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The time-dependent change in concentrations of organic species on a silicon wafer surface, the fruit basket phenomenon, is studied
using a rate theory for a multicomponent system consisting of a large number of organic species. The theoretical model and the
rate parameters evaluated in this study are shown to be effective for predicting the trend and the abundance of nine organic species
on the silicon wafer surface in a clean room, because the trend in organic species are classified using the desorption rate constant
and because their concentrations in a steady state have a clear relationship with the ratio of the adsorption rate to the desorption
rate constant.
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The presence of organic hydrocarbon molecules adsorbed on moto et al?° recently reported the time-dependent behavior of nine
silicon wafer surface is widely known to cause a serious probfem airborne organic molecular contaminants on the silicon wafer sur-
of airborne molecular contamination in the advanced electronic deface exposed in a clean room air. The MOSAIC model should ex-
vice fabrication process. In order to achieve a sufficiently cleanpress their measurements.
silicon wafer surface, two kinds of studies are needed. The first is Therefore, in this study, the fruit basket phenomenon in a large
for clarification of behavior and the influerfe¥ of the organic spe- multicomponent organic species system is studied using the MO-
cies existing on the silicon wafer surface. The second is for measurSAIC model to clarify the airborne molecular contamination. For
ing and controlling the concentration of the organic species in thethis purpose, the time-dependent behavior of nine organic species
clean room air, since these organic srecies are considered to heported by Sakamotet al?® is evaluated using the MOSAIC
mainly adsorbed from the clean room®it-*?onto the silicon wafer ~ model. The entire time-dependent behavior of the surface concen-
surface. tration of organic species is shown to have a relationship with the

Various or%]anic species currently known to exist on the silicon rate parameters in the MOSAIC model. This study shows the appli-
wafer surfac&'! show a time-dependent change in their concentra-cability of the MOSAIC model to the large multicomponent system,
tions on the silicon wafer surface, which is called the fruit basketas an important step for validating this model and for achieving a

,11,13-16 H H H H . . - f
phenomenofi: Some organic species rapidly show a peak in contamination-free silicon surface in the future.
their surface concentration on the silicon wafer surface; it decreases

later, indicating gradual replacement by the other organic species.
Therefore, organic species seem to compete for the adsorption sites MOSAIC Model
on the silicon wafer surface. The fruit basket phenomenon has been
discussed from various viewpoints, such as the condition of the The MOSAIC model used in this study follows our previous
silicon wafer surfacé the heat of adsorption and vaporizatfthe ~ report'® The MOSAIC model takes into account the following five
boiling point of the organic contaminatitthe polarity of the silicon ~ assumptions for describing the fruit basket phenomenon of various
surface'® the sticking probability, and the sticking coefficidnt:”'8  organic species on the silicon wafer surface.
However, an appropriate model for the fruit basket phenomenon has 1. There is no interaction between any organic molecule in the
not been developed, due to the lack of desorption concepts. gas phase and on the silicon wafer surface, such as a chemical

In order to describe the decrease in a manner similar to the inteaction, adduct-formation, an aggregation and condensation, under
crease in the concentration of the organic species on the silicorthe environment which has a very small concentration of organic
wafer surface, the rate of the desorption and the adsorption shouldpecies.
be simultaneously taken into account. Therefore, in our previous 2. The organic molecules are adsorbed on the silicon wafer sur-
study® the mechanism of the fruit basket phenomenon has beerface due to the forcé5?? between the organic molecules and the
discussed using the model of multicomponent organic speciesilicon wafer surface, such as the van der Waals interaction and the
adsorption-induced contaminatigMOSAIC), which is an applica-  electrostatic charges.
tion of rate theory accounting for the adsorption and the desorption 3. The adsorption rate of the organic molecule of species i is
of organic species on the silicon wafer surface. The influence of theproportional to its concentration in the gas phase and is also propor-
condition of the silicon wafer surface was also evaluated using thejonal to the difference between the surface concentration of the total
MOSAIC model. adsorbed organic species and its larger limit. When the silicon wafer

Since our previous study discussed the fruit basket phenom- surface is sufficiently covered with organic molecules, no additional
enon limited for a small system composed of the three organic speerganic molecule can be adsorbed.
cies, such as propionic acid ester, siloxaf®9), and di{2- 4. The desorption rate of the organic molecules of species i is
ethylhexy)phthalate(DOP), an additional study is expected to use a proportional to its concentration on the silicon wafer surface.
larger multicomponent system. This is because the fruit basket phe- 5. The amount of each organic species and that of the larger limit
nomenon is considered to occur due to a great number of organigf the total organic species on the silicon wafer surface are evalu-
species. Additionally, as predicted in our previous sttitithe rate ated using the weight concentration.
parameters in the MOSAIC model should have a relationship with Assumptions 1 and 2 indicate that the adsorption rate of the
the behavior of the increase and the decrease in the surface concegrganic molecules on the organic molecules already adsorbed on the
tration of the organic species. Here, it is fortunately noted that Sakasilicon wafer surface is negligible.

