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Abstract ;

The rRelation between water diffusion in silica glass and the oxidation kinetics of silicon was+
considered. This reporth-s suggestsed that the diffusion of molecular water, which can diffuse
faster than- oxygen and is not observed in the normal water diffusion study in silica glass, is

responsible for the faster oxidation of silicon in wet oxidation than in dry oxygen oxidation.
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The oxidation of silicon has been one of the important steps in microelectronics processes
and has been extensively investigated. The rate-controlling process of the oxidation of Si is,
except in the initial transient stage, the diffusion of an oxidant through the oxidized, amorphous
silica, with-where the oxide thickness increasesing with the square root of the treatment time.
The parabolic rate constant is related to the product of the diffusion coefficient and concentration
of an oxidanﬂﬁh.ll‘ It is also well known that the oxidation of silicon in water vapor atmosphere, {Commented [OK2]: All reference numbers have been }
formatted according to CMOS 14.24.

Commented [OK3]: All reference numbers have been updated
to reflect the style conventions of the Journal as well as CMOS
(14.24, 14.26).

or wet oxidation, is faster than the oxidation in dry oxygen atmosphere.’-[1]. However, the

reported water-diffusion coefficient of water in silica glass2{2] appears smaller than the diffusion
coefficient of oxygen in silica glass}3}.° Deal and Grove-[1]} consider that this higher oxidation
rate in the wet oxidation is due- to the higher concentration of water, than-the-conecentration
ofversus oxygen, in silica glass. They referred to the diffusion coefficient and concentration of
water evaluated using the hydroxyl concentration profile; when the water diffusion mechanism
was not clearly understood. In view of the subsequent development of water diffusion processes
in silica glass and related phenomena, especially water diffusion mechanisms and silica glass
structural changes promoted by water diffusion®>{4.5], the role of water in silicon oxidation was

re-evaluated.

" Water Ddiffusion in Ssilica Gg|asses P [Formatted: Font: (Default) Times New Roman, 14 pt, Bold ]
[ Formatted: Normal, No bullets or numbering ]

Doremus-{4} proposed a water diffusion mechanism in silica glasses, in which only
molecular water diffuses and reacts readily with silica network, forming immobile hydroxyl, or

SiOH, by the following reaction-



=SiOSi=+ H20 €< - 2=SiOH (1)< Formatted: Indent: Left: 0", First line: 0", Keep with next,
Tab stops: 3", Centered + 6.5", Right
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where = indicates three chemical bonds of Si and O.* Doremus further observed that this
equilibrium reaction is heavily shifted to the right, and the-most of the water in silica glass exists
as hydroxyl, =SiOH. He further-postulated that this reaction is fast and that a local equilibrium
of the reaction is maintained while water diffusion-is taking-takes place at high temperature, e.g.,

1000°C. In this reaction,; with-the equilibrium constant is; K = [OH]?/[H20], where [OH] and

[H20] are activities of hydroxyl and molecular water, respectively. During water diffusion in

silica glass, the water molar concentration in silica glass is usually much smaller, compared with

silica molar concentration, and the activity of silica is considered nearly paity-united, while and
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those of hydroxyl and molecular water species can be approximated by their respective

concentrations. Water diffusion in a silica glass is often studied eften-by measuring the hydroxyl

concentration depth profile in a silica glass sample at room temperature, after heat-treatingtment

the sample with heat at a high temperature. The effective water diffusion coefficient obtained

from hydroxyl profile, Defr,on-. Can be represented by the following equation®®,f4.61;

Dett,oH = 4DH20[OH]/K < Formatted: Indent: Left: 0", First line: 0", Tab stops: 3",
Centered + 6.5", Right

@

where Dr2o is the diffusion coefficient of molecular water, as expected when in silica glass the

molecular water diffuses, -ir-sitica-glass-unimpeded by the reaction with the glass structure. This



equation also predicts that the effective diffusion coefficient, De,on, is proportional to the
concentration of the hydroxyl water [OH], which is the predominant water species in the glass.
The experimental water diffusion profiles show geed-strong agreement with their predicted
profiles{4.6}.%5 The water diffusion coefficient used by Deal and Grove' |4} in their discussion

was this same effective diffusion coefficient, Defr, on, and the concentration of “water” used was

that of hydroxyl, [OH], at the glass surface.

