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For the first time, the time-dependent change in the concentrations of organic species adsorbed on a silicon wafer surface is mod-
eled using numerical calculations based on rate theory. An equation composed of the adsorption rate from the gas phase to the sili-
con wafer surface and the desorption rate from the silicon wafer surface is developed accounting for competitive processes in a mul-
ticomponent system. This equation can describe and predict the actual increase and decrease in the surface concentrations of propi-
onic acid ester, siloxane (D9), and di(2-ethylhexyl)phthalate. It is also indicated that the organic species having a large adsorption
rate with a small desorption rate remains in significant abundance on the silicon wafer surface for a very long period after cleaning. 
© 2000 The Electrochemical Society. S0013-4651(99)08-044-1. All rights reserved.
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Advanced electronic devices currently have a serious problem in
their fabrication process due to the presence of organic hydrocarbon
contamination on the silicon wafer surface.1-7 To develop the tech-
nology to achieve a sufficiently clean silicon wafer surface, many
kinds of organic species existing on the silicon wafer surface have
been studied, such as propionic (propanic) acid ester,8 trimethyl
silanol,9 hexamethyl disiloxane,9 cyclosiloxanes (D3-D11),8-10 tri-
chloroethyl phosphate,9,11 and phthalates8,11 [di(2-ethylhexyl)phtha-
late (DOP) and dibutyl phthalate]. Some of these organic species are
considered to be physisorbed11 from the clean room air8,12 to the sil-
icon wafer surface. Chemisorption of organic species, such as 1,4-
cyclohexadiene,13 cyclopentene, and cyclohexene,14 on a silicon
(100) surface also has been reported. 

Recently, several studies8,11,15-18 have reported the existence of a
time-dependent change in the concentration of organic species on a
silicon wafer surface. Some organic species rapidly show a peak of
the surface concentration on the silicon wafer surface; afterward
they tend to decrease, indicating gradual replacement by the other
organic species. Since organic species seem to compete for the
adsorption sites on the silicon wafer surface, this behavior is called
the “fruit basket phenomenon.”8 Additionally, their surface concen-
trations have been reported to depend on the condition of the silicon
wafer surface.8 Although the mechanism of this time-dependent phe-
nomenon has been discussed using the heat of adsorption, the heat
of vaporization,8 the boiling point of the organic contaminant,18 the
polarity of the silicon surface,18 the sticking probability, and the
sticking coefficient,11,19,20 this phenomenon has not been theoreti-
cally expressed in a time-dependent form. Since the analysis and
prediction of the fruit basket phenomenon are necessary to advance
silicon crystal technology, a theoretical model should be developed. 

For the first time, this study clarifies the mechanism of the time-
dependent change in the surface concentrations of organic species,
developing the model of multicomponent organic species adsorp-
tion-induced contamination (MOSAIC), which is an application of
rate theory for organic species contamination on a silicon wafer sur-
face. Using the MOSAIC model, this study  demonstrates that the
adsorption rate and the desorption rate of organic species on the sil-
icon wafer surface are the dominant mechanisms of the fruit basket
phenomenon. 

Numerical Calculation Model

To describe the fruit basket phenomenon of various organic
species on the silicon wafer surface, the rates of the change in the
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surface concentrations of the organic species are expressed based on
the single-component Langmuir-type expression21-23

[1]

where u is the surface coverage of the silicon wafer surface with the
organic species, c is the gas-phase concentration of the organic
species, t is time, and kad and kde are the rate constants of adsorption
and desorption of the organic species. In this study, this single-com-
ponent kinetic model is improved to build the concept of competitive
adsorption and desorption in a multicomponent system. The follow-
ing assumptions are used. 

1. There is no interaction between any organic molecule in the
gas phase and on the silicon wafer surface, such as a chemical reac-
tion, adduct formation, aggregation, and condensation, in the envi-
ronment which has a very small concentration of organic species. 

2. The organic molecules are physisorbed on the silicon wafer
surface due to the forces24,25 of the van der Waals interaction and the
electrostatic charges between the organic molecule and the silicon
wafer surface.

