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Evidence for interstitial hydrogen as the dominant electronic defect in nanometer alumina films
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~Received 9 July 2003; published 28 January 2004!

We provide experimental and first principles theoretical evidence that electron transport through alumina
films on Al~111! occurs through electron tunneling mediated by interstitial~i.e., nonbonded! H defects within
the 6-nm amorphous surface oxide. Experiments indicate field-assisted tunneling into a defect level near
midgap in the oxide and conductance that increases with increasing H content. Using density functional theory,
we find interstitial neutral H indeed produces a midgap trap. Moreover, with a negatively charged H, the full
1s2 orbital is almost at thesamemid-gap energy. This shows H2 electron-electron interactions are well
screened in this wide gap insulator and can mediate conduction.
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a
ng

ye

se
r

at
l.
lu
c
ro
-

fe
th
ic
en

co

ts
in

er
o

be
m
e

te

to
ve

n
m
ly

er

th
d

nd
ess
a
s of
er

by

l
n
k
ing
-

ith
in
mis-

Au
ide
res.
op
ypi-

es-
ess-
ergy

as

kel-
rs
e of
ort
k-
a-

the
nt,
ess,
-
a

Electronic conduction through ultrathin films of alumin
is important for a number of electronic devices, includi
superconducting Josephson junctions,1 single electron tran-
sistors, and magnetic tunnel junctions.2,3 In addition, elec-
tronic conductance limits the thickness of the alumina la
that forms on aluminum metal when exposed to air or O2(g)
and limits the rate of electrochemical cathodic proces
when Al is immersed in aqueous solutions. These latter p
cesses influence the effectiveness of alumina as a passiv
film on Al, critical for the corrosion resistance of the meta4

Despite the importance of electronic conduction in a
mina, there is a limited knowledge of the dominant ele
tronic defects that cause it. On the basis of ballistic elect
emission microscopy~BEEM!, it was suggested that elec
tronic conduction is associated with disorder-related de
states that tail a few eV from the band edges to deep wi
the oxide gap.5 Recently, however, it was shown electron
conductivity of an alumina film increases dramatically wh
immersed in H2O.6 Exposure to H2O has been shown to
increase the H content, as detected by elastic re
detection,7 ~ERD! or secondary ion mass spectroscopy,8 sug-
gesting the involvement of H in creating electronic defec
Here we examine the role H plays in conductance in alum
films.

The experimental section describes transport vs temp
ture and film thickness, concluding that field-assisted
Fowler-Nordheim tunneling, which permits electrons to
injected into the film defect level, defines the mechanis
These electrons then move from defect to defect. The th
retical work was based on a bulk alumina structure de
mined from prior theory on this highly ionic material.9–12We
used thek-Al2O3 phase9 with density functional theory
~DFT! ~Ref. 13! and both supercell bulk and slab models
~1! determine the neutral H location and the energy le
with respect tok-Al2O3 band edges;~2! determine the H2

1s2 defect level, thus indicating the conduction electron e
ergy; and~3! locate these levels with respect to the Fer
level (Ef) of the underlying Al metal. Our results strong
suggest that interstitial~i.e., nonbonded! H is responsible for
both conduction through the alumina films and the exp
mental defect level.

The electronic conduction mechanism in alumina and
position of the dominant electronic defect level was ma
0163-1829/2004/69~4!/041405~4!/$22.50 69 0414
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through current-voltage, current-temperature, a
admittance-frequency measurements of variable thickn
alumina films on Al metal. Samples with varying alumin
thickness were prepared on vacuum evaporated thin film
Al and on single crystal Al disks polished to expose eith
the ~111!, ~110!, or ~100! surface. The Al films, 0.15–0.2mm
thick, were deposited in high vacuum on SiO2-coated Si wa-
fers. Alumina layers of increasing thickness were formed
~1! exposing the Al surface to pure O2(g) at 1 Torr for 90
min (O2 formed!, ~2! oxidizing Al in an electron cyclotron
resonance~ECR! oxygen plasma for 10 min~plasma oxi-
dized!, or ~3! depositing alumina on top of Al using therma
evaporation of Al combined with ECR plasma oxidatio
~plasma deposited!. Alumina films were prepared on the bul
single crystals by mechanical polishing of the disks us
colloidal alumina polishing solutions followed by air oxida
tion, which results in an oxide thickness that varies w
crystallographic orientation. All of the oxides formed
these procedures were amorphous, determined by trans
sion electron microscopy and diffraction.