From these, the time-dependent behavior of the concentration of
organic species i on the silicon wafer surfage (kg m?), is ex-
* Electrochemical Society Active Member. pressed by Eq. 1
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B (S IasCi KaeS (1 Scan parameters:

wheret is time(s), C; is the concentration of the organic species i in Give various values of kad iCiv kdeiand Se

the gas phase above the silicon wafer surfdaem™3), Kag, is the
adsorptionaratelcoqstant of the organic species i to the silicon wafel
surface(m° kg™ ~s %), kgei is the desorption rate constant of the

organic species i from the silicon wafer surfagg?), Sis the con- CalCUIate S
centration of the total organic species adsorbed on the silicon wafe
surface(kg m™2), andS. is the larger limit of the concentration of .
the total organic species adsorbed on the silicon wafer surfacg S ..=S ...+ At( 1)_
(kg m™2). The existence 0B, is considered to be acceptable, since b=t bi=tat ot =t
Takahagiet al? reported that the organic film on the silicon wafer att=.., t-At t t+At...
surface has a constant thickness.

Although the measurement of the concentrations of all the or-
ganic species on the silicon wafer surface and in the gas phase is tr
current go&t to be achieved, the influence of any unidentified or- Evaluate error Square:
ganic species must be taken into account in Eq. 1. Therefore, th¢
amount of adsorbed organic species, which is not clarified in the
present calculation, is taken into account as the background concer E= E(Si meas = S,. calc)2
tration, Spq (kg m~?), as described by Eq. 2 * *

i, calc*

5= 25+ Sy [2]
Determine k4;C, ky.; and S,

S and$; (j#i) can influence each other viain Eq. 1 and 25,4 is
considered to include two kinds of the organic species, théi) ithe L.
organic species remaining after the silicon wafer surface cleaning for minimum E
performed prior to the exposure of the silicon wafer surface to the
clean room air, andii) the organic species, which is not measured, gigure 1. Calculation procedure for obtaining the rate parametefsC; ,
adsorbed from the clean room air during the exposure of the silicon, . ands,. At is 1 s in thisstudy. '
wafer surface to the clean room air. Future development of the per-
fect cleaning technique of the silicon wafer surface and the measure-
ment technique, which can clarify every surface concentration of
organic species, will allov§,, to be eliminated.

Using Spg, Smax is written as follows

shown in Fig. 1. By means of giving the various values for the rate
parameters oK,qCi, Ky, andS, as indicated in Fig. 1, various
sets of calculateds, values are obtained. The rate parameters of

Smax = Se + Sug [3] Kaa,Ci, Kge,i» @andS, are determined to give the minimul) defined

as follows

whereS, (kg m™?) is the effective larger limit of the concentration
of the organic species adsorbed on the silicon wafer surface which is E = : ) — )72 5
taken into account in this study. Therefore, the equation for the 2’ [Simeadt) = Sicadt)] [5]
calculation in this study is described as follows

aS, where %,meas(t) apd S,C§|c(t) are _theSi measured an.d caIcuIaFed,
5 (Se - E S,)kadylci = Kge,Si [4] respectively, at tim¢. Time required for the calculation following
i the procedure in Fig. 1 increases significantly with the number of the
organic species. Therefore, in order to achieve an effectively fast
Throughout these calculations, the valueCpttan be assumed to  and low cost calculation, the major organic species having the larger
be constant for each organic species, since most of the fabricatiosoncentrations on the silicon wafer surface are performed prior to
process of silicon devices is considered to be performed undethe determination of the minor organic species with smaller concen-
steady concentrations of the organic species, which are transportegations.
onto the silicon wafer surface following the forced air flow and

diffusion in the clean room. Therefore, this study evaluates the val- Experimental

ues of the producti,yCi (s™*), which allows a discussion of the The MOSAIC model written above is used to describe the fruit
adsorption rate even whed; is unknown. The separation ¢f4;  basket phenomenon. The measured time-dependent change in the
from k.4 C; will be discussed in our future study. surface concentrations of nine organic species, recently reported by

