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A Detailed Study on the Growth of Thin Oxide Layers on Silicon Using
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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 an®C5Qowering the pH leads to a less pronounced concentration dependence with no
specific anion effect between HCI or Hrhe 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 gtewth kine
ics. It is proposed that ozone dissociates at the/I8j@id interface in a one-step reaction forming the oxidizing species, namely,

O™. This radical diffuses through the Si@yer 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 oftama@®po

to the oxidation of silicon. The initial oxidation rate, defined at an oxidation time of 6 s, was dependent on the ozona-concentr
tion below 15 mg/L and leveled off above this concentration as it was limited by the field-imposed drift of the oxidatisorprecu
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In the microelectronics industry the growth of ultrathin oxide lay- tunneling effect, electrons pass through the oxide from the metal to
ers on silicon wafers is becoming more and more impoktamtthe the adsorbed oxygen which is transformed inta. @his concept
formation of gate oxides between 1.5 and 3lnaich is typically resulted in the following oxide growth equation w@tandD fitting
achieved with thermal oxidation. Growth of thin, passivating oxidesparameters
is also part of the (wet) chemical cleaning processes during pregate 1
cleaning of silicon wafers. —

The oxidation of silicon at relatively low temperatures has been tox
for many years a subject of intensive study, for example, the thermagy,say o the Cabrera-Mott theory (CM) where cations migrate
and plasma oxidation (afterglow, anodizatiértj.The kinetics and et the influence of a field across the growing oxide, Fehnler and
mgchanlsr_n of the reaction of oxygen moIeCl_JIeg,(ﬁ)(yg.en atoms - ot [ater on published an expanded theory for low-temperature oxi-
(©), or anions (O) with silicon have been widely studied over the 440 of metald® The CM theory needed to be expanded to include
years and have resulted in several oxidation modagsthe Deal- 500 migration through the oxide film, because the kind of ionic
Grove ' Cabrera-Mott® and Peeters-Ei models_. . ._migration depends on the nature of the oxide. If the oxide is a net-
_The Deal-Grove model, developed to explain the thermal oxidasyor former, migration occurs through anion movement, while for
tion of silicon by oxygen (dry or in a water ambietf)s based on  cyork modifiers cations migrate. As silicon is a network former
an oxidation rr_1e_chan|sm consisting of three consecutive steps: trangse oxidation involves anion migration.
port of the oxidizing species from the gas phase toward thg SiO ™, the Fehnler formalism, diffusion based on a concentration gra-
layer, diffusion through the oxide toward the i interface (Sec-  giant is not the only transport mechanism through the oxide film.
ond step), and the oxidation (third step). This resulted in allnear-parAISO the so-called field-imposed drift, where anions can migrate

abolic growth equation of Deal-Grove (DG) through the oxide film under the influence of an electrical field, is at

=C - D In(t) [3]

t2, + Aty, = Bt + 7) [1] play. This field over the oxide layer remains constant during the oxi-
) ) i o dation and thus limits the transport of the anions.
wheret,, is the oxide layer thicknessthe oxidation time, and a Under the steady-state assumption and with neglection of diffu-
shift in the time-axis. A and B are the fitting parameters. sive transport of the Dions in comparison with field-imposed drift,

Solving Eq. 1 results in the following expression for the oxide |ogarithmic kinetics were derived, withandF fitting parameters
layer thicknesst,,, as a function of time
t = Eln(1 + FY) 4]

tOX _ t+ 7 [2] . X . i
A2 1+ m -1 Peeters and Li came to the same mathematical formalism, derived
from their study on the plasma anodization of silicon at constant cur-

