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Abstract. Here we discuss two different processes that can bthe process of tip (field)-induced oxidation. Using this pro-
used to locally oxidize silicon or metals and are promising forcess, one can generate oxide patterns on semiconductors or
the fabrication of model nanoelectronic devices. The first inmetals. Unlike most other modifications produced by prox-
volves oxidation induced by a negatively biased conductingmal probes, the structures produced with this approach are
atomic force microscope (AFM) tip. We examine the kinet-three-dimensional. The size (line-width) of the structures pro-
ics and mechanism of this process and how factors such asiced is in the range of a few to tens of nanometers. This
the strength of the electric field, thickness of the oxide, ands the next relevant size range for electronic devices; devices
ambient humidity affect its rate and resolution. Weak ionicsignificantly smaller than that would face great problems of
currents are detected, pointing to the electrochemical charastability and fabrication and are not likely to become im-
ter of the process. Very fast initial oxidation rates are foundgortant for some time to come. One of the problems associ-
to slow down dramatically as a result of the build up of stressated with very small conducting structures is their instability
and the reduction of the electric field strength. The laterabroughtabout, primarily, by the high current densities that de-
resolution is found to be largely determined by the defocusvelop in them. Although these current densities usually lead
ing of the electric field by a water film, surrounding the tip, to the destruction of the structures, here we demonstrate that
whose extent is a function of ambient humidity. The secondhe effects of high current densities can be controlled to pro-
approach involves local oxidation induced by high currenduce desirable structural and chemical modifications of mate-
densities generated by forming constrictions in the currentdals on the nanometer scale.

carrying sample. This novel local oxidation process can be The earliest report of tip-induced oxidation was by Da-
used to generate thin oxide tunneling barrierd@$50 nm gata et al. [4]. These workers oxidized silicon by scanning
H-passivatedi in air with a positively biased STM tip. Other
workers used a different approach in which the sample is
) ) ) scanned by a negatively biased tip [5—11]. Instead of an STM,
Microelectronic devices have reached a stage of great sophign AEM with a conducting tip is usually employed so that
ticatioln and perfection. It |S, hOWeVer, clear that the Contin'the process can be used to produce thicker, non_conducting
uous improvements to which we have been accustomed f@jjdes. This approach has also been used to fabricate sim-
several decades will eventually come to an end if we limityje device structures [12—15]. However, the mechanism of
ourselves to the current device concepts. Thus, it has becorig process and the factors that control its rate and resolution
important to find new device principles that would allow us toremain unclear. The fact that water vapor in the ambient envi-
continue the process of miniaturization and integration wellonment is necessary was considered by Sugimura et al. [11]
into the 21st century. The perturbations the tips of proxigs an indication that the oxidation reaction may be analogous
mal probe microscopes (STM&AFM) induce to the surfaceyy electrochemical anodization. No electrochemical current
of a solid have been used to produce structural or chempas been detected, however. Here we study the dependence of
cal modifications of materials [1-3]. The simplicity and low the reaction rate on the electric field strength and oxide thick-
cost of the approach has generated interest in developing it @gss and determine the factors that control the depth and the
a fabrication process of model nano-electronic devices whosgteral extent of the oxide patterns, i.e. the resolution of the
function is to be assessed. Among the various modificatioBrocess [16].

