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mechanism, and nanofabrication
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Atomic force microscope induced local oxidation of silicon is a process with a strong potential for
use in proximal probe nanofabrication. Here we examine its kinetics and mechanism and how such
factors as the strength of the electric field, ambient humidity, and thickness of the oxide affect its
rate and resolution. Detection of electrochemical currents proves the anodization character of the
process. Initial very fast oxidation rates are shown to slow down dramatically as a result of a
self-limiting behavior resulting from the build up of stress and a reduction of the electric field
strength. The lateral resolution is determined by the defocusing of the electric field in a condensed
water film whose extent is a function of ambient humidity. 1©97 American Institute of Physics.
[S0003-695(97)03628-7

There is currently great interest in the possible use oflucting p* *-Si tips (radius <100 A) and a commercial
proximal probes as tools for the fabrication of nanoelectronicAFM microscope (M5, Park Scientific Instrumenis The
devices. Among the different approaches tested so far, theelative humidity was kept constant during experiments at
most promising has been the atomic force microscopealues ranging from 10% to 95%.

(AFM) induced oxidation of silicon and metals. The first In Figs. Xa) and Xb), we show two grids of oxide lines
report of tip-induced oxidation of silicon was a scanningwritten at a rate of 0.3um/s using—10V tip bias. In Fig.
tunneling microscopéSTM) study by Dagatat al! In this ~ 1(a), the relative humidity was 61% and the linewidth
study, an H-passivated Si surface was scanned in air by & 90 nm. Lowering the humidity to 14% reduces the width
positively biased tip to generate surface oxide features. Aby a factor of~4. The height of the oxide barely changes.
different approach, where an AFM with a conducting tip Such results demonstrate the strong influence of external fac-
biasednegativewith respect to the sample is used to inducetors on the characteristics of the oxidation process. One of
oxidation, was demonstrated by a number of worKers. the most important pieces of information needed in consid-
With this approach, thicker insulating oxides can be pro_ering the use of the process in fabrication is its intrinsic rate.
duced. Oxide lines as narrow as 10 nm have been genérated 0 determine the reaction kinetics, we applied voltage pulses
and nanoelectronic devices have been fabricated using thi¥ith the tip stationary over a surface site. The applied volt-
proces$® The mechanism of the tip-induced oxidation has@de was then varied betweer2 and—20V and the pulse
been addressed by several authors. The dependence of #gration was increased from 10 ms to 1000 s while the tip
tip-induced oxidation on tip bias provides evidence that thevas moved to a new position before each pulse. The width

process is affected by the generated electric field. Furthe@nd height of the resulting oxide dots was obtained from
more, Gordonet all® suggested that the initial density of AFM images. To obtain the total amount of Si oxidized, we

surface OH groups is rate limiting, while Teuscherallt ~ @lso imaged the indentations left after the oxide was selec-
attempted, unsuccessfully, to explain the tip-induced oxidalively etched away by aqueous HF. In this way, we found an
tion in terms of the Cabrera and Mott motebf field- ~ @Pparent volume expansion upon oxidation of 3004,

induced oxidation. The fact that water from the ambient isWhich is higher than the expected increase by a factor of 2.27

necessary for the oxidation has been interpreted by Sugimufticipated for formation of amorphous $iO .
et al3 as an indication that the process is analogous to elec- Kinetic results are shown in Fig(@ where the height of

trochemical anodization. No current flow has, however, beeff€ 0xide dots is plotted versus voltage pulse duratidrhe
detected during the reaction. fits show a rapid decrease of the growth rate with time as

To optimally use this oxidation process in nanofabrica-llt- No clear bias threshold was observed. For sufficiently

tion requires that we understand the factors that control its
characteristics. With this in mind, we address questions in- @) 61% humidity b) 14% humidity
volving the mechanism of the process, the rate of the reac-
tion, and its dependence on electric field strength and oxide
thickness, and try to identify the factors that control the
thickness and lateral extent of the oxidége., the litho-
graphic resolution

The n-type (8—12 ) cm) Si(100 samples were cleaned
by removal of the native oxide in aqueous 10% HF solution.
Local oxidation was performed in the ambient using con- 200nm

FIG. 1. The aspect ratitheight/width of oxide lines improves significantly
3E|ectronic mail: avouris@watson.ibm.com when the relative humidity is lowered from 61% to 14%.
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FIG. 2. (a) Kinetics of oxide dot growth for different tip bias at50% : ; A
humidity. (b) Current measured during the oxidation process. Oxide helgm (A]

FIG. 3. (a) The growth rate versus electric field strength at the tip afi®x.
long pulses, growth of shallow oxides was observed even atrowth rate versus oxide height at three tip biases.

—2V.