Subsequently, Fhe-equation (2) can be re-written as follows in equation 3. “ Commented [OK5]: Parentheses were removed to match
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SSince [H20] << [OH], it is expected that Dnzo >> Det, on. Doremus estimated-{7} the value of

D20 using the experimental data on diffusion coefficient, De, on, and [OH], and he also -as-wel

as-estimated the value of [H20].” The concentration of molecular water, [H20], was estimated
from the solubility of various gas species, such as helium, neon, argon, and oxygen in silica

glasses, as well as and-the atomic, or molecular, size of these gas species. The solubility of a gas

species is defined as the ratio of the concentration of the gas in glass, Cq, to that in the adjacent

atmosphere, Cg, as represented together byie: Ca/Cqy. Fhis-The ratio of the molecular water was

estimated to be a temperature-independent constant, ~ 0.015-7}.” For the concentration of water
in the atmosphere, the ideal gas law was used. As expected, t+he evaluated diffusion coefficient,
DH20, Was;-as-expected; much-higher-by-approximately 200--=400 times higher; than the
effective diffusion coefficient, Des.on, at 1000°C, while bothbeth having-had nearly same

activation energy.——



. The MMolecular Wwater Dédiffusion Ceoefficient -and the \Wwet «

Oexidation Kkinetics of Ssilicon

According to Doremus’s model-f41, in a given diffusion profile, molecular water
concentration [H20] and hydroxyl concentration [OH] are closely related through the
equilibrium constant, K.2 Therefore, the diffusion distance of both species should be nearly
identical. In thecourse-ofa water diffusion study oni# silica glass, it was found that a silica glass
surface, when exposed to water vapor, exhibits a fast structural relaxation, even at a temperature

lower than the glass transition temperature®£-11-[5.8-11], and this structural relaxation was

promoted by the diffusing water. The thickness of the relaxed glass surface layer relaxed
increased with the square time of the heat-treatment in_a wet atmosphere, indicating a diffusion-
controlled process. The evaluated apparent diffusion coefficient of the surface structural
relaxation, Der, si-o-si, Was greater than the effective diffusion coefficient of water, Deft,oH, when
the heat-treatment temperature is-was 850°C or higher, as shown in Figure: 1-/51.° This is
possible only when a small quantity of molecular water species, undetected by IR spectroscopy,

is diffusing faster than the measured hydroxy! diffusion profile.

-It appears that the local equilibrium of the reaction in equation 1{%} is not strictly maintained «
and that some of molecular water is diffusing fast-quickly, unrestricted by the reaction
equilibrium even at high temperature, e.g., 1000°C. Possible diffusion profiles of molecular
water and hydroxyl water in silica glass, therefore, should look like those shown schematicathy-in

the schematics under in-Fig-Figure 274172 In this figure, -where-the diffusion profiles, both

concentration and distance, are plotted in logarithmic scales for a silica glass sample, which is
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shorter diffusion distance, indicate hydroxyl and molecular water diffusion profiles, under the | Commented [OK8]: To what figure does this refer? )

condition that a strict equilibrium of equation {1} is maintained. Under normal experimental
condition, the hydroxyl concentration profile can be measured but the molecular water
concentration profile cannot be detected, because its concentration is extremely low. The profile
with a longer diffusion distance in the figure represents the molecular water concentration profile
when the molecular water can diffuse unrestricted by the equilibrium reaction in equation {1}.
While the hydroxyl diffusion profile appears to follow the-equation {2}, some molecular water

appears to diffuse deeper, causing the surface structural relaxation of silica glasses.

The present author eensiders-proposes that this fastmevingfast-moving molecular water
works as an oxidant of silicon in the wet oxidation. This proposed mechanism appears
reasonable since molecular water is the true diffusing species in silica glass;-which and can act as
an oxidant, even though the molecular water is not readily detected in the experiment. On the

other hand, hydroxyl water, which is abundant and is readily detected in silica glass, is immobile.

