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Nanooxidation using a scanning probe microscope: An analytical model
based on field induced oxidation

D. Stiévenard,® P. A. Fontaine, and E. Dubois
Institut d’Electroniqueet de MicroéIQctroniquedu Nord (IEMN), UMR9929(CNRS),DepartementiSEN,
41 BoulevardVauban,59046Lille Calex,France

The formation of a nanometer-sizexide patternon silicon using a scanningprobe microscope
(SPM) hasbeenwidely reportedin theliterature.No analyticalmodelhasbeenproposedhowever,
to explainthe variationof the oxide heightwith both polarizationandspeedof the SPMtip. In this

letter,we explainquantitativelythe variationof the oxide heightwith the polarizationandthe speed
of thetip with amodelbasedn field inducedoxidation.Dataanalysisalsoallowsusto estimatethe

thermalactivationenergyof the oxidation process(~0.15eV). This low valueis comparedwith

activation energiesmeasuredfor thermal and plasmaoxidation of silicon.

Since the pioneering work of Dagagh al® showing the rameter. We observe that, for a given spekdincreases
possibility of creating an oxide pattern with nanometric di- quite linearly with the applied voltag¥y,,s, as is usually
mensions on a hydrogen-passivated surface with a scannirgpserved. The extrapolation of the data towards low voltage
tunneling microscope operating in air, other groups haveshows the existence of a threshold voltage2(8 V), in
worked on the oxidation of silicon surfaces using a scanningigreement with previous resuts™ It is known that the oxi-
tunneling microscopéSTM).2~° More recently, similar oxi- dation process is enhanced for an electric field of the order of
dation processes have been reported using an atomic forcelx 10’ V/cm. Moreover, for a given voltagdy decreases
microscope(AFM) with a conducting probe in contd€t'®  as the speed increases. Figure 2 shows the linear variation
and in noncontact modé$® AFM offers the advantage of of 1/h vs log) with V as a parameter. This presentation of
both realizing local oxidation and obtaining the actual topog-the data corresponds to a field induced oxidati&#hO)
raphy of the associated pattern. Due to the convolution ofnechanism, proposed by Cabrera and Mbfor the forma-
topographic and electronic information, STM cannot give thetion of very thin oxide films. A quantitative analysis of the
real height(h) of an oxide pattern. From the linear variation measured oxide height is proposed in the following.
of the oxide heighth) versus the voltag¥ applied between As proposed by Gordost al.® ionic diffusion of OH—
the tip and the surface, it was deduced that oxidation is a®r O— (the exact nature of the diffusing specie is not knpwn
sociated with a field effect mechanism, but no quantitativelakes place through the oxide layer, from the oxide surface
interpretation was proposed. As to the variatiomafith the ~ towards the silicon—silicon oxide interface. Due to the con-
speedv of the tip, a few studies givédn proportional to tact potentiaV, (Mott potential)difference between the ad-
log(1k),58 v =21 and v ~Y4 1% In each case, no physical Sorbed oxygen layer and the initial oxidized silicon, the as-
quantitative model was proposed to explain these laws. Thigociated electric fieldE, enhances the diffusion mechanism.
letter proposes a physical model that describes both th# the present case, the applied voltage between the tip and
variation ofh with biasV and with tip velocityv. the sample surfacé/,,d superimposes with the contact po-

The lithography was performed with a Digital Instru- tential. The quantitative analysis of the phenomenon, derived
ments Nanoscope Il microscope, with metal coated AFM
tips, on 17—2%) cm (100) p-type silicon(boron doped). In
order to minimize surface roughneggpically, we measure
a root mean squaréms) surface roughness less than 0.12
nm over a X 2 um? surface], a thermal oxid@.00 nm)was
first realized. This oxide was subsequently cleaned with ¢
standard RCA process, etched in 50% hydrofluoric &did) ]
for 2 min, and rinsed in ultrapurfde-ionized(DI)] water. 204
This treatment is known to provide a hydrogen-passivate(
surfacet®2* The oxidation of the surfac@nodization, i.e., 154
the surface is positively biased with respect to the tip; the tig
is groundedwas performed withV/,;,c ranging from 4 to 10 1.0
V and a tip velocity ranging from 4 to 128m/s. During the
oxidation process, the measured current was found to be le: 05
than 1 pA, the limit of our instrumentation detection. Mea- e S ' '
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surements were performed with a relative humidity of 70%. v (Volts)

