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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 aboet/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 Physid$$0003-695(98)04741-X]

One of the driving forces for modifying materials on the lizing a few minutes later at a two orders of magnitude lower
nanometer scale is the desire to explore novel quantum trangalue. Figure {c) shows that, in the meantime, the gap has
port phenomena. Thus, techniques that allow the controllebeen closed by a newly formed 20-nm-wide barrier. This
formation of nanometer-scale tunneling barriers become inbarrier protrudes by 1.5 nm from the Ti surface, which is
creasingly important. An interesting approach is to utilize theclose to the value for the AFM-tip induced oxide.
tip of an atomic force microscopéAFM) to define oxide Current—voltage I(-V) curves obtained before applying
barriers in metal films:? This electrochemical anodization the stress voltage were linear but, as can be seen in . 1
process is induced by biasing the tip to generate an electridiey became highly nonlinear after the barrier had been
field perpendicular to the metal surfate. formed. Such nonlineat—V curves are characteristic of

In this letter, we show that high in-plane current densi-metal-insulator-metal diodes, in which both tunneling
ties can be employed to locally oxidize thin conductors undethrough the barrier and thermionic emission contribute to the
ambient conditions. Thiscurrent-induced local oxidation current® To determine the barrier height from the thermionic
(CILO) process allows us to form metal-insulator-metal tun-emission, we measured the temperature dependence of the
neling diodes with nanometer-scale barriers in a self-limiting! —V curve of a 50-nm-wide barrier formed at a stress voltage
fashion. Towards the end of the barrier formation, the con®f 5 V so as tasuppress tunneling. From the slope of Ivs
ductance of the film decreases in steps of aboef/I2, 1/T curves constructed from the-V data of Fig. 1e), we
which we discuss in terms of conductance quantization irPPtained a barrier height @b, =0.24 eV. This value is close
atomic-scale metallic wires formed during the CILO experi-t0 the upper limit of the range of 0.1-0.3 eV previously
ment. reported for TiQ barriers®

For our experiments, we prepared thin Ti and Nb strips ~ BOth the barrier heighty, and the volume expansion
such as the one shown in the AFM image Figg)1In this suggest that the barrier results from local oxidation. To sup-
case, a 4-nm-thick Ti film was evaporated on a Si@yer port this conclusion, we tried to repeat the experiment in a
therrT,1aIIy grown on a $100 wafer. The Ti layer is poly- He atmosphere, where, indeed, no barrier formation could be
crystalline with a grain size of about 3 nm, a surface rough_observed. We note that the current-induced oxidation occurs
ness of 0.5 nm. and a sheet resistanc@@f:,z kQ. Optical under conditions entirely different from the AFM tip-induced
Iithograpr;y waé used to pattern the Ti film intoll tquh- oxidation. In the latter case, the oxidation is induced by high
wide strips connected to Aw/Al contact pads. In order toelectric fields of 10 V/cm oriented perpendicular to the sur-
locally constrict the Ti strips, TiQnotches were defined by face, which drive .the oxidant into the filfin contrast, _thg
employing the AFM tip-induced oxidation proceksearly stress voltage dgrlng the CILO process leads to glectnc fields
visible in Fig. 4b)].1~3 The oxide protrudes from the surface of 10° Viem, which are not only orders of magnitude lower
reflecting the volume expansion upon oxidatfon. - '?’E’Ztagerltr?g l;]eihhealﬁilzgweo?ftr:geé:llg rocess, we inter-

Metal strips with 100—200-nm-wide constrictions and a d th y idati di dthe b P ’h ith th
film resistance oR~10 k() are the starting point for our rupted the oxI ation and image t © varrier growth wit t. €
study. Upon biasinz; the structure shown in Figo)ith a AFM. The oxide barrier extends uniformly across the entire

L gap even at the initial stages of CILO, which indicates that
constant stress voltage &=2V, we measured an initial

N " the oxide grows from the Ti surface down towards the
current flow ofl =200 A across the Ti strip, corresponding Ti/SiO, interface.

to a current density of~10" A/cm? inside the constriction. The time evolution of the conductancé £ t) upon ap-
However, the current started to decrease immediately, stabjication of the stress voltage provides a measure of the rate

of the barrier formation. As shown in Fig(f], initially the
dElectronic mail: avouris@us.ibm.com conductance of the film decreases slowly but it drops in-
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FIG. 2. (a) and (b) G—t curves recorded during the final stages of CILO
experiments on Tiblack in comparison with the CILO simulatiomed). (c)

G—t curve of a CILO experiment on Nb. The inset shows a scheme of a
metallic nanowire formed during the CILO process.

FIG. 1. (8 AFM image of a 4-nm-thick Ti strip on Sipwith a TiO, electrons. Atj =10° A/lcm?, the wind forceF o~ 10°° nN
constriction in the centerb) Close up view of the gap regioric) AFM E by orders of magnitude too small to break atomic bonds

image after the gap has been closed by a 20-nm-wide barrier upon applyin - ) ;
a stress voltage of 2 \(d) |-V curves of the device beforelue) and after owever, current-induced forces enhance diffusion and