schemes explored so far the most promising appears to be | the second part of the paper we show that local
- nanochemistry can be induced by the action of high elec-
* E-mail: avouris@us.ibm.com tric current densities flowing through thin metal films in air.
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Specifically, ultra-thin10-50 nm) metal/oxide tunneling bar- Very high initial growth rates are observed at extreme elec-
riers can be fabricated in a self-limiting way and in anytric field strengths near the tip apex of up+al0® V/cm. In
desired position simply by making constrictions of the currenestimating the field we have assumed that the entire voltage
path using the AFM oxidation process. The electrical characdrop takes place across the oxide. Field enhanced oxidation
teristics of the resulting oxide barriers are determined, and theas first modeled theoretically by Cabrera and Mott [17]. In
possible mechanism of the process is discussed. their model, the role of the electric field is to lower the acti-
vation barrier for transport of ionic species across the oxide.
The decrease of the growth rate observed here would then
1 Experimental be attributed to the reduction of the electric field strength
as the oxide thickness increases. To confirm the involve-
The samples used in the oxidation experiments were n-typment of ionic species in the tip-induced oxidation process we
(8—12%2 cm) Si(100) wafers. The native oxide was removed searched for the very weak (femto-ampere) Faraday currents
using an aqueould% HF solution. Local oxidation was per- expected. The measured currentin Fig. 4 shows the same time
formed in the ambient with conducting p-Si tips (radius evolution as the expected Faraday current calculated from the
< 100A) and a computer controlled commercial AFM micro- experimentally measured volume growth and by taking into
scope (M5, Park Scientific Instruments). The relative humidaccount that four elementary charges are need to oxidize one
ity was kept constant during experiments at values rangin§i atom. The charge efficiency obtained from the comparison
from 10%-95%. AFM measurements of line widths involve of the observed and calculated results-i50%.
a convolution with the tip shape. Metal thin flms were de-  Using the straight line fits of the kinetic data in Fig. 3
posited onSi(100) wafers covered witli30 nmof SiO, by  we can obtain the growth rate as a function of the elec-
using dc magnetron or electron beam evaporation. Patternirigc field strength at the tip apex (Fig. 5). The high initial
of the metal films was accomplished with optical lithogra-rates (~ 10° A /s for —20V) decrease quickly with decreas-
phy employing a Karl Suss aligner. Contact pads made dhg electric field strength and we find that the oxide practi-
Al(+4% Cu) were also fabricated by using lithographic tech-
niques. Electrical measurements were performed with a pre-
cision semiconductor parameter analyzer (HP model 4156A*

2 AFM Tip-induced oxidation
2.1 Oxidation kinetics

Figure 1 (top) gives an example of patterned oxidation of sili-
con with an AFM tip. Given the different chemical properties
of the oxide, subsequent chemical reactions can be used
produce patterns of different composition. For Fig. 1 (bottom
aqueous HF was used to preferentially etch the oxide.

One of the most important pieces of information needec
in considering the use of this oxidation process in fabrica
tion is its intrinsic rate. The study of the reaction kinetics
is also essential for elucidating the mechanism of the oxide
tion process. To determine the reaction kinetics, we applie
voltage pulses with the tip stationary over a surface site. Th
applied voltage could be varied betweer2 V and —20V
and the pulse duration was increased frb@msto 1000 s
while the tip was moved to a new position before each pulse
The width and height of the resulting oxide dots was ob-
tained from AFM images (see Fig. 2, top). To obtain the tota
amount ofSi oxidized, we also imaged the indentations left
after the oxide was selectively etched away by aqueous H
(Fig. 2, bottom). In this way, we found an apparent volume
expansion upon oxidation of 3+ 0.4, which is higher than
the anticipated increase of 2.3 for formation of amorphou:
SiO,.

Kinetic measurements are shown in Fig. 3 where the
height of the oxide dots under the tip apex is plotted as a func
tion of the voltage pulse duratidnThe fits to the data show
a rapid decrease of the growth rate with time as No clear
bias threshold was observed. For sufficiently long pulses sha
low oxides were grown with a tip bias as low a2 V.

The bias dependence of the rate indicates that the elegry. 1. Top AFM-tip-induced oxide pattern 0&i(100). Tip bias —10 V.
tric field plays an important role in the oxidation process.Bottom After etching the oxide fod5 susing 50:1 aqueous HF solution
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Fig. 4. Current detected during tip-induced oxidation. Dots indicate current
calculated on the basis of measured oxide volume (see text)

transported ions gives the distance between interstitial sites
of ions, A® is the potential drop across the oxide, anthe
oxide thickness.

