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We present x-ray photoelectron spectroscopy data that show that the chemisorbed oxygen previously ob-
served to be on the surface of thin AlOx layers formed by room temperature thermal oxidation is bound by
oxygen vacancies in the oxide. Increasing the electric field across the oxide, either by overcoating with a
metallic electrode, or by electron bombardment, drives this surface chemisorbed oxygen into the vacancy sites.
Due to the low bonding energies of these oxygen sites, subsequent oxygen exposures draw these O− ions back
to the surface, reforming chemisorbed O2

−. Al/AlO x/Al tunnel junctions incorporating electron-bombarded
AlOx barriers show a significant reduction in the low-frequency junction resistance noise level at 4.2 K.
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The use of aluminum oxidesAlOxd layers of nanometer
thickness formed by,300 K oxidation of aluminum thin
films has long been the most successful approach to the fab-
rication of high-performance metal-insulator-metal tunnel
junctions, originally for low-temperature superconducting
Josephson junctions1 sJJsd, and more recently for magnetic
tunnel junctions2 sMTJsd. The goals of reliably forming still
thinner barriers to achieve higher critical current densitiesJc
sfor JJsd and lower specific resistancessfor MTJsd, of pro-
ducing tunnel junctions with lower levels of 1/f noise for
sensor and quantum computing applications, and of forming
higher performance gate insulators for molecular electronics
studies3 have continued to focus attention on the objective of
obtaining a better understanding and improved control of the
oxide barrier layer. Recently a scanning tunneling and ballis-
tic electron emission microscopysSTM/BEEMd study4 of the
thermal oxidation of aluminum revealed that after oxidation,
a layer of oxygen remains on the surface of the oxide indefi-
nitely in ultrahigh vacuum in the form of nanoscale clusters
of chemisorbed O2

−, raising questions regarding the cause of
this chemisorbed oxygen and its effect on the resultant tunnel
barrier when overcoated by the counter electrode.

Here we report on an x-ray photoemission spectroscopy
sXPSd study of the thermal oxidation of Al, which extends
previous XPS studies5,6 and shows that this chemisorbed
oxygen is associated with and bound to the surface by O
vacancies in the oxide. Low-energy electron bombardment
can drive the chemisorbed oxygen into the oxide layer and
substantially stabilize it there but subsequent exposure to
oxygen ambient pulls some of this oxygen back to the sur-
face, demonstrating the low bonding energies of a portion of
the oxygen sites in the oxide. Depending on the relative work
functionF of the metal used, much of this chemisorbed oxy-
gen is also driven into the oxide layer upon overcoating by a
metallic counter electrode. These results yield insights into
the structure and electronic properties of thermally formed
AlOx layers and suggest pathways whereby thinner, more
stable, and potentially lower 1/f noise and higher electrical
resistance tunnel barriers and gate insulators might be pro-
duced.

The polycrystalline Al thin-film samples in this investiga-
tion were produced by thermal evaporation onto an oxidized

Si substrate in an ultrahigh vacuum environments,2
310−9 Torrd. The surfaces were initially oxidized through a
controlled time exposure to a reduced atmosphere of
99.998% pure, dry O2 and then transferred via a “vacuum
suitcase”s,2310−9 Torrd to an XPS system for analysis,
further controlled oxidation and processing. The oxygen ex-
posures employedsbetween 10−1 Torr s and 106 Torr sd
cover the range that produces NbuAl uAlOxuNb JJs,
whose critical current densityJc decreases, with increasing
exposure,1 from 105 to 102 A/cm2. The oxygen pressures
employed were 50–100 mTorr for the low doses
sø10 Torr sd and 0.5–1 Torr for the higher doses. As a thick
Al layer was deposited, none of the oxygen exposures com-
pletely oxidized the Al, as is the case with the standard Nb JJ
fabrication process. The XPS spectra were acquired using a
Surface Science Laboratories SSX-100 Spectrometer,7 with
the hemispherical pass energy kept at 25 eV.