The parabolic rate constant, B, which represents thesf oxidation of silicon, is given by equation ( Commented [OK9]: I this an accurate rewording? )
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where Desf is the apparent diffusion coefficient of the oxidant involved in the oxidation, C is the -«  Formatted: Indent: Left: 0" )

concentration of the oxidant, and Ny is the number of the oxidant molecules incorporated into a

unit volume of the oxide layer.

The values of the diffusion coefficient and concentration of water considered by Deal and

Grove cerresponds-in-the-present-netation;-correspond to Defr,on and [OH], respectively. Since

[OH] represents the number of hydroxyl [molecules ber unit volume, and two hydroxyls

Commented [OK10]: Is this accurate to say, based on the
information in the paper?

correspond to one water molecule, the number of the corresponding water molecule would be

%[OH] and the corresponding oxidation -parabolic rate constant would be as follows:

B = 2x%2[OH]Detf,0n/N1.= [OH]Detf,on/N1 « Formatted: Indent: Left: 0", First line: 0", Tab stops: 3",
Centered + 6.5", Centered
®)
On the other hand, when the fast-mevingfast-moving molecular water is considered the <  Formatted: Indent: Left: 0", First line: 0.5" )

oxidant, the oxidation parabolic rate constant would be

B= 2[H20]DH20/N1 -+ Formatted: Indent: Left: 0", First line: 0", Tab stops: 3",
Centered + 6.5", Right
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‘ Since both values of [OH] and Defr,01 are proportional to the square root of water vapor -«  Formatted: Indent: Left: 0" )
pressure, while [H20] is proportional to water vapor pressure and Dn2o is independent of water

vapor pressure, the parabolic rate constants by the two expressions are proportional to water

‘ vapor pressure, consistent with the-experimental observation-{51.% ( Formatted: Superscript )



According to equation (3},

-[OH]Deft, on =- 4DH20[H20] « Formatted: Indent: First line: 0", Tab stops: 3", Centered
+ 6.5", Right
(3)
and nearly the same guantity-of-parabolic rate constant can be obtained by using the two « ( Formatted: Indent: Left: 0" )

expressions_listed under; equations {5} and {6}. Thus, it is difficult to distinguish these two
expressions fer-the-by their parabolic rate constant, in the-terms of wet oxidation kinetics, by
comparing diffusion data for silica glasses and parabolic rate constant of the silicon oxidation.
Also, certain errors are involved: -in-the measured diffusion coefficient, the -and-concentration of
water, and the thermal histories and impurity contents in silica glasses employed can all
influence the water diffusion data. In order to distinguish these two expressions fer-and
determine the parabolic rate constants for oxidation of silicon, it is necessary to first determine

the diffusion coefficients of the oxidant involved in the oxidation.

This possibility was examined-investigated by measuring the re-oxidation rate in the wet
atmosphere of a silicon sample with a thick, {(=6-+}-dried oxide film_(approximately six
micrometers)-F42}.12 The pre-existing dry film would cause a delay time in the initiation of the
re-oxidation, which is determined only by the diffusion coefficient responsible for oxidation,
independent of the oxidant concentration. The results showed the-data which appears to support
the diffusion of the-fast--moving molecular water, but there was-were some errors in the
determiningation ef-the delay time. It is the objective of this paper to show more clearly that the

fast-mevingfast-moving molecular water is responsible for the wet oxidation of silicon.



