reduction can be blocked by high sur-

face coverage of the dopant, but for rough junctions
a strong intensity reduction is observed for all use-
ful ranges of molecular-surface coverage for IETS.

This change in IETS-mode intensity due to a
variation of the detailed OH structure of the AlO,
barrier establishes a close link between the barrier
structure and the quality of the IET spectrum. An
initial conclusion would be that the sharp, well-
defined dipole layer contributes to enhancing the
IETS spectrum, possibly through the presence of a
high, thin barrier as well as through the detailed po-
larization properties of the barrier.

These results suggest that further studies of the
barrier properties and their role in IET spectra
should be carried out. Barriers other than AlO,
should be more widely developed since most IETS
data to date has been obtained on AlO, barriers and
the present studies show that the IET spectra are
strongly correlated with the unique OH structure of
this oxide. High-temperature vacuum preparation
of AlO, barriers followed by doping without expo-
sure to water vapor would also be useful experi-
ments.
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