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A Detailed Study on the Growth of Thin Oxide Layers on Silicon Using
Ozonated Solutions
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The oxidation of silicon using ozonated, deionized water solutions was investigated as a function of several parameters: reaction
time, pH, ozone concentration, temperature, and influence of anions. The oxidation of silicon was dependent on ozone concentra-
tion especially near neutral pH. This concentration dependence disappears at concentrations greater than 15 mg/L ozone. No tem-
perature effect was found between 20 and 508C. Lowering the pH leads to a less pronounced concentration dependence with no
specific anion effect between HCl or HNO3. The oxidation of silicon by ozonated solutions does not lead to extensive roughening
of the silicon surface as shown by atomic force microscopy measurements. Various thermal oxidation models were evaluated and
the Fehnler expression represents the experimental data fairly well. The overall oxidation thus follows logarithmic growth kinet-
ics. It is proposed that ozone dissociates at the SiO2/liquid interface in a one-step reaction forming the oxidizing species, namely,
O2. This radical diffuses through the SiO2 layer under the influence of an electric field which develops over the oxide layer. The
field-imposed drift is the limiting factor in the oxidation process. The bulk chemistry of the ozonated solutions is of no importance
to the oxidation of silicon. The initial oxidation rate, defined at an oxidation time of 6 s, was dependent on the ozone concentra-
tion below 15 mg/L and leveled off above this concentration as it was limited by the field-imposed drift of the oxidation precursor.
© 2000 The Electrochemical Society. S0013-4651(99)06-013-9. All rights reserved.
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In the microelectronics industry the growth of ultrathin oxide la
ers on silicon wafers is becoming more and more important,e.g.,the
formation of gate oxides between 1.5 and 3 nm1 which is typically
achieved with thermal oxidation. Growth of thin, passivating oxid
is also part of the (wet) chemical cleaning processes during pre
cleaning of silicon wafers.

The oxidation of silicon at relatively low temperatures has be
for many years a subject of intensive study, for example, the the
and plasma oxidation (afterglow, anodization).2-13 The kinetics and
mechanism of the reaction of oxygen molecules (O2), oxygen atoms
(O•), or anions (O2) with silicon have been widely studied over th
years and have resulted in several oxidation models,e.g.,the Deal-
Grove,14 Cabrera-Mott,15 and Peeters-Li2,3 models.

The Deal-Grove model, developed to explain the thermal oxi
tion of silicon by oxygen (dry or in a water ambient),14 is based on
an oxidation mechanism consisting of three consecutive steps: tr
port of the oxidizing species from the gas phase toward the Si22

layer, diffusion through the oxide toward the SiO2/Si interface (sec-
ond step), and the oxidation (third step). This resulted in a linear-
abolic growth equation of Deal-Grove (DG)

t 2
ox 1 Atox 5 B(t 1 t) [1]

where tox is the oxide layer thickness,t the oxidation time, and t a
shift in the time-axis. A and B are the fitting parameters.

Solving Eq. 1 results in the following expression for the oxi
layer thickness,tox, as a function of time

[2]

At short oxidation times t 1 t << A2/4B, Eq. 1 can be reduced afte
a Taylor expansion to Atox 5 B(t 1 t) and thus a linear growth rate
is observed. For longer oxidation times,t >> A2/4B, Eq. 1 can be
simplified to t2ox 5 Bt.