Figure 1sadsid shows the Al 2p photoemission spectrum
from an Al film exposed to 5 mTorr s of O2. The effective
thicknesstef f of the oxide layer was determined from the
relative intensity of the metal and oxide signals, using the
standard value8 for the mean free pathsMFPd of an Al 2p
photoelectron ina-Al2O3 and a reduced aluminum oxide
density9 of 3.4 g/cm3. Figure 1sbdsid shows the correspond-
ing O 1s spectrum, which is broad and asymmetric. A flood-
gun electron bombardmentsFGEBd of the oxidized surface
provides information to properly fit this spectrum. Figures
1sadsii d and 1sbdsii d shows the changes that a 1-h FGEB, at a
bias voltage of 20 V and an electron current density of
,10 mA/cm2, effects on the O 1s XPS signal. The high-
binding energy portion of the signal is almost completely
removed, while there is a substantial increase in the intensity
of the low-binding energy component. This facilitates the
identification of the oxygen signal as consisting of a low-
binding energy component, centered at 532.6±0.1 eV, attrib-
utable to the oxide layer, and a component at 533.9±0.1 eV,
attributable to chemisorbed oxygen.

With these identifications, we determined bothtef f and the
stoichiometrysOoxide/Aloxide ratiod of a thermal oxide layer
as an Al sample received oxygen doses that cumulatively
cover the range from 0.5 to 106 Torr s. In Fig. 2 we showtef f
and the Ooxide/Aloxide ratio of one such layer as a function of
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oxygen doseDox, along with the Ochem intensity, normalized
to its value at 0.5 Torr s. Over this exposure range,tef f
~ log Dox, as in the classic model of the initial stage of
oxidation,10 before the rate of growth began to slow above
105 Torrs. The nominal Ooxide/Aloxide ratio during this
growth process remained in the range of 1.0 to 1.1. For
104–105 Torr s exposures, this ratio dropped significantly to
,0.8, far below the stoichiometric value of 1.5. We note here
that the Ooxide/Aloxide ratio was determined using the stan-

dard values8 MFPs of the O 1s and Al 2p photoelectrons in
a-Al2O3, and the O/Al intensity ratio from ana-Al2O3 ref-
erence sample. Since the MFP may be different in AlOx, this
stoichiometry measurement must be considered a relative
measurement, not an absolute determination. The amount of
chemisorbed oxygen Ochem remained constant for initial and
midrange exposuress104 Torr s and belowd, but then ap-
proximately doubled during the final high-dose exposures
sabove 104 Torr sd. Very similar results were obtained with a
number of samples.

From the XPS spectra we determined that a FGEB such as
that used to obtain the changes shown in Figs. 1sad and 1sbd
caused an increase in the effective thickness of the oxide
from 0.89 to 1.18 nm, as well as an increase in Ooxide/Aloxide
from 0.9±0.1 to 1.2±0.1. If the oxide was briefly exposed to
oxygen ambient, it reverted back to a more oxygen-deficient
form, with the reappearance of the chemisorbed peak, but
whose intensity is lower than before. This is shown in Fig.
1sbdsiii d.

In Fig. 3 the resultant oxide thickness and the
Ooxide/Aloxide ratio are plotted for a series of1-h, 20-Vflood-
gun bombardments and oxygen reexposuressthe first at
300 Torr s and the second at 104 Torr sd. Each bombardment
was nearly completely effective in eliminating the chemi-
sorbed oxygen component and in raising the oxide stoichi-
ometry to Ooxide/Aloxide 1.2, but each oxygen exposure re-
sulted in some of the previously incorporated oxygen
moving back out of the oxide, lowering the oxide stoichiom-
etry but not necessarilytef f. Five different samples were sub-
jected to multiple FGEBs in this manner, with the resultant
oxide stoichiometry being quite reproducible, Ooxide/Aloxide
=1.2±0.03, but the oxygen loss upon exposure to oxygen
ambient was more variable.

In the Mott-Cabrera model10 of low-temperature oxida-
tion, the electric field across the oxide that results from
chemisorbed O− ions drives the diffusion of Al cations from
the metal through the oxide. The decreasing field strength
with increasing oxide thickness results in the logarithmic
growth rate. This basic model does not consider effects aris-

FIG. 1. XPS Al 2p and O 1s spectra of a 5-mTorr s oxidized
aluminum sample.sad Al 2p spectra showing the metalsAl0d and
the oxide peakssAl3+d, sid as formed by a 5-mTorr s oxygen dose,
sii d after FGEB at 20 V for 1 h.sbd O 1s spectra, showing the oxide
sOoxided and chemisorbed peakssOchemd, sid as formed by a 5
-mTorr s oxygen dose,sii d after FGEB at 20 V for 1 h,siii d exposed
to a 10-Torr s dose after the FGEB.