Electrical measurements were taken by attaching
probes to lithographically patterned Au contacts on the ox
surface, creating metal-insulator-metal capacitor structu
Electrical contact was made to the underlying Al and Au t
electrodes using W and Au needle probes, respectively. T
cal contact areas were 50350mm2.

The mechanism of electron conduction in alumina is
tablished through temperature-dependent and thickn
dependent conductance measurements. The activation en
for electron transport through the thin alumina films w
found to be 0.04 eV,7 indicating conduction is not thermally
activated and is therefore not Schottky-emission or Fren
Poole conduction. Both rely on thermal activation of carrie
over sizable activation barriers. The thickness dependenc
the electron conductance definitively identifies the transp
mechanism. Current through alumina films of different thic
nesses is shown in Fig. 1. With exception of the plasm
oxidized sample, current decreases exponentially with
oxide thickness. The lack of thermal activation to the curre
and the exponential dependence on the insulator thickn
indicates the electron transport in thin alumina films is lim
ited by field-assisted or Fowler-Nordheim tunneling, with
current dependence given by
©2004 The American Physical Society05-1
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I}S V

t D 2

expF2
4tA2m* ~qfB!3/2

3q\V G , ~1!

whereI is the measured current through the insulator,V the
applied voltage,t the insulator thickness,m* the carrier ef-
fective mass, andfB the barrier height for tunneling.14

Electronic conduction is limited by the rate at which ca
riers with energyEf can be injected from the metal an
tunnel through the triangular barrier into a defect level in
oxide ~see Fig. 1, inset!. For a sufficiently high defect den
sity, carrier propagation through the remainder of the ox
occurs by trap-assisted tunneling, i.e., hopping between
lated defects~not rate limiting!. The position of the defec
level with respect to the metalEf is given by the height of
the tunneling barrier,fB , and determined from the slope o
current vs thickness~the dashed line in Fig. 1!. Excluding the
plasma-oxidized sample, a least squares fit to the slope y
a value of 0.241 Å21, indicatingfB , '0.50(m* /me)

1/3 V.
Using BEEM measurements, Rippardet al. estimated
m* /me'0.75 for thin alumina films.5 This value would give
fB50.45 V, i.e., a defect level 0.45 eV aboveEf .

Measured H concentrations in alumina films and chan
in the electron conductance of the films following electr
chemical treatment give evidence to H-related electronic
fects. Plasma-oxidized alumina films exhibit a much lower
content ~order of magnitude! than O2-formed and plasma
deposited alumina films, as determined from ERD.8 This co-
incides with much reduced electron conductance obse
for these films. The H content in the oxide can be altered
an electrochemical treatment.15 Thin film samples were im-
mersed in 0.05-M K2SO4 solutions at open circuit~no ap-
plied potential! and at applied potentials that gave rise to
nA of anodic current~positive potential on the Al with re-
spect to a counter electrode in solution! and 10 nA of ca-

FIG. 1. Current vs oxide thickness for alumina films on thin fi
Al and bulk Al single crystals. Oxide thickness was determin
through capacitance measurements of the metal-insulator-m
structures, assuming a dielectric constant of 8.0 for alumina.
dashed line is the best fit to the data, excluding the plasma-oxid
sample. For the thin film samples, the open symbols are the m
sured conductance following H2O immersion of the film, and the
gray symbols are the measured current following anodic elec
chemical polarization of the Al. The inset schematically shows
field-assisted tunneling conduction process and the position of
electronic defect.
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thodic current~negative potential on the Al!. Immersion in
H2O at open circuit increases the H content of the oxide,
detected by ERD.8 In Fig. 1, the effect of immersion~open
symbols! and anodic polarization~gray symbols! is shown.
H2O immersion leads to an increased conductance, con
tent with increased H content. The effect is most apparent
oxides that do not thicken upon immersion. In contrast,
odic polarization is expected to expel mobile positive
charged defects, e.g., protons, from the film due to fie
assisted diffusion away from the positively-charged Al met
As shown in Fig. 1, anodic polarization leads to a reduc
conductance, consistent with a reduced H content. Hence
conclude conduction does indeed involve H.