The bias dependence of the rates is a clear indication that.. N
the electric field plays an important role in the process. ThII:'g' b)]. If the kinetics were to obey_ the_Cabrera—Mott
high initial growth rates occur at extreme electric field model, the data should not fall on a straight line as seen from
strengths near the tip apex of up to10® Vicm. Field en- the graph because the Cabrera—Mott rate constant is propor-
hanced thin film oxidation was first modeled by Cabrera anc}Ional to gpraA(I)/?XkT). Here,q s t'he Ch‘f"fge (.)f moving
Mott.12 In their model, the role of the electric field is to lower 'O1S: @ gives the distance between interstitial sites of ions,
the activation barrier for transport of ionic species across thé® IS the potential drop across the oxide, akdhe oxide
oxide. The decrease of the growth rate observed here woufickness. Deviations from Cabrera—Mott type kinetics are
then be attributed to the reduction of the electric field@/SC observed in thermal oxide growth. This is partly attrib-
strength as the oxide thickness increases. To confirm the iffitéd to the influence of stress, on the oxidation rates.
volvement of ionic species in the tip-induced oxidation pro--a"g€ stresses build up during 3OX|dat|§)n due to the large
cess, we searched for the weak Faraday currents expect&f/ume mismatchVs;/Vsio, =20 A’l45 A° between Si and
The measured current in Fig(# shows the same behavior Si0,. The stress should increase the activation energy for
as the Faraday current expected for anodic oxidation if caloxidation because of the work that has to be done due to the
culated from the measured volume growth according to th&olume expansiod V™ in the transition state. The reaction
electrochemical reaction: $i4h*+20H —Si0,+2H*.  rate may be written aks=k, exp(—oAV'/KT), wherek,
Here the charge efficiency was50%. This efficiency, how- gives the rate in the absence of stress. During thermal Si
ever, varies from experiment to experiment, probably due t@xidation at temperatures above 800 °C, stress is relieved by
oxide formed at the tip apex and differences in surface paghe viscous flow of Si@ This is reflected in an increase of
sivation. the characteristic decay length from 8 to 12 A when the

From the straight line fits in Fig.(8), we obtain the temperature is raised from 800 to 1000 Eowever, in our
growth rate as a function of electric field strenffig. 3(a); room temperature experiments—where SiCcannot
here we assumed that the entire potential drops across tfiew—we observe a similar trend and the characteristic
oxide]. The high initial rates(~10° A/s for —20V) de- lengths increase from 5 to 13 A when the tip bias is raised
crease fast with decreasing field strength and the oxide praffom —5 to —20V [Fig. 3b)]. Thus, for a given oxide
tically ceases to grow at field strengthsl X 10° V/cm. Fur-  thickness, the higher biggnd thus stronger electrical figld
thermore, it is evident that the rate of oxidation is not only anot only leads to higher growth rates but also incredses
function of electric field strength but also depends on theThis suggests that the electric field may also contribute to
applied bias—in particular for high fields. From this, we seestrain relaxation. Possible field enhanced strain relief mecha-
that the simple Cabrera—Mott model alone cannot accoumisms include silicon out diffusion through the oxide, and
for the observed kinetics. This becomes even more eviderdefect formation in the oxide. The discrepancy between the
when the oxidation rate is plotted versus oxide thicknes®bserved volume expansion of 3.0 instead of 2.27 may be an
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The extent of the water film which “defocuses” the electric
100s field thus plays a decisive role in the resolution of the pro-
10s cess. The formation and extent of this film is governed by a
number of factors including capillary forces, high electric
field gradients at the tip apex, the wetting behavior of the
substrate and the tip and the relative humidity. In this re-
spect, writing withhydrophobiccarbon nanotubes appears
promising and preliminary experiments have shown im-
108 —e ' ' —s proved resolution. The effect of the ambient humidity can
106 Field in also be seen in Fig. 1 where the resolution is significantly
104F vacuum enhanced at lower humidity. We furthermore note that the
' ' ' ' ' = stress which develops during the oxidation also favors oxides
03 -02 -01 00 01 02 03 with low curvature'® i.e., shallow oxides. By increasing the
Distance from tip (um) field strength, thicker oxidege.g.,>100 A) can be grown
but with a decreasing aspect ratio.
FIG. 4. Profiles of oxide dots grown at10 V tip bias. Lower panel: The In summary, we have investigated the kinetics and elec-
calculated e;leqtric field for a tip 30 A in front of a conducting surface in tric field dependence of AFM induced local oxidation of
vacuum(solid line) and the field calculated from the observed growth rate Si(100) i ir. Th It I ¢ d duri
(solid circleg. High growth rates at the edges of the dots show that the field l(_ ) In-air. eu rasm_a. (.:urren S _We megsu.re uring
is strongly defocused by the water film on the oxide. oxidation show that the oxidizing species are ionic, presum-
ably OH", from the water film on the oxide. The rate of
o ) ) ] . oxidation was found to decrease rapidly as the oxide film
indication that the high stram_s are r_eheved by the formatmr‘tJrOWS due to the self-limiting influence of decreasing field
of a rather open and defect-rich oxide. _ strengths and the buildup of stress. The water film condensed
The details of the reaction kinetics—which are not very p, the surface not only supplies the oxidizing species, but its
well understood even in the case of thermal oxidation—nite conductance also leads to a defocusing of the electric
should be further influenced by the field dependence of thggy \yhich degrades the lateral resolution of the process.
concentration of reactant species and their solubility in the 1 5uthors would like to acknowledge the contributions
oxide. Nevertheles§, _|t is evident that the self_-llmltlng OXIdeOf B. Ek, R. Rouse, and R. Sandstrom. T.H. acknowledges
growth puts clear limitations on the use of this process as gnancial support by the Alexander von Humboldt foundation
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compensated for by the use of multiple writing tips. F.C.A.R. postdoctoral fellowship.
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