S CLEANI NG METHODS OF POROUS SR A A 206 s ¢

SEM CONDUCTOR SURFACE BACKGROUND OF THE | NVENTI ON . J
| nvention - The present invention {elates to a cl gagi ng g8,
for cleaning a substrate having porous stru%ture exposéd |Rg§h

surface thereof ‘and, nore particularly,

CLEANING METHODS OF POROUS SURFACE AND

SEMICONDUCTOR SURFACE

BACKGROUND OF THE INVENTION
5 Field of the Invention

The present invention relates to a cleaning method
for cleaning a substrate having porous structure
exposed in the surface thereof and, more particularly,
to a cleaning method of porous surface suitably

10 appiicable as a cleaning method for cleaning a porous
silicon semiconductor substrate used for selective
etching or dielectric isolation of semiconductor or
used as a light emitting material, which demands the
most strict control of cleanliness of the surface

15 thereof. The invention also relates to a cleaning
method of semiconductor surface.

Related Background Art

The method for forming the porous structure
typified by porous silicon was introduced by A. Uhlir

20 in 1956 (Bell. Syst. Tech. J, 35, pp. 333).

After that, application technologies were
developed including use thereof as a selective etching
layer or as an isolation area after oxidized, epitaxial
growth on porous silicon, etc. The present applicant_

25 disclosed in Japanese Laid-Open Patent Application No.
5-21338 that an SOI (Silicon on Insulator) substrate

was fabricated using a single-crystal silicon thin film
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to a cleaning nmethod of porous surface suitably 10 applicable as a

cl eaning nethod for cleaning a porous silicon sem conductor substrate
used for selective etching or dielectgic isolation of sem conductor
or used as a light emitting material, i ch demands the nost
strict control of cleanliness of the surface 15 thereof. The invention
also relates to a cl eaning met hod of semconductor surface.

Rel at ed Background Art The nethod for form ng the porous
structure Sﬁ' yPhti&th Py Mﬁ)%%éf&@ BSi dot F oduced by A Uhlir 20
in 1956 (Bell. Syst . Tech % 9333) . After that,

application teChnO'Qﬁheﬁe&@ﬁﬁ years the photoluminescence phenomenon
of porous silicon was discovered, and then it is
drawing attention as a self-radiative material
5 utilizing its features of not only the structure but
also fhe physical property.

A popular method for forming porous silicon is
anodization in an electrolyte solution of mixture of
hydrofluoric acid/pure water/ethanol by the

10 conventional electrochemical cell structure. Since
many dust particles adhere to this porous silicon, it
is better to remove the dust particles by cleaning
before epitaxial growth on the porous silicon.
Conventional cleaning was only rinsing the above

15 electrolyte solution inside pores with pure water.
Even now there is no example to introduce a positive
cleaning method of the surface.

As well known, cleaning is indispensable before
and after processing in the semiconductor processes and

20 it is also unavoidable in the case of the porous
silicon substrate. The conventional cleaning methods
of bulk substrate (non-porous substrate) include
chemical wet cleaning with combination of chemicals
such as sulfuric acid/hydrogen peroxide, .

25 ammonia/hydrogen peroxide, hydrochloric acid/hydrogen
peroxide, or hydrofluoric acid/pure water, as typified

by RCA cleaning (RCA Review, 31, pp. 187-205, 1970)



devel oped including use thereof as a selective etching | ayer or as an
I sol ation area after oxidized, epitaxial grow h on porous silicon,
etc. The present applicant 25 di scl osed %;LJapanese Lai d- Open Pat ent
Appl i cation No. 5-21338 that an SO (Silicon on Insulator) substrate
was fabricated using a single-crystal silicon thin film

-2- epitaxially grown on porous silicon.

developed by W. Kern et al., which is said to be a
method effective to removal of dust particles on the
surface.
Recently, Kojima et al. (Research Report, the
5 Institute of Electronics, Information and Communication
Engineers, SDM95-86, ICD95-95, pp. 105-112, July 1995)
proposed a method for removing the dust particles by
applying a high-frequency ultrasonic wave of the
frequency of about 1 MHz (megasonic wave).to the bulk
10 substrate in a mixture of hYdrofluoric aCid/hydrogen
peroxide/pure water/surfactant or in ozone-added pure
water, for the purpose of decreasing amounts of
cleaning chemicals.
This method is characterized by cleaning conducted
15 in such a way that the silicon substrate is oxidized
with hydrofluoric acid and hydrogen peroxide to be
etched, the dust particles on the surface is lifted off
from the substrate, and potentials of the dust
particles are neutralized with the surfactant to
20 prevent re-deposition of dust particles to the
substrate. The combination of megasonic is purposed to
give energy upon the lift-off of dust particles -and to
remove organic matter attached to the surface of
substrate by generation of ions from the pure water by
25 megasonic. Thus, the basié of the cleaning is cleaning
with the chemicals. Use of the ozone pure water is for

the purpose of enhancing the organic removing effect.