Another well-known oxidation model is the Cabrera-Mo
model,15 which provides a general theoretical frame for the oxid
tion of metals exposed to oxygen at low and high temperatures
the low-temperature range the oxidation is initially extremely f
but drops within a few minutes or hours, depending on the natur
the metal, to very low or negligible values. The hypothesis propo
to explain this behavior is as follows: a strong electric field E is set
up in the oxide film caused by a contact potential difference betw
the metal and the adsorbed oxygen. By thermionic emission or
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tunneling effect, electrons pass through the oxide from the meta
the adsorbed oxygen which is transformed into O2. This concept
resulted in the following oxide growth equation with C and D fitting
parameters

[3]

Based on the Cabrera-Mott theory (CM) where cations migra
under the influence of a field across the growing oxide, Fehnler a
Mott later on published an expanded theory for low-temperature o
dation of metals.16 The CM theory needed to be expanded to includ
anion migration through the oxide film, because the kind of ion
migration depends on the nature of the oxide. If the oxide is a n
work former, migration occurs through anion movement, while fo
network modifiers cations migrate. As silicon is a network form
the oxidation involves anion migration.

In the Fehnler formalism, diffusion based on a concentration g
dient is not the only transport mechanism through the oxide fil
Also the so-called field-imposed drift, where anions can migra
through the oxide film under the influence of an electrical field, is 
play. This field over the oxide layer remains constant during the o
dation and thus limits the transport of the anions. 

Under the steady-state assumption and with neglection of dif
sive transport of the O2 ions in comparison with field-imposed drift,
logarithmic kinetics were derived, with E and F fitting parameters

tox 5 E ln(1 1 Ft) [4]

Peeters and Li came to the same mathematical formalism, deri
from their study on the plasma anodization of silicon at constant c
rent where the oxidizing species is O2. 3 Recently silicon is also
being thermally oxidized by ozone in order to grow (ultra)thin silico
dioxide layers.13 Despite many experimental and theoretical studie
of the oxidation process in the gaseous phase, in past years the u
ozone in the liquid phase has gained interest for growing thin pa
vating oxides in wet cleaning processes.17 One of the advantages of
the use of ozone is that it is a good alternative for the SPM-clean
step (sulfuric acid peroxide mixture: H2SO4/H2O2/H2O), currently
applied for the removal of residues of organic contamination whe
by a passivating SiO2 layer is grown on the silicon wafer.18This SPM
cleaning step however causes an environmental problem becaus
the production of contaminated concentrated sulfuric acid as wa
and moreover, a large consumption of rinse water is needed. To a
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5 2 ln( )
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more environmentally and cost-friendly production,the microelec-
tronics industry is looking for an alternative to replace sulfuric acid
in the cleaning process. Due to its high oxidizing potential E0 5
2.08V, 19 ozone is considered a valid alternative in wet cleaning pro-
cesses. Either for the removal of organic contamination on wafer sur-
faces,17,20-24surface passivation after HF processes,25 or even resist
strip and polymer removal,26 the ozone treatment in the liquid phase
is considered a viable alternative.

The study described in this paper is a detailed look into the growth
kinetics of the silicon oxide layer by ozonated deionized water solu-
tions. The influence of several experimental parameters was investi-
gated such as the oxidation time, pH, ozone concentration, nature of
the anions,and temperature. The surface microroughness,which has a
detrimental effect on the performance of the silicon devices,was also
checked by means of atomic force microscopy (AFM) measurements.

The parameter pH needs to be controlled in all experiments in-
volving O3. Not only the ozone solubility in the liquid phase is pH-
dependent,27 but also its decomposition rate, especially in neutral
conditions and at high pH.28-30 Moreover, pH is an important para-
meter controlling the possible buildup of radicals in the solution,
which are formed as products or intermediates of the complex de-
composition mechanism of ozone.31-33 These radicals could be the
precursor for the oxidation process and their concentration is most
certainly pH-dependent.

An oxide growth model is selected on basis of the best fitting to
the oxide thickness-time data. Finally, some implications for the oxi-
dation mechanism and oxidation precursors are discussed.

