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Fig.2-2 Kinetic models for the thermal oxidation of silicon substrates.

(a) is for the normal oxidation and (b) is for the double

oxidation.
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Fig.3~4 Oxidation curves of the silicon substrates with sputtered SiO;

films and with thermally-grown SiOs films.
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Fig.3-5 Oxidation curves of the silicon substrates with CVD-Si0O. films

and with thermally-grown Si0O2 films.
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Fig.3-6 Oxidation curves of the silicon substrates with S0G-Si0z films

and with thermally-grown SiO. films.
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Fig.3-10 Plots of x vs. t/x of the oxidation curves in figure 3-6.

Here x is the thickness of new-produced Si0Oz films and

t is the oxidation tinme.
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Table 3-1. Diffusivities of 02 molecules in CYD- and S0G-Si0, films.

T/ K , t/ks D/D, Di/m2s™!
(average)
10 0. 25
1073 - 20 0.42 2.1x107'3
30 0.43
10 0.60
CVD-Si0z film 1173 20 0.62 4.2x10°13
30 0.66
10 0.68
1273 20 0.72 g.1x107'3
30 . 0.73
10 0.22
1073 20 0.22 3.8x10712
30 0.26
10 0.37
S0G-Si0z film 1173 20 0.38 | 6.9x10" '3
30 0.38
10 0.62
1273 20 0.62 10,6x10‘f5<
30 0.59
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Fig.8-11 Arrhenius plots of the diffusivities of 02 molecules

in various Si0, films.
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Fig.3-13 Structure model for thermally-grown and sputtered SiO> films.
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Fig.3-14 Structure model for CVD-Si0, film.
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Fig.3-15 Structure model for S0G-Si0z film.
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Fig.4-2 Oxidation curves for 0,-Br> and 02 oxidation.
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Fig.4-4 Plot of x vs. t/x of the oxidation results.
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time.
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Fig.%-1 Principle of the spot heating method with the coordinate

system used for analyzing the Fourier’s equation,.
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0.5f Rl

0.3F | T\~—--f(r)

0.1F

Fig.5-2 Relation between f(7 ) or # ~'727 and .

Here = "'“2¢ is the approximation equation of f(7 )

for short time.
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Lol 1-04358 5 .

100

Fig.5-3 Relation between f(7 ) or 1 - 0.4358/t and 7.
Here 1 - 0.4358/t 1is the approximation equation of f(t )

for long time.
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Si0, 300K

05 10
f‘/z/s l/2

Fig.5-5 Relation between the surface-temperature increase

and thc square root of time for a short time measurement.
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Table 5-1

Thermal conductivity,
of thick materials.

thermal diffusivity and specific heat

Fused Si02 AMem™ KT |k /mBesTh |p Cp/TemT3 K]
1. 00 9.03x10°7 | 1.11x10°
0.911 7.45x1077 1.22x10°
1. 07 8.27x1077 1.30x10°
1.09 7.33x10° 7 1. 49x10°
1.01 8.19x10°7 1. 24x10°
Gustafsson 1. 42 8.63x10°7 1.65x10° (Hot Strip)
et al. (7
Wray and 1.09-1. 38 (Steady State
Connoly ® Method)
Kelley ¢ 1. 63x10° (p = 2.20x10°
kg/m3) [@ )]
Pb0-Si02 A/MWem™ X" | £ /m2es™ |pCp/lem3K!
(50-50mo1%) 0.594 3.83x1077 | 1.55x10°
0.621 3.38x10°7 1.84x10°
0.588 3.70x10°7 1.59x10°
Susa‘!'V 0.6 (Hot Wire)
Kelley ¢® - 1. 77x10° (p = 5.57x103
kg/ma)(]Z)
Glass L/Mem™ K" | k/m2es7! |pCp/)em 3K
0. 692 5.44x1077 | 1. 26x10°
0.663 5.41x10°7 1.23x10°
0. 740 7.08x10°7 1.05x10°
Chronological 0.55-1.0 -
Sientific
Tables ¢'®
Mica AMen~ X' | k/n?s7Y o Co/Iem3-X7!
0.608 1.65x10°7 3.70x10°
0.552 1.99x10°7 2.78x10°
0.598 1.51x10°7 3.95x10°
Chronological 0.55-0,79
Scientific
Tables ¢'®
Silicone rubber AMem K" |k /mBPes™h {pCp/Iem2KT!
0.329 1.53x10°7 2.15x10°
0.356 1.42x10°7 2.52x10°
Lynch¢'4 0.2 - 0.6
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Table 5-2 Thermal conductivity and

thermal diffusivity of thin materials.