the barrier formationred). (e) Temperature dependehtV data from a  make it directional, such that atom and vacancy flux densi-
device stressed af=5V. _(f) Time ev_olution of tht_e cqnductance during tiesj,,*Dj are generated, witD being the atomic diffu-
CILO (black compared with a simulation of the oxidatiéred). sion coefficient. Thus, nanocracks are formed preferentially
at grain boundaries, which further increases the current den-
creasingly faster as CILO proceeds. This behavior indicatesity in the undamaged film regions and eventually destroys
that the rate strongly depends on the current defistince,  the conductor on a macroscopic scale.jAt10° Alcm?, we
as the barrier grows, the cross sectional &eathe metallic  observe the instantaneous destruction of our Ti film associ-
path through the constriction decreases. It is useful to spliated with the formation of macroscopic voids and hillocks
the total film resistance intR=R, + Rg, with R_ being the  characteristic of electromigration. The CILO process is trig-
constant resistance of the macroscopic leadsRyw1/Sthe  gered by current densities pf 10" A/lcm?, which are well
resistance of the gap region. Initiallig is dominated by the in the range where atomic rearrangements occur. Hence, we
lead resistanc®, , which exceedRRg by 1 to 2 orders of propose that CILO involves initial stages of electromigra-
magnitude. HenceS shrinks much faster during CILO than tion, i.e., the opening of the grain boundaries of the metal
R grows, such that the local current dengjity V/SRinside  film, which act as channels for the transport of the oxidant
the gap increases strongliR§ dominatesk only afterSde-  from the surface to the bulk of the conductor. As atomic
creased by>95%). By writing the oxidation rate ad §/dt rearrangements scale linearly withthe observed* depen-
= —consiXj ", we simulated th& —t curve and obtained an dence of the barrier-formation rate suggests that local heating
exponent ohm=4 [Fig. 1(f)]. The local character of the oxi- is important as well. From a simulation of energy dissipation
dation results from this superlinear dependence on the cuand heat conduction in the Ti strips, we estimate the film
rent density, which confines the barrier formation to the partemperature inside the gap to reatk 1000 K. Apart from
of the constriction whergis maximal. Joule heating, localized vibrational excitations of defects
To develop a microscopic model for the CILO process,may also play an important rofe. Local heating facilitates
we note that current densities ¢t=10° A/cm? produce atomic motion due to the exponential temperature depen-
forces on atomic defects in metals which lead to macroscopidence of the diffusion coefficient and activates the
material transport—a phenomenon known asoxidation®
electromigratior]. The dominant force is the electron wind An interesting feature of the CILO process is its self-
force which results from momentum transfer to defect atomdimiting character. After the completion of the barrier, the
due to electron scattering. It can be estimated Rag,  current density is by orders of magnitude lower than before
~2mug(js/e), with s being the scattering cross section andand the oxidation stops. If desired, the barrier width can be
e, m, andvg the charge, mass, and Fermi velocity of thefurther increased by raising the stress voltage.
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Considering in more detail the time dependence oOfsistanceR-=4.5 k) of the open constriction, which may be
CILO, we find striking deviations from the simpl@éS/dt  related to microscopic channels that connect the nanowire to
= —constj * behavior towards the end of the barrier forma-the macroscopic leads of resistariie~ R [see inset of Fig.
tion. Figure 2a) shows that the decrease of the conductance(c)]. Since transport in these channels remains essentially
in time slows down, which reflectsr@duction of the oxida- diffusive, CILO tends to increase their resistariRe, such
tion rate. Finally, a sharp step signifies the completion of thethat the total series resistanBg~R| + R¢ increases as the
barrier. The magnitude of this step is of the order of thenumber of occupied modes in the nanowire decreases. Al-
conductance quantume?/h, but its exact value depends on though we cannot rule out deviations from unit transmission,
the initial resistanceRg of the open constriction. By per- the sizeable series resistance explains why the step magni-
forming a large number of CILO experiments, we found thattude in different CILO experiments is larger, the smakRgr
the step magnitude is larger, the smalRgr has been before has been before the oxidation.
the oxidation. Figure @) shows additional fine structure In conclusion, we discovered that thin metal films can be
reminiscent of a second step. The geometry of our stripgxidized by high in-plane current densities. This novel oxi-
defines a lower limit ofRe~5Ry for their resistance. To dation process involves initial stages of electromigration and
reduce the sheet resistanBe;, we used a 4-nm-thick Nb local heating and allows the formation of metal-oxide tun-
film for the CILO process and observed three clear steps imeling barriers with nanometer-scale resolution. Towards the
the G—t curve[Fig. 2(c)]. end of the barrier formation, only atomic-scale channels re-

To reveal the origin of these conductance steps, we notmain unoxidized. Despite a strongly increased current den-
that the metallic path in the constriction shrinks continuouslysity, the oxidation rate decreases drastically and the conduc-
as the oxide barrier grows. Eventually, only an atomic-scaléance drops in steps of abou¢Zh. This gives evidence of
channel with lateral dimensions of the order of the Fermiballistic transport and a superior stability of such metallic
wavelength remains unoxidized. Such a metallic nanowirgnanowires against current-induced forces compared with the
has laterally quantized modésnergy levelsand its conduc- bulk metal, which may be of great importance for future
tance is given by the Landauer formu@a= GinN:lTi , with atomic-scale electronic devices. It is likely that other chemi-
N being the number of occupied modds,the transmission cal reactions, for example, nitride barrier formation from re-
coefficient of modei, and GQZZeZ/h the conductance action with NH;, can be induced by high current densities as
quantum‘! As the cross section of the nanowire shrinks duewell.
to _OX|dat|on_, the numbe_r of occqp|ed modes decreases, We thank H. R. Shea and B. Ek for experimental assis-
which explains the stepwise reduction of the conductance at .

! ) ?ance and T. Hertel, R. Landauer, and N. Lang for discus-
the final stages of CILO. Previously, steps of the order of .

P . ; sions.
2e?/h have been observed in many experim&ntdmostly
involving the mechanical elongation of atomic-scale metallic
junctions.
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