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Defect-induced gap states in Al2O3 thin films on NiAl „110…
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Fritz-Haber Institut der MPG, Faradayweg 4-6, D-14195 Berlin, Germany

~Received 21 October 2003; published 8 March 2004!

The electronic properties of one-dimensional defects in ultrathin Al2O3 films have been investigated by
low-temperature STM and STS. Whereas line defects between two oxide domains show almost no topographic
contrast in low bias images, they appear with a distinct corrugation at higher positive sample bias. Conductance
spectroscopy and imaging reveal three unoccupied states at12.5, 13.0, and14.5 V localized along the
domain boundaries. The defect-induced states are responsible for the observed contrast variation and originate
most likely from a nonstoichiometric oxide composition at the interface between two Al2O3 domains.

DOI: 10.1103/PhysRevB.69.121401 PACS number~s!: 73.20.Hb, 76.30.Mi, 68.47.Gh, 68.37.Ef
ll
n

n
vi

ce
ls

ci

th

tr

cc

p
en
fe
o
y
y

s
o

p
uc
us
d
d
b
er
w

io
n
o

e
a

the
m

r-
r-
.

the

um-

.

ap
ayer
and
ly 8
to
n

ed
in

ed
al

nit
-
a

ion
and
ss-
pe
r,

for

ries
in

-
ine
Ionic oxides are usually optically transparent, chemica
inert, and good electric insulators, due to their large ba
gaps between occupied and unoccupied states. Defects i
oxide structure cause deviations from this idealized beha
and decisively influence the properties of real oxides.1 The
presence of oxygen vacancies or impurity atoms indu
strong modifications in the optical behavior of oxide crysta
forming the basis for several laser applications.2 Defect-
induced chemical activation was observed for the disso
tion of water on O vacancies in a TiO2 ~110! surface.3 Also
the reduction of NiO in a hydrogen atmosphere requires
presence of point defects in the oxide surface.4

Theoretical investigations of simple defects, such as
vacancies, already provide good insights into their geome
and electronic structure.5–9 The absence of a lattice atom
induces discrete energy levels in the oxide band gap, o
pied by one or two electrons. Such F and F1 color centers
have been identified by optical absorption and electron s
resonance spectroscopy, whereby the latter method s
tively detects unpaired electrons trapped in the de
states.2,10 The knowledge on more complex, one- and tw
dimensional defects is rather scarce, although they pla
decisive role in nucleation and the growth of metal overla
ers on oxide surfaces.11–13 The influence of Al2O3 line de-
fects on energy levels of single, adsorbed Pd atoms ha
cently been demonstrated by scanning tunneling microsc
~STM! and spectroscopy~STS!.14

A detailed investigation of geometric and electronic pro
erties of oxide defects is complicated by their irregular str
ture and statistical arrangement, which strongly limits the
of nonlocal surface science techniques. On the other han
local probe such as STM requires a conductive sample an
therefore not applicable for insulating bulk oxides. The pro
lem can be circumvented by the use of ultrathin oxide lay
grown on a metal surface, which are transparent for lo
energy electrons and therefore suited for electron- and
mediated experimental techniques. A good representatio
the respective bulk oxides have been found for thin films
Al2O3 on Ni3Al(111) and NiAl~110!, SiO2 on Mo~211! or
MgO on W~100!.13,15–18

This paper focuses on the electronic characterization
line defects formed between domains of a crystalline Al2O3
film grown on NiAl~110!. Low-temperature STS revealed th
presence of unoccupied gap states induced by the dom
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y
d
the
or

s
,

a-

e

O
ic

u-

in
si-

ct
-
a

-

re-
py

-
-
e
, a
is
-
s
-
n-
of
f

of

in

boundaries. The electronic properties were connected to
atomic structure of the line defects, which is known fro
earlier measurements.19

The experiments were performed in an UHV-STM ope
ating at 4 K. The NiAl~110! substrate was cleaned by alte
nating cycles of Ar1 sputtering and annealing to 1000 °C
The crystal was then exposed to 1000 L of O2 at 280 °C and
healed for 5–7 min at 800 °C. The procedure results in
formation of a crystalline Al2O3 thin film, whose quality was
controlled by low-energy electron diffraction~LEED! and
STM measurements. The main characteristics of the Al2O3
layer have already been described in detail and are only s
marized in the following paragraph.18–24The film consists of
two Al-O layers with a total thickness of approximately 5 Å
Its valence band is mainly composed from O 2p orbitals,
whereas Al 3s levels dominate the conduction band. The g
between occupied and unoccupied states in the oxide l
was determined by electron energy loss spectroscopy
photoelectron/x-ray absorption spectroscopy to be rough
eV and is only slightly smaller than in bulk alumina. Due
the twofold symmetry of the NiAl support, the film grows i
two reflection domainsA and B, tilted by 624.1° with re-
spect to the NiAl@11̄0# direction. The domains are separat
by a network of line defects, namely reflection doma
boundaries between opposite domains (A-B) and antiphase
domain boundaries between equivalent domains (A-A,
B-B). Antiphase domain boundaries have a well-defin
atomic structure, resulting from the insertion of an addition
row of oxygen atoms between two neighboring oxide u
cells.19 The additional row in the topmost oxide layer is in
serted either along the short unit cell vector, forming
straight boundary, or along the diagonal of the Al2O3 cell,
causing a zigzagged dislocation line. In contrast, reflect
domain boundaries show no order on the atomic scale
run in arbitrary directions. The local disorder leads to a le
defined electronic structure, which is why this defect ty
will be disregarded in the following discussion. Howeve
general electronic properties were found to be similar
reflection and antiphase domain boundaries.