At short oxidation times + T << A%4B, Eq. 1 can be reduced after rent where the oxidizing species is G Recently silicon is also

a Taylor expansion tt,, = B(t + 7) and thus a linear growth rate being thermally oxidized by ozone in order to grow (ultra)thin silicon

is observed. For longer oxidation timés>> A%4B, Eq. 1 can be  dioxide layers:? Despite many experimental and theoretical studies

simplified tot2, = Bt. of the oxidation process in the gaseous phase, in past years the use of
Another well-known oxidation model is the Cabrera-Mott 0zone in the liquid phase has gained interest for growing thin passi-

model25 which provides a general theoretical frame for the oxida-vating oxides in wet cleaning proces$é@ne of the advantages of

tion of metals exposed to oxygen at low and high temperatures. Fdhe use of ozone is that it is a good alternative for the SPM-cleaning

the low-temperature range the oxidation is initially extremely faststep (sulfuric acid peroxide mixture:,80,/H,0,/H,0), currently

but drops within a few minutes or hours, depending on the nature cdpplied for the removal of residues of organic contamination where-

the metal, to very low or negligible values. The hypothesis proposedy a passivating Sigdayer is grown on the silicon wafétThis SPM

to explain this behavior is as follows: a strong electric field set cleaning step however causes an environmental problem because of

up in the oxide film caused by a contact potential difference betweethe production of contaminated concentrated sulfuric acid as waste,

the metal and the adsorbed oxygen. By thermionic emission or thand moreover, a large consumption of rinse water is needed. To allow
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more ervironmentaly and cost-fiendly production,the micoelec
tronics industy is looking br an altenaive to eplace sulfuic acid
in the deaning pocess. Due to its highxmlizing potentialE, =
2.08V, ® 0zone is consided a walid altenaive in wet deaning po-
cesses. Eitheof the emoval of oiganic contamin@gon on wafer sur
facest’20-24syrface passétion after HF pocesse$® or even esist
stip and poymer lemoval.?® the oone teament in the liquid phase
is consideed a vidle altenative.

The stug descibed in this pper is a detailed look into theagvth
kinetics of the silicon xide layer by ozonaed deionied water solu
tions. The infuence of seeral expeiimental paametes was irvesti
gated sub as the gidation time pH, ozone concenétion, nature of
the anionsand tempeature. The surce micoroughnessyhich has a
detimental efect on the pedrmance of the silicon d&es,was also
cheded by means of @mmic force micoscopy (AFM) measuements.

The paameter pH needs to be caited in all xpeliments in
volving O;. Not onl the oone solubility in the liquid phase is pH-
dependent’ but also its decompositiorete, especialy in neutal
conditions and tshigh pH28-39 Moreover, pH is an impaant paa-
meter contlling the possile kuildup of radicals in the solution,
which ae formed as prducts or intenedides of the complede
composition melsanism of oane31-33 These adicals could be the
precuisor for the xidation process and their conceation is most
cettainly pH-dependent.

An oxide gowth model is selected on basis of the bishd to
the aide thikness-time da. Fnally, some implicéions for the «i-
dation medanism and xidation precusors ae discussed