In recent years the photol um nescence phenonenon of porous silicon

was di scovered, and then it is drawing attention as a self-radiative
mat eri al 5 utilizing its features of not only the structure but

al so the physical property. A'pépﬁlar met hod for form ng porous
siliconis anodi zation in an electrolyte solution of m xture of
hydr of | uori c aci d/ pure water/ethanol by the 10 conventi onal

el ectrochem cal cell structure. Since many dust particles adhere to
this porous silicon dltne ultrdSoRfl!Eledfid@MMYfedding FtRalbkCl es by

cl eani ng before epitaxial growh on the porous silicon.

Conventional cl ARkRENNPSs OPANgIAG SAPErdXEn&EOMP from several ten kHz
to 400 kHz conventionally used is "liquid resonance
cleaning"”" to remove the dust.particles of several ten

5 pm on the substrate surface by applying a strong shock
wave to the substrate surface by liquid cavitation
(expansion/compaction) due to the liquid resonance
action. In contrast, cleaning with high frequencies
ranging from 800 kHz to 1.6 MHz is "sound-wave scrub

10 cleaning" to remove the dust particles by giving
kinetic energy based on resonance to the dust
particles, which enables to remove the dust particles
of submicron order without damaging fine pafterns.

From such characteristics, the low-frequency

15 cleaning had the problem of damage of fine pattern due
to the cavitation impact and became unemployed in the
semiconductor processes of 4-Mbit DRAM and after. On

- the other hand, the high-frequency cleaning is drawing
attention as a method capable of cleaning the fine dust

20 particles without damaging the patterns.

According to the experience of the present
inventors, the substrate having the surface of the
porous structure is of fine and dense structure and of
structure having long pores. Therefore, use of

25 chemicals in the conventional chemical wet cleaning
causes the chemicals to intrude deeply into the inside

of pores, which makes perfect elimination of chemicals



15 el ectrolyte solution inside pores with pure water. Even now

there is no exanple to introduce a positive cl eani ng net hod of the
surface. As wel | known, cleaning.is indispensable before

and after processing in the sem conductor processes and 20 it is also
unavoi dable in the case of the porous silicon substrate. The
conventional cl eani ng net hods of bul k substrate (non-porous
substrat e) include chem cal wet cleaning with conbination of

chem cal s é&%ﬁgﬁifhaﬂ.ﬁgﬂy P08 RFOXhdMer £5r a long
annDnla/hydrogen perOX|de ochl oric aci d/ hydrogen per oxi de, or

hydrof | uoric a%ﬂ{.@urewva&@g]atf&eiypaff&ﬂts the posREredassesd {IRCA
Revi ew, 31, pp. 187-205
the epitaxial growth on the porous structure.
If the dust particles are attempted to be
5 physically removed by superposing the conventional
ultrasonic of low frequency on pure water, the too
fragile property of the porous structure will raise the
problem of collapse of porous structure due to sound
pressure of shock wave of cavitation even in the
10 relatively high frequency region around 200 kH=z.

This problem results from the structure of porous
silicon and the experience of the present inventors is
not peculiar. The reason why the positive cleaning of
porous silicon surface does not have been conducted

15 heretofore can be considered to be based on the same
problem.

In addition, it was found by research of the
present inventors that when the surface of the porous
silicon substrate was rinsed with pure water after

20 formation of the porous structure by anodization,
several hundred dust particles not less than 0.3 pym,
obtained from laser reflection intensity distribution,
adhered to the surface in a 5-inch-diameter wafer as
shown in Fig. 28. In the bar graph, classification of

25 L1, L2, and L3 indicates rough classification of sizes
of dust particles obtained from laser reflection

intensities from the dust particles and the sizes



- 3- devel oped by W Kern et al., which is said to be a

nmet hod effective to renoval of dust particles on the surface.
Recently, Kojima et al. (Research Report, tge 5 Institute of .
El ectronics, Informati on and Comunication ° ~ Engi neers, SDWB5- 86,

| CD95-95, pp. 105-112, July 1995) proposed a nethod for renoving the
dust particles by o

increase in the order of Ll < L2 < L3.

The number of dust particles adhering upon
anodization gradually decreases with increasing number
of batch of anodization in the single wafer process as

5 shown in Fig. 28, because the dust particles in liquid
decrease as captured by the substrate. Such high
numbers are, however, anomalous numbers when compared
with those in the current semiconductor processes
wherein the dust particles are removed down to several

10 or less particles on the surface of bulk substrate
after RCA-cleaned.

These dust particles adhering during anodization
can be decreased to some extent by liquid circulation
of the above electrolyte solution and collection of

15 dust particles with a filter, but the decrease is not
sufficient yet. Conceivable causes of adhesion of dust
particles include dust particles mixed in an
anodization system and in the electrolyte solution; and
dust generated from workers during the process.

20 Further, it is also conceivable that the surface of
porous silicon becomes hydrophobic because of the
anodization in the high-concentration hydrofluoric acid
electrolyte, so that the silicon substrate tends to be
electrostatically charged and thus to attract the dust

25 particles. Therefore, prevention of adhesion of the
dust particles is not easy.