An exponential dependence of the oxidation rate on oxide
thickness at the early stages of oxidation has also been ob-
Fig. 2. lllustration of the use of AFM to study the kinetics of tip-induced served in the case of thermal oxidation (see for example [18]).
oxidation It is believed that the development of stress during oxidation

causes the observed thickness dependence of the oxidation
rate [19, 20]. The molecular volume 8i0; is 45A% and that
cally stops growing at field strengths1 x 10’ V/cm. Itis  of Siis only20A3. It is this doubling in volume which is re-
also clear from Fig. 5 that the oxidation rate is not only a funcsponsible for the development of stress. New oxide formed
tion of electric field strength but also depends on the appliedt the Si/oxide interface must push against the already
bias. formed oxide. This would lead to an additional activation en-

More insight on the factors that affect the oxidation ki- ergy which can be written a8 Ex = —or [V(SiOy) — V(Si)],
netics is obtained by plotting the oxidation rat#/dt, as whereog is the component of stress along the growth di-
a function of the oxide thickness. Figure 6 shows that rection. In fact not only the interface reaction, but also the
the rate falls off exponentially witlkk according todx/dt o«  other elementary processes that lead to the formation of the
exp(—x/L), wherelL is a characteristic length that dependsoxide, i.e. reactant solution and diffusion through the grow-
on the applied bias. The observed behavior is not compatibieg oxide, would be affected in the same way by stress as they
with the simple Cabrera—Mott model where the rate is protoo involve an increase in volume in the transition state. In the
portional to exjgaA®/2xkT). Here,q is the charge of the absence of relaxation processes, the stresses would be enor-
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Fig. 5. Oxide growth rate as a function of the electric field strength at the

P apex We now address the issue of the lateral resolution of the tip-
induced oxidation. Figure 7a shows the profile of an oxide

mous, of the order ofl0*?>~10' dyn/cn? [19]. In thermal  dot grown at a tip bias 010 V and an ambient humidity of
oxidation the temperature is usually high enough to allow th&5%. The strong field dependence of the oxidation kinetics,
viscous flow ofSiO, [20]. For example, Massound et al. [18] together with the anticipated focusing of the electric field at
report that the characteristic lengthincreases frond—7 A the tip apex (radius of curvature 1002) should, in princi-
at800°C to 10-20A at 950°C. The AFM-induced oxidation ple, yield very narrow oxide structures, much narrower than
takes place at room temperature and, therefore, no viscotisat seen in Fig. 7a. Furthermore, the increase of oxide height
flow can take place. We do, however, observe that the chain Fig. 7a is nearly constant over the whole dot. By calculat-
acteristic length increases with increasing field strength (seieg the electric field strength required to obtain this growth
Fig.6):L =4A (at —5V), L=9A (-10V), andL =13A  rate we find that the field strength across the oxide must be
(—20V). Thus, the increasing electric field seems to act likeroughly constant even at large distances from the tip. This
an increased temperature to counteract the stress. Possibtentradicts the expected field distribution from the tip in front
field-dependent stress-relief mechanisms may involve silief a conducting surface in vacuum (Fig. 7b). This field should
con out-diffusion through the oxide with reaction occurringdecay approximately inversely proportionally with the dis-
at the oxide—gas interface, or defect formation in the oxidetance from the tip. We attribute the observed discrepancy to
The observed discrepancy between the measured and dke finite electrical conductance of the water film that forms
pected volume expansion may be an indication that stregsetween the hydrophilic oxidized regions of the surface and
relief involves the formation of a rather open and defect-rich
oxide.

The logarithmic dependence of the oxide height on time

2.2 Lateral resolution of the oxidation process
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the tip apex. We obtained direct evidence for the presence ¢w oxides, because o 1/RZ, where Rc is the radius of
such a film by obtaining force vs. distance curves on cleacurvature. Thus, both humidity and stress control the aspect
H/Si sites and on pre-oxidized sites (not shown). The forratio of the oxide structures.

mation and extent of the water film which “defocuses” the

electric field is governed by a number of factors that include

capillary forces, high electric field gradients near the tip apexs 3 Oxide growth at high bias

the wetting behavior of the substrate and tip, as well as the

ambient humidity. The dependence of the oxidized volume °th addition to the lateral resolution with which oxide can
the ambient humidity at constant voltagel0 V) and reac- be grown, we need to know how thick an oxide film can
tiontime 0 9 is shown in Fig. 8a. Figure 8b shows two grid:sb 9 ,t d with the AEM. E the ab di ion it
of oxide lines written with the same bias {0V) but at two o€ generated with the ArFM. From the above discussion |
different humidities61% and14%. In this case the decrease would appear that by simply raising the applied bias we

in humidity leads to a reduction of the oxide line width by COUd grow increasingly thicker oxides, albeit with a wors-
about a factor of 4. ening aspect ratio. However, this is not the case. At high

