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Current-induced local oxidation of metal films: Mechanism
and quantum-size effects
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A novel route is introduced for oxidizing thin metal films with nanometer-scale resolution. By
locally subjecting Ti and Nb films to high in-plane current densities, metal-oxide tunneling barriers
are formed in a self-limiting fashion. The oxidation is triggered by current-induced atomic
rearrangements and local heating. At the final stages of the barrier formation, when only
atomic-scale channels remain unoxidized, the oxidation rate decreases drastically while the
conductance drops in steps of about 2e2/h. This behavior gives evidence of ballistic transport and
a superior stability of such metallic nanowires against current-induced forces compared with the
bulk metal. © 1998 American Institute of Physics.@S0003-6951~98!04741-X#
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One of the driving forces for modifying materials on th
nanometer scale is the desire to explore novel quantum tr
port phenomena. Thus, techniques that allow the contro
formation of nanometer-scale tunneling barriers become
creasingly important. An interesting approach is to utilize
tip of an atomic force microscope~AFM! to define oxide
barriers in metal films.1,2 This electrochemical anodizatio
process is induced by biasing the tip to generate an ele
field perpendicular to the metal surface.3

In this letter, we show that high in-plane current den
ties can be employed to locally oxidize thin conductors un
ambient conditions. Thiscurrent-induced local oxidation
~CILO! process allows us to form metal-insulator-metal tu
neling diodes with nanometer-scale barriers in a self-limit
fashion. Towards the end of the barrier formation, the c
ductance of the film decreases in steps of about 2e2/h,
which we discuss in terms of conductance quantization
atomic-scale metallic wires formed during the CILO expe
ment.

For our experiments, we prepared thin Ti and Nb str
such as the one shown in the AFM image Fig. 1~a!. In this
case, a 4-nm-thick Ti film was evaporated on a SiO2 layer
thermally grown on a Si~100! wafer. The Ti layer is poly-
crystalline with a grain size of about 3 nm, a surface rou
ness of 0.5 nm, and a sheet resistance ofRh52 kV. Optical
lithography was used to pattern the Ti film into 1 to 2-mm-
wide strips connected to Au/Al contact pads. In order
locally constrict the Ti strips, TiOx notches were defined b
employing the AFM tip-induced oxidation process@clearly
visible in Fig. 1~b!#.1–3 The oxide protrudes from the surfac
reflecting the volume expansion upon oxidation.4

Metal strips with 100–200-nm-wide constrictions and
film resistance ofRF'10 kV are the starting point for ou
study. Upon biasing the structure shown in Fig. 1~b! with a
constant stress voltage ofV52 V, we measured an initia
current flow ofI 5200mA across the Ti strip, correspondin
to a current density ofj '107 A/cm2 inside the constriction.
However, the current started to decrease immediately, s

a!Electronic mail: avouris@us.ibm.com
2170003-6951/98/73(15)/2173/3/$15.00
s-
d
-

e

ric

-
r

-
g
-

n
-

s

-

bi-

lizing a few minutes later at a two orders of magnitude low
value. Figure 1~c! shows that, in the meantime, the gap h
been closed by a newly formed 20-nm-wide barrier. T
barrier protrudes by 1.5 nm from the Ti surface, which
close to the value for the AFM-tip induced oxide.

Current–voltage (I –V) curves obtained before applyin
the stress voltage were linear but, as can be seen in Fig.~d!,
they became highly nonlinear after the barrier had be
formed. Such nonlinearI –V curves are characteristic o
metal-insulator-metal diodes, in which both tunnelin
through the barrier and thermionic emission contribute to
current.5 To determine the barrier height from the thermion
emission, we measured the temperature dependence o
I –V curve of a 50-nm-wide barrier formed at a stress volta
of 5 V so as tosuppress tunneling. From the slope of lnI vs
1/T curves constructed from theI –V data of Fig. 1~e!, we
obtained a barrier height off050.24 eV. This value is close
to the upper limit of the range of 0.1–0.3 eV previous
reported for TiOx barriers.6

Both the barrier heightf0 and the volume expansio
suggest that the barrier results from local oxidation. To s
port this conclusion, we tried to repeat the experiment in
He atmosphere, where, indeed, no barrier formation could
observed. We note that the current-induced oxidation occ
under conditions entirely different from the AFM tip-induce
oxidation. In the latter case, the oxidation is induced by h
electric fields of 107 V/cm oriented perpendicular to the su
face, which drive the oxidant into the film.3 In contrast, the
stress voltage during the CILO process leads to electric fie
of 105 V/cm, which are not only orders of magnitude low
but also oriented in the plane of the film.

