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Abstract. Local oxidation of silicon surfaces by scanning probe microscopy is a very
promising lithographic approach at nanometre scale. Here, we present two approaches to
optimize the oxidation for nanofabrication purposes: (i) we analyse the reproducibility and
kinetics of the oxidation of Si(100) surfaces when there is no tip and sample mechanical
contact and (i) we study the effect of modulating the voltage in the aspect ratio of the oxide
structures grown. The finite tip—sample separation has remarkable practical consequences:
the same tip can be used to perform thousands of modifications without any sign of wear. In
addition, the structures generated do not show any degradation over long periods (months). It
is also found that the kinetics is independent of the force microscopy mode used (contact or
non-contact). On the other hand, the application of an AC voltage to induce the oxidation
significantly modifies the aspect ratio of the structures. A detailed description of the
oxidation mechanism is proposed to account for both results.

1. Introduction of the problem remains open: such as the saturation of the
oxide growth rate at long exposure times, or the details of the

Local oxidation of semiconductor and metallic surfaces electrochemical process responsible for the oxidation of the
induced by the intense electrical field present at a suitable sample.
biased tip—sample junction in a scanning probe microscope In this paper, we address two issues, (i) the oxidation
(SPM) is a promising nanolithography approach for the when the tip and the sample are a few nanometres apart and
fabrication of nanometre-scale electronic devices. The (ii) the increase of the aspect ratio of the oxide structures
first scanning tunnelling microscopy oxidation of silicon by voltage modulation. The non-contact atomic force
surfaces in ambient conditions [1] has led to strong scientific microscope (AFM) oxidation increases the reliability of the
activity [2-12, 14-15]. Some contributions are focused on oxidation process by reducing the tipwear. Italso emphasizes
the understanding of the kinetics and mechanism of the the relevance of the water meniscus formation. The oxidation
oxidation [3-5, 8], while other papers are exploring dynamic performed under voltage modulation improves the aspect
force microscopy modes for improving the reproducibility of  ratio of the oxide and underlines the role of the space charge
the process [6-8, 14]. Finally, some contributions illustrate build-up. Both results must be considered to optimize the
how the as-grown oxide can be used for the fabrication of oxidation and to understand its mechanism.
functional nanostructures such as the gate of a MOS transistor
[9], point quantum devices [10] or a single electron transistor
[11,12].

Sustained progress and routine use of this technique
for fabrication of nanometre-scale devices requires a
comprehensive understanding and control of the oxidation
mechanism. Several aspects illustrate that the complexity

2. Experimental

Non-contact oxidations were performed with a commercial
AFM (Nanoscope lll, Digital Instruments, Santa Barbara,
USA). The silicon cantilevers were metallized with a layer of
about 20 nm of Ti. The average force constant and resonance
| E-mail addresstgarcia®imm. com. csic. es frequency of the cantilevers used were about 40 N and

€ E-mail addressfpm@cc.uab.es 350 kHz respectively. The samples were n-type Si(100) with
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a resistivity of 14Q cm. For environmental control, the 30
microscope was placed into a closed box with inlets for dry
and KO saturated nitrogen.

The voltage modulation experiments were performed

on highly doped n-type silicon (100) surfaces using silicon A

cantilevers with a force constant of 3 N and a resonance -

frequency of 75 kHz. The cantilevers were metallized with £ SR S e
a titanium coating of 20 nm. Images were obtained under an ;"f

intermittent contact mode [13]. In this case, to perform an 1)

oxidation, the image mode was changed to contact mode in
order to control exactly the time during which the oxidation

is being produced. e i g i e PN AT bt ot

3. Non-contact force microscopy experiments

The oxidation of Si(100) surfaces by operating the force 0 30 100 150 time (ms)
microscope in a non-contact mode offers several advantages

with respect to tunnelling or contact AEM oxidations: Figure 1. Cantilever oscillation amplitude versus time before,
P 9 * during and after the formation of a dot. The oscillation is referred

namely, the little wear shown by the metallized tip, which  yith respect to the Si(100) position. The amplitude is represented
increases the reproducibility of the process. by its maximum and minimum values. The dashed lines show the

The protocol for non-contact AFM oxidation of Si(100)  equilibrium position of the cantilever. The inset shows the voltage
is as follows[8]. The cantilever—tip ensemble is oscillated ata PU/Se. The feedback is switched off during pulse application and
frequency close to its resonance frequency with an amplitudereStorEd afterwards.
of a few nanometres. The force gradient in the region of
tip—sample attractive forces shifts the cantilever resonance
frequency to lower values, which implies a change of the
amplitude. This effect is used to control the tip—sample
separation. Then avoltage pulse is applied (sample positive),
and at the same time the feedback loop is disabled. The
electrostatic force deflects the cantilever towards the surface.
It also produces a reduction of the amplitude. To start the
local oxidation, the voltage must be above a threshold value
(Vin) [7,8]. Vi depends on the initial oscillation amplitude

to write thousands of dots without showing any sign of wear.
Figure 2p) shows the same array after being exposed to the
laboratory ambient for 95 days. No apparent changes are
found. This image shows the stability of the marks formed
and reinforces its potential for technological applications.