Using the finding that the field is constant across the dolf"ash(> .10\/)_'_?] new chanlnel .op(;nisd up in the .o'X|dat|<|)n
while the oxide thickness decreases linearly with the distanct'(?c?rfS ?r?tlgr?ﬁe cgnztlzgtri}gnebzcr;[gcoflihes %‘\:‘Nsiﬁnt olzjiggt fﬁrﬁc_
from the tip apex, we can obtain information about the Struc_The accelerated (“hot”) electrons can nO\?v enegrjate secondér
ture of the water film around the tip. By relating current and lect Thi Its | lanches th ? f toch y
potential drop to the resistivity of the film we find that its electrons. 11is results n avaianches that aré ot a stocnas

thicknessd, as a function of the distance from the apex, tic nature. Evidence for their growing importance as the

is given byd(r) o (12, —r2)/r, wherermay is the radius of bias is increased is provided by both electrical measure-

the outer boundary of the water film. Finally, we note that the entsl atncti_ 0)é|_de czh(;amlsgy. Flgture_kg S?ﬁ"‘ﬁ adCl:rreInt VS.
stress that develops during oxidation, as we discussed abo gne plo (tip bias—20V). Current spikes that tend to clus-

also favors oxide structures with low curvature, that is shal-er. in the (_ear.||er.t|mes are clearly evident. The fragmen-
tation and ionization produced by the avalanches generates

an abundance of reactive species that lead to fast oxidation.
These localized fast reaction pathways can be seen as oxide

spikes or after HF etching as localized depressions. Figure
4| Tipbias:-10V 10 shows an oxide line written at a tip bias 20V and
4.0x10 7 Growth time:10s subsequently etched by HF. For the most part~ag@0A
deep channel is formed. However, in places where presum-
ably breakdown has occurred, deep dark-appearing holes
o 4 | are formed. Line scans show that the depth of the holes
g_ 3.0x10 can be more than twice that of the channels formed by
P the anodic oxidation process. This avalanche induced com-
g ponent of the chemistry limits the magnitude of the bias
= 1 ] that can be applied and, therefore, the thickness of a uni-
g 2.0x10 form oxide film that can be formed by the AFM oxidation
® process.
©
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ups of the active area showing a star-like pattern made of a 3-nm-fhick
film on an insulatingSiO, substrated Oxide barrier fabricated on one of
the side arms of thdi star pattern with the AFM tipe Current-voltage
(1-V) characteristics of the oxide tunnel barrier as a function of temperature

-100 |
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L : 1 L 1 choosing the nature of the conductor to be oxidized one
can tune the tunneling barrier height. For example, by ox-

0 1 2 idizing metals such ad\b, Ti or Cr oxide barriers with

Lateral Distance (um) heights 0f100-300 meVare created, whereas high barriers

Fig. 10. Top Trench produced by oxidizing§i(100) with a tip at—20 V and can be formed by' for example, OXIdIZII’}gl (1'8 e\/) or

subsequently etching the oxide with aqueous Bisitom Line scans across Si (3 eV). .
the trench To be able to measure the electrical (transport) charac-