Experimental

Silicon wafers [Wadker Siltronic, p-type B-doped Czochralski
(CZ), <100>] were used dr the xidation expetiments and dr the
AFM measuements. In the teer case epitaxial wafers (0.008-
0.0200 cm, 4 pm thicknessand 8x 10 (P/B) dopant leel) were
oxidized HNO; 70 v/v %,HCI 37 viv %,HF 49 viv % (allAshland
ChemicalsGigabit grade) vere used to either acidify the solution or
to etd the SiQ layer avay. Deionizd water was ultepure quality
(18 MQ cm). Oone vas gnegted by a Sorbios oane gneetor
opesting & a curent of 2.5A and an Qflow of 2 L/min.The oone
concentation in the solution \ws measwd with an Orbispher
ozone sensor hich measwues the oane concengtion electochem
ically. Before eat oxidation ste the vafers were exposed to alean
ing sequence of SOM ¢80,/O4/H,0)-dHF/dHCI-O/dHCI-Mar-
angoni dry, resulting in a kdrophilic surice?® Prior to the xidation
expeliments the \afers were gven an HF dip (2%) and thisoif
2 min. Subsequent] the tydrophobic vafers were immesed in the
ozonded solution ér a timet rangng from 6 s to 20 minThe i-
dation was perbrmed in a stiéc tank with no omne lubbling at the
time of oidation. Then the eaxidized (hydrophilic) wafers were
rinsed in an verflow rinse tank ér 30 s,followed ty a dying pro-
cedue in the Semitool spin ger PSC-101Typically oxide layers of
a few angstroms thic were gown. Ellipsometic and other suéce
anaysis tetiniques a not accuate belav the nanometer \el.
Therefore, a method dr the detanination of the thi&kness of the
ultrathin SiO, layers (<10 A) was optimizd and walidaed®* This
method which was alead/ descibed in an edier study,3® is based
on etding of the SiQ layer by hydrofluoric acid ollowed ly the
detemination of the silicon concerdtions in the etis solutionsThis
was done ¥ the moybderum Hue methogf® which is a spectpho
tometic anaytical tednique based on compléormation between
the silicon in solution and a Mo obgnher The formed dage-trans
fer ebsorber has a maximm @sorbancete800 nm vhich was meas
ured with a Shimadzu UV 160A dolesbeam specbiphotometerlt
has been shun tha the oide thiknesst,, (&) is given by Eq.5

[Si]e)(pvetch

X

tox = 0.097 [3]
in which [Sile, is the silicon concerdfion in the etb solution
(ML), Vg, the etdr volume L), and A,, (cn?) the HF-teaed
area on the wafer surhice This method allws one to detenine

oxide thicknesses belo 1 nm with a pecision of better than 5%. It
should be mentioned thailicon & low-level concenttions in HF-
containing solutions can also be detered ty other analtical tech-
nigues suke as inductiely coupled plasma mass spectrety (ICP-
MS)34 or inductively coupled plasma optical emission spestofy
(ICP-OES)¥

For the stéstical teament of all the d&, the stéistical software
padkage SAS® was usedThe surfice micoroughness as @alua-
ed by means oAFM measuementsThe scanate is 0.67 Hz and the
set point 1.503%/ on a Nanoscop&FM. With this surice analsis
technique a thee-dimensional vie of the surhice can be made
(XY where Z represents the g¢h scale oraughnessThe meas
urements & made with agsolution of 1um in theXY and 0.5 nm
in theZ direction.R, comesponds to thevarage micioroughnessye
pressed in nanometer

Results and Discussion

Silicon ocidation a room tempeature—The efects of seeral
patametes on the gide gowth & room tempeature were investk
gated: parametes under considetion were pH of the solutionthe
ozone concengtion, and the naure of the anion used

Influence of pH—Silicon wafers were axidized & pH 4.6 and 1.2.
The former \alue is the equalent pH of opne/deionied water with-
out adlitive where a slight aciditation occured when obne vas
bubbled thiough the eaction essel. It could be shm by ion dro-
maography (IC) tha organic acids sut as drmic and &alic acid
were pesent in the solutioifhese oganics were most pobably gen
erated ty interaction of obne with the all of the PR-Teflon (Per-
Fluoro Alkoxy) tubing The ldter pH was abieved though adlition
of nitric acid The oidation time was \aried between 6 s and 20 min.
After rinsing and dying of the xidized wafers, the oide-layer thidk-
ness vas meastd using the mrcedue desdbed®* For eah oxida-
tion time two wafers were treaed simultaneoust.