FIG. 2. Dependence of oxide film properties on oxygen expo-
sure. The inverse of the effective oxide thicknesstef f stopd and
normalized Ochem intensity, and oxide stoichiometrysbottomd as a
function of oxygen exposure for an Al thin film. The error bars
represent XPS counting statistics.

FIG. 3. Effect of low-energy electron bombardment. Oxide
thickness and stoichiometry, initially formed by a 5-mTorr s oxygen
dose, after a each of a series of electron bombardmentsusing a
flood gun with a 20-V biasd and reoxidation steps. The first reoxi-
dation sstep 3d was at 300 Torr s and the secondsstep 5d was at
104 Torr s.
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ing from defects and disorder in the oxide layer. Due to the
strong bond-length mismatch11 between Al ions in the metal
f0.265 nm for the Als111d surfaceg and in the oxide
s,0.32 nmd a stoichiometric Al2O3 layer, particularly as
formed at,300 K, would be highly strained. X-ray and neu-
tron scattering,11 and electron energy-loss spectroscopy
studies12 have shown that the aluminum in AlOx is princi-
pally tetrahedrally coordinated, as would be expected from
random filling of the interstitial sites of a randomly closed
packed oxygen sublattice, rather than octahedrally coordi-
nated as in crystallinea-Al2O3, and considerably less dense9

thana-Al2O3.
The response to the electron bombardments and subse-

quent brief oxygen exposures indicates that the bonding en-
ergy of some of the oxygen sites within the oxide is compa-
rably low. Thus we propose as the mechanism for the
reduction in Ooxide/Aloxide of FGEB oxides upon oxygen am-
bient exposure that when a chemisorbed O− ion, generated
by the dissociation of incident O2 molecules, is located
above such a site, it is energetically favorable for a weakly
bonded oxygen ion within the oxide to be displaced to the
surface to form O2

−, which is then held onto the surface by
the resultant positively charged oxygen vacancy in the oxide.
In this model, sufficiently strong, negative surface charging
from electron bombardment causes O2

− to dissociate and
drives the resultant O− ions back into these vacancies.

The oxygen vacancies in the as-grown AlOx layer and the
associated chemisorbed O2

− bound to the surface by posi-
tively charged vacancies provide a mechanism for the sub-
stantial slowing down of the oxide growth below the Mott-
Cabrera logarithmic rate. The approximate doubling in the
chemisorbed signal and the decrease in oxide stoichiometry,
oncetef f reaches 1.3–1.5 nm, suggests that in this thickness
range, the strain in the oxide becomes such that there is a
substantial increase in the density of low-binding energy
oxygen sites within the oxide. The result is a large increase
in the chemisorbed O2

− coverage, which then passivates
most, if not all, of the oxide surface. The fact that chemi-
sorbed oxygen is also found in XPS measurements of other
thin and adherent oxides formed at ambient temperatures,
such as cobalt oxide, suggests that this passivation mecha-
nism may be fairly general. Indeed, under FGEB, thin oxi-
dized cobalt samples behave similarly to the AlOx samples,
with the chemisorbed O decreasing in amplitude, and the
thickness and oxygen concentration of the cobalt oxide in-
creasing. However, for CouCoOx, a 20-V flood-gun bias
was insufficient to fully remove all the chemisorbed oxygen.

We examined what happens to the oxide system when it is
overcoated by preparing samples consisting of a thick Al
layer exposed to 1 Torr s O2, but with different metal over-
layers deposited onto the AlOx layer. The overlayer was thin
enoughs1–1.5 nmd that the resultant effective thickness of
the oxide could be determined from the Al 2p spectra.
BEEM experiments13 have shown that this overlayer thick-
ness provided a complete metallic coverage of the oxide. In
Fig. 4 we plot the effective thickness of the oxide layer ver-
sus the work function14 of the top electrode. For the case of
an yttrium overlayer there was no increase in the oxide thick-
ness; for a Nb overlayer,tef f increased by 0.2 nm; and for a
Co overlayer by 0.5 nm. In the latter two cases there was

also a substantial increase in the Ooxide/Al ratio with the
larger increase occurring with the Co overlayer. There was
also a shift of the peak locations to lower binding energy and
a broadening of the linewidths of the oxide signals with
deposition of metallic overlayers, with Co causing the larger
change.