As a matter of course, such dust particles became



appl ying a high-frequency ultrasonic wave of the _ frequency of about
1 MHz (nmegasonic wave) to the bulk 10 substrate in a m xture of
hydr of | uori ¢ aci d/ hydr ogen per oxi de/ pure water/surfactant or in
ozone- added pure wat er, for the purp&ée of decreasi ng amounts of

cl eani ng chem cal s. This method is characterized by cleaning
conducted 15 in such a way that the silicon substrate is oxidized

wi th hydrofluoric acid and hydrogen peroxide to be et ched, the dust
particles on the 2S ate, an

is Lif ff f th bst
potentials of thé § ?getbsgeéﬁigggﬁégpﬁrgeﬁﬁﬁégg}?92ﬁﬁaﬁgﬂg?ﬁ€u§BFfactant
to 20 preventpEchggggltbggtgéu§g§iypaé&5ﬁl 8 LRohlfous growth or

pinholes in the film-forming process, and were the

hindrance in applications of porous silicon.

SUMMARY OF THE INVENTION
An object of the present invention is, therefore,
to provide a new cleaning method capable of efficiently
removing the dust particles adhering to such a porous
10 silicon surface without using chemicals that might
affect the subsequent processes and without causing
collapse of the porous silicon surface.
A further object of the present invention is to
provide an efficient and economicél cleaning method
15 that can be introduced readily without a need for great
change of the conventional cleaning steps and that does
not have to use special chemicals.
A first cleaning method of porous surface
according to the present invention is a method for
20 cleaning a porous surface of a substrate having the
porous structure at least in the surface thereof,
wherein cleaning for removing dust particles adhering
to the porous surface of the substrate takes place with
pure water on which a high-frequency wave with a
25 frequency in the range of from 600 kHz to 2 MHz is

superimposed.



substrate. The conbi nati on of megasonic is purposed to | gi ve energy

upon the lift-off of dust particles and to renove organic matter
attached to the surface of substrate byjageneration of ions fromthe
pure water by 25 megasoni c. Thus, the -b&is of the cleaning is cleaning
with the chem cals. Use of the ozone pure water is for t he purpose of
enhanci ng the organic renoving effect. -

-4-

The term "pure water" is defined as a water
prepared by removing any impurity as much as possible.
In the semiconductor process, pure waters having
various purity levels as shown in Tables 1 and 2 are
5 used according to an integration degree of a
semiconductor device to be prepared.
In the present invention, water satisfying the

following condition has been employed as the pure

water:
10
Resistivity [MQ-cm] > 17.5
Particle having more than O.l pm in diameter
[pieces/ml] < 20
15

Bacteria [pieces/100ml] < 50
Total silica [ppb] < 5
20 TOC [ppb] < 50
- DOC [ ppbl < 50

Metallic ion [ppt] < 500
25 |

A second cleaning method of porous surface



In the ultrasonic cleaning, cleaning with | ow frequenci es ranging
approximately fromseveral ten kHz to 400 kHz conventionally used is
"liquid resonance cleaning” to remoye the dust particles of several
ten 5 [err]mon the substrate surface by applying a strong shock

wave to the substrate surface by liquid cavitation _
(expansi on/ conpaction) due to the liquid resonance . action. In
contrast, cleaning with high frequencies ranging from800 kHz to 1.6

MHz is "sound-gBgerdLhybtolfhe pre€s@htdinventesRVest BRedabbv@arit-ghes by
gi ving ki netic energy based on resonance to the dust

particl es, whi cheanahyemethodesbvpotbdes degtfaaet whefein the s@bsEHAEECI ON
order without damaging fine patterns.

surface to be cleaned has such structure that apertures

of many pores are expésed and wherein internal wall

5 surfaces of the pores are of such structure that a

material of the porous structure is exposed or is

covered with a material of a different kind. The

material of the different kind is a material different

from the material of the porous structure and it may be

10 a film deposited on the surface of the material of the
porous structure or a film formed by processing the
material of the porous structure by oxidation,
nitridation, or the like. The material is selected as -
the occasion may demand.

15 The cleaning method of porous surface according to
the present invention can clean the substrate by
immersing it in a pure water bath and superimposing the
high-frequency wave thereon.

The cleaning method of pordus surface according to

20 the present invention can clean the substrate by
superimposing the high-frequency wave in paréllel to
the porous surface of the substrate immersed in the
pure water bath.

The cleaning method of porous surface according to

25 the present invention can intermittently lift the
substrate under high-frequency cleaning as immersed in

the pure water bath, out of the liquid.



From such characteristics, the lowfrequency 15 cleaning had the problem
of damage of fine pattern due to the cavitation inpact and becane
unenpl oyed in the sem conduct or progesses of 4-Mit DRAM and after.

t he ot her hand, the high-frequency cleaning is draw ng _
attention as a nethod capable of cleaning the fine dust 20 particles
w t hout damagi ng the patterns. According to the experience of
t he present i nventors, the substrate having the surface of the

porous structure isTRé ¢18&ndh§ HEOEEAdSHE Usdbdes d8drPice accor&ingCtyre
havi ng | ong pores. Therefore, use of 25 chemcals in the conventional

chem cal wet cthanpngsent invens£sntdencobsasatiietsubstrate pigeply into the
st de blowing a pure water shower of the pure water on which
tbe high-frequency wave is superimposed, against the
5 porous surface of the substrate while rotating the
substrate.