The «ide layer initially grows fast and the xide gowth levels
off at longer reaction timeas illusteted in Kg. 1 for a solution con
taining 1 mg/L opne An analgous gowth profile has also been
seen in other studidé:23 A few expeliments vere perbrmed br
oxidation times of 40 minput the xide layer thiknesst,, stayed
neafty constant compad to the 20 minalue

Since no model isvailable which descibes the @idation of sik
icon in the liquid phasesome of the models deed from axidation
studies in the @seous phaseese tested on thesgeimental da.
One of the most pminent models to test is the DG modathen
Eqg. 1 vas plied to the dia of Hg. 1,no values of paametes A and
B could be obtainedsince the covergence citerion of the ftting
routine was not metThe fact tha the DG brmalism cannot bepa
plied ma be seen as @& $t indicdion tha the tanspot of oxidizing
species tlough the Si@ layer is not solgl diffusion-contolled. In

oxide thickness (Angstrom)

oxidation ime (minutes)

Figure 1.Growth profiles of SiG under the dllowing expelimental condi
tions: 1 mg/L oone T = 22°C, and pH ©) 4.6 and 1.2 4, nitric acid),
(—) the ft based on the éhnler apression (Eq. 4) and-—-) the CM
formalism (Eq. 3).
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this way the ole for undhaiged species li& axygen or obne as the
oxidation precuisors becomes unlidy. This could alead/ be &-
pected vhen &aluaing their difusion though the Si@layer. When
assuming thiaozone itself aidizes silicon to drm a SiG network,
the difusion length of oane though the SiQlayer within a cetain
time can be estinted Indeed one can calcute tha a room tem
perature the difusion of okygen though SiQ is alread/ extremey
slow, since ony a diffusion length of 7x 1073 A can be akieved
after 20 min Do, seex = 2.1 X 10724 cn?/s 39). Ozone with a high
er molar mass will difise &en slaver.

Some authar do ¢aim the qplicability of the CM formalism br
the gowth of axide layers in oonaed solutiong3 Subsequenylthe
daa were fitted to Eq. 3 of the CM model. It is vibus tha Eq. 3,
represented Y the dotted line in ig. 1, is not a @od ft because it
overpredictst,, at long okidation times.The agument gainst the
CM formalism is thano cdion migration occus duing the xida-
tion of silicon hut it is rather the aidizing species Wwich migrates
toward the SiQ/Si interface Isotope méaeer expeiments br gas-
phase midation indeed hee shavn tha O~ migrates though the
oxide layer tavard the silicon hlk and not silicon @ms tavard the
SiO, gas interfice®®

Finally, when the gpeiimental d&a were fitted to Eq. 4a \ery
good greement beteen the model and thepeimental déa was
obtained as is shan by the solid lines in . 1. The oidation
should then bexplained though a ield-imposed dft mechanism
of anions though the Si@layer tovard the SiQ/Si interface Pos
sible axidation precuisors ae thus all anions psent athe SiG/lig-
uid interface e.g., OH™, O,, O3, O™, ... Since eference &peli-
ments with Q saurated solutions tavarious pH \alues poved tha
the silicon vafers could not bexidized in the time scale consi@ey
the tydroxyl anion or the dissokd ocygen can be xxluded as a
direct pecussor for silicon «idation.

From Hg. 1,it is dear tha the «ide thikness is dgendent on
pH with a factor of two higher &pH 1.2 than BpH 4.6.As shavn in
the net sectionthe ide is alvays som&ha thicker & low pH, but
except for the 1 mg/L d&, this difference is minor and thus oneyna
condude thathere is ony a weak pH effect on theihal oxide thick-
ness vhich can be wn. Although the oane decw rate increases
at higher pH,thus brming moe radical species in the cag of a
complex decy process’t*3e.g., HO; and HQ, no enhancement of
the inal oxide thikness is obtained &igher pH.This is an impor
tant indicaion tha radicals or anions ém the lulk of the solution
are not diectly involved in the @idation processThe dhemisty of
ozone in the hblk is thus of no elevance to the xidation process.
Moreover, at low pH, where the aidation goes somehat fasterless
anionic species aravailable. This is due to a shift in thehemical
equilibria vs.the potonaion of the aniorf&43

HO; < O3 + H* [6]
HO, < O; + H* 7

A vaiiation of the pH betwen 1.2 and 4.6hanges the H concen
tration with a fictor of 2500This should swngly influence the @
and G concentations in the solution. Since the pH hasyoalminor
effect on aidation, the anions msent in thelik can also bexelud-
ed as @idation precussors.