Experimental
Silicon wafers [Wacker Siltronic, p-type, B-doped, Czochralski

(CZ), <100>] were used for the oxidation experiments and for the
AFM measurements. In the latter case, epitaxial wafers (0.008-
0.020V cm,4 mm thickness,and 8 3 1015 (P/B) dopant level) were
oxidized. HNO3 70 v/v %,HCl 37 v/v %,HF 49 v/v % (all Ashland
Chemicals,Gigabit grade) were used to either acidify the solution or
to etch the SiO2 layer away. Deionized water was ultrapure quality
(18 MV cm). Ozone was generated by a Sorbios ozone generator
operating at a current of 2.5 A and an O2 flow of 2 L/min. The ozone
concentration in the solution was measured with an Orbisphere
ozone sensor which measures the ozone concentration electrochem-
ically. Before each oxidation step the wafers were exposed to a clean-
ing sequence of SOM (H2SO4/O3/H2O)-dHF/dHCl-O3/dHCl-Mar-
angoni dry, resulting in a hydrophilic surface.25 Prior to the oxidation
experiments the wafers were given an HF dip (2%) and this for
2 min. Subsequently, the hydrophobic wafers were immersed in the
ozonated solution for a time t ranging from 6 s to 20 min. The oxi-
dation was performed in a static tank with no ozone bubbling at the
time of oxidation. Then the reoxidized (hydrophilic) wafers were
rinsed in an overflow rinse tank for 30 s,followed by a drying pro-
cedure in the Semitool spin dryer PSC-101. Typically oxide layers of
a few angströms thick were grown. Ellipsometric and other surface
analysis techniques are not accurate below the nanometer level.
Therefore, a method for the determination of the thickness of the
ultrathin SiO2 layers (<10 Å) was optimized and validated.34 This
method, which was already described in an earlier study,35 is based
on etching of the SiO2 layer by hydrofluoric acid followed by the
determination of the silicon concentrations in the etch solutions. This
was done by the molybdenum blue method,36 which is a spectropho-
tometric analytical technique based on complex formation between
the silicon in solution and a Mo oligomer. The formed charge-trans-
fer absorber has a maximum absorbance at 800 nm which was meas-
ured with a Shimadzu UV 160A double-beam spectrophotometer. It
has been shown that the oxide thickness tox (Å) is given by Eq.5

[5]

in which [Si]exp is the silicon concentration in the etch solution
(mg/L), Vetch the etch volume (mL), and Aox (cm2) the HF-treated
area on the wafer surface. This method allows one to determine

t
V

Aox
exp etch

ox

Si]
5 0 097.

[

oxide thicknesses below 1 nm with a precision of better than 5%. I
should be mentioned that silicon at low-level concentrations in HF-
containing solutions can also be determined by other analytical tech-
niques such as inductively coupled plasma mass spectrometry (ICP-
MS)34 or inductively coupled plasma optical emission spectroscopy
(ICP-OES).37

For the statistical treatment of all the data, the statistical software
package SAS38 was used. The surface microroughness was evaluat-
ed by means of AFM measurements. The scan rate is 0.67 Hz and the
set point 1.503 V on a Nanoscope AFM. With this surface analysis
technique a three-dimensional view of the surface can be made
(XYZ) where Z represents the depth scale or roughness. The meas-
urements are made with a resolution of 1 mm in the XYand 0.5 nm
in the Z direction. Ra corresponds to the average microroughness ex-
pressed in nanometer.

Results and Discussion
Silicon oxidation at room temperature.—The effects of several

parameters on the oxide growth at room temperature were investi-
gated: parameters under consideration were pH of the solution,the
ozone concentration, and the nature of the anion used.

Influence of pH.—Silicon wafers were oxidized at pH 4.6 and 1.2.
The former value is the equivalent pH of ozone/deionized water with-
out additive where a slight acidification occurred when ozone was
bubbled through the reaction vessel. It could be shown by ion chro-
matography (IC) that organic acids such as formic and oxalic acid
were present in the solution. These organics were most probably gen-
erated by interaction of ozone with the wall of the PFA-Teflon (Per-
Fluoro Alkoxy) tubing. The latter pH was achieved through addition
of nitric acid. The oxidation time was varied between 6 s and 20 min
After rinsing and drying of the oxidized wafers,the oxide-layer thick-
ness was measured using the procedure described.34 For each oxida-
tion time, two wafers were treated simultaneously.