Assumption 1 is the description of actual molecular motions of
organic species existing in a clean room, where the organic species
are so dilute that even the low-vapor-pressure organic species can
vaporize to the gas phase. Assumptions 1 and 2 indicate that the ad-
sorption rate of the organic molecules on the organic molecules
already adsorbed on the silicon wafer surface is much smaller than
the adsorption rate directly on the silicon wafer surface. Since sili-
con wafers are usually used immediately after their surface cleaning,
the adsorption of the organic molecules on the organic molecules
does not need to be taken into account to study the actual situation
in the industrial silicon process. Therefore, assumptions 1 and 2 indi-
cate that the organic molecules physisorb mainly on the vacant site
without organic molecules on the silicon wafer surface. In addition
to physisorption, chemisorption of the organic molecules also is con-
sidered to be expressed in the MOSAIC model as a quite small de-
sorption rate due to its large activation energy.26

3. The physisorption rate of the organic molecule of species i is
proportional to its concentration in the gas phase and also is propor-
tional to the difference between the surface concentration of the total
physisorbed organic species and its larger limit. When the silicon
wafer surface is sufficiently covered with organic molecules, no ad-
ditional organic molecule can physisorb there.

4. The desorption rate of the organic molecules of species i is
proportional to their concentration on the silicon wafer surface. 

5. The amount of each organic species and that of the larger limit
of the total organic species on the silicon wafer surface are evaluat-
ed using weight concentration. 
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From these, the time-dependent behavior of the concentration of
organic species i on the silicon wafer surface, Si (kg m22), is ex-
pressed in Eq. 2

[2]

where t is time (s), Ci is the concentration of the organic species i in
the gas phase above the silicon wafer surface (kg m23), kad,i is the
physisorption rate constant of the organic species i to the silicon
wafer surface (m3 kg21 s21), kde,i is the desorption rate constant of
the organic species i from the silicon wafer surface (s21), and Smax
is the larger limit of the concentration of the total organic species
physisorbed on the silicon wafer surface (kg m22). The existence of
Smax is considered to be acceptable, since Takahagi et al.2 reported
the steady organic film thickness on the silicon wafer surface.

S is the concentration of the total organic species physisorbed on
the silicon wafer surface (kg m22), which is written as follows

[3]

Si and Sj ( j Þ i) can influence each other via S in Eq. 2 and 3.
Although the measurement of the concentrations of all the organic
species on the silicon wafer surface and in the gas phase is a current
goal27 to be achieved, the influence of the unidentified organic
species must be taken into account in Eq. 2. Therefore, the amount
of physisorbed organic species which is not clarified in the present
calculation is taken into account as the background concentration,
Sbg (kg m22), in Eq. 3. Future development of the measurement
technique, which can clarify every surface concentration of organic
species, enables no use of Sbg. 

Using Smax and Sbg, Se (kg m22) is defined as follows

Se 5 Smax 2 Sbg [4]

and is the effective larger limit of the concentration of the organic
species physisorbed on the silicon wafer surface, which is calculat-
ed in this study. 

Throughout this calculation, the value of Ci can be assumed to be
constant for each organic species, since most of the fabrication
process of silicon devices is considered to be performed under
steady concentrations of the organic species, which are transported
onto the silicon wafer surface following the forced air flow and dif-
fusion in the clean room. Therefore, this study evaluates the values
of the product, kad,iCi, which allows a discussion of the adsorption
rate even when Ci is unknown. 

Experimental

To evaluate the validity of the MOSAIC model and to discuss the
organic contamination from the multicomponent system, the actual
behavior reported by Wakabayashi et al.8 is reproduced using Eq. 2
to determine kad,iCi, kde,i, and Se. These researchers also reported that
the measured surface concentrations of propionic acid ester, siloxane
(D9), and DOP depended on the condition of the silicon wafer sur-
faces. Here, the conditions for the sample preparation and the meas-
urement performed by Wakabayashi et al.8 are briefly reviewed. 