The porous structure in the present application
means a structure in which a porous structure,
comprised of many fine communicating holes the pore

10 sizes and wall thicknesses between the pores of which
range approximately from several hundred angstroms to
several ten um, is formed across the thickness of from
several um to several hundred pm in the surface of the
substrate.

15 A cleaning method of semiconductor surface
according to the present invention is characterized in
that cleaning for removing dust particles adhering to a
surface of a semiconductor substrate takes place with
pure water from which dissolved gas is deaerated until

20 a concentration thereof becomes 5 ppm or less and on
which an ultrasonic wave is superimposed.

A third cleaning method of porous surface
according to the present invention is a method for
cleaning a porous surface of a semiconductor substrate

25 having the porous structure at least in the surface
thereof, wherein cleaning for removing dust particles

adhering to the porous surface of the substrate takes



of pores, which nmakes perfect elimnation of chemcals

-5- difficult even with rinsing with pure water for a | ong

tinme. It negatively affects the post-procegges |ike t he epitaxial
grow h on the porous structure. If the dust particles are
attenpted to be 5 physi cally renmoved by superposing the conventi onal
ultrasonic of |ow frequency on pure water, the too fragile property
of the porous structure will raise the

place with pure water on which a high-fregquency
ultrasonic wave with a frequency in the range of from
600 kHz to 2 MHz is superimposed and from which
dissolved gas is deaerated until a concentration

5 thereof becomes 5 ppm or less.

A fourth cleaning method of porous surface
according to the present invention is the above third
cleaning method of porous surface wherein the substrate
surface to be cleaned has such structure that apertures

10 of many pores are exposed and wherein internal wall

~surfaces of the pores have such structure that a
material of the porous structure is exposed or is
covered with a material of different kind. The
material of the different kind is a material different

15 from the material of the porous substrate and may be a
film deposited 6n the surface of the material of the
porous structure or a film formed by processing the
material of the porous structure by oxidation,
nitridation, or the like.

20 The cleaning method according to the present
invention can clean the substrate by immersing the
substrate in a pure water bath having the pure water
from which the dissolved gas is deaerated until the
concentration thereof becomes 5 ppm or less and

25 superimposing the high-frequency ultrasonic wave

thereon.

The cleaning method of porous surface according to



probl em of coll apse of porous structure due to sound pressure of
shock wave of cavitation even in the 10 relatively high frequency region

around 200 kHz. This problemrgpults fromthe structure of

por ous silicon and the experience of the present inventors is

not peculiar. The reason why the positive cleaning of porous silicon
surface does not have been conducted 15 her et of ore can be considered to
be based on the sane pr obl em In addition, it was found
by research ofthéepresent pnessbionnuantalsotdbétamhehetsebstrdtechbpfl the
por ous silicon substrate was rinsed with pure water after 20

formati on of thkowbngus purecvater bshewexi foomowhich the dissolved
gas is deaerated until the concentration thereof
becomes 5 ppm or less and on which the high-frequency
5 ultrasonic wave is superimposed, against the porous
surface of the substrate while rotating the substrate.
A fifth cleaning method of porous surface
according to the present invention is a method for
cleaning a porous surface of a substrate having a
10 porous structure at least in the surface thereof,
wherein the porous surface of the substrate is
processed so as to be made hydrophilic and cleaning of
the porous surface made hydrophilic takes place with
pure water on which a high-frequency ultrasonic wave
15 with a frequency in the range of from 600 kHz to 2 MHz
is superimposed, thereby effecting cleaning for
removing dust particles adhering to the surface of the
substrate.
The porous substrate to be cleaned in the present
20 invention is of such structure that apertures of the
pores are exposed in the surface thereof and of such
structure as to have the pore structure communicating
with the apertures in the surface.
The dust particles to be removed in the present
25 invention are desirably those adhering to the surface
of the porous substrate and sizes thereof are desirably

greater than the diameters of the apertures of the



several hundred dust particles not less than 0.3 [err]m obt ai ned
fromlaser reflection intensity distribution, adhered to the surface
in a 5-inch-dianeter wafer as shownypn_Fig. 28. In the bar graph,
classification of 25 L1, L2, and L3 indicates rough classification of
Si zes of dust particles obtained fromlaser reflection
intensities fromthe dust particles and the sizes
o pores in the porous structure.
A sixth cleaning method of porous surface
according to the present inventioh is a method for
cleaning a porous surface of a semiconductor substrate
5 having the porous structure at least in the surface
thereof, wherein cleaning for removing dust particles
adhering to the surface of the substrate takes place by
processing the porous surface of the substrate so as to
make it hydrophilic and superimposing a high-frequency
10 ultrasonic wave with a frequency in the range of from
600 kHz to 2 MHz on a liquid for cleaning the porous
surface made hydrophilic.
In the cleaning method of porous surface according
to the present invention, the hydrophilic process of
15 the porous surface may be a process for forming an |
oxide film over the substrate surfaée and over the
internal walls of pores in the porous structure.
In the cleaning method of porous surface according
to the present invention, the hydrophilic process of
20 the porous surface may be a-process for immersing the
substrate in ozone pure water in which ozone is
dissolved in pure water.
In the cleaning method of porous surface according
to the present invention, the hydrophilic process of