In general, surface phenomena, such as chemical redctGios Sakamotoet al,?° is used in this study.
contamination, must be studied by taking into account the transport The silicon wafer was cleaned by baking in helium gas ambient
phenomena. Since this study does not evaluate the transport phet 823 K. Then, the cleaned surface of the silicon wafers was ex-
nomena in the gas phase, the rate of adsorption and desorptioposed to the forced downflow air stream in the clean room for
should be considered as their overall rates which consist of theéd-172800 s. After the exposure, the silicon wafer was baked at 673
transport phenomena and the surface process. The overall behaviér for 37 min in helium gas flow in order to desorb the organic
of adsorption and the desorption in the clean room, obtained in thisspecies on its surface. These organic species were collected using a
study, is considered to be effective in discussing the contaminatiorsolid adsorbent. Then, the concentrations of the organic species on
in a closed wafer box. the solid adsorbent were quantitatively measured using thermal de-
The last part of this section describes the detail in the calculationsorption gas chromatography mass spectrom@iGC-MS).
in this study. Equation 4 in the finite difference form is solved Sakamotoet al. reported the concentrations of the organic spe-
numerically for each organic species, following the procedurecies of big2-ethylhexyjphthalate(DOP), dibutylphthalate(DBP),
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Figure 2. The measured and calculated concentrations of the organic species
of bis(2-ethylhexyjphthalate(DOP), dibutylphthalate(DBP), diethylphtha- ) - ) )
late (DEP), )tlris(ZX:Eloroethy]phosphate(T)é:FI)EP), triphenylphophatye{g'PB, Figure 3 Group cla_155|f|cat'|on of'tlme—depend(-':‘n't.change in the surface con-
triethylphosphate(TEP), bis(2-ethylhexy)adipate (DOA), dibutyladipate centration of organic species usikg. ;. The definition of groups A, B, and
(DBA), and 2,6-ditert-butyl-p-cresol (BHT) and their total amounts on the ~C S the same as that in Fig. 2.

surface of the mirror-polished silicon wafers which had a native oxide film.

The calculation is shown using the solid lines. Group A indicates the species

whose concentrations increase rapidly and then decrease. Group B indicates

the species whose concentrations increase rapidly and remain constant Nedla silicon wafer surfaces calculated using the rate parameters ob-
its peak. Group C indicates the species whose concentrations gradually antd. d in this study. Th lculation foll g th Y d in Fi
continuously increase. Symbols and — show the species with major and ained in ; IS study. The ca cu_a 'On_ oflowing the proce u_rs In Fig.
minor surface concentrations, respectively. 1 dzetermlned the value 08, in this study to be 1x 10 kg
m <.

Figure 2 shows that the trend in the calculated surface concen-
diethylphthalate(DEP), tris(2-chloroethylphosphate(TCEP), tri- :Latlons of the Oégx’flrr;:C s?eme?hof ?rotups A’l B’. anq Ctr?grete gvel_l V\;If:ht
phenylphophate (TPP, triethylphosphate (TEP),  bis(2- ose measured. Therefore, the first conclusion in this study is tha

ethylhexy)adipate (DOA), dibutyladipate(DBA), and 2,6-ditert- the MOSAIC model can be used to discuss the adsorption and the
butyl-p-cresol (BHT) on the surface of the mirror-polished silicon desorption in the multicomponent system composed of a great num-

wafers which had a native oxide film. ber of organic species.
Rate parameters and surface concentratieiThis section
evaluates the influence of the rate parameters obtained in this study
The behavior of the nine organic species on the silicon waferon the trend in the organic species, and further discusses the predic-
surface are discussed in detail along with determining the rate pation theoretically performed in our previous std8yvhere the be-