Influence of the ane concenation—Growth profiles were also
measued for other opne concenétions @ pH 1.2 and pH 4.6.rbm
Fig. 2 and 3 it can also be seentttiee Fehnler epression (Eg4) fits
the daa reasonbly well as the gide thiknesses arpiedicted within
4%. The esults of theifting are also summared inTables | and II.
The Fehnler gpression (Eg. 4) contains ownfit parametes. As
seen inTables | and Il .the paametelE can be calcuted quite accu
rately, but paameterF caries a lage uncetainty range, especialy
at larger oone concengtions.According to Reetes and Li the par
meterE is related to the haracteistic penetation deoth of the ai-
dizing species into thexae andF is propotional to the pecusor
concentation3 Parameter E remains nedy constant dér all the

@
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oxidation time (minutes)

Figure 2.Growth profiles of SiQ as a function of the one concenétion
under the dllowing expetimental conditionsT = 22°C, pH 4.6,and (0) 1,
(A) 5,(©) 15,and ©) 17.6 mgl/L.

the m@tio of the O drift velocityvto the O loss ite constank. The

expeimentally deiived \alues ofE are indeed indgendent of the
0zone concenétion, as can bexpected since both andk must be
assumed to be constant in thehRler model.

A clear concenttion degpendence in theange betveen 1 and
18 mg/L is seen in ig. 2 and 31y, 14 the ide layer thikness &
20min, increases with the ane concenétion. Although oone itself
is not the aidizing speciesit is logical tha its concentation will in
some vey be irvolved in the gneetion of the aidizing precussor.

The Fehnler model \wen gplied to silicon is based on the theo
ry tha anions ae the aidation precusors which migrate thiough
the oide layer under the infience of aield over the aide. Since
the hulk chemisty does not seem to plea wle in the aidation
process,the question @mains hw and vhich chaged «idizing
species can beofmed One possile hypothesis is theeaction of
ozone & the SiGQ/liquid interface to &rm O™ ions in the éllowing
reaction sequence

0;20+ 0, [8l
O+e-0" [9]

Another possile pghway would be one in Wwich O ions ae
formed diectly?3

O;+e—0 +0,
0;-0,+0 +h

n-type [10]
p-type [11]

In this hypothesis a higher ome concengtion in the solution
should esult in a higher ame concenttion & the SiGQ/liquid inter
face and this enhances the”Gormaion rate. The d@endence of
the ocide gowth rate and theifal oxide thikness lgels of because
at higher obne concengtions the aide gowth is indeed limited Y
the feld-imposed dft, wherby the feld in the gowing oxide
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Figure 3.Growth profiles of SiG as a function of the one concengtion
under the dllowing expelimental conditionsT = 22°C, pH 1.2 with nitic

expeliments with aneerage of 0.74=+ 0.24 A.E can also be seen as acid as aditive, and ©)1(A)5,and (J) 15 mg/L.
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Table I. A comparison between experimental and calculged oxide thicknesses as a function of time (Eq. 4) @&arious initial

ozone concentations 2

Oxidation Expeimental Calculaed oxide
[O4] time oxide thikness E F thickness
(mglL) (min) Gy Gy s Gy

1.0 0.1 1.47 0.54+ 0.04 819+ 35.8 1.20
1 2.31*+ 0.08 2.38
25 2.95+ 0.07 2.88
7.5 3.50* 0.02 3.48
20 3.98+0.31 4.01
5.0 0.1 2.27* 0.52 1.24+ 0.20 15.1+ 10.6 1.14
1 2.90 3.44
25 4.00+ 0.03 454
7.5 6.11+ 0.34 5.88
20 7.31* 0.17 7.09
15.0 0.1 6.44+ 0.49 0.70+ 0.08 (14 = 20) 1¢ 6.68
1 8.50* 0.26 8.36
25 9.27+ 0.48 8.93
7.5 9.69+ 0.48 9.70
20 10.12+ 0.57 10.39
17.6 0.1 8.21* 0.61 0.71* 0.08 (14 + 23) 10 8.41
1 10.32* 0.49 10.11
25 10.90=* 0.13 10.70
7.5 11.44+ 0.64 11.48
20 12.00* 0.51 12.17