25 the porous surface may be a process for immersing the

substrate in a hydrogen peroxide solution diluted with

pure water.



increase in the order of L1 < L2 < L3. . The nunber of dust

particles adhering upon anodi zation gradual Iy decreases with

i ncreasi ng nunber of batch of anodization in the single wafer
process as 5 shown in Fig. 28, because the dust particles in liquid
decrease as captured by the substrate. Such high nunbers are,
however, anonal ous nunbers when conpared . with those in the current
sem conduct or processes wherein the dust particles are renoved down
to several 10 or Irethepalidatlitg @ethod of parouy sudfacelbsidor®@ng
after RCA-cl eaned. These dust particles adhering during

anodi zati on to theapresedc ieweadtibn,sdhe eforemdntiongd diguidl iy on
be ozone pure water in which ozone is dissolved in pure
water.

5 In the cleaning method of porous surface according
to the present invention, the aforementioned liquid may
be a hydrogen peroxide solution diluted with pure
water.

In the cleaning method of porous surface according

10 to the present invention, the hydrophilic process of
the porous surface may be a process for forming an
oxide film over the substrate surface and over the
internal walls of pores in the porous structure and the
oxide film at least over the substrate surface may be

15 removed after cleaning of the porous surface of the
substrate.

The present invention can clean the substrate by
effectively removing the dust particles on the surface
of the substrate having the porous structure in the

20 surface, for which there was no effective cleaning
method heretofore because of the porous structure, by
the high-frequency ultrasonic wave without collapse of
the porous structure.

In addition, since the cleaning effect is achieved

25 in use of only the pure water, it is free of the
problem that the chemicals remain inside the porous

structure and introduction to the conventional steps is



of the above el ectrolyte solution and collection of 15 dust particles
with a filter, but the decrease is not sufficient yet. Conceivable
causes of adhesion of dust partiglqi i_ncl ude dust particles mxed in
an anodi zation systemand in the electrol yte solution, and

dust generated from workers during the process. 20 Further, it is also
concei vabl e that the surface of porous Silicon becones hydrophobic
because of the anodi zation in the high-concentration hydrofluoric
aci d el olyte, so that the silicon substrate tends to be

el ectrostatically charged and thus to attract the dust 25 particles.

Therefore, preventigihdd w@#hesicdhitly infeéthods ofdudie pafddetites i s not easy.
invention can be achieved in the simple arrangement to
add the high-frequencf ¢cleaning step to the pure water
5 rinse step after the conventional anodization process
or after the oxidation process conducted thereafter,
the introduction thereof is also easy in terms of

workability, cost effectiveness, and stability.

10 BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a graph to show the relationship between
frequencies of ultrasonic cleaning and sizes of
particles to be removed and to show the frequency range
of the present invention;

15 Fig. 2 is a cross-sectional view to show an
example of the porous silicon substrate:;

Figs. 3A and 3B are drawings to show adhesion
states of dust particles on a wafer after cleaning in
the case of only immersion (Fig..3A) and inlthe case of

20 lift every five minutes (Fig. 3B);

Fig. 4 is a graph to show the relationship between .
concentration of residual oxygen and number of bubbles
generated in the ultrasonic cleaning in pure water:;

Fig. 5 is a graph to show concentrations of

25 dissolved gas not generating bubbles in the megasonic
irradiation area;

Figs. 6A and 6B are graphs to show concentration



As a matter of course, such dust particles becane

-7- a cause to generate inperfections in the subsequent

processes, particularly, such as anonal Qussrowth or pi nhol es in the
filmformng process, and were the hi ndrance in applications of
porous silicon. 5 SUMVARY OF THE | NVENTI ON

distributions of dissolved oxygen in bath; -

Figs. 7A and 7B are graphs to show concentration
distributions of dissolved nitrogen in bath;

Figs. 8A and 8B are graphs to show concentration

5 distributions of dissolved oxygen upon megasonic
irradiation;

Figs. 9A and 9B are graphs to show concentration
distributions of dissolved nitrogen upon megasonic
irradiation;

10 Fig. 10 is a graph to show concentration
dependence of dissolved gas in pure water in the
megasonic cleaning;

Fig. 11 is a conceptual drawing to explain
influence of bubble in pure water upon high-frequency

15 cleaning of a hydrophobic substrate:;

Fig. 12 is a plan view to show adhering dust
particles after the high-frequency cleaning where
bubbles adhere to the hydrophobic substrate:

Fig. 13 is a drawing to show an example of flow of

20 cleaning of the porous silicon substrate with pure

. water;

Fig. 14 is a drawing to show an example of flow of
cleaning of the porous silicon substrate;