teristics of AFM-fabricated nanostructures we need to pro-
vide good electrical contacts with the measurement devices.
2.4 Oxide electrical properties Figures 11A-C show pictures of the lithographically defined
work area. It involves a star-like pattern of a very thinfilm
In contemplating future electronic devices in the size rangé~ 3 nm) on an insulating film ofSiO, in contact withAl
of only a few nanometers, we quickly realize that two kindspads. AFM-induced oxidation can oxidize the film down to
of materials are relevant: conductors and insulators. SemtheSiO; insulator. Figure 11D, shows a tunneling barrier gen-
conductors that form the basis of modern microelectronicerated in one of the side arms of the star pattern, and Fig. 11E
lose their importance because of problems associated wighows the current—voltagé+{V) characteristics of this struc-
the difficulty of doping such small structures. For exampleture as a function of temperature. The non-ohmic character
the maximum dopant concentration in silicon is in the rangef the transport is clearly evident. Transport takes place by
of 10'° dopant atoms/cfn Even at that concentration the thermal activation over the barrier and tunneling through the
average distance between dopants-igd.5nm Thus, sta- barrier. Analysis of the temperature dependence of the current
tistical fluctuations in the dopant concentration become exallows the determination of the barrier height (see Sect. 3).
ceedingly important and problematic in nanodevices. Most
of the proposed schemes for new quantum electronic de-
vices involve the confinement of electrons by using tunnel3 Current-induced oxidation
ing barriers and the modification of their energies by using
gates [23]. The AFM-induced oxidation process is well suitedrhe high current densities that can be generated with the
for the fabrication of such devices as it is able to generSTM have been shown to lead to interesting new chemistry
ate in situ patterns involving conductors and insulators. Bynvolving the breaking of chemical bonds via a multiple-
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vibrational excitation mechanism [24]. Here we show that the Before After
high electric current densities that can be generated insic
nanowires and nanoconstrictions can also lead to local cher
istry. The reaction rate is again a strong function of the currer
density and this leads to nanometer scale spatial resolutio
It is known that an electric current flowing through a con-
ductor exerts forces on defect atoms in the conductor [25
Usually, two types of forces are distinguished. One, the sc
called electron wind force, results from the momentum trans
fer in electron—atom collisions. The direction of this force is  Ji
the same as that of the electron flow, and its magnitude i
Few o Je o oE, whereJe is the electron current density and

o the conductivity. The other force is the result of the electric 15
field acting directly on the nominal chargeqd of the atom,

i.e. Fer = zeE and has the opposite directionfgy. Inmost 10
casedew > Fegr and the atoms move in the same direction as =

@ =
3 8

Oxide Width (A)
8

the electrons. The resulting net atomic current can be writte -3 s 400
as [25] =
NL 0 300
Ja W [Do exp(—WD/kD] (3) 200
_50.4 0.5 0.6 0.7 0.8 2_0.2_5I3.D 35 40 4.5I 50

where N is the number of the atoms, anbdy and Wp
are their diffusion coefficient and diffusion activation en- Fig.12. a AFM fabricated oxide constriction on a 3-nm-thidk film
ergy, respectl_vely. From (3) we see that eIe_ctnc—currentB %\ﬂer stressing by applying a 2-V bias a 28-nm oxide barrier is formed.
!nduced atomic motion, so-called eleCter@rauoni bec_ome§ Line scan through the current-grown oxicte.Dependence of the oxide
important at high electron current densities or electric fieldSparrier width on the stress voltage
Along with the atomic current we can consider that a va-
cancy currently is formed and moves in the opposite di-
rection. Joule and local heating effects further increase thage”) we generate a current density -of5 x 10’ A/cn?.
atom/vacancy currents. Permanent structural changes occutdider these conditions, we find that in a short period of time
places where the divergence of the current is not zero, i.@ barrier is formed that bridges the constriction as shown in
VJav # 0. Such locations act as sources or sinks of atomgrig. 12B. In this case, the width of the barrier convolved with
The atom/vacancy current is a function of several other varithe tip width is28 nm We have produced widths as low as
ables such as the local composition or the temperature, add nmin this manner. For a given constriction, the barrier
the continuity equatiorvJay = —dN/dt suggests that the width is a function of the applied stress voltage. An example
sites of local modification will be places where the gradi-is shown in Fig. 12C. The strongly non-line&rVv (MIM
ents of these variables are large. Grain boundaries where th@é@de behavior) obtained after stressing%0 nmconstric-
mobility of the atoms and the above gradients are the hightion at a voltage o6V is shown in Fig. 13A. By plotting
est, form the preferred sites for structural modification [25].the current as a function of/T one can obtain the effec-
The thin metal flms we use in the oxidation experimentdive tunneling barrier heighpgﬁ. This height is a function of
are nanocrystalline with an average grain size of only a fewhe electric field and is given bygﬁ = &3 — e(eE/4mege)/?,
nanometers. where the second term accounts for the reduction of the bar-
In our studies we found that destruction by electromigrarier by the electric field and by image effects. To obtain the
tion of the our thin metal films takes place at current densitie§ield free value®3 we plot @£ as a function of/E and ex-
of ~ 10 A/cm?. To induce local nanochemistry we must trapolate toE = 0. Figure 13B shows this plot. The field-free
generate current densities d0’ A/cn?. Under these con- value of the barrier height i8.24 eV, which is very close to
ditions current-induced atomic rearrangements can still takéhe value0.28 eV reported for theTi oxide produced by tip
place. In particular, vacancy aggregation at grain boundariesxidation [14]. This result and the observation that no barrier
creates nanocracks that act as channels that allow oxidarnssformed when the film is stressed in the absence of the am-
(02, H20) from the ambient to reach the interior of the film. bient indicate that the barrier is formed by the oxidatiofiof
The large field gradients present at grain boundaries helf measure of the oxidation rate is provided by the time evolu-
in this transport. Finally, Joule and local heating are alsdion of the conductance. Figure 14 shows the behavior of the
maximized at these locations and help activate the chemicabnductance of a 140-nm constriction during current-induced
reactions. oxidation. Initially the rate of change of the conductance is
A test of the possibility of using high local current densi- slow but as the cross section of the unoxidized part of the con-
ties to induce nanochemistry is shown in Fig. 12. The strucstriction decreases, the current density increases and the oxi-
ture used is the side arm ofTa star-shaped film similar to dation rate becomes very high. This observation indicates that
that shown in Fig. 11. To select the place where we want th#he rate is a strong function of the current density. This non-
chemistry to take place, we use AFM oxidation to generatéinear dependence of the rate on current density is analogous
two oxide notches that constrict the current path at that loto the behavior observed for hydrogen desorption induced by
cation. The constriction shown in Fig. 12A has a width of STM-tip-emitted electrons [24]. In both cases the strong de-
~ 140 nm By applying a voltage bias d V (“stress volt- pendence of the rate on current density tends to localize the