The oxide layer initially grows fast and the oxide growth levels
off at longer reaction time, as illustrated in Fig. 1 for a solution con-
taining 1 mg/L ozone. An analogous growth profile has also been
seen in other studies.17,23 A few experiments were performed for
oxidation times of 40 min,but the oxide layer thickness tox stayed
nearly constant compared to the 20 min value.

Since no model is available which describes the oxidation of sil-
icon in the liquid phase, some of the models derived from oxidation
studies in the gaseous phase were tested on these experimental data.
One of the most prominent models to test is the DG model. When
Eq. 1 was applied to the data of Fig. 1,no values of parameters A and
B could be obtained, since the convergence criterion of the fitting
routine was not met. The fact that the DG formalism cannot be ap-
plied may be seen as a first indication that the transport of oxidizing
species through the SiO2 layer is not solely diffusion-controlled. In

Figure 1. Growth profiles of SiO2 under the following experimental condi-
tions: 1 mg/L ozone, T 5 228C, and pH (s) 4.6 and 1.2 (n, nitric acid),
(——) the fit based on the Fehnler expression (Eq. 4) and (––––) the CM
formalism (Eq. 3).
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this way the role for uncharged species like oxygen or ozone as the
oxidation precursors becomes unlikely. This could already be ex-
pected when evaluating their diffusion through the SiO2 layer. When
assuming that ozone itself oxidizes silicon to form a SiO2 network,
the diffusion length of ozone through the SiO2 layer within a certain
time can be estimated. Indeed, one can calculate that at room tem-
perature the diffusion of oxygen through SiO2 is already extremely
slow, since only a diffusion length of 7 3 1023 Å can be achieved
after 20 min (DO2,293K 5 2.1 3 10224 cm2/s 39). Ozone with a high-
er molar mass will diffuse even slower. 

Some authors do claim the applicability of the CM formalism for
the growth of oxide layers in ozonated solutions.23 Subsequently the
data were fitted to Eq. 3 of the CM model. It is obvious that Eq.3,
represented by the dotted line in Fig. 1, is not a good fit because it
overpredicts tox at long oxidation times. The argument against the
CM formalism is that no cation migration occurs during the oxida-
tion of silicon but it is rather the oxidizing species which migrates
toward the SiO2/Si interface. Isotope marker experiments for gas-
phase oxidation indeed have shown that O2 migrates through the
oxide layer toward the silicon bulk and not silicon atoms toward the
SiO2 gas interface.40

Finally, when the experimental data were fitted to Eq. 4,a very
good agreement between the model and the experimental data was
obtained, as is shown by the solid lines in Fig. 1. The oxidation
should then be explained through a field-imposed drift mechanism
of anions through the SiO2 layer toward the SiO2/Si interface. Pos-
sible oxidation precursors are thus all anions present at the SiO2/liq-
uid interface, e.g., OH2, O2

2, O3
2, O2, … Since reference experi-

ments with O2 saturated solutions at various pH values proved that
the silicon wafers could not be oxidized in the time scale considered,
the hydroxyl anion or the dissolved oxygen can be excluded as a
direct precursor for silicon oxidation.

From Fig. 1, it is clear that the oxide thickness is dependent on
pH with a factor of two higher at pH 1.2 than at pH 4.6. As shown in
the next section,the oxide is always somewhat thicker at low pH,but
except for the 1 mg/L data,this difference is minor and thus one may
conclude that there is only a weak pH effect on the final oxide thick-
ness which can be grown. Although the ozone decay rate increases
at higher pH,thus forming more radical species in the course of a
complex decay process,31-33e.g., HO3 and HO2, no enhancement of
the final oxide thickness is obtained at higher pH. This is an impor-
tant indication that radicals or anions from the bulk of the solution
are not directly involved in the oxidation process. The chemistry of
ozone in the bulk is thus of no relevance to the oxidation process.
Moreover, at low pH,where the oxidation goes somewhat faster, less
anionic species are available. This is due to a shift in the chemical
equilibria vs.the protonation of the anions41-43