To study the mechanism of the CILO process, we int
rupted the oxidation and imaged the barrier growth with
AFM. The oxide barrier extends uniformly across the ent
gap even at the initial stages of CILO, which indicates th
the oxide grows from the Ti surface down towards t
Ti/SiO2 interface.

The time evolution of the conductance (G2t) upon ap-
plication of the stress voltage provides a measure of the
of the barrier formation. As shown in Fig. 1~f!, initially the
conductance of the film decreases slowly but it drops
3 © 1998 American Institute of Physics
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creasingly faster as CILO proceeds. This behavior indica
that the rate strongly depends on the current densityj, since,
as the barrier grows, the cross sectional areaSof the metallic
path through the constriction decreases. It is useful to s
the total film resistance intoR5RL1RG , with RL being the
constant resistance of the macroscopic leads andRG}1/S the
resistance of the gap region. Initially,R is dominated by the
lead resistanceRL , which exceedsRG by 1 to 2 orders of
magnitude. Hence,S shrinks much faster during CILO tha
R grows, such that the local current densityj 5V/SR inside
the gap increases strongly (RG dominatesR only afterS de-
creased by.95%!. By writing the oxidation rate asdS/dt
52const3j n, we simulated theG2t curve and obtained an
exponent ofn54 @Fig. 1~f!#. The local character of the oxi
dation results from this superlinear dependence on the
rent density, which confines the barrier formation to the p
of the constriction wherej is maximal.

To develop a microscopic model for the CILO proce
we note that current densities ofj >106 A/cm2 produce
forces on atomic defects in metals which lead to macrosco
material transport—a phenomenon known
electromigration.7 The dominant force is the electron win
force which results from momentum transfer to defect ato
due to electron scattering. It can be estimated asFew

;2mvF( js/e), with s being the scattering cross section a
e, m, and vF the charge, mass, and Fermi velocity of t

FIG. 1. ~a! AFM image of a 4-nm-thick Ti strip on SiO2 with a TiOx

constriction in the center.~b! Close up view of the gap region.~c! AFM
image after the gap has been closed by a 20-nm-wide barrier upon app
a stress voltage of 2 V.~d! I –V curves of the device before~blue! and after
the barrier formation~red!. ~e! Temperature dependentI –V data from a
device stressed atV55 V. ~f! Time evolution of the conductance durin
CILO ~black! compared with a simulation of the oxidation~red!.
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electrons. Atj 5106 A/cm2, the wind forceFew;1025 nN
is by orders of magnitude too small to break atomic bon
However, current-induced forces enhance diffusion a
make it directional, such that atom and vacancy flux den
ties j a,v}D j are generated, withD being the atomic diffu-
sion coefficient. Thus, nanocracks are formed preferenti
at grain boundaries, which further increases the current d
sity in the undamaged film regions and eventually destr
the conductor on a macroscopic scale. Atj .108 A/cm2, we
observe the instantaneous destruction of our Ti film ass
ated with the formation of macroscopic voids and hilloc
characteristic of electromigration. The CILO process is tr
gered by current densities ofj '107 A/cm2, which are well
in the range where atomic rearrangements occur. Hence
propose that CILO involves initial stages of electromigr
tion, i.e., the opening of the grain boundaries of the me
film, which act as channels for the transport of the oxida
from the surface to the bulk of the conductor. As atom
rearrangements scale linearly withj, the observedj 4 depen-
dence of the barrier-formation rate suggests that local hea
is important as well. From a simulation of energy dissipati
and heat conduction in the Ti strips, we estimate the fi
temperature inside the gap to reachT;1000 K. Apart from
Joule heating, localized vibrational excitations of defe
may also play an important role.8,9 Local heating facilitates
atomic motion due to the exponential temperature dep
dence of the diffusion coefficient and activates t
oxidation.10

An interesting feature of the CILO process is its se
limiting character. After the completion of the barrier, th
current density is by orders of magnitude lower than bef
and the oxidation stops. If desired, the barrier width can
further increased by raising the stress voltage.

