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Giant growth rate in nano-oxidation of  p-silicon surfaces by using ethyl
alcohol liquid bridges
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We demonstrate that local oxidation nanolithography can be performed in liquid environments
different from aqueous solutions with a significant improvement in the aspect ratio of the fabricated
motives. Here, we perform a comparative study of noncontact atomic force microscopy oxidation
experiments in water and ethyl alcohol. The growth rate of local oxides can be increased by almost
an order of magnitude by using oxyanions from ethyl alcohol molecules. We propose that the
enhanced growth rate is a consequence of the reduction of the trapped charges within the growing
oxide. The present results open the possibility of using local oxidation nanolithography to directly
fabricate vertical oxide structures while keeping lateral sizes in the nanometer rangg0030
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Local oxidation or nano-oxidation of semiconductor andto that of the watef1.69 vs 1.85 [, and the potential abun-
metallic surfaces by atomic force microscofFM) is  dance of oxyanions OH Its polar character allows the
emerging as a reliable and versatile lithographic method fofield-induced formation of alcohol bridges between tip and
the fabrication of nanometer-scale structures and devices. sample. We have performed a comparative study of the
The present knowledge allows establishing some similaritieeight and width dependencies on voltage pulse conditions
to conventional anodic oxidation. The AFM tip is used as aby using water and ethyl alcohol bridges, respectively. Be-
cathode and the water meniscus formed between tip and susides, we demonstrate that local oxidation can also be per-
face is the source of the oxyanions speéi#s°The strong  formed in nonaqueous liquids.
localization of the electrical field lines near the tip apex and ~ The experiments were performed with a dynamic atomic
the lateral confinement of the oxyanions species within thdorce microscope operated in the low amplitude solution
liquid meniscus gives rise to a nanometer-size oxide dot. Théhoncontagt® and with additional circuits to perform the
majority of local oxidation experiments have used a wateioxidation? The microscope was placed into a closed box
meniscus formed either spontaneously by the mechanicayith inlets for dry nitrogen and alcohol vapors. First, the
contact between tip and sample or field-induced by the apchamber was purged of water vapor by flushing dgyfor
plication of an external voltage™® Only in two isolated in-  a@bout 30 min. This reduced the relative humidity below 2%.
stances other sources of oxyanions were used. Matcii'’ Then, the chamber was filled with ethyl alcohol vapor. Non-
used ozone enriched environments and Wei and Eres us&é@Ntact AFM oxidations were performed with dopet-type
oxyanions produced by the electron-beam-induced dissocigilicon cantileversNanosensors, GermanyThe force con-
tion of residual water vapor in a vacuum chamtfen both ~ Stantk. and resonance frequenéy were about 25 N/m and
cases, oxidation marks were generated, however, the expeago kHz, respectively. The gantllever was excited at its reso-
mental setups were somehow impractical and have not bedlgnc€ frequency. The semiconductor samples vpetgpe
pursued. Si(100) with a resistivity of 0.1-1.40 cm. The numerical

The local oxidation process in aqueous environments idat@ presented in Figs. 23 is the average of five oxidation
characterized by a high initial growth rate that decays rapidhfXPeriments under the same conditidtte standard devia-
and finally saturates. Among the challenges to establish loca°" IS @Pproximately 10% of the average valuene alcohol

oxidation as an alternative lithographic method to patterrf':e.nISCII brldtglngltlp I’f[md ss T\?[Ie W(ta're f|edld—|ndui:edTEy ap-
surfaces is the control of the vertical growth rate. Spacé3 ying an external vollage between tip and sample. 1he pro-

charge buildup within the growing oxide, increasing OXidetocol is similar to the one previously applied to field-induced

: ; 6
thickness, buildup of stress because oxidation-induced vof—he fqrmauon of water br_|dge731. . .
Figure 1 shows a typical sequence of oxide dots obtained

ume expansion, and mechanical tip-oxide forces are thBy bridging tip and sample with ethyl alcohol and water

likely factors responsible for the progressive slowing downCapillaries respectively. The dots have been obtained by ap-
of the oxidation kinetics. In practical terms this means that lying a séquence of 26 V pulsétip negative for different
local oxide structures are usually in the 5-10 nm range i imes (0.001, 0.003, 0.01, 0.03, 0.1, 0.3, 1, 3, 10, and B0 s
thickness or 3-6 nm in helg_ht..- . . The cross sectioffFig. 1(b)] reveals that there is hardly any
Here, we study the pQSSIbI|Ity of using dlfferent_electro- oxidation growth in ethyl alcohol environments for oxidation
lytes to enhance the vertical growth rate of local oxides. OUbaq smaller than 0.01 s. However, a dramatic increase in

choice has been to use alcohols, in particular ethyl alcohoghe growth rate and consequently in the height values are