The samples used were 150 mm diam polished silicon wafers of
p-type 10 V cm (100), whose surfaces were (a) covered with a sili-
con dioxide film prepared using ultraviolet light-ozone (UV-O3)
cleaning, (b) covered with a thermal oxide film and cleaned using
1% hydrogen fluoride aqueous solution, and (c) terminated with
hydrogen using wet cleaning with 1% hydrogen fluoride aqueous
solution. In this study, the time-dependent changes in the concentra-
tion of the organic species on the silicon wafer surface for conditions
(a)-(c) are calculated. 

The concentration of the organic species on the silicon wafer sur-
face were quantitatively measured using thermal desorption-gas
chromatography-mass spectrometry, GL Sciences, Inc.). The cali-
bration curve of the organic species was obtained by measuring a
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known amount of hexadecane on the silicon wafer surface. The
detection limit of this measurement was 6 3 10210 kg, m22 (con-
version from hexadecane). The influence of the matrix on the meas-
urement was assumed to be negligible in this study. 

The surfaces of the silicon wafers were exposed to air in a clean
room of class 10 with a forced down flow stream using a fan filter unit. 

Results

To evaluate the validity of the MOSAIC model, numerical calcu-
lations using Eq. 2 are performed to reproduce the measured con-
centrations8 of the organic species on the silicon wafer surface. 

The circles, squares, and triangles in Fig. 1 show the measured
concentrations of the organic species of propionic acid ester, silox-
ane (D9), and DOP, respectively, on (a) the surface of silicon oxide
film cleaned using UV-O3, (b) the surface of silicon oxide film
formed by thermal oxidation, and (c) the hydrogen-terminated sili-
con surface. 

As shown by the circles, squares, and triangles in Fig. 1a-c, the
measured surface concentration of each organic species shows the
same trend among these three silicon wafer surface conditions. The
surface concentration of propionic acid ester rapidly increases after
the surface cleaning to a peak and then shows a gradual decrease.
Although the surface concentration of siloxane (D9) increases
simultaneously, its value remains very small. The surface concentra-
tion of DOP begins to increase immediately after the preparation of
the silicon wafer surface and continues to increase even 69 h (248,
400 s) after the surface cleaning. 

The solid lines in Fig. 1a-c show the surface concentrations of the
organic species on the silicon wafer surfaces, calculated using the

Figure 1. Measured and calculated surface concentrations of the organic
species of propionic acid ester, siloxane, and di(2-ethylhexyl)phthalate
(DOP), on (a) the surface of silicon oxide film cleaned using ozone under
ultraviolet light, (b) the surface of silicon oxide film formed by thermal oxi-
dation, and (c) the silicon wafer surface cleaned using dilute hydrogen fluo-
ride aqueous solution. The circles, squares, and triangles are measured val-
ues8 of propionic acid ester, siloxane (D9), and DOP, respectively. The solid
lines are those calculated in this study. 
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Table I. Rate parameters for organic species obtained in this study.

kad,iCi kde,i Se
Silicon water surface Organic species (s21) (s21) (kg m22)

(a) UV-O3 oxide Propionic acid ester 3 3 1024 6 3 1025

Siloxane (D9) 4 3 1026 0 .16 3 1028

DOP 2 3 1025 0
(b) Thermal oxide Propionic acid ester 3 3 1024 9 31025

Siloxane (D9) 2 3 1026 0 4.6 3 1028

DOP 2 3 1025 0
(c) H-terminated by dilute HF Propionic acid ester 4 3 1024 1 3 1024

Siloxane (D9) 7 3 1026 4 3 1026 2.5 3 1028

DOP 2 3 1025 0
MOSAIC model. The values of kad,iCi, kde,i, and Se are obtained as
listed in Table I, using the least-squares method. Figure 1 shows that
the calculated time-dependent change in the concentrations of the
organic species agrees with the measurement and also indicates that
the numerical calculations of very small values of organic species
concentrations are possible.