Si0z(Thickness:1mm) A/Wemmtek! K /m2.s57!
Si02/Si 0.948 - -8.75x10°7
0.927 9.00x1077
$102/SiaNa 1. 06 8.97x1077
1. 04 7.97x1077
$i02/rubber 1. 05 11.2x1077
1.22 8.68x10°7
0.908 8.03x10°7
Si02(Thickness:10mm) 0.911 - 1.09 7.33 - 9.03x1077
Glass{Thickness:200 zm) A/Wem™T-K! K:/m?'s“‘
Glass/Si 0.758 5.33x1077
0.797 5. 74x10°7
Glass/SiaNg 0.824 6.83x10°7
| 0.815 6. 28x1077
Glass/rubber 0.753 5.17x10°7
0. 765 5.02x1077
Glass(Thickness:10mm) 0.663 - 0.740 5. 41 - 7.03x1077
Photoresist film A/WemteKT! K /m2.s”!
(positive type)
on silicon .
Thickness:750 £ m 0. 428 2.73x10°7
0. 443 2.85x107
0.446 2.81x1077
500 m 0.521" 2.05x1077
0.498 2.33x10°°
0.515 2.46x10°7
on glass
Thickness:500m 0.521 3. 14x10°7
0.530 3.27x10°7
0. 545 2.82x10°7
230um 0.488 6.36x10°7
0.496 6.61x10°7
0.493 6.64x10°°
glass 0.766 ~ 0.800 9.17 - 10.3 x10™° (measured)
silicon'® 145 0.9x1074
silicon nitride 20 8%10°° (measured)
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‘Fig.6-4 Relation between P and T,/T for various values of c.

- Here P is the calculated values of equation (3). T:/T is the
ratio of heating time to the period and ¢ is the value of
r/(k T)'7%, where r, « and T express the radius of heating
circle, thermal diffusivity and the period for heat supply,

respectively.
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1.5 T1/T=05 Q=27mW
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0.5 | PbO-Si0,

Fig.6-8 Dependence of thermal conductivities, A on the frequency
of heat pulse, f. Different marks of the plots mean different

cells to show the magnitude of the reproducibility.
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Fig.6-9 Dependence of thermal diffusivities, x on the frequency

of heat pulse, f.
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Si0, (Thickness:10 mm)
f=2Hz Q=27mW
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Fig.6-10 Dependence of thermal conductivity and thermal diffusivity

of fused-Si0z on the ratio of heating time to the period, T
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| Si0 (Thickness: 10 mm) e
f=2Hz Ty/T=02
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Fig.6-11 Dependence of thermal conductivity

of fused-Si0z on laser power, Q.
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Si05 (Thickness: 10 mm)
f=2Hz T/T=02 Q=70mW
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Fig.6-12 Influence of the diameter, D of chromel-alumel thermocouples

on thermal conductivity and thermal diffusivity of fused-SiOa.
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SIOz | f=2 Hz
- (Thickness:500um) ®=2.6mW

O

t4/s
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|
0 05 - 10
T/ T

Fig.6-15 Relation between the deviation time, tu

and the ratio of heating time to the period, T./T.

202



Q/mw

Fig.6-16 Relation between the deviation time, tu a_nd laser povwer, Q.
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+ (9X /31)2A£2 + (2 /(A 6 (©))2 A (A6 (»))?