aExpefmental conditions pH.6 and oom tempeature.
b Only one vafer measwed

remains constant. Besides tlaetftha the feld is limited O~ ions
are lost ly a metianism vhich until nov remains unknen® and
which efect inceases with in@asing aide thikness.

Influence of the anior-It is knawn tha chloride ions hae a stong
influence on the ane decw rate in solution.This is becausehto-
ride anions eact with opne*

Table Il. A comparison between experimental and calculged axide thicknesses as a function of time (Eq. 4t aarious initial ozone
concentrations and aditi ve.2

Oxidation Expeimental Calculaed ide
[O4] time oxide thikness E F thickness
(mg/L) (min) A A G A
Nitric acid
1.0 0.1 3.58+ 0.15 0.93* 0.05 460+ 190 3.60
1 5.46=* 0.13 5.72
25 6.70* 0.29 6.59
75 7.84* 0.04 7.62
20 8.26+ 0.08 8.53
5.0 0.1 5.25+ 0.25 0.71+ 0.08 (28 + 36) 1¢ 5.65
1 7.69* 0.26 7.29
25 841+ 0.24 7.94
7.5 8.74* 0.17 8.72
20 8.95+ 0.15 9.42
15.0 0.1 7.99+ 0.59 0.50* 0.10 (44.7+ 148) 10 8.81
1 9.53+ 0.10 9.9
25 10.15+ 0.19 10.42
75 10.36+ 0.53 10.97
20 10.87+ 0.54 11.45
Hydrochloric acid
5 0.1 5.16 = 0.09 1.04+ 0.07 1280+ 650 5.04
1 7.33+0.16 7.41
25 8.38+ 0.49 8.38
7.5 9.15* 0.41 9.52
20 10.87+ 0.34 10.54
15 0.1 8.17* 0.80 0.68* 0.10 (15.8= 35.4) 16 8.15
1 9.98+ 0.69 9.71
25 10.15+ 0.56 10.34
75 10.64+ 0.45 11.09
20 12.15+ 0.40 11.76

a Expeimental conditions pH 1.2 andem tempesature.
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Figure 4.Growth profiles of SiG as a function of the @ne concengtion
under the dllowing expeimental conditionsT = 22°C, pH 1.2 (HCI),and
(O) 5,(A) 15 mg/L.

Cl" + 03~ CIO™ + O, [12]

To ched the possibility thathe naure of the acid (anion) is ater
cial paameter in the ipwth medianism hydrochloric acid was used
to acidify the solution to the same @R as in thedrmer «peii-
ments in nitic acid (Fg. 4).

For oxidation times shder than 12 minthe oide thikness is
the same within 5% in HCI or HNOQOnly a an oidation time of
20min the xide layer is somevhat thicker in hydrochloric acid than
nitric acid So one rast contude tha there is no ponounced anion
effect on the gwth rate. This confrms our inding tha the oone
chemisty in the lulk solution has no &ct on the ridation kinet
ics. Indeed changes in the solution feemical composition due to
vairiation of pH or aditive hadly influence the gwth kinetics.This
indicaes tha the lulk of the solution and thehemical pocesses
therein play no ole kut tha processestathe SiQ/liquid interface
should be impdant. There the aidation precusor O is formed
and is subsequegtltranspoted tavard the SiQ/Si interface As
alread/ said isotope méaker studies indidad tha the «idizing
species migptes though the wide layer and thus thghe idation
occus d the SiQ/Si interface ether than &the SiQ/liquid inter-
face®® This mehanism is corifmed ty AFM measuements wich
shaved no pughening of the afer surfice After a 20 min aidation
at room tempeature, the surbice micoroughnesR, was 0.035+
0.002 nm 6r 8.5 mg/L opne & pH 4.6 (12.2 A thik oxide) and
0.037 = 0.001 nm 6r 14.0 mg/L opne & pH 1.2 (11.4 A thik
oxide). The Hank, a HF-dipped afer, had aR, value of 0.0341m.
If oxidation had takn place faithe SiQ/liquid interface one wuld
have seen a och stionger surfice bughening sut as with the cop
perenhanced xidation of silicon#®