As stated above, the Al metal surface, exposed to amb
conditions, develops a thin amorphous oxide. To model
surface film, we use thek-Al2O3 phase.k-Al2O3 has a very
similar density to amorphous alumina and is more repres
tative of the film than the more stable, but significantly mo
dense, sapphire (a-Al2O3) phase. The atomic structure o
k-Al2O3 has recently been established.9 Like sapphire~and
other lower temperature phases such asg- or u-Al2O3) it is
highly ionic,10 with Al31 ions arranged about an otherwis
close packed array of O22 ions. In sapphire, all Al ions are in
octahedral sites and the planes are only minimally buck
The k phase has34 octahedral and14 tetrahedral Al ions and
significant buckling occurs in the planes of O ions.9 This
produces large empty regions within the crystal. In the s
face film ~in the absence of an OH containing phase!, the
amorphous character is likely due to a lack of long ran
order in the Al-ion sublattice.12 We suggest that similar prop
erties in the amorphous material result in an easy penetra
of neutral H.7,8

Our slab density functional theory~DFT! calculations
used the Viennaab initio Simulations Package~VASP! ~Ref.
16! in the local density approximation~LDA ! ~Ref. 17! and
the generalized gradient approximation~GGA! known as
PW91.18 The ultrasoft pseudopotentials of Vanderbilt19 de-
scribe thek-Al2O3 system to high accuracy with a plan
wave cutoff of 270 eV. However, a higher cutoff of 396 eV
needed if covalent oxygen, such as the OH at the oxide
face, is present. Eigenvalues from LDA vs GGA differ ne
ligibly. Structural energy minimization used a damped m
lecular dynamics algorithm, and geometries were conside
relaxed when residual forces were less than 0.03 eV/Å. T
showed that 6k points converge to 0.02 eV in total energ
Because of long-range electrostatic forces in ionic syste
we used a large vacuum gap between the VASP slabs.
found 15 Å separation or greater to be adequate.

Calculations were done with ank-Al2O3 slab consisting
of five O layers on top of a four-layer slab of Al~111!. The
closest packedk-Al2O3 planes were used on the outer su
faces of the oxide layer, in anA-B-A-C-A stacking in the
notation of Yourdshahyanet al.9 Since the native surface ox
ide is terminated by OH,20 we altered the top layer in the
manner of sapphire~0001!,20 removing 1 ML of O ions and13
ML of near-surface Al ions, and replacing both with 1 ML o
OH. This preserves theA-plane unit cell charge of23 so the
deeper planes are minimally disturbed, as in sapphire.20 First
the oxide and metal slabs were relaxed separately. Then
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two fixed slabs were brought together until the inter-s
energy was minimized. Finally a full relaxation was pe
formed, with the bottom two Al metal layers frozen at th
GGA bulk distance.

One possibility is that H-related conductivity stems fro
OH in the alumina layer. However, the OH ion has a lar
energy difference between the highest filled lone-pair orb
and the lowest empty orbital (s* ). The antibondings* is
therefore unlikely to be responsible for conductivity. Placi
OH on the surface, we observed the energy positions of
highest occupied ands* OH levels. We find these lie outsid
~though near! the edges of the film band gap. When the fi
is on Al metal, they are far from theEf , which we find to be
in the middle of the oxide band gap.

Both surface~the s* ) and interface states exist close
the band edges. The latter may be what Rubertoet al.21 ob-
served in studying possible cleavage surfaces ink-Al2O3 .
They found a partially filled metallic state regardless of h
the crystal was cleaved. Here the interface state is well be
the Al Ef and completely filled. In the local density of stat
~LDOS! of the O ions, the amplitudes fall exponentially t
wards the center of the oxide slab from either direction. F
ure 2 shows the LDOS for an O ion at the center of
alumina film on Al metal and the position ofEf . Traces of
both surface and interface states can be seen near the
edges, but these would disappear with a thicker film and
not materially effect our conclusions. A thicker film would b
more realistic, but computationally more expensive.