HO3 } O3
2 1 H1 [6]

HO2 } O2
2 1 H1 [7]

A variation of the pH between 1.2 and 4.6 changes the H1 concen-
tration with a factor of 2500. This should strongly influence the O3

2

and O2
2 concentrations in the solution. Since the pH has only a minor

effect on oxidation, the anions present in the bulk can also be exclud-
ed as oxidation precursors.

Influence of the ozone concentration.—Growth profiles were also
measured for other ozone concentrations at pH 1.2 and pH 4.6. From
Fig. 2 and 3 it can also be seen that the Fehnler expression (Eq.4) fits
the data reasonably well as the oxide thicknesses are predicted within
4%. The results of the fitting are also summarized in Tables I and II.

The Fehnler expression (Eq. 4) contains two fit parameters. As
seen in Tables I and II,the parameter E can be calculated quite accu-
rately, but parameter F carries a large uncertainty range, especially
at larger ozone concentrations. According to Peeters and Li the para-
meter E is related to the characteristic penetration depth of the oxi-
dizing species into the oxide and F is proportional to the precursor
concentration.3 Parameter E remains nearly constant for all the
experiments with an average of 0.74 6 0.24 Å. E can also be seen as
the ratio of the O2 drift velocity v to the O2 loss rate constant k. The
experimentally derived values of E are indeed independent of the
ozone concentration, as can be expected since both v and k must be
assumed to be constant in the Fehnler model. 

A clear concentration dependence in the range between 1 and
18 mg/L is seen in Fig. 2 and 3:tox,max, the oxide layer thickness at
20min, increases with the ozone concentration. Although ozone itself
is not the oxidizing species,it is logical that its concentration will in
some way be involved in the generation of the oxidizing precursor.

The Fehnler model when applied to silicon is based on the theo-
ry that anions are the oxidation precursors which migrate through
the oxide layer under the influence of a field over the oxide. Since
the bulk chemistry does not seem to play a role in the oxidation
process,the question remains how and which charged oxidizing
species can be formed. One possible hypothesis is the reaction of
ozone at the SiO2/liquid interface to form O2 ions in the following
reaction sequence

O3 } O 1 O2 [8]

O 1 e r O2 [9]

Another possible pathway would be one in which O2 ions are
formed directly23

O3 1 e r O2 1 O2 n-type [10]

O3 r O2 1 O2 1 h p-type [11]

In this hypothesis a higher ozone concentration in the solution
should result in a higher ozone concentration at the SiO2/liquid inter-
face, and this enhances the O2 formation rate. The dependence of
the oxide growth rate and the final oxide thickness levels off because
at higher ozone concentrations the oxide growth is indeed limited by
the field-imposed drift, whereby the field in the growing oxide

Figure 3. Growth profiles of SiO2 as a function of the ozone concentration
under the following experimental conditions:T 5 228C, pH 1.2 with nitric
acid as additive, and (s) 1 (n) 5, and (h) 15 mg/L.

Figure 2. Growth profiles of SiO2 as a function of the ozone concentration
under the following experimental conditions:T 5 228C, pH 4.6,and (h) 1,
(n) 5, (e) 15,and (s) 17.6 mg/L.
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Table I. A comparison between experimental and calculated oxide thicknesses as a function of time (Eq. 4) at various initial
ozone concentrations.a

Oxidation Experimental Calculated oxide
[O3] time oxide thickness E F thickness

(mg/L) (min) (Å) (Å) (s21) (Å)

01.0 0.1 1.47b 0.54 6 0.04 81.9 6 35.8 1.20
1 2.31 6 0.08 2.38
2.5 2.95 6 0.07 2.88
7.5 3.50 6 0.02 3.48