Fig. 15 is a drawing to show an example of flow of

25 cleaning of the porous silicon substrate;

Fig. 16 is a drawing to show an example of flow of

cleaning of the porous silicon substrate;



An object of the present invention is, therefore, to provide a new

cl eani ng net hod capable of efficiently renovi ng the dust particles
adhering to such a porous 10 silicon gy f.ace wi thout using chem cals

t hat m ght af fect the subsequent processes and w t hout causing
col | apse of the porous silicon surface. o A further object of the
present invention is to provide an efficient and econom cal cl eaning
met hod 15 that can be introduced readily w thout a need for great
change of the converiig.ond ix eanirugssiseptiammilt vdlewddaes show an not have to
use special chem cal s. A first cleaning nethod of porous
surface exampdrediof) & hifdre- foregpmmicyl midntasomiics cd eastimgd f or

apparatus of the present invention;
Fig. 18 is a graph to show the numbers of dust
5 particles on the surface of porous silicon from after
anodizationlto after low-temperature oxidation, where
the high-frequency ultrasonic cleaning of the present
invention is carried out:;

Fig. 19 is a graph to explain the bubble removing

10 effect in the high-frequency cleaning of the present
invention;

Fig. 20 is a graph to explain thelbubble removing
effect in the high-frequency cleaning of the present
invention;

15 Fig. 21 is a graph to explain the bubble removing
effect in the high-frequency cleaning of the present
invention;

Fig. 22 is a graph to explain contamination of
dust particles in a carrier for cleaning;

20 Fig. 23 is a graph to explain contamination of
dust particles in the carrier for cleaning;

Fig. 24 is a conceptual drawing to show an example
of the configuration of high-frequency ultrasonic
cleaning apparatus and deaerated pure water producing

25 apparatus according to the present invention;

Fig. 25 is a graph to compare removal rates of

dust particle of the case where the high-frequency



20 cl eaning a porous surface of a substrate having the por ous
structure at least in the surface thereof, wherei n cl eaning for
renovi ng dust particles adhering to thel®orous surface of the
substrate takes place with pure watedrr which a hi gh-frequency wave
with a 25 frequency in the range of from®600 kHz to 2 Mz is

super i nposed. o - 8-

ultrasonic cleaning of the present invention is applied to

a surface of porous silicon having a hydrophobic surface,
with that of a cleaning method without deaeration;

Fig. 26 is a conceptual drawing of an apparatus where

5 the high-frequency ultrasonic cleaning of the present

invention is applied to a cleaning apparatus of a shower
type;

Fig. 27 is a drawing to schematically show the
relationship between a porous silicon substrate and a high-

10 frequency progressive wave; and

Fig. 28 is a graph to show the numbers of dust
particles on the porous silicon surface in the order of
batches of anodization where cleaning is ended only with the
conventional pure water rinse after anodization.

15 Fig.s 29A to 29F are cross-sectional views to
schematically show an example of processes of such a
semiconductor device.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Embodiments of the present invention will be described

20 and it 1is noted that combinations thereof also drop in the
scope of the present invention.

(Embodiment 1)

A cleaning method of porous surface according to the
present invention is a method for superimposing an

25 ultrasonic wave in the high-frequency band, the frequency of
which is in the range of from 200 kHz to 8.4 MHz, preferably

in the range of from 600 kHz to 2



The term "pure water" is defined as a water prepared by renoving any

I mpurity as nmuch as possi bl e. In the sem conductor process, pure
wat er s havi ng various purity levels;gs_shown in Tables 1 and 2 are
5 used according to an integration degree of a ~sem conduct or
device to be prepared. In the present invention, water
satisfying the foll owi ng condition has been enpl oyed as the pure
water: 10 Resistivity [Merr] cm{ > 17.5 , Particle having

nmore than 0.1 MHE;]more grefer@ably in the range of from 800 kHz to
1.6 MHz, on pure water and exposing a surface of a
porous substrate thereto.

In the cleaning method of porous surface according
5 to the present invention, there is no specific

limitation on the material for the substrate if the
substrate is the one having the porous structure in the
surface, as shown in Fig. 2. The cleaning method can
be applied, for example, to semiconductor materials

10 such as Si or GaAs, ceramic materials, etc. Fig. 2
illustrates the structure in which a semiconductof thin
film of amorphous Si, polycrystal Si, GaAs, or the like
or a metalized layer is deposited by chemical vapor
deposition or the like over the internal wall surfaces

15 of pores in the Si porous substrate. In Fig. 2,
reference numeral 21 designates the substrate, 22 the
surface of the substrate, 23 the pores, 24 the internal
walls of the pores, and 25 the deposit film. Further,
numeral 26 denotes the porous structure.

20 Described below is cleaning of porous silicon
substrate as an example of the cleaning method of
porous surface according to the present invention.

Sizes of dust particles that can be removed by
ultrasonic are determined depending upon the frequency.