Distance (um) Stress Bias (V)
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following the application of a 2.5-V stress voltage

reaction to the area whetk is highest and this leads to high
spatial resolution. Conductance curves such as that shown in
Fig. 14 also show kinks and a step near the end of the barrier
formation process. We are currently working to elucidate the
detailed mechanism of the current oxidation process and use
it to fabricate model devices.

4 Conclusions

We have discussed two different ways of inducing the con-
trolled oxidation of silicon and metals on the nanometer scale.
In the first approach, the electric field of a conducting AFM
tip was used to induce oxidation. The measurement of weak
ionic currents of the correct magnitude and time dependence
proves the electrochemical nature of the oxidation process.
We have also measured the kinetics of this process and found
it to be sensitively dependent on the applied bias and the re-
sulting electric field strength. Moreover, we found that the
oxidation rate shows self-limiting behavior with the rate de-
creasing exponentially with increasing oxide thickness. We
interpreted this behavior as arising from the development of
stress during oxidation, which in turn leads to a thickness-
dependent activation energy. The ultimate oxide thickness
that can be grown in a controlled manner by this approach is
limited by dielectric breakdown events that can occur at bi-
ases> 10 V. The lateral resolution of the process was shown
to be primarily determined by the defocusing of the elec-
tric field of the AFM tip by a condensed film of water that
forms near its apex. The extent of this film and the result-
ing field defocusing depend on the ambient humidity and the
hydrophilicity of the growing oxide.

We have also discovered that controlled local oxide

e growth on the nanometer scale can be induced by the cur-

rent flowing through a conductor. By generating constrictions
on a metallic conductor by using the AFM-induced oxida-
tion process described above, current densities in the range
of 10°-10" A/cn? can easily be generated. We found that,
under these conditions, thin oxide barriers soon grow and
bridge the constrictions. By measuring the current as a func-
tion of temperature we determined the tunneling barrier
height and found it to be that of B /TiOy barrier. The barrier
width can be controlled by varying the applied stress volt-
age. The detailed mechanism of this oxidation process has not
been elucidated yet. It is clear, however, that it involves the
action of the electric current and is promoted by high current
densities. The current and the associated electric field induce
atomic rearrangements particularly at the metal grain bound-
aries. Nanocracks formed at these boundaries allow oxidants
from the ambient to reach to the interior of the film. At the
same time, the high current densities lead to Joule and local
heating and thus promote chemistry.
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