20 3.98 6 0.31 4.01
05.0 0.1 2.27 6 0.52 1.24 6 0.20 15.1 6 10.6 1.14

1 2.90b 3.44
2.5 4.00 6 0.03 4.54
7.5 6.11 6 0.34 5.88

20 7.31 6 0.17 7.09
15.0 0.1 6.44 6 0.49 0.70 6 0.08 (14 6 20) 104 6.68

1 8.50 6 0.26 8.36
2.5 9.27 6 0.48 8.93
7.5 9.69 6 0.48 9.70

20 10.12 6 0.57 10.39
17.6 0.1 8.21 6 0.61 0.71 6 0.08 (14 6 23) 105 8.41

1 10.32 6 0.49 10.11
2.5 10.90 6 0.13 10.70
7.5 11.44 6 0.64 11.48

20 12.00 6 0.51 12.17

a Experimental conditions pH4.6 and room temperature.
b Only one wafer measured.
remains constant. Besides the fact that the field is limited, O2 ions
are lost by a mechanism which until now remains unknown3 and
which effect increases with increasing oxide thickness.
Influence of the anion.—It is known that chloride ions have a strong
influence on the ozone decay rate in solution. This is because chlo-
ride anions react with ozone44
Table II. A comparison between experimental and calculated oxide thicknesses as a function of time (Eq. 4) at various initial ozone
concentrations and additi ve.a

Oxidation Experimental Calculated oxide
[O3] time oxide thickness E F thickness

(mg/L) (min) (Å) (Å) (s21) (Å)

Nitric acid
01.0 0.1 3.58 6 0.15 0.93 6 0.05 460 6 190 3.60

1 5.46 6 0.13 5.72
2.5 6.70 6 0.29 6.59
7.5 7.84 6 0.04 7.62

20 8.26 6 0.08 8.53
05.0 0.1 5.25 6 0.25 0.71 6 0.08 (28 6 36) 103 5.65

1 7.69 6 0.26 7.29
2.5 8.41 6 0.24 7.94
7.5 8.74 6 0.17 8.72

20 8.95 6 0.15 9.42
15.0 0.1 7.99 6 0.59 0.50 6 0.10 (44.7 6 148) 107 8.81

1 9.53 6 0.10 9.9
2.5 10.15 6 0.19 10.42
7.5 10.36 6 0.53 10.97

20 10.87 6 0.54 11.45

Hydrochloric acid
05 0.1 5.16 6 0.09 1.04 6 0.07 1280 6 650 5.04

1 7.33 6 0.16 7.41
2.5 8.38 6 0.49 8.38
7.5 9.15 6 0.41 9.52

20 10.87 6 0.34 10.54
15 0.1 8.17 6 0.80 0.68 6 0.10 (15.8 6 35.4) 105 8.15

1 9.98 6 0.69 9.71
2.5 10.15 6 0.56 10.34
7.5 10.64 6 0.45 11.09

20 12.15 6 0.40 11.76

a Experimental conditions pH 1.2 and room temperature.
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Cl2 1 O3 r ClO2 1 O2 [12]

To check the possibility that the nature of the acid (anion) is a cru-
cial parameter in the growth mechanism,hydrochloric acid was used
to acidify the solution to the same pH1.2 as in the former experi-
ments in nitric acid (Fig. 4).