The parabolic rate constant for the fast-moving molecular water was-is given above, as
eguatiopunder equation {6, as) B = 2[H20]Dr20/N1. The value of N1 is elearby-already known,
being the number of the oxidant molecules incorporated into a unit volume of the oxide layer;
this is because sinee-one oxygen atom is incorporated from one molecule of water into the oxide,
SiO», and-two oxygen atoms are involved in one molecule of SiOz, and the density of silica is 2.2
glem®, N1 = 2x2.2 (g/cm®)x/60(g/mol) = 0.073 mole/cm®. The molecular water solubility in silica
glass was estimated by Doremus-{#} to be Ca/Cqy ~ 0.015, where Cq= [H20] and Cg is the
concentration of water molecules in the atmosphere in contact with silica.” Deal and Grove
obtained the parabolic rate constant, B, under water vapor pressure of 640 torr, i.e., the pressure
P = 0.842 atemeaphwericatmospheric pressure, and Cq can be obtained using the ideal gas law,
PV=nRT, as Cg = n/V =P/RT = [0.0103/T(K)] (mol/cm®) and Cq = [H.0] = [1.538x104/T(K)]
(mol/cm?®). Using these-this data in equation {6}, the diffusion coefficient of the molecular water,

D20, involved in the oxidation of silicon can be estimated. The results are tabulated first in

Table I, and these —Fhe-same resutis{data points} are also shown in Fig-Figure 3, together with
the molecular water diffusion coefficient (line) estimated by Doremus-[7}.” As was-stated earlier,
these two sets of data were obtained using different methods: Doremus obtained this-his
estimation from the water diffusion data, including the water effective diffusion coefficient,
Defron, hydroxyl solubility, [OH], together and the estimated molecular water solubility, [H20],
while the-this eurrentreport’s data set were-was obtained using the parabolic rate constant of wet
oxidation of silicon, B llﬁ—} combined with the estimated molecular water solubility, [H20]. Both
data sets agree with each other reasonably well, supporting the notion that the-fast-moving

molecular water is responsible for the oxidation of silicon.
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The oxidation of silicon is controlled by the diffusion of the oxidant in the oxide. The wet <  Formatted: Indent: Left: 0" )

oxidation of silicon is known to take place at much faster rate than the dry oxygen oxidation,

even though the reported diffusion coefficient of water is smaller than the diffusion coefficient of

oxygen. These water diffusion data sets are based upon the diffusion profile of hydroxyl

concentration. It is shown that fast moving molecular water is responsible for the wet oxidation,

even thought their-its concentration is too low to detect.
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Table I. Estimation of molecular water from wet oxidation of silicon. “«  Formatted: Indent: Left: 0", First line: 0"
Temperature, | Reciprocal Parabolic Parabolic Estimated Diffusion [« [ Formatted Table
T(°C) temperature rate rate H20 coefficient of

(UT)x10%(1/K) | constant, B | constant, B | concentration | water, Do

(u2/h) (cm?/s) [H20] (cm?/s)
(mol/cm?)
1200 0.679 0.720 2.00x101? 1.044x10°7 7.14 x 107
1100 0.728 0.510 1.42x10? 1.120x10°7 4.72 x 107
1000 0.785 0.287 0.80x107%2 1.208x10°7 2.46x 107
920 0.838 0.203 0.56x10%% | 1.289x107 | 1.63 x107
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Figure 1. Water diffusion coefficient, Detr.on and surface structural relaxation diffusion

coefficient, Defrsi-o-si, Of a silica glass as a function of temperature [5].

Figure 2. Estimated diffusion profile of hydroxyl, OH, and molecular water, H,O, in a silica

glass heat-treated at 1000°C for 1 h under 335 torr water vapor [11].

Figure 3. Estimated diffusion coefficient of molecular water, Dh2o, in silica glass. Line:
estimated by Doremus [7] using equation (3) and various water diffusion data; Filled squares:

estimated in the present work using equation (6) and parabolic rate constant in [1].
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Figure-1-Water diffusion coefficient, Defr,on and surface structural relaxation diffusion

coefficient, Deftsi-o-si, Of a silica glass as a function of temperature [5].
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Figure-2-Estimated diffusion profile of hydroxyl, OH, and molecular water, H2O, in a silica

glass heat-treated at 1000°C for 1 h under 335 torr water vapor [11].
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Figure-3-Estimated diffusion coefficient of molecular water, Dnoo, in silica glass. Line:
estimated by Doremus [7] using equation (3) and various water diffusion data; Filled squares:

estimated in the present work using equation (6) and parabolic rate constant in [1].
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