Discussion
Rate parameters and surface concentration.—First, from the

results obtained in the previous section, it can be considered that the
fruit basket phenomenon8,11,15,16 of organic species occurs following
the balance between the physisorption rate and the desorption rate
expressed in Eq. 2. 

Next, the dominant mechanism of the fruit basket phenomenon is
discussed in this section, focusing on the role of the rate parameters
of the organic species. Since the behavior of the single-component
physisorption gives the fundamental information for discussing the
multicomponent system, the physisorption of the organic species on
the silicon wafer surface assuming a single-component system is cal-
culated and shown in Fig. 2, using the rate parameters of surface (b)
in Table I. The behavior shown in Fig. 2 is expected to occur in an

Figure 2. Calculated concentration of propionic acid ester, siloxane (D9),
and di(2-ethylhexyl)phthalate (DOP) on the surface of silicon oxide film
formed by thermal oxidation, following single-component physisorption and
desorption using the rate parameters of surface (b) in Table I. 
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environment having only a single organic species. Therefore, the
time-dependent change in the concentration of the organic species
on the silicon wafer surface is discussed using Fig. 1 and 2. 

The rate parameters kad,iCi, and kde,i listed in Table I show the fol-
lowing relationships

propionic acid ester > DOP > siloxane (D9), for kad,i Ci [5]

propionic acid ester > siloxane (D9) . DOP, for kde,i [6]

kad,i Ci > kde,i, for each organic species [7]

Propionic acid ester has greater values of both kad,i Ci, and kde,i
than those of siloxane (D9) and DOP. The surface concentration of
propionic acid ester increases immediately due to its large kad,i Ci;
the large kde,i quickly causes the surface concentration to reach the
steady state, as shown in Fig. 2. This behavior is considered to be
fundamentally the same as that in the multicomponent system shown
in Fig. 1. Propionic acid ester physisorbs on the silicon wafer surface
faster than the other organic species after cleaning of the silicon
wafer surface. However, since the large desorption rate of propionic
acid ester supplies the vacant site of the silicon wafer surface in
order to share competitively with all of the organic species existing
in the gas phase following their physisorption rates, propionic acid
ester shows a gradual decrease in its surface concentration after
reaching its peak.  

In contrast to propionic acid ester, siloxane (D9) has small values
of both kad,iCi and kde,i, which indicates that a very long period is
necessary to reach the steady state of the surface concentration, as
shown in Fig. 2. The surface concentration of siloxane (D9) in the
multicomponent system shown in Fig. 1 continues to increase to
occupy a small area of the silicon wafer surface, as also shown in
Fig. 2. 

The value of kad,iCi of DOP is smaller than that of propionic acid
ester  and is greater than that of siloxane (D9). The kde,i of DOP is as
small as that of siloxane (D9). These parameters predict that the
amount of physisorbed DOP on the silicon wafer surface increases
to be greater than that of propionic acid ester. As shown in Fig. 1 and
2, the surface concentration of DOP increases more slowly than that
of propionic acid ester and more rapidly than that of siloxane (D9)
to occupy a very large area of the silicon wafer surface. Since the
decrease in the surface concentration of propionic acid ester is con-
sidered to be induced by the large kde,i both a large kad,iCi and small
kde,i are the dominant conditions for an organic species to finally
occupy the largest area of the silicon wafer surface. 

Next, the dependence of the rate parameters on the condition of
the silicon wafer surface is discussed. Table I shows that kad,iCi and
kde,i for each organic species change slightly with the condition of the
silicon wafer surface. The values of kad,iCi for each organic species
are nearly constant for the surfaces of (a)-(c), that is, 3-4 3 1024 s21

for propionic acid ester, 2-7 3 1026 s21 for siloxane (D9), and 2 3
1025 s21 for DOP. Therefore, kad,iCi changes very little with the con-
dition of the silicon wafer surface. The variation of the values of kde,i
for the surfaces of (a)-(c) is also very small, that is, 6 3 1025 to 1 3
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1024 s21 for propionic acid ester, less than 4 3 1026 s21 for silox-
ane (D9), and 0 s21 for DOP. From the discussion in this section, it is
concluded that kad,iCi and kde,i reflect mainly the property of the
organic species rather than the condition of the silicon wafer surface.
It would be interesting to discuss kad,iCi and kde,i in relation to the heat
of adsorption, the heat of vaporization,8 the boiling point, the polari-
ty of the organic species,18 and the steric hindrance between the
organic species; however, this is left for future study. 