For oxidation times shorter than 12 min,the oxide thickness is
the same within 5% in HCl or HNO3. Only at an oxidation time of
20min the oxide layer is somewhat thicker in hydrochloric acid than
nitric acid. So one must conclude that there is no pronounced anion
effect on the growth rate. This confirms our finding that the ozone
chemistry in the bulk solution has no effect on the oxidation kinet-
ics. Indeed, changes in the solution chemical composition due to
variation of pH or additive hardly influence the growth kinetics. This
indicates that the bulk of the solution and the chemical processes
therein play no role but that processes at the SiO2/liquid interface
should be important. There the oxidation precursor O2 is formed
and is subsequently transported toward the SiO2/Si interface. As
already said, isotope marker studies indicated that the oxidizing
species migrates through the oxide layer and thus that the oxidation
occurs at the SiO2/Si interface rather than at the SiO2/liquid inter-
face.40 This mechanism is confirmed by AFM measurements which
showed no roughening of the wafer surface. After a 20 min oxidation
at room temperature, the surface microroughness Ra was 0.0356
0.002 nm for 8.5 mg/L ozone at pH 4.6 (12.2 Å thick oxide) and
0.037 6 0.001 nm for 14.0 mg/L ozone at pH 1.2 (11.4 Å thick
oxide). The blank, a HF-dipped wafer, had a Ra value of 0.034nm.
If oxidation had taken place at the SiO2/liquid interface one would
have seen a much stronger surface roughening such as with the cop-
per-enhanced oxidation of silicon.45

Silicon oxidation as a function of temperature.—Thermal oxida-
tion of silicon is characterized by a strong positive temperature effect
on the oxidation rate. When seen as an Arrhenius temperature depen-
dence, e2E/RT, values for the activation energy E in the range of
190kJ/mol were found.14 In order to check the effect of temperature
on the oxidation of silicon in ozonated solutions,silicon wafers were
oxidized in an HCl spiked bath (pH 1.2) at various solution temper-
atures in the range 20-508C with a quasi constant ozone concentra-
tion of about 15 mg/L.

No pronounced temperature effect (positive or negative) could be
observed in the range from 20 to 508C as seen in Fig. 5. This again
confirms that the bulk chemistry of ozone is irrelevant for the oxida-
tion process. The ozone decay rate is temperature dependent,name-
ly, an increasing temperature leads to a higher decomposition rate
and thus to more radical production.46 Also, the equilibrium con-
stants for the protonation reactions (6 and 7) of the anionic speci
mentioned previously are temperature dependent. Besides the decay
rate, the diffusion of the oxidizing species in the solid phase is als
temperature dependent. For example, the activation energy for diffu-

Figure 4. Growth profiles of SiO2 as a function of the ozone concentration
under the following experimental conditions:T 5 228C, pH 1.2 (HCl),and
(h) 5, (n) 15 mg/L.
es

o

sion through the SiO2 layer is on the order of 113 kJ/mol for oxy-
gen17 and 77 kJ/mol for water,47 explaining in part the positive tem-
perature effect of thermal oxidation. With an activation energy of
113 kJ/mol,the diffusion becomes a factor of about 70 faster be-
tween 293 and 323 K. So even with a change in diffusion rate
through the SiO2 layer of almost two orders of magnitude, no tem-
perature effect is seen on the oxidation rate and thus the diffusion of
ozone or another precursor cannot be the rate-determining step.

Concerning the possible O2 radical formation Reactions 8-11,
one can argue that the two-step reaction sequence 8-9 is not very
probable because of the endothermicity of Reaction 8 of about
105 kJ/mol. The one-step reaction at the SiO2/liquid interface is
exothermic for about 40 kJ/mol. Based on the fact that no tempera-
ture dependence is seen,the one-step O2 formation, Reaction 11,is
proposed as the most likely one. The fact that Reaction 8,the self-
decomposition of ozone, is not responsible for the oxidation is again
an indication that bulk processes play no role.

From this discussion it must be concluded that the electrical field
over the oxide layer is the limiting factor in the transport of the oxi-
dation precursor(s) and thus for the oxide growth. This confirms the
assumption made in the Fehnler formalism (Eq. 4) where diffusive
transport of anions is negligible compared to field-imposed drift.