Results and Discussion

rameters 0kyq Ci, Kgei, andS,. havior of the nine virtual species with various combinations of ad-
. . ) . sorption rates and desorption rates have been predicted using Eq. 1.
Behavior of the organic speciesThe measured behavior of In order to discuss the relationship between the rate parameters

the nine organic speci€sis reviewed here using Fig. 2 before per-

forming the calculation using Eqg. 4. Figure 2 shows the increase an
the decrease in the concentrations of the nine organic species al _ 4 1 o . :
their total amount on the silicon wafer surface. The behavior of the hrge Kqe, larger than 10% s =, are classified as group A, in which

nine oraani h PP A e surface concentrations rapidly increase and then decrease. The
ganic species can be classified into three groups. Group f trati f th . . B With
composed of DEP and BHT rapidly increases at the initial stage an?;ir ace conecen ra |orls 91 € organic Species, group b, Wf‘;v' .
decreases to a smaller concentration than its peak value. Group B €tween 10° and 10 s~ rapidly increases and tend to maintain
DBA, DBP, and TEP also rapidly increases at the initial stage buttheir vallue near its peak. The organic species Wi} smaller than
maintains its concentration near its peak value. The rest of the or10 ° s™* belong to group C in which the surface concentrations
ganic species are classified in Group C, in which the surface congradually and continuously increase. The relationship betvikggn
centration gradually and continuously increases. and groups A, B, and C coincides with those predicted in our pre-
From the viewpoint of the abundance on the silicon wafer sur-Vvious study'® Therefore, it is concluded that the trend in the time-
face, DOP, TCEP, DBA, and DBP can be recognized to be majordependent change in the surface concentration of the organic species
species. The others, TPP, TEP, DOA, DEP, and BHT, are considare predicted based on the valuekgf;.
ered to be minor species, because their surface concentrations are Since the prediction of the surface concentration amount of the
smaller than 10% of those of the major species. In Fig. 2, the majoorganic species is also effective for the systematic study of the fruit
and the minor species are indicated using the symboland —, basket phenomenoi,y C; is evaluated next. In Fig. 4,4 C; for
respectively. various organic species are plotted as a function of the surface con-
The rate parameters &fq C;, Kqei, andS, for the nine organic ~ centration of organic species obtained at 172,800 s, the last measure-
species are evaluated using Eq. 4 based on the MOSAIC model bynent point in Fig. 2. As predicted in our previous stddyhe sur-
means of fitting the measured values shown in Fig. 2. The solid linedace concentration of the organic species after a very long time from
in Fig. 2 show the surface concentrations of the organic species otthe initiation of the adsorption shows no relationship vkl C; .

in Eq. 4 and the trends of groups A, B, and C, the valu&gf is
%Ctted in Fig. 3. This figure shows that the organic species having a
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Figure 4. Relationship betweek,q C; and the surface concentration of or- Surface concentration (kg m™)

ganic species obtained at the last measurement point in Fig. 2.
Figure 5. Relationship between the ratik,q C; /K4 ;, and the surface con-
centration of organic species obtained at the last measurement point in Fig. 2.
For further study, it should be noted here that the surface con-
centration of the organic species is influenced by both the adsorption

and the desorption. In a steady state the fruit basket phenomenon for a silicon wafer surface exposed to
aS; clean room air. The increase and the decrease in the measured con-
T 0 (6] centration of the nine organic species are reproduced by accounting
simply for their adsorption and desorption. The trend in the organic
where the surface concentration of the organic species i is describedP€Cies is classified using the desorption rate constant. Their con-
using Eq. 4 as follows centrations after th_e exposure to clean_ room air for very long time
have a clear relationship with the ratio of the production of the
Kag,Ci adsorption rate constant and the organic species concentration in the
S =0 (Se - 2 Si) [7] gas phase to the desorption rate constant. Since the rate parameters,
kaa,Ci and kqej, are shown to have a clear relationship with the

Therefore, the surface concentration of the organic species after §¢tual trend in the various organic species, the MOSAIC model is
very long time, sufficient to achieve a steady state, is expected to b&onsidered to be effective for describing the adsorption and the de-
dominated by the ratio df,q C; 10 kge;. In order to investigate the sorption and thus predicting the fruit basket phenomenon.

relationship obtained in Eq. 7, the ratiokyf; C; to Ky ; is evaluated
and plotted in Fig. 5 as a function of the surface concentration of the
organic species for the last measurement point in Fig. 2, which is We would like to thank Sumika Chemical Analysis Service, Ltd.
assumed to be nearly in a steady state. Since the surface concentifar use of their data for the calculations.

tion of the'orgamc s.peC|es at'the last measuremgnt p(_)ln't has a very Yokohama National University assisted in meeting the publication costs
clear relationship with the ratio &,y C; to Kge, this ratio is con- ¢ wis article.
sidered to be an important factor for predicting the final condition of
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