Silicon idation as a function of tempature—Themal aida-
tion of silicon is baracteized by a stong positve tempegture efect
on the aidation rate. When seen as arrhenius tempeture dpen
dence e E/RT, values or the actiation enegy E in the ange of
190kJ/mol were found In order to died the efect of tempeature
on the aidation of silicon in obnaed solutionssilicon wafers were
oxidized in an HCI spikd bah (pH 1.2) &various solution temper
atures in the ange 20-50C with a quasi constant oze conceng
tion of @out 15 mg/L.

No pronounced tempaeture efect (positve or ngative) could be
obseved in the ange from 20 to 50C as seen inif. 5. This again
confrms tha the ulk chemisty of ozone is irelevant for the xida-
tion processThe oone decy rate is tempeature dgpendentpame
ly, an inceasing tempeture leads to a higher decompositiater
and thus to mer radical poduction®® Also, the equilibium con

stants 6r the potondion reactions (6 and 7) of the anionic species

mentioned peviously are tempegture dgpendent. Besides the dgca

rate, the difusion of the aidizing species in the solid phase is also

tempeature dgendent. Br example the actvation enegy for diffu-

=
B

oxide thickness (Angstrom)

o] 10 2‘0 ?:0 40 5‘0
oxidation time (minutes)
Figure 5.Growth profiles of SiG as a function of tempature under thedl-

lowing expetimental conditionspH 1.2 (HCI), (O) 22, (0) 38, and €)
50°C).

sion though the Si@ layer is on the ater of 113 kJ/moldr axy-
gen'” and 77 kJ/moldr water,*” explaining in pat the positie tem
perature efect of themal oidation. With an actation enegy of
113 kJ/mol,the difusion becomes &aattor of dout 70 &ster be
tween 293 and 323 K. Soven with a bang in difusion rte
through the Si@layer of almost tw orders of manitude no tem
petature efect is seen on thexwlation rate and thus the difsion of
ozone or another pcusor cannot be thete-detemining ste.

Concening the possile O™ radical brmaion Reactions 8-11,
one can a@ue tha the two-stg reaction sequence 8-9 is nany
probeble because of the endothd@city of Reaction 8 of laout
105 kJ/mol. The one-ste reaction & the SiQ/liquid interface is
exothemic for about 40 kJ/mol. Based on thact tha no tempea-
ture dependence is seethe one-ste O formation, Reaction 11is
proposed as the most éily one The fact tha Reaction 8the self-
decomposition of amne is not esponsite for the xidation is again
an indicdion tha bulk processes piano wle.

From this discussion it ost be conleded thathe electical field
over the aide layer is the limiting &ctor in the @®nspot of the «i-
dation precusor(s) and thusof the xide gowth. This conirms the
assumption made in theeRnler brmalism (Eq. 4) were difusive
transpot of anions is ngligible compaed to feld-imposed dft.