CH;—CH,OH, because of its dipole moment is comparablegpserved for longer pulses. The oxidation growth and the

height values are considerable smaller in water, Figs) 1
dElectronic mail: rgarcia@imm.cnm.csic.es and Xd), although oxides are produced for very short pulses.
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FIG. 1. AFM image of a sequence of oxidation experiments performed for
different pulse duratiof0.001, 0.003, 0.01, 0.10, 0.3, 1, 3, 10, and 30 s from
left to right) and constant voltag€0 V): (a) in ethyl alcohol,(b) cross

section of(a), (c) in water, and(d) cross-section ofc). . . e .
@. (© dd) © FIG. 3. Height of oxide dots vs oxidation time at different voltages:16

and(b) 20 V.
For a fixed voltage and oxidation time there is consider-

able dispersion in the oxidation heights obtained by using _ : -
different, although in principle similar tips. We find an stan- respect to the base line defined by the silicon surface. The

dard deviation of about 25% of the mean vatd@o rule out  available data for local silicon oxides says that about 60% of
the possibility that either variations in the tip’s doping con- t_he tzcital oxide t_hlckn_ess I_|es above the silicon substrate _base
centration or in its geometry could modify the height values!ine-~ The semilogarithmic plot shows remarkable quantita-
obtained at otherwise identical conditions, we have perlive differences between oxides generated in aqueous and
formed a comparative oxidation experiment where the sam@lcohol environments. At longer pulses, oxides in ethyl alco-
tip was used to generate a sequence of dots in aqueous afi@! Show height values above 20 nm, i.e., 4-5 times higher
ethyl alcohol environments. The protocol requires that dhan those obtained under identical conditions in water envi-
single tip performs a sequence of oxidation experiments ifonments. The plot also shows that for short pulses, say be-
water, alcohol, and water. The data presented here only ifoW 0.01 s no oxides grow in ethyl alcohol environments, at
cludes sets of experiments where initial and final oxidationd€@st up to 24 V, the maximum voltage applied here. Further-
in water gave the same numerical values. This protocoMore, while oxide heights in water show a linear dependence
eliminates any possible artifact due to tip changes in thaVith logt/t; this no longer applies for oxides grown in ethyl
interpretation of the oxidation kinetics. alcohol environments.

The representation of height versus oxidation time  The linear plot of height versus time of Fig. 3 empha-
shows more strikingly the different growth rates for water Sizes two major results. First, it stresses the generality of the

and ethyl alcoholFig. 2). Oxide heights are measured with local oxidation process. With independence of the source of
oxyanions, either water or alcohol the oxidation process

shows similar qualitative trends. The kinetics is characterized

30 -

g x:;g\\;ggzg by a rapid initial growth rate that slows down and self-
25 | m V=16V (ethyl alcohol) ° terminates. However, the self-termination process is more
~ 20 ® V=20V (ethylalcohol) § . dramatic in aqueous environments. Second, in ethyl alcohol
£ b is difficult or impossible to obtain oxides for pulse times
£ 15 | : below 0.01 s while they are easily generated in water. This
= indicates that either the generation of oxyanions in ethyl al-
2 10+ : cohol or their mobility limits the oxidation process. We con-
2 5 - g8 jecture that this is related to the different mobility of oxyan-
aghe ] ! @8 ions (OH") in water and ethyl alcohol. This is partially
0 . T T T T | supported by observing that the viscosity of water at 20 °C is
10*10° 102 10" 10° 10" 102 smaller than that of ethan¢l.002 vs 1.2 cp Then by as-
. suming a linear regime, it can be deduced that the mobility
time (s) of OH™ in water is about 5 times higher than the mobility of

- — 4 —1g-1
FIG. 2. Semilogarithmic dot height dependence on pulse duration and ef@H in _ethanol (20.&10 *cn?V™ts vs 4.6
vironment. X104 cmPV s Y.
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0.08 (a) process. The absence of water molecules in ethyl alcohol
: o water i i
prevents the Poindexter reaction to occur and consequently
® ethyl alcohol . ° . . o
0.06- . quenches, at least partially, the rapid decay of the oxidation
:g ’ . growth.
© The aspect ratio of the oxide dotheight/width as a
3 0.04- function of the oxidation time summarizes the earlier results
8. o e o (Fig. 4). For long pulses, say above 0.1 s, oxidation in ethyl
o 0.02- ° °c - er° alcohol generates dots with aspect ratios above 0.06, i.e., two
© ®, to three times higher than in water environments. However,
0.004— . ' ; T . for shorter pulses the aspect ratio is more favorable in water.
(b) In short, we have extended local oxidation experiments
0.08+ to ethyl alcohol environments. Two major results have been
0 e, found. First, the growth rate can be significantly increased by
= 0.064
- o using oxyanions from ethyl alcohol molecules. We propose
- i that the latter result is a consequence of the reduction of the
o 0.04 o o : .
g ° 4 6 g o © trapped charges within the growing oxide. Second, the con-
® 0.024 ° o ® ° ©o0 firmation that local oxidation is a general process that only
© requires the presence of oxyanions and an electrical field to
0.001— ' ' ' ' , proceed the oxidation. The present results open the possibil-
10-3 10-2 10™ 100 101 102 ity of using local OX|d§lt|on na_nollthography to _fabncate co-
lumnar structures while keeping lateral sizes in the nanom-
time (s) eter range.
FIG. 4. Aspect ratidheight/width dependence on pulse duration and envi- This work was supported by the European Commission
ronment:(a) V=16 V and(b) V=20 V. (MONA-LISA, G5RD-2000-00348 The authors acknowl-
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