Initial oxidation rate.—From the experimentally determined
growth curves,an initial oxidation rate vox,i was calculated by extra-
polation of the oxide thickness between t 5 0 and 6 s for various
ozone concentrations at pH 4.6 and 1.2 with nitric acid and hydro-
chloric acid as additives (Fig. 6). A concentration dependence of the
initial oxidation rate vox,i is seen at low ozone concentrations as re-
ported before.48 Above 15mg/L ozone vox,i levels off to a nearly
constant value. One sees that at low ozone concentrations no linear
relationship between vox,i and the ozone concentration is obtained.
This indicates that even in the time interval of 6 s the silicon oxida-
tion is not entirely surface-controlled. From Table II one sees that

Figure 5. Growth profiles of SiO2 as a function of temperature under the fol-
lowing experimental conditions:pH 1.2 (HCl), (s) 22, (h) 38, and (e)
508C).

Figure 6. The initial oxidation rate vox,i at room temperature as a function of
the ozone concentration and pH (n) pH 1.2 HCl,(s) pH 1.2 HNO3, and (h)
pH 4.6.
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with 5 mg/L,ozone layers in the range 2.3 to 5.2 Å are grown with-
in 6 s. Once a monolayer is formed, the field-imposed drift of the
oxidation precursor, e.g., O2, becomes rate determining and not the
surface reaction.

An estimation on the O2-subsurface concentration at the SiO2/liq-
uid interface can be made from the model calculation made by Peeters
and Li.3 The initial oxidation rate in plasma anodization experiments
at 723 and 876 K was 516 and 660Å/min, respectively, which is about
a factor of ten higher than in our experiments. The O2 subsurface
concentration N0 at the SiO2/liquid interface for our experiments
would then be #5 3 1014/cm3. When the ozone concentration in the
solution is 10 mg/L,about 0.5% of the ozone molecules needs to be
converted into the O2 ions at the SiO2/liquid interface in order to
explain the observed initial oxidation rate in our experiments. Finally,
one may notice that the kind of additive, hydrochloric or nitric acid,
has no noticable influence on the initial oxidation rate vox,i, confirm-
ing our finding that the bulk chemistry is unimportant.

Conclusions

The oxidation of silicon by means of ozonated solutions was
investigated at temperatures between 22 and 508C. The growth pro-
file shows an initially fast growth which after a few minutes drops to
a negligible value. No pronounced pH dependence is observed be-
tween 1.2 and 4.6 and no anion effect was found when using HCl
and HNO3. A concentration effect was noticed in the range of 0-
15 mg/L ozone. The maximum oxide thickness tox,max increases
(slightly) with increasing ozone concentration. This is caused by the
fact that the oxidizing species O2 is formed directly from the ozone
present at the SiO2/liquid interface. At higher ozone concentration
this dependence disappears.

Increasing the solution temperature at constant ozone concentra-
tion does not lead to an enhanced oxidation rate. Transport of the oxi-
dation precursor by field-imposed drift is most probably the rate
determining factor of the oxidation process. At low ozone concentra-
tions,i.e., below 15 mg/L,the initial oxidation rate vox,i is dependent
on the concentration but levels off at higher ozone concentrations.

The growth kinetics follow the relation tox 5 E ln(1 1 Ft) as pro-
posed by Fehnler as an expansion of the CM theory. An electric field
is set up over the oxide layer, thus allowing the charged oxidizing
species to diffuse through the SiO2 layer with the field-imposed drift
as limiting factor. It is proposed that this charged precursor is gener-
ated at the SiO2 liquid interface where ozone forms O2 in a one-step
reaction. This process at the interface and the transport of O2

through the SiO2 layer are the rate-controlling steps, the chemistry
in the bulk of the solution being of no importance.

From the processing point of view one may notice that there is no
need for trying to achieve the highest possible ozone concentrations,
since experiments showed that a plateau in tox,maxis reached at about
15 mg/L. It is also clear that there is no need to work at elevated tem-
peratures in ozonated solutions,as there is no benefit in increasing
the temperature in terms of oxide growth.
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