To optimize the feature size, experiments were
performed to determine the oxidation kinetics. Dots of
different sizes were formed by the application of pulses
of identical voltages but different duration. An estimation
(A,), tip geometry and relative humidity. Common values of the growth rate_z was obtained _by calculating the rat_io
are in the 6-12 \/ range. between the dot thickness and the time the pulse was applied.

The experiments were performed for two voltages of 8 V

The voltage applied between the tip and the sample . . . : .
polarizes the water layer adsorbed onto the sample. Whenand 12 V respectively. The oxide thickness increases with

the voltage is above a certain value, the water molecules arethe logarithm of tlmg. As a consequence, the growth rate

driven towards the regions where the field is more intense. dgcreases exponentially with the thickness of the okide

The resultis aliquid bridge connecting the tip and the sample (figure 3) and follows the equation,

[8, 14]. The field-induced liquid bridge provides the oxygen

species for the oxidation to proceed. Once the bridge is T Cexp(—h/L.)

formed, a different voltage (above or beloW;,) can be

applied to grow the oxide. This voltage is responsible for WhereC and L. are parameters that depend on the applied

the formation of oxygen species (hydrolysis of the water). Voltage. The overall dependence is similar to the results

The voltage also drives the ions towards the silicon interface. reported in contact AFM oxidations [4, 5]. Itis the presence
The behaviour of the oscillation amplitude before, during of @ water bridge connecting tip and sample which explains

and after the application of a pulse of 12 V for 50 ms is shown the similar kinetics found in contact and non-contact modes.

in figure 1. At the bottom of the image, the position of the

silicon substrate is plotted. The electrostatic force deflects the4. voltage modulation studies

cantilever 4 nm towards the sample. The deflection is also

accompanied by a reduction of the amplitude from 6.6 nm to Additional control of the oxidation process can be obtained

1.8 nm, so there is no tip—sample mechanical contact. if the applied voltage is modulated. The dimensions of the
The potential of non-contact AFM oxidations for oxide structures change if an AC voltage is applied instead of

nanofabrication is shown in figure 2. An array of 1024 dots a DC voltage. This effect can be used to monitor the aspect

has been formed by a sequential application of a voltage ratio of the dots. In figure 4, the parameters that define

pulse of 14 V for 1 ms. The dots are 60 nm apart and the AC waveform are shown. The waveform consists of a

have an apparent width and height of 44 nm and 1.2 nm series of pulses wherE,, is the oxidation time and,, the

respectively. The image illustrates the reproducibility of the applied voltage (common values fgy, lie between 5V and

oxidation in non-contact AFM. Routinely, the same tipisable 10 V); T,,, is the reset timey,., is usually negative). It has
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Figure 2. (a) AFM image of an array of 1024 dots. The dots are
60 nm apart and have an apparent diameter of about 44 nm and
height of 1.2 nm. Each dot is formed by applying a pulse of 14 V
for 1 ms;A, = 7.6 nm. () The same array imaged 95 days after
its formation.
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Figure 3. Growth rate versus oxide thickness &V and 12 V.
Ay = 5.1 nm, f = 353 kHz and RH= 40%.

been verified that the application of a DC voltag&at does
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Figure 4. (a) Waveform voltage applied to the surface with
respect to the tip when performing an oxidation under AC
conditions:T,, is the time when the oxidation is performed (the
voltage applied to the sample¥,, usually betwee 5 V and

10 V), andT,., is the rest time (the voltage appliedWis,, usually
a negative voltage).bf Profile of two dots fabricated by applying
a DC voltage (left, 8 V, 30 s) and an AC voltage (right,

T,y = Tes =50ms,V,, =8V, V,,, = -8V, total time= 60 s).
(c) A three-dimensional representation of the image where the
profile of figure 4p) has been extracted. It shows that the increase
in height occurs at the central part of the dot.

A DC voltage ¢ 8 V for 30 s was applied. The AC voltage
consists of a train of pulses applied during 60 s at a frequency
of 10 Hz (T, = T,es =50 mMS,V,, =8V, V,,, = =8 V). It

is observed that DC and AC pulses produce a similar width
at the base of the dot. However, the dot formed under AC
conditions presents a height increase, at the central part of
the dot, where the electrical field is supposed to be higher.
Under these conditions, the height and aspect ratio increase
are around 1.5. This result has also been reproduced by other
authors [15].