+ (91 /38)2AS2 + (31 /or)2A r? (14)
Ak?=(3r/302AQ% + (3k /3(T\/T))2A (T1/T)2
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A6 ()/K = 0.2275, S/K-s'/2 = - 0.02152
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T, A(AB( o)) & ASIE, }%/J\:%‘F&%ﬁﬁh\fﬁéfﬂ’{ll:zj%bf:{ﬁ'c“&

N
o
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Ak /kK|
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Fig.6-20 Temperature distribution in the semi—-infinite silver paste

for various times.
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Fig.6-21 Temperature distribution in the semi—-infinite fused-Si0=2

for various times.
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Fig.6-22 Schematic temperature distribution in the sample

caoted with the silver paste.
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Fig.6-23 Relation between the deviation time, t« and the thickness
of fused-Si02, d.
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Fig.6-24 Dependence of the thermal conductivity of silicate glass

on the Si0z content.
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Fig.6-25 Dependence of the velocity of sound and the specific heat

for Naz0-Si0z system on the Si0z2 content.
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Fig.6-26 Dependence of the mean free path of phonon

in Naz20-Si0> system on the Si0O2 content.
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Fig.7-1 Structure model for thermally-grown and sputtered SiOz films.
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Fig.7-2 Structure model for CVD-Si0: film.
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Fig.7-3 Structure model for S0G-Si02 film.
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Fig.T7-4 Dependence of solubility and diffusivity of He in Na20-Si0:
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Fig.7-5 Dependence of the activation energy of He diffusion

in Na20-Si02 on the Si0z mole fraction‘®’.
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Table 7-1 Compositions of silicate sample used by Norton 3’ .

Specimen No.

(1)

(2)

(3)

(4)

(5)

(6)

(7)

Sum of mol%
of network-
formers

100

100

96.8

99.4

84.0

11.6

95.6

92.1

92.1

73.3

12.7

13.4

73.3

64.8

11.1

19.6

69.3

61.3

32.5

61.3
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Fig.7-7 Structure model for Naz0-SiOz glass‘*’.
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Experimental apparatus for the thermal oxidation of silicon
substrates ‘%’

Oxidation results of silicon in a dry oxygen ambient 57,

Oxidation results of silicon in an oxygen ambient saturated with water

vapor at 368K ¢3’.

Oxidation experiment with an inert marker ¢®’.
An oxidation model for silicon substrates‘’’.

General relationship for silicon oxidation and its two limiting

forms ‘7.

Arrhenius plots of the parabolic rate constants, B¢7’.

Oxidation results of silicon in various 02/Neo gas mixtures('2’,

Dependence of the parabolic rate constants, B on the oxidant partial

pressure‘’’. Rate constants are normalized to the 10° Pa value at the

same temperature. ,

Oxidation curves of silicon under the oxygen partial pressure of 10°
Pa in an 02/N2 gas mixture‘'3®’.

Oxidation results of silicon in high-pressure oxygen ambients ‘2>,
Depéndence of the normalized rate constants, B and B/A on the water-

(22)  Here B is the parabolic rate constant and B/A is

vapor pressure
the linear rate constant.

Dependence of the normalized rate constants, B and B/A on the oxygen
pressure ‘2>, (a) is for the parabolic rate constant, B and (b) is

for the linear rate constant, B/A.

Oxidation results of silicon at 1423K in the presence of HC1 and
01,25,

Dependence of the thickness of Si02 films on the NFs concentration‘®”,
Dependence of the oxidation results of silicon substrates on the

plane orientations. (a) is a closeup of the early stage of oxidation
and (b) is the overall oxidation (2%,

Oxidation results of silicon in a dry oxygen ambient with phosphorus
doping level as a parameter ‘®27,

Experimental arrangement for studying the effect of an electric field
on the oxidation of silicon‘®’.

Parabolic plots of the thickness of the Si0> films under an accelerat-

ing electric field, a retarding electric field and normal oxidation‘®.
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Fig.2-1

Fig.2-2

Fig.2-3
Fig.2-4
Fig. 2-3
Fig. 2-6

Fig.2-1
Fig.2-8
Fig.2-9

Conventional studies on the thermal oxidation mechanism of silicon
substrates. (a) and (b) oxidation experiment with an inert marker,

(¢) linear-parabolic law, (d) and (e) double oxidation with '®0»:

and '®02, (f) and (g) oxygen pressure dependence of rate constants,

ki and ke.

Kinetic models for the thermal oxidation of silicon substrates.

(a) is for the normal oxidation and (b) is for the double oxidation.
Schematic relationship between equations (11) and (16).

Experimental apparatus for the thermal oxidation of silicon substrates.
Oxidation curves of silicon for different temperatures.