The rate parameter of Se is also discussed here. The values of Se
obtained in this study show the relationship as follows

(a) > (b) > (c) [8]

The difference between the values of Se listed in Table I seems to be
as small as that of kad,iCi and kde,i. However, since the relationship of
Se in Eq. 8 is similar to that of the peak height of the surface con-
centration of the organic species in Fig. 1, and since Se directly influ-
enced the surface concentration of each organic species in the calcu-
lations, Se is a very sensitive parameter for indicating the difference
in the condition of the silicon wafer surface. Therefore, the MOSA-
IC model is considered to be effective for discussing the influence of
the silicon surface condition.

For discussing Se in detail, note here that the change in both Smax
and Sbg can affect Se, as defined in Eq. 4. The change in Smax indi-
cates the increase or the decrease in the concentration of organic
species capable of being physisorbed on the silicon wafer surface.
Smax can be influenced by factors24,25 such as (i) the surface area
effective for the physisorption of organic species, (ii) the electrosta-
tic condition of the silicon wafer surface, and (iii) properties of the
organic species, such as their polarity18 and their steric hindrance. A
further study of these factors will be effective for understanding the
physisorption and the desorption of the organic species on the sili-
con wafer surface. Just like Smax, Se is influenced by Sbg due to fac-
tors (i), (ii), and (iii). When the amount of an organic species other
than those accounted for in this study increases, Sbg increases to give
a small Se. Therefore, the measurement of all the organic species on
the silicon wafer surface and in the gas phase is necessary to clarify
the trend of Smax and Se caused by the condition of the silicon wafer
surface. Additionally, knowing Ci will enable the comparison of the
rate parameters of kad,iCi and kde,i obtained in this study with the
sticking probabilities reported in previous studies,11,20 since Sekad,i is
considered to be based on the same physical concept as the sticking
probability. 

In addition to the exposure of the silicon wafer surface to the
forced air flow in a clean room evaluated in this study, the MOSA-
IC model is considered to be capable of  evaluating closed ambients,
such as that in a wafer box, where the organic species are transport-
ed predominantly by diffusion. 

Physisorption and desorption in multicomponent system.—To
further discuss the properties of various organic species for the fruit
basket phenomenon, the influences of kad,iCi and kde,i on the trend of
the concentration of the organic species on the silicon wafer surface
are evaluated using the MOSAIC model. Here, nine organic species,
A-I, having various values of kad,iCi and kde,i, and with a fixed value
of Se, are assumed to exist in the multicomponent system. The cal-
culated surface concentrations are shown in Fig. 3. 

The organic species with large kad,iCi have large surface con-
centrations as shown by species A-C in Fig. 3. The organic species
having small kad,iCi, species G-I, always have small surface con-
centrations as also shown in the Fig. 3. Therefore, the abundance of
the organic species on the silicon wafer surface is mainly determined
by kad,iCi. 

The organic species A, D, and G, which have large kde,i, exhibit
the steep peak of their surface concentration, similar to propionic
acid ester in Fig. 1; even their kad,iCi values distribute from very
large to small. Species B, E, and H, with a medium value of kde,i,
have surface concentrations that decrease very gradually after show-
ing their peak. Species C, F, and I have the smallest values of kde,i in
Fig. 3. Species C, F, and I increase immediately like species B, E,
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and H; however, their surface concentrations continue to increase
very gradually. Although species C, F, and I have various kad,iCi,
from very large to small values, this increasing trend is fundamen-
tally the same among these species. 