Both the overlayer and FGEB results indicate that the
extent of the changes in the AlOx layer depends on the elec-
trochemical potential gradient across the oxide. For the
metal-AlOx-metal samples, this is determined by the relative
work functions of the two electrodes, while for FGEB it is
determined by the flood-gun bias relative to the work func-
tion of the base electrode. Hence, a Co capping layer pro-
duces the larger change in the AlOx layer, while a greater
flood-gun bias is required to bring about a significant change
on the CouCoOx system than for AluAlOx.

The variable stoichiometry of AlOx layers, together with
the low-binding energy and the resultant potential instability
of some of the oxygen in a completed AlOx tunnel junction,
provide ready explanations for less than ideal AlOx junction
performance, including drift at high bias, device-to-device
variation in barrier resistance, and nonideal junction noise
behavior. On the other hand, the sensitivity of the oxygen
density and distribution15 in AlOx barrier layers to the work
functions of the electrodes, and to possible procedures before
deposition of the top electrode, suggests pathways to im-
provements in tunnel barrier performance and reproducibil-
ity.

For example, 1/f noise can be a major limitation to the
coherence time of JJ quantum bits.16 JJ 1/f noise has been
identified as arising from metastable atomic defect states in
the barrier, whose ability to capture and release charge car-
riers depends on their local atomic configuration.17 It is
straightforward to identify the weakly bound oxygen ions as
the origin of these unstable atomic defects. If the propensity
of the as-formed thermal oxide to have a high density of
oxygen vacancies arises from strain effects, any additional
strain that is not due to the fundamental bond-length mis-
match between the oxide and the metallic electrodes should

FIG. 4. Effect of a capping layer on the oxide film. An oxide
thicknesses of a 1-Torr s oxidized Al film after capping by Y, Nb,
and Co overlayers. The gray band indicates the nominal thickness
for an uncapped 1-Torr s oxidized film. Work function values were
taken from Ref. 13.
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be minimized. For NbuAl uAlOxuNb tunnel junctions,
the lowest 1/f noise with respect to superconducting critical
current fluctuations18 and resistance noise,19 normalized for
junction and bias levels, which has apparently ever been re-
ported was obtained when the base Nb electrode was grown
so as to minimize net strain in the film. We find that FGEB of
the oxide surface prior to deposition of the top electrode is
another means of stabilizing the oxygen ions in the tunnel
barrier. The 1/f resistance noise levelsSR/R2dA, whereSR is
the resistance noise power spectral density,R the junction
resistance, andA the cross-sectional area, was measured at
10 Hz at 4.2 K for four relatively thick AluAlOxuAl tun-
nel junctionsskRAl=28±9 kV mm2d that were electron bom-
barded before depositing the Al top electrode and compared
to the noise level of a set of four junctionsskRAl
=13±7 kV mm2d that were not bombarded. The former had
much lower 1/f resistance noise levelsfksSR/R2dAl
=s1.2±0.5d310−22 m2/Hzg than the latter fksSR/R2dAl
=s1.3±0.5d310−21 m2/Hzg. While the 1/f noise of these Al
junctions after FGEB was still much higher than the normal-
ized noise levels of other types of well-made Josephson junc-
tions reported in the literature,16,18,19 this reduction in 1/f
resistance noise level of a factor of,10 does strongly sug-
gest a possible pathway that might be explored for obtaining

lower noise JJs and magnetic sensors that utilize AlOx tunnel
barriers.

In summary, the,300 K thermal oxidation of a thin Al
layer forms an oxide layer with a nominal oxide stoichiom-
etry of ,1.0 whose surface is covered with a layer of chemi-
sorbed oxygen bound to the surface by positively charged
oxygen vacancies. By negatively biasing the surface through
a low energy electron bombardment, the chemisorbed oxy-
gen is driven back into the oxygen vacancies. Subsequent
exposure to oxygen draws these oxygen ions back onto the
surface, reforming the chemisorbed layer and demonstrating
the low-binding energy of some of the oxygen sites in the
oxide. The oxygen content and distribution in an AlOx tunnel
junction is strongly affected by the work functions of the
electrodes. Depositing a metallic overlayer onto the oxide
will, depending on the metal work function, either result in
some of the chemisorbed oxygen moving into the oxide, in-
creasing its thickness and oxygen content, and/or in the par-
tial oxidation of the overlayer. This offers a means of pur-
posely tuning the oxygen in AlOx tunnel barriers through
choice of electrodes or by processing of the layer before
deposition of the top electrode.
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