Plots of x vs. t/x of the oxidation results for different temperatures.
Here x is the thickness of Si02 films and t is the oxidation time.
Arrhenius plots of the parabolic rate constants, ks.

Arrhenius plots of the linear rate constants, k..

Plots of x vs. t/x of the oxidation results for different oxygen
pressures. Here x is the thickness of §i0z films and t is the

oxidation time.

Fig.2-10 Dependence of the parabolic rate constant, kerp on the oxygen presstre.

Fig.2-11 Dependence of the linear rate constant, k. on the oxygen pressure.
Fig.2-12 Plots of x vs. t/x of the results of the double oxidation.

Here x is the thickness of new-produced Si0z films and t is the
double-oxidation time.

Fig.2-13 Relation between the square root of the activation energies of gas

HIE

Table 3-

Fig.3-1
Fig.3-2

Fig.3-3

Fig.3-4

Fig.3-%

Fig.3-6

diffusion in Si02 and the radii of gas molecules.

1 Diffusivities of 02 molecules in CVD- and S0G-Si0z films.

A schematic crosssection of MOSFET.

Kinetic models for the oxidation of silicon substrates.

(a) without and (b) with the first Si0O> films.

Experimental apparatus for the thermal oxidation of silicon
substarates.

Oxidation curves of the silicon substrates with sputtered Si0O2 films
and with thermally-grown Si0z2 films.

Oxidation curves of the silicon substrates with CVD-Si0: films
and with thermally-grown Si0. films.

Oxidation curves of the silicon substrates with S0G-Si0z films

and with thermally-grown SiOz2 films.
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Fig.38-7 X-ray diffraction patterns for theremally grown, sputtered, CVD- and
S0G-Si0z films.

Fig.3-8 FT-1IR spectra of the CVD-Si0z films before and after the oxidation.

Fig.3-9 FT-1IR spectra of the S0G-Si0> films before and after the oxidation.

Fig.3-10 Plots of x vs. t/x of the oxidation curves in figure 3-6.
Here x is the thickness of new-produced SiOz films and t is the
oxidation time. |

Fig.3—il Arrhenius plots of the diffusivities of 02 molecules in various Si0:
films.

Fig.3-12 Relation between the square root of the activation energies of gas
diffusion in Si02 and the radii of gas molecules.

Fig.3-13 Structure model for thermally-grown and sputtered Si0> films.

Fig.3-14 Structure model for CVD-Si0» film.

Fig.3-15 Structure model for S0G-Si0z film.

AR
Fig.4-1 Experimental apparatus for the thermal oxidation
of silicon substarates.
Fig.4-2 Oxidation curves for 0z2-Br-. and 02 oxidation.
Fig. 4-3 Kinetic model for the oxidation of silicon substrates.
Fig.4-4 Plot of x vs. t/x of the oxidation results.
Here‘x is the thickness of SiOz films and t is the oxidation time.
Fig.4-5 Arrhenius plots of the linear rate constants, k..
Fig.4-6 Arrhenius plots of the parabolic rate constants, kep.
Fig.4-7 SIMS profiles of Si, 0 and Br in the Si0Oz film grown in an 02-Bre
ambient.
Fig.4-8 FT-IR spectrum of the SiOz film grown in an 0z-Brz ambient.
Fig.4-9 Complimentary ‘errorfunction plots of bromine concentration profiles.
Fig.4-10 Arrhenius plot of the diffusivity of bromine in the Si0= film.
Fig.4-11 Phése stability diagram of Si(s), Si02(s) and SiBra4(g).
Fig.4-12 Structure models for Si0- films.

(a) normal oxidation, (b) 02-Brz oxidation.

b5 E

Table 5-1 Thermal conductivity, thermal diffusivity and specific heat of thick
materials.

Table 5-2 Thermal conductivity and thermal diffusivity of thin materials.

Fig.5-1 Principle of the spot heating method with the coordinate system used

for analyzing the Fourier' s equation.
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6-5

6-6

6-17

Relation between f(7 ) or = ~'“2¢ and r.

Here n ~'72

T 1is the approximation equation of f(tr ) for short time.
Relation between f(t ) or 1 - 0.4358/t and t.

Here 1 - 0.4358/7 1is the approximation equation of f(z ) for long
time.

Schematie diagram of the experimental apparatus for the spot heating
method.