In figure 5 we show the effect of varying the frequency
of the AC voltage, from 5 Hz to 1 kHz. In addition to the
height variation, a drastic change in the base width of the dot
is observed. The exposure time was 50 s With= 8 V and
V,es = —8 V. Compared to oxidation under DC voltage, the
aspect ratio increase is due to both the height increase and

not produce any appreciable oxidation on the surface. Thewidth reduction.

total oxidation time (exposure time) %, multiplied by the
number of pulses. We refer tg @7, + 7,.,) as the frequency

Dot formation has been studied as a functionVpf;,
Tox, Tres and relative humidity (RH). The influence &f,

of the waveform. To better control the oxidation time we and exposure time are not analysed here, because their effect
have chosen to perform these experiments with the tip andhas been described in previous works [3-5, 8].

the sample in mechanical contact.
In figures 4b) and €), two oxide dots were grown by

In figure 6, we show six oxide dots formed by applying
different waveforms, but with the same exposure time (30 s)

applying DC and AC voltages, left and right respectively. and oxidation voltage (8 V). The differences in shape are
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5. Implications for the oxidation mechanism

The accepted explanation of the SPM oxidation of silicon
surfaces requires the formation of a water meniscus between
tip and sample. Oxygen ions (OKHO™) are produced by
the hydrolysis of the water within the meniscus. The ions
are driven through the oxide by the electrical field. At the
Si/SiO, interface they react with holes"h The oxidation
reaction can be written as,

Si+ 41 + 20H — SiO, + 2H" 1)

However, the above model does not explain why the observed
kinetics deviates from the Cabrera—Mott model [5] and
the low density of the SPM-grown oxide. It also does
not account for the voltage modulation effects presented in
section 4. In fact, a complete understanding of the oxidation
mechanism requires addressing the formation of the meniscus
at the tip/sample interface and the hole concentration at the
surface/oxide interface. It also requires considering the ionic
transportation through the meniscus and through the growing
oxide.

Figure 5. AFM image of six oxide dots fabricated on an n-type The height enhancement under modulation voltage

Si(100) surface at six different frequencies of the AC voltage, as  conditions (figure 4) can be related to the space charge
depicted below each dot. It shows the decrease of the base width build-up within the oxide. The oxidation reaction is a

of the dot when the frequency increases. source of hydrogenous species. The proton concentration
increases after long pulse times, with the-HOH~ — H,O
neutralization reaction becoming significant. When less

A OH™ arrive at the SiSiO, interface, this in turn, implies
a decrease of the oxidation rate. However, this effect can
: be reduced by the application of AC voltage pulses. The
YO Tox=0.1s negative part of the voltage pulse decreases the concentration
Tox=0.1s A Tres=0.1s of H* in the oxide. As a consequence, the oxidation rate is
e e Vres=-2V higher for AC voltage pulses.
E Vies= 12V i _ The above mechanism also applies to explain the
2. . frequency dependence of the lateral dimension of the oxide
Ta) (see figure 5). At high frequencies {00 Hz) the negative
— Tox=0.1ms ao Tox=0.1s part of the AC voltage reduces the lateral diffusion of OH
% Tres=0.1ms at the water/Si@interface, and this causes a reduction of the
Vres=-2V oxide base.
Under DC voltage pulses, the release gfHuring the
Tox=0.1ms neutralization reaction could give rise to the formation of
Tres=0.1ms water related defects inside the oxide. This could explain
Vres=-2V the lower density of the SPM oxide. Furthermore, the H
v accumulation within the oxide could be one of the main
] ) 5 “m reasons of the deviation from Cabrera—Mott kinetics.
Figure 6. AFM image of six oxide dots formed by applying 6. Conclusions

different waveforms, but with the same exposure time 30 s and
Vor = 8 V. The rest of the parameters that define each waveform  The SPM-induced local oxidation of silicon surfaces has
voltage are depicted for each dot. been studied under two different conditions: non-contact and
modulation voltage. The reliability of the local oxidation
of silicon is greatly improved by keeping the tip and the
remarkable. From experiments like this, we have obtained sample separated several nanometres. The application of
that, (a) making/,., more negative increases the dot height; an oscillating voltage improves the aspect ratio of the

(b) decreasing,, reduces the base width; (&), andT, oxide structures. The above experiments have shown the

have opposite effects on the height. The height increases'mportance of the formation of the water meniscus and the

j _ . space charge build-up within the oxide. In consequence, this
when 7. increases and/of,, decreases; (d) experiments yjies that a complete understanding of the SPM-induced

performed under low humidity conditions (20% RH) reveal oxidation mechanism and kinetics also requires us to take into
a decrease of the effect of modulating the voltage. account both phenomena and the interplay between them.
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