Figure 1 gives the variation di vs V with v as a pa-
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FIG. 1. Variation of the heighlt of the oxide vs the voltag¥ (the surface
is positively biased with respect to the )tip
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FIG. 3. Variation ofh; vs the voltageV.

FIG. 2. Variation of the inverse of the height of the oxide vs the speed of the

tip.

from the approach proposed by Cabrera and Mott for thé.

To geth versus the speed, we take the titnequal(or
proportional)to the width of an oxide linaV,, divided by
he speed .2’ A close relation betweeh andv is therefore
given by

oxidation of very thin oxide films is adapted. The electric
field is so strong that the velocity of drift of the ions is no

2
longer proportional to it. I#V is the energy that an interstitial —= 1 log v + 1 log L (6)
ion has to overcome to diffus@V includes the activation hy hy h1UWoy

energy for diffusion added to the initial potential barrier of

width 2a’ between two interstitial sites), it can be shown thatWhICh corresponds to the data of the Fig. 2.

the kinetics of growth is given 5y

dh— h,/h 1

gt =u exahs/h), (1)
where

h,=qa’V/KT, 2

with V equal toV,+ Vs, d the electronic charge of an
electron,k the Boltzman constant, the temperature, andl
is given by

u=u, exp —W/kT), (€©))

with u, of the order of 16 cm/s®
Equation(1) is valid only forh<h; with h; typically of

For a constant spead we have

ga'/kT
h: 2 7 V
log(hfvkT/uW,,ga’) —log V

)

This relation shows thath varies linearly with V if
Iog(kfukT/uV\(,an’)>Iog V, i.e., 20—25%2, which is a good
approximation.

In summary, the proposed model explains the variation
of the oxide height with the applied bi&knear) and the tip
velocity [1/log@)]. The h values were deduced from 70
cross sections taken along the oxide lirffss a given bias
and a given tip velocity, we get one oxide line with 100 nm
length). From this analysis, we deduced a statistical value for
h relative to the surrounding nonoxidized Si surfdtaken
as an average plan&)ith an average error of less than 0.2
nm. Ash varies from 0.5 to 3.3 nm, the fit of our model with

the order of a few nm. It also shows that the growth rate ishe experimental data is significant.
very large for smalh. This relation has to be compared with Moreover, from Eq(6), for each series of datavs v,
the case of thin films wherelh/dt=A/h, leading to the the parameteh; was determined for a giveN. Figure 3

usual quadratic form where? is proportional tot.
As Eq. (1) is valid only for smallh, we have to deter-

showsh; vs V with the experimental data taken from the
Fig. 2 (we have takerVo=1.5V)2® Within experimental

mine a higher limith, where oxidation is no longer assisted error, a linear law is found. The slope, 5.2 nm/V, is equal to
by the electric field. This corresponds to an electric fieldga’/kT, which leads ta’ of the order of 1.3 A, a value

E, lower than~1x 10" V/cm,'®%j.e., we get

Vv

Then, the solution of Eql) is

1_1I h? c
h Ry %9 bt ®)

consistent with half the distance between two interstitial
sites. With this value, we verified that the conditiorgh; is
always satisfied for our data. Finally, from the slopenhois
V [see Eq.(7)], W can be calculated, all other parameters
being known. A low value is found fow, of the order of
0.15 eV. For high temperature thermal oxidation, the activa-
tion energy is of the order of 2 eV, whereas for plasma
oxidation it is of the order of 0.15-0.4 &¥3° So this
analysis shows that the process involved in the oxidation is
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