Relation between the surface—-temperature increase and the square root
of time for a short time measurement.

Relatioh between the surfece~temperature increase and the reciprocal
of the square root of time for a long time measurement.
Surface-temperature increase of the thin fused-Si0z plates adhered to
a silicon nitride and a rubber substrates.

Surface-temperature increase of the photoresist films formed on a
glass and a silicon substrates.

Dependence of the thermal conductivity, A and the thermal diffusivity,
x# of fused-Si0> on the diameter, d of the portion coated with silver
paste. |

Principle of the spot pulsed-heating method with the coordinate systenm
used for analyzing the Fourier’ s equation.

Timing chart for supplying heat pulse.

Expected temperature increase of the sample surface during supplying
heat pulse shown in figure 6-2.

Relation between P and T./T for various values of c.

Here P is the calculated values of equation (8). T:/T is the ratio of

" heating time to the period and ¢ is the value of r/(x T)'!7%, where 1,

k£ and T express the radius of heating circle, thermal diffusivity and
the period for heat supply, respectively.

Schematic diagram of the experimental apparatus for the spot pulsed-
heating method.

Electromotive force change of the thermocouple on the Si02 sample
during the measurement.

Relation between the surface~temperature increase and the reciprocal
of the square root of time at the end of each heating interval.
Dependence of thermal conductivities, A on the frequency of heat
pulse, f. Different marks of the plots mean different cells to show

the magnitude of the reproducibility.
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Fig.6-9 Dependence of thermal diffusivities, x on the frequency of heat pulse,
f.

Fig.6-10 Dependence of thermal conductivity and thermal diffusivity of fused-
Si0z on the ratio of heating time to the period, T./T.

Fig.6-11 Dependence of thermal conductivity and thermal diffusivity of fused-
Si0= on laser power, Q.

Fig.6-12 Influence of the diameter, D of chromel-alumel thermocouples on

~ thermal conductivity and thermal diffusivity of fused-SiOz.

Fig.6-13 Surface-temperature increase of thin fused-Si0> plates in thickness
of 5004 .

Fig.6-14 Variation of surface-temperature increase of thin fused-Si0- plates
in thickness of 500 m with the change of the ratio of heating time
to the period, T:/T.

Fig.6-15 Relation between the deviation time, ta and the ratio of heating time
to the period, T./T.

Fig.6-16 Relation between the deviation time, tq and laser power, Q.

Fig.6-17 Surface-temperature increase of thin fused-Si0z plates in thickness

| of 1004 m.

Fig.6-18 Thermal conductivity and thermal diffusivity of fused-Si0- shown as a
function of the Si0z thickness, d. /

Fig.6-19% Surface-temperature increase of the $i0z films in thickness of 3 um,
formed on a silicon and a fused-Si0z. substrates with radio-frequency
sputtering equipment.

Fig.6-20 Temperature distribution in the semi-infinite silver paste for
various times.

Fig.6-21 Temperature distribution in the semi-infinite fused-Si0- for various
times.

Fig.6-22 Schematic temperature distribution in the sample caoted -with the
silver paste.

Fig.6-23 Relation between the deviation time, t« and the thickness of fused-
$i02, d.

Fig.6-24 Dependence of the thermal conductivity of silicate glass on the Si0:
content,

Fig.6-25 Dependence of the velocity of sound and the specific heat for Naz0-
5102 system on the Si0- content.

Fig.6-26 Dependence of the mean free path of phonon in Na-0-Si0-> system on the

Si0z content.

252



B 7 E

Table 7-1 Compositions of silicate sample used by Norton‘3’.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.
Fig.

7-1
-2
T-3
-4

-5

Structure model for thermally-grown and sputtered SiOz films.
Structure model for CVD-Si0g film.

Structure model for S0G-Si0z film,

Dependence of solubility and diffusivity of He in Nao20-Si02 on the
Si0z mole fraction‘®’.

Dependence of the activation energy of He diffusion in Naz0-Si0: on
the Si02 mole fraction‘®’.

Dependence of permeability of He in silicate glass on the mole

fraction of the network-former oxides ‘3.

Structure model for Naz0-Si0z glass ‘4.

TEM crosssection of thermally-grown Si0> film (a) and S0G-SiOz film (b).
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