Thus atomic H seems the most likely candidate for c
tributing to electronic conductivity. Where H might reside
the oxide film, and whether the H defect levels will corr
spond to the electrochemical data, is the subject of the
mainder of this paper.

FIG. 2. The mid-plane O local density of states for thek-Al2O3

film on Al~111!. The position of the conduction electron, foun
from the calculation of the interstitial H2, is indicated by the
dashed line and is roughly 0.2 eV above the Al metal Fermi le
(Ef). The conduction band has very little O character becaus
the high ionicity in this material~see Ref. 10!. Though the O~2p!
valence band edge is obscured by the remnant of the interfac
estimated position is shown.
04140
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Our bulk DFT calculations for neutral and negative
defects used the local-orbital basis pseudopotential c
SEQQUEST.22 For study of charged defects in supercells, th
code uses the local moment counter charge method,23 a more
rigorous treatment of the local Coulomb potential th
charge compensation using a uniform~jellium-like! back-
ground charge.16 This code does both LDA and GGA~PBE
and PW91! calculations using standard norm-conservi
pseudopotentials of both the Hamann24 ~for Al ! and
Troullier-Martins25 ~for O! type and uses high-quality
~double-zeta or better! contracted Gaussian basis sets. Def
calculations were done in 160-atom bulk supercells~four
unit cells ofk-Al2O3). k-Al2O3 starting atomic coordinate
were taken from Ref. 9. Relaxation produced negligib
changes. Spin-dependent calculations were used for the p
magnetic neutral H defect. The H2 defect is closed shell and
spin polarization unnecessary. With such a large cell, on
single k point ~at G! was needed. Tests with twok points
show less than a 0.1 eV dispersion in the defect levels,
minimal interaction.

Defect levels with respect to the bulk oxide band edg
were located. The slab calculation~above! located these
edges with respect to the Al metalEf . In this way, the rela-
tion of the defect levels with respect toEf could be deter-
mined, without the proximity of the slab interface and su
face affecting the defect level position.

In k-Al2O3 , the largest open region has a central posit
1.8 Å from the nearest ion, an O. These voids are the m
likely sites for interstitial H. In the relaxed perfect crysta
neutral H was placed in this void, creating a model def
density of 0.6%. The equilibrium H position is a nonbondi
site near the center of the void. An H bonded to the neare
at a distance typical of an O-H bond is not stable in t
spin-dependent calculation. Alumina is highly ionic an
strongly favors a charge of22 at the O site; an OH specie
would reduce this charge to21. Hence an O-H bond is
destabilized and neutral H prefers the center of the void.

The computed bulk oxide band gap is 6.1 eV. The neu
H levels lie 2.2 eV~filled! and 3.5~empty! above the valence
band edge. The oxideEf is midgap, so this level lies 0.45 eV
aboveEF . For H2, the 1s2 level lies 3.2 eV above the edge
near the neutral level. This demonstrates an effective scr
ing by the host material. In the H2 defect calculation, the
atoms werenot allowed to relax. The lifetime of an extra
conduction electron on the neutral defect is so brief that
motion can occur in the neighboring ions. In Fig. 2, we i
dicate the approximate energy of the conduction electr
which lies aboveEf by roughly 0.2 eV within our model for
H2. It is clear that the filled level in neutral H lies we
below Ef while the empty level lies above, indicating a
absence of oxidation.

Thus our main theoretical findings are that~1! neutral H is
stable in the crystal and in a film on Al~111!; ~2! the conduc-
tion electron energy~making an H2 defect! is above the Al
metalEf by a fraction of an eV, here roughly 0.2 eV; and~3!
screening by the oxide reduces the electron-electron re
sion (U) such that tunneling conductivity can occur. In oth
words, correlation effects do not prevent it. We find rema
able agreement with experiment, especially considering b
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the size limitations of the model@a five O-layer film is much
thinner than those produced by dry~4 nm! or humid ~6 nm!
oxidation of clean Al metal8# and the well-known band ga
problem of DFT.

VASP was developed at the Institut fu¨r Theoretische
Physik of the Technische Universita¨t Wien. Al thin film
sample preparation and H measurement by J. C. Barbour
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