The apparent height of antiphase domain bounda
shows distinct variations as a function of sample bias
STM topographic images~Fig. 1!.24 At negative and small
positive bias (23.5 V to 11.0 V), the height contrast to sur
rounding undisturbed oxide patches is negligible and l
©2004 The American Physical Society01-1
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defects are almost invisible in the STM. In images tak
around zero bias, the domain boundaries are only identi
by the deviating atom positions compared to their arran
ment in regular oxide unit cells.19 Above 11.5 V, the an-
tiphase domain boundaries appear as bright lines in to
graphic images. Their apparent height gradually increa
with increasing sample bias and peaks at approxima
12.5 V. Applying higher positive voltages slightly reduc
the topographic contrast. However, the one-dimensional
fects are imaged as protruding lines for voltages as high
16.0 V. The bias-dependent corrugation of line defects
summarized in Fig. 3. Contrast variations between antiph
domain boundaries and regular oxide patches are accom
nied by changes in the geometric pattern. Between11.5 and
13.0 V, the boundaries are imaged as single white lin
They become double strands with a groovelike depressio
the center between13.5 and14.0 V and narrow down to a
single line in images taken above14.5 V. Bias-dependen
variations in the topographic pattern are also observed
regular oxide domains~Fig. 1 insets!. The zigzag structure
visible in low bias images was earlier assigned to a rec
struction in the quasihexagonal arrangement of the topm
O atoms. At higher positive voltage, the zigzag pattern tra
forms into a series of parallel double lines with one line p
per oxide unit cell.

The observed bias-dependent height of Al2O3 domain
boundaries points to a dominance of electronic versus to
graphic effects in STM images. This assumption is suppo
by the vanishing corrugation of line defects at very lo
sample bias. In such a case, the height response of the
tip to maintain a constant tunnel current reflects the avera

FIG. 1. ~Color online! STM topographic images of straight an
tiphase domain boundaries on Al2O3 /NiAl(110) taken at the indi-
cated sample bias~image sizes 3003300 Å, I 50.1 nA). Differen-
tiated and contrast-enhanced sections of two images are show
the insets.
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local density of states~LDOS! of the sample surface. Fo
tunneling into the Al2O3 band gap, the tunneling matrix e
ements are still influenced by oxide states but additiona
represent the LDOS at the metal-oxide interface. Image
relatively small voltages show consequently an intermixt
between the reconstructed topmost oxide layer and the N
surface~Fig. 1, upper left inset!. Above13.0 V sample bias,
the Al-induced conduction band provides most of the fin
states for tunneling electrons. The double line structure
served on regular oxide domains is therefore indicative o
linear arrangement of Al ions, which form chains along t
short unit cell vector of the Al2O3 film.25 The distinct con-
trast maximum of domain boundaries in STM images tak
at 2.5 V points to the presence of gap states localized al
the oxide line defects.

Whereas constant current topographies average over
LDOS between the tip and sample Fermi level, different
conductance (dI/dV) measurements exclusively probe sta
with an energy close to the applied bias voltage. ThedI/dV
signal gives, therefore, a much better evaluation of
LDOS of the sample surface. Figure 2 shows conducta
images of oxide line defects, simultaneously measured w
the topographic images from Fig.1. In accordance to S
topographies,dI/dV images of domain boundaries sho
little contrast with respect to regular oxide patches at ne
tive and small positive voltages. For a sample bias ab
11.5 V, thedI/dV signal on line defects strongly increas
and passes through a pronounced maximum at12.5 V. The
dI/dV peak reproduces the maximum in apparent height,
shows a much smaller width due to the better energy res

in

FIG. 2. ~Color online! Conductance (dI/dV) images of the an-
tiphase domain boundaries on Al2O3 /NiAl(110), which are shown
in Fig. 1. The images were taken at the indicated sample bias
are scaled to the samedI/dV intensity ~image sizes 3003300 Å,
I 50.1 nA).
1-2
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tion of the differential measurement~Fig. 3!. Above12.5 V,
the dI/dV intensity of line defects attenuates and drops
low the value of regular oxide domains. As a result, the
main boundaries appear as depressions indI/dV images
taken around13.5 V. A further conductance maximum wa
detected at14.5 V, indicating a second unoccupied sta
induced by the Al2O3 line defects. Also indI/dV images, the
observed defect pattern changes as a function of sample
from a single line below13.0 V to a double strand aroun
14.0 V and back to a single line at higher energy.