Note here from Fig. 3 that the surface concentration of species A
finally became lower than those of species E and F. Species D also
seems to be replaced by species H and I on the silicon wafer surface,
a situation similar to the fruit basket phenomenon in Fig. 1. 

From the calculations of the competitive physisorption and the
desorption shown in Fig. 3, the condition of the organic species
which results in their greatest abundance on the silicon wafer surface
is concluded to be dependent on both the largest adsorption rate and
the smallest desorption rate.  Therefore, the rate parameters of the
organic species are expected to be effective for designing the prepa-
ration method of the silicon wafer surface throughout the fabrication
of silicon devices. 

Conclusions
To clarify the time-dependent change in the concentration of

organic species on a silicon wafer surface, called the fruit basket
phenomenon,8 a rate theory of physisorption and desorption is
applied to build a theoretical model of multicomponent organic
species adsorption-induced contamination (MOSAIC). The actual
increase and decrease in the surface concentrations of propionic acid
ester, siloxane (D9), and DOP are described and predicted using an
equation of the MOSAIC model composed of the adsorption rate
from the gas phase to the silicon wafer surface and the desorption
rate from the silicon wafer surface. Although the surface concentra-
tions of the organic species initially increase following their
physisorption rate, the organic species having small desorption rates
finally achieve a large concentration on the silicon wafer surface.

Figure 3. Prediction of surface concentrations of nine organic species, A-I,
having various kad,iCi and kde,i values, with a fixed value of Se, 2 3 1027 kg
m22. Solid lines are organic species A, D, and G; dotted lines are B, E, and
H; broken lines are C, F, and I. 
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Since the MOSAIC model can reproduce the measured behavior of
the concentrations of the organic species, the rate parameters of the
physisorption and the desorption obtained using the MOSAIC model
are expected to be effective for systematic study and practical design
of a preparation method of a silicon wafer surface. 

Acknowledgment

The authors thank T. Hayashi of Tokyo Electron, Ltd., for allow-
ing them to use the data of his research group. The authors also thank
T. Imai of Shirakawa R&D Center and K. Asako of Isobe R&D Cen-
ter, Shin-Etsu Handotai Co., Ltd., for their helpful discussions. 

References
1. M. Grundner and H. Jacob, Appl. Phys. A, 39, 73 (1986). 
2. T. Takahagi, S. Shingubara, H. Sakaue, K. Hoshino, and H. Yashima, Jpn. J. Appl.

Phys., 35, L818 (1996). 
3. A. Shimazaki, M. Tamaoki, Y. Sasaki, and T. Matsumura, Extended Abstracts of the

39th Spring Meeting, The Japan Society of Applied Physics and Related Societies,
30a-ZF-6, Narashino, Japan (1992) [in Japanese].

4. Y. Shiramizu and H. Kitajima, Extended Abstracts of the 41st Spring Meeting, The
Japan Society of Applied Physics and Related Societies, 28a-ZQ-3, Tokyo, Japan
(1994) [in Japanese].

5. Y. Shiramizu and H. Kitajima, Extended Abstracts of the 1995 International Con-
ference on Solid State Devices and Materials, p. 273, Osaka, Japan (1995). 

6. T. Ogata, C. Ban, A. Ueyama, S. Muranaka, T. Hayashi, K. Kobayashi, J.
Kobayashi, H. Kurokawa, Y. Ohno, and M. Hirayama, Jpn. J. Appl. Phys., 37, 2468
(1998). 

7. S. de Gendt, D. M. Knotter, K. Kenis, M. Depas, M. Meuris, P. W. Mertens, and
M. M. Heyns, Jpn. J. Appl. Phys., 37, 4649 (1998). 

8. T. Wakabayashi, M. Saito, T. Hayashi, Y. Wakayama, and S. Kobayashi, Extended
Abstracts of IEE Japan, p. 55, Sendai, Japan (Nov 1996). 

9. T. Nonaka, N. Suwa, K. Otsuka, K. Takeda, M. Sado, T. Taira, T. Miki, N. Takeda,
and T. Fujimoto, in Proceedings of 14th Annual Technical Meeting on Air Clean-
ing and Contamination Control, p. 249, Tokyo, Japan (April 1996) [in Japanese].