25 For example, it is said that the sizes of dust
particles that can be removed by high-frequency waves

of 800 kHz or more are approximately 0.1 um, the
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molecular acceleration given to the dust particles at
this time becomes approximately a quarter million times
greater than the acceleration of gravity on the surface
of Earth, and the dust particles are removed by this
kinetic energy.- The wavelengths are as short as 0.8 mm
in pure water, the waves are irregularly reflected at
the surface of liquid, and some of the waves travel
into the air, so that a standing wave, as seen with the
ultrasonic in the low-frequency band, is little
generated in the pure water. Thus, cleaning unevenness
is little.

Since the ultrasonic waves have short wavelengths
and high directivity, damage on the fine and fragile
surface of porous silicon can be decreased by making
the ultrasonic wave act in parallel to the substrate
surface. In addition, the high-frequency waves are
excellent in the removing effect of dust particles
because of their small amplitudes and large number of
scrubs on the substrate surface. Moreover, generation
of ions in pure watér decreases its specific
resistance, so that re-adhesion of dust particles due
to self-charging of substrate is little.

However, there has been no example of application
of ultrasonic cleaning to cleaning of porous silicon
surface, and it is thus needless to mention that there
exists no example of removing the dust particles on the

porous silicon surface with pure water yet. The



A second cl eani ng net hod of porous surface

-9 - according to the present invention is the above first

cl eani ng met hod of porous surface wherein e substrate surface to be
cl eaned has such structure that apertures ~ of many pores are exposed
and wherein internal wall 5 surfaces of the pores are of such structure
that a mat erial of the porous structure I's exposed or is

covered with a material of a different kind. The

present inventor found that for cleaning the porous
substrate with pure water to which the high-frequency
wave was applied, unlike the bulk substrate, a certain
range existed for the high-frequency waves because of

5 the properties of the porous substrate. This will be
described with Fig. 1. In the ultrasonic cleaning of
substrate, the frequency used is determined depending
upon the size of dust particle. For example, from Fig.
1, it is effective to apply ultrasonic waves of

10 frequencies of about 80 to 90 kHz in order to remove
the dust particles of the particle size of 1 pm from
the substrate and to apply ultrasonic waves of
frequencies of about 800 to 900 kHz in order to remove
the dust particles of the particle size of 0.1 pm from

15 the substrate.

However, the experiments by the present inventor
showed that in the porous Si substrate collapse of
porous structure was observed under 200 kHz and
collapse of porous structure was also observed

20 similarly over 8.4 MHz, as shown in Fig. 1. This is
because use of ultrasonic wave for cleaning raises
problems in the case of the porous substrate, which are
not experienced in the case of the bulk substrate.

As already described, the porous structure is thg

25 fine structure of several hundred angstroms or less in
the case of porous silicon of p'-type and p -type or n -

type and the experiments by the present inventor showed



material of the different kind is a material different fromthe
material of the porous structure and it nay be 10 a filmdeposited on

the surface of the material of the ' ous structure or a filmforned
by processing the mat eri al of the po 3Us structure by oxidation,
nitridation, or the like. The material is selected as t he occasion
may demand.. 15 The cl eani ng nmet hod of porous surface according to
the present invention can clean the substrate by imMmersing it in a
pure water batRpid {HEPFIdPIAY Pbrokd surfadd %‘1f1%%é@1%d%‘é% tJzer eon.
The cleaning method of porous surface according to t he present

i nvention can @Larddiorr Wien ahk kM trasonic waves of frequencies

under 200 kHz were used.
According to the experiments by the present
5 inventor, use of ultrasonic waves of the frequencies

over 8.4 MHz caused the fine porous structure itself to
resonate, similarly resulting in collapse of porous
structure. The resonance frequency depends upon the
porous structure. In the case of the porquslstructure

10 having relatively large hole sizes and thicknesses of
silicon walls ranging from several hundred nm to
several ten pm like n'-type porous si;icon, the lower
limit frequency of ultrasonic wave that can be used
becomes higher than that.

15 Accordingly, the ultrasonic cleaning of porous
silicon surface is conducted with a high-frequency wave
in the frequency band of from 200 kHz to 8.4 MHz,
preferably in the range of 600 kHz to 2 MHz. More
preferably, the ultrasonic cleahing is conducted with a

20 high-frequency ultrasonic wave in the frequency band as
called megasonic cleaning, in the range of from 800 kHz
to 1.6 MHz, which can avoid the risk of collapse of
porous structure.

The bulletin of Japanese Laid-Open Patent

25 Application No. 51-2264 discloses as to the high-

frequency cleaning that cleaning of semiconductor wafer

takes place with the high-frequency ultrasonic wave in.



superinposi ng the high-frequency wave in parallel to t he porous
surface of the substrate imersed in the pure mater bat h.

The cl eaning nethod of porous surface accor, q%ng to t he present

i nvention can intermttently lift the Gbstrate under hi gh-frequency
cleaning as imersed in the pure water bath, out of the Iiquid.