ing

FIG. 2. ~a! and ~b! G2t curves recorded during the final stages of CIL
experiments on Ti~black! in comparison with the CILO simulation~red!. ~c!
G2t curve of a CILO experiment on Nb. The inset shows a scheme o
metallic nanowire formed during the CILO process.
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Considering in more detail the time dependence
CILO, we find striking deviations from the simpledS/dt
52const3j 4 behavior towards the end of the barrier form
tion. Figure 2~a! shows that the decrease of the conducta
in time slows down, which reflects areduction of the oxida-
tion rate. Finally, a sharp step signifies the completion of t
barrier. The magnitude of this step is of the order of t
conductance quantum 2e2/h, but its exact value depends o
the initial resistanceRF of the open constriction. By per
forming a large number of CILO experiments, we found th
the step magnitude is larger, the smallerRF has been before
the oxidation. Figure 2~b! shows additional fine structur
reminiscent of a second step. The geometry of our st
defines a lower limit ofRF'5Rh for their resistance. To
reduce the sheet resistanceRh , we used a 4-nm-thick Nb
film for the CILO process and observed three clear step
the G2t curve @Fig. 2~c!#.

To reveal the origin of these conductance steps, we n
that the metallic path in the constriction shrinks continuou
as the oxide barrier grows. Eventually, only an atomic-sc
channel with lateral dimensions of the order of the Fer
wavelength remains unoxidized. Such a metallic nanow
has laterally quantized modes~energy levels! and its conduc-
tance is given by the Landauer formulaG5GQ( i 51

N Ti , with
N being the number of occupied modes,Ti the transmission
coefficient of mode i, and GQ52e2/h the conductance
quantum.11 As the cross section of the nanowire shrinks d
to oxidation, the number of occupied modes decrea
which explains the stepwise reduction of the conductanc
the final stages of CILO. Previously, steps of the order
2e2/h have been observed in many experiments12,13 mostly
involving the mechanical elongation of atomic-scale meta
junctions.

In the case of the CILO experiment, we find clear e
dence that ballistic effects play an important role. The c
ductance steps are accompanied by a decreasing oxid
rate, which signifies an enhanced stability of the nanow
against current-induced oxidation compared with the b
film. This is even more surprising taking into account th
the current density in the nanowire reachesj ;1011 A/cm2.
Under such conditions, an electron wind force ofFew

;1 nN comparable to the atomic binding forces acts on
fects. The high stability of the nanowire shows that electr
defect scattering and energy relaxation are locally stron
suppressed, which implies that the wire is essentially de
free and therefore exhibits ballistic transport. In fact, o
nanowires are most likely to be formed in film regions w
perfect crystalline order, because CILO, driven by electro
gration and local heating, proceeds faster where the de
density in the metal is higher.

For a more quantitative analysis, we note that the c
ductance was measured at the high stress voltage require
the oxidation, which prevents the observation of a lar
number of conductance steps.14 Moreover, a considerable
lead resistanceRS is connected in series to the nanowir
which reduces the step magnitude. In Fig. 2~c!, steps occur at
G350.9GQ , G250.75GQ , and G150.5GQ . AssumingTi

;1 in Landauer’s formula, we evaluate the series resista
from @GN#215@NGQ#211RS,N and obtain RS,3510 kV,
RS,2511 kV, andRS,1513 kV. These values exceed the r
f

e

e

t

s

in

te
y
le
i
e

e
s,
at
f

c

-
-
ion
e
k
t

-
-
ly
ct
r

i-
ct

-
for
r

,

ce

sistanceRF54.5 kV of the open constriction, which may b
related to microscopic channels that connect the nanowir
the macroscopic leads of resistanceRL'RF @see inset of Fig.
2~c!#. Since transport in these channels remains essent
diffusive, CILO tends to increase their resistanceRC , such
that the total series resistanceRS'RL1RC increases as the
number of occupied modes in the nanowire decreases.
though we cannot rule out deviations from unit transmissi
the sizeable series resistance explains why the step ma
tude in different CILO experiments is larger, the smallerRF

has been before the oxidation.
In conclusion, we discovered that thin metal films can

oxidized by high in-plane current densities. This novel o
dation process involves initial stages of electromigration a
local heating and allows the formation of metal-oxide tu
neling barriers with nanometer-scale resolution. Towards
end of the barrier formation, only atomic-scale channels
main unoxidized. Despite a strongly increased current d
sity, the oxidation rate decreases drastically and the cond
tance drops in steps of about 2e2/h. This gives evidence of
ballistic transport and a superior stability of such meta
nanowires against current-induced forces compared with
bulk metal, which may be of great importance for futu
atomic-scale electronic devices. It is likely that other chem
cal reactions, for example, nitride barrier formation from r
action with NH3, can be induced by high current densities
well.
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tance and T. Hertel, R. Landauer, and N. Lang for disc
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