10. M. Saito, in Proceedings of the 1995 International Symposium on Semiconductor
Manufacturing, p. 171, Tokyo (1995). 
 address. Redistribution subject to ECS te138.251.14.35nloaded on 2015-03-11 to IP 
11. K. Takeda, T. Nonaka, Y. Sakamoto, T. Taira, K. Hirono, M. Sado, N. Suwa,
K. Otsuka, and T. Fujimoto, in Proceedings of 15th Annual Technical Meeting on
Air Cleaning and Contamination Control, p. 5, Tokyo, Japan (April 1997) [in
Japanese].

12. T. Fujimoto, N. Takeda, T. Taira, and M. Sado, in The 1996 Semiconductor Pure
Water and Chemicals Conference Proceedings, p. 325, Santa Clara, CA (1996) [in
Japanese].

13. K. Hamaguchi, S. Machida, K. Mukai, Y. Yamashita, and J. Yoshinobu, Extended
Abstracts of the 46th Spring Meeting, The Japan Society of Applied Physics, 28p-
Z-14, Noda, Japan (1999) [in Japanese].

14. S. Machida, K. Hamaguchi, K. Mukai, Y. Yamashita, and J. Yoshinobu, Extended
Abstracts of the 46th Spring Meeting, The Japan Society of Applied Physics, 28p-
Z-15, Noda, Japan (1999) [in Japanese].

15. T. Hayashi, M. Saito, T. Wakabayashi, Y. Wakayama, and S. Kobayashi, Extended
Abstracts of the 57th Autumn Meeting, The Japan Society of Applied Physics, 8a-
L-6, Fukuoka, Japan (1996) [in Japanese].

16. T. Fujimoto, K. Takeda, T. Nonaka, T. Taira, and M. Sado, in The 1997 Semicon-
ductor Pure Water and Chemicals Conference Proceedings, p. 157, Santa Clara CA
(1997). 

17. T. Takahagi, I. Nagai, A. Ishitani, H. Kuroda, and Y. Nagasawa, J. Appl. Phys., 64,
3516 (1988). 

18. F. Sugimoto and S. Okamura, J. Electrochem. Soc., 146, 2725 (1999). 
19. A. Saiki, in Proceedings of 14th Annual Technical Meeting on Air Cleaning and

Contamination Control, p. 117, Tokyo, Japan (April 1996) [in Japanese].
20. M. Saito, N. Takahashi, and T. Hayashi, Extended Abstracts of the 46th Spring

Meeting, The Japan Society of Applied Physics and Related Societies, 30-ZT-5,
Noda, Japan (1999) [in Japanese].

21. T, Takahagi, Uehahyoumenkanzennsei no Sousei Hyoukagijutsu, H. Tsuya, Editor,
p. 82, Science Forum, Inc., Tokyo (1998) [in Japanese].

22. B. B. Zhu, J. IEST, 36 (Sept/Oct 1998). 
23. N. Namiki, Kuukiseijo, 37, 35 (1999) [in Japanese].
24. A. Zangwill, Physics at Surfaces, p. 185, Cambridge Univ. Press, London (1988)
25. M. Adachi and K. Okuyama, Shirikon Ueha Hyoumen no Kurinka Gijutsu, M.

Kashiwagi and T. Hattori, Editors, p. 39, Realize Inc., Tokyo (1995) [in Japanese].
26. G. M. Barrow, Physical Chemistry, 6th ed., p. 345, McGraw-Hill, New York

(1996). 
27. T. Imai, T. Araki, and Y. Kitagawara, Extended Abstracts of the 46th Spring Meet-

ing, The Japan Society of Applied Physics and Related Societies, 30a-ZT-11, Noda,
Japan (1999) [in Japanese].
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 

http://ecsdl.org/site/terms_use

	Numerical Calculation Model
	Experimental
	Results
	Conclusions
	Acknowledgment
	References