-10-

the range of 200 kHz to 5 MHz, but it discloses
application of the high-frequency ultrasonic wave to
hydrogen peroxide and ammonia (chemicals) and discloses
nothing about cleaning of porous substrate‘with pure

5 water. Also, Japanese Laid-Open Patent Application No.
6-275866 discloses immersion of porous semiconductor in
pure water with the ultrasonic wave being applied
thereto, but the immersion in pure water is purposed to
improve light emitting characteristics and is not for

10 cleaning. It discloses nothing about the frequency of
ultrasonic wave at all. Further, Research Report, the
Institute of Electronics, Information and Communication
Engineers, SDM95-86, ICD95-95, pp. 105-112, July 1995,
described above as prior art, discloses cleaning of

15 bulk substrate with chemicals to which the ultrasonic
wave is applied and rinsing thereof with pure water to
which the high-frequency wave is applied, but discloses
nothing about cleaning for removing the dust particles
on the porous substrate with pure water.

20 On the other hand, another problem specific to the
ultrasonic cleaning of porous silicon is generation of
bubbles during cleaning.

Gas taken into the inside of porous silicon during
the anodization process or during drying thereafter is

25 discharged out of the pores as being replaced with pure
water during the ultrasonic cleaning, and in the

hydrophobic case, it adheres in the form of bubbles to



The cl eani ng net hod of porous surface according to t he present

I nvention can clean the substrate by bl owi ng a pure water shower of
the pure water on which t he high-ﬂfg&fqpcy wave i s superinposed,

agai nst the 5 porous surface of the subStrate while rotating the
substrate. The porous structure in the present application
means a structure in which a porous structure, conpri sed of many
fine comunicating holes the pore 10 sizes and wal |l thicknesses between

the pores of Whigdl sybstraté e HRIY OXiTHE Bubk 1N Sipeie| profiliai on
angstrons to several ten [err]m is fornmed across the thickness of
from sevef al1{:¥dddiid by il dugrHas dis rdendvidd e sfedacss of the
dust particle, and they promote adsorption of dust
particles, thus becoming a cause of re-adhesion of dust
5 particles to the substrate.

Bubbles are also generated by the other factor
than the substrate structure. In general, bubbles are
generated because of the cavitation in the case of the
low-frequency ultrasonic wave, while they are generated

10 because of the dissolved gas in pure water in the case
- of the high-frequency ultrasonic wave. Small bubbles
adhering to the porous silicon surface cannot be
removed by the high-frequency cleaning without use of
shock wave, but they can be removed by intermittently
15 lifting the substrate out of the pure water during the
ultrasonic cleaning.

On the other hand, though not limited to the
ultrasonic cleaning, batch-type cleaning for setting
plural substrates together on a carrier and immersing

20 them in a cleaning bath has a problem that the cleaning
carrier of polytetrafluoroethylene (e.g., Teflon), used
for supporting the substrates during cleaning, is
normally charged when simply immersed in pure water,
whereby the substrate at the position of carrier end is

25 inductively charged to adsorb the dust particles.

It is also possible to employ carrierless batch

cleaning at present, but in the case of the carrier



substrate.. 15 A cl eani ng net hod of sem conductor surface
according to the present invention is characterized in t hat cl eani ng
for renoving dust particles adhering to a 4 surface of a sem conductor
substrate takes place with pur e wat &2 T om whi ch di ssol ved gas is
deaerated until 20 a concentration thereof beconmes 5 ppmor |ess and on
whi ch an ultrasonic wave i s superi nposed. - A third cl eaning

nmet hod of porous surface according to the present invention is a

met hod for beirgé SU 49 gcwzst@gg%'of%%ﬁgmﬁpm% substrate

25 havi ng t he pdt ous sﬁru east I'n surtace t her eof
wherei n cl eani ng d4{id$MOid (Eh&bd HAdHS IR rier end, whereby the

dust particles can be prevented from adhering to the
substrates at the other carrier positions. In the case
5 wherein the porous silicon layer is formed only on one
surface, the dust particles can be prevented from
adhering to the porous surface, by reversely setting
the porous silicon substrate at the carrier end and
normally setting the other substrates. This is a

10 countermeasure in the case of the batch cleaning, but,
in the case of single wafer spin cleaning for cleaning
the substrate surface under rotation with a pure water
shower on which the high-frequency ultrasonic wave is
superimposed, this operation becomes unnecessary.

15 In the cleaning with the pure water shower, a
problem is adsorption of dust particle due to charging
of the substrate caused by triboelectrification between
a nozzle and flowing water, but this problem can be
avoided by decreasing the specific resistance of pure

20 water by superposition of high frequency wave. When
the cleaning with shower is utilized, it is necessary
to remove the dust particles only by high-frequency
vibration and to conduct cleaning under such a water
pressure condition as to avoid collapse of porous

25 silicon.

As described above, the present embodiment can

remove the dust particles on the surface with only the



adhering to the porous surface of the substrate takes

pl ace with pure water on which a high-frequency ul trasonic wave with
a frequency in the range of from Qog kHz to 2 Mz is superinposed
and from whi ch di ssol ved gas is dea Pated until a concentration 5

t her eof beconmes 5 ppmor | ess. A fourth cleaning method of
porous surface

pure water and high-frequency ultrasonic wave without
collapse of porous silicon.

In the case wherein dust particles newly adhering
to the surface