Initial oxidation rate—From the epeimentaly detemined
growth cuwves,an initial ocidation rate v, ; was calculted by extra-
polation of the aide thikness betwent = 0 and 6 sdr various
ozone concengtions d pH 4.6 and 1.2 with niic acid and kdro-
chloric acid as aditives (Kg. 6).A concentation dgpendence of the
initial oxidation rate v, ; is seen alow ozone concenétions as e
ported bebre.*® Above 15mg/L omne Vox,i levels of to a nedly
constant @lue One sees that low ozone concenétions no linear
reldionship betveenv,,; and the oane concenttion is obtained
This indicdes tha even In the time intefal of 6 s the siliconxida-
tion is not entiely surface-contolled. From Table Il one sees tha

120
Q 100 -
w = o a ©
E.E 4 o b a
80
$E 7 a @ of
E:E 60 o g o
— o
2% & °
- 40+8 o
S <
= o o o
c 20
= o
0 ! ' ]
o 5 10 15 20 25 30 35 40 45

ozone concentration (mg/l)

Figure 6.The initial okidation rate v, ; at room tempesture as a function of
the oone concenttion and pH () pH 1.2 HCI,(O) pH 1.2 HNQ, and (J)
pH 4.6.
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with 5 mg/L,o0zone lagers in the ange 2.3 to 5.2 A a gown with-
in 6 s. Once a monojar is ormed the eld-imposed dft of the
oxidation precusor, e.g., O™, becomesate detemining and not the
surface eaction.

An estimaion on the O-subsuréce concendtion & the SiGQ/lig-
uid interface can be madeofin the model calculeon made g Peetes
and Li.3 The initial oxidation rate in plasma anoditian expeiments
at 723 and 876 K as 516 and 668/min, respectiely, which is dout
a factor of ten higher than in ouxmeliments.The O subsuréce
concentation Ny at the SiGQ/liquid interface br our epeiments
would then bes5 x 10/cm?®. When the oane concendtion in the

solution is 10 mg/Labout 0.5% of the ame molecules needs to be

corverted into the O ions d the SiGQ/liquid interface in oder to
explain the obsered initial ocidation rate in our &peliments. kally,
one my notice thathe kind of aditive, hydrochloric or nitiic acid
has no noticdle influence on the initial xidation rate v, ;, confirm-
ing our fnding tha the tulk chemisty is unimpotant.

Condusions

The «idation of silicon ly means of oanaed solutions as
investigated d tempeatures betveen 22 and 5C. The gowth pro-
file shavs an initially fast gowth which after a éw minutes dops to
a ngligible value No ponounced pH deendence is obsexd be
tween 1.2 and 4.6 and no aniofieef was bund when using HCI
and HNG,. A concentation efect was noticed in theange of 0-
15 mg/L omne The maxinum oide thiknesst,, nay iNCreases
(slightly) with increasing oane concenétion. This is causedybthe
fact tha the «idizing species O is formed diectly from the obne
present &the SiQ/liquid interface At higher oone concengtion
this dependence digmpeas.

Increasing the solution tem@ture & constant oane concent:
tion does not lead to an enhanceitletion rate. Transpot of the «i-
dation precusor ly field-imposed dft is most ppbebly the ite
detemining factor of the gidation processAt low ozone conceng
tions,i.e., belav 15 mg/L the initial ocidation rate v, ; is dgpendent
on the concendtion but levels of at higher obne concenégtions.

The gowth kinetics bllow the eldion t,, = EIn(1 + Ft) as po-
posed kg Fehnler as angansion of the CM thegrAn electic field
is set up wer the aide layer, thus allaving the damged oidizing
species to dffise though the SiQlayer with the feld-imposed dft
as limiting fctor It is proposed thithis thaiged pecusor is gner
ated d the SiQ liquid interface vhere oone brms O in a one-stp
reaction. This piocess fathe interce and the amspot of O~
through the SiQ layer ae the ste-contolling steps, the diemisty
in the lulk of the solution being of no imp@nce

From the pocessing point of vig one mg notice thather is no
need br trying to adieve the highest posdéozne concenttions,
since eperiments shwed tha a pldeau int,, 4«is reatied a about
15 mg/L. ltis also lear thathere is no need to @k at elevated tem
peratures in opnaed solutionsas thee is no benéf in increasing
the tempeature in tems of ide gowth.
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