Supplementary information on the electronic structure
oxide domain boundaries on Al2O3 /NiAl(110) was gained
by dI/dV spectroscopy. Here the tip is stabilized on a
lected position and the bias-dependentdI/dV signal is mea-
sured with lock-in technique disabled feedback loop. In c
trast to dI/dV imaging, the tip height is constant durin
spectroscopy and the conductance is not influenced b
varying tip-sample separation. Figure 4~a! shows twodI/dV
spectra of an antiphase domain boundary in comparison
spectrum taken above a regular oxide region. In distanc
the line defect, the conductance steadily rises with app
sample bias. The kink in thedI/dV curve around13.1 V
marks the onset of the Al2O3 conduction band. For tip posi
tions above a domain boundary, a pronounceddI/dV peak
around12.6 V appears in the spectra, flanked by a sma
maximum at13.0 V. At higher voltages, thedI/dV inten-
sity falls behind the value measured away from the line
fect, which causes the negative contrast of domain bou
aries in the respectivedI/dV images. The14.5 V peak
observed bydI/dV imaging could not be detected in th
spectroscopic mode, because it is covered by the sha
increasing conductance above 3.1 V. A series of 70dI/dV
spectra taken across a line defect clearly demonstrates
development of defect states in the vicinity of antiphase
main boundaries@Fig. 4~b!#.

The investigations of the local electronic properties o
Al2O3 thin film consistently show the presence of gap sta
induced by the one-dimensional defects. Two pronoun
states at12.5 and14.5 V were identified by topographi

FIG. 3. ~Color online! Bias dependence of apparent height a
dI/dV intensity of antiphase domain boundaries with respect
defect-free Al2O3 domains on NiAl~110!. The symbols show result
from different experimental runs; the broken lines represent the
fit through the data points. The two maxima indicate defect sta
induced by the domain boundaries.
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anddI/dV imaging. An additional shoulder in the LDOS a
13.0 V showed up only indI/dV spectroscopy due to its
better energy resolution. The observed level energies are
fluenced by the tip-induced electric field, which bends t
oxide bands in dependence of the actual tip-sample dista
Due to the high dielectric constant of alumina and the sm
thickness of the oxide film, the level shifts are supposed
be small. The detected defect levels are generally unoc
pied. Taking the kink at13.1 V in dI/dV spectra of the
regular oxide as a fingerprint of the conduction-band ed
the 12.5 V defect state clearly lies inside the Al2O3 band
gap. The higher levels are close to or already above
conduction-band edge. From bias-dependent changes in
geometric pattern of domain boundaries, the spatial local
tion of defect states can be derived. The level at12.5 V
shows up as a single line in STM images and is theref
relatively localized along the dislocation line. In the ener
region of the higher levels, a double line is imaged in top
graphic anddI/dV modes, separated by a region of reduc
LDOS. The existence of a nodal plane in the center of
boundary could be indicative for ap-like symmetry of the
underlying defect states.

The limited knowledge on complex defects in Al2O3 thin
films complicates a comprehensive interpretation of the d

o

st
s

FIG. 4. ~Color online! ~a! Conductance spectra taken on
straight antiphase domain boundary and a regular region
Al2O3 /NiAl(110). The solid line interpolates the onset of th
Al2O3 conduction band.~b! Series of 70dI/dV spectra taken acros
a domain boundary. The corresponding tip positions are marke
the inset of~a!. To emphasize the additionaldI/dV peaks at the line
defect, a logarithmic scale is used in the diagram. The gap was
with Usample53.0 V andI 50.1 nA in both cases.
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The defect states associated with isolated O vacancies
been extensively studied in bulk alumina using optical
sorption and electron spin resonance spectroscopy,2,10 as well
as various theoretical approaches.8,9 An occupied s-like
ground state was found 3 eV above the valence-band m
mum and three unoccupiedp-like states form close to the
conduction-band edge. The latter, unoccupied levels s
similar properties as defect states observed along the A2O3
domain boundaries. In analogy to Al2O3 units containing a
single oxygen vacancy, line defects in the thin film m
represent a local nonstoichiometric and oxygen-defic
structure. In contrast to isolated vacancies, the neighbo
defect levels along domain boundaries couple and prob
broaden to a bandlike structure with enhanced width.
discrepancy to the Al2O3 point defects, no occupied groun
state could be observed along the line defects in the pre
experiments. The detection of low-lying occupied sta
is generally difficult with STS due to the exponential dec
p
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in tunneling probability with separation from the Fermi lev
and the localized character of deeper levels. In anot
scenario, the absent occupied level in the gap might
the consequence of the small film thickness, allowi
a charge transfer from oxide states to the underlying N
substrate.

The nature of defect states induced by domain bounda
in Al2O3 /NiAl(110) cannot be unraveled from the prese
experimental data alone. The information on local structu
and electronic properties of line defects may, howev
stimulate new theoretical efforts for a detailed characteri
tion of complex oxide defects. The interest for extended
fects is motivated by their strong interaction with deposit
metal atoms, which determines the growth of metals on
ide surfaces. A better understanding and control over th
interactions would have considerable impact on technolog
using metal-oxide interfaces, such as heterogeneous cata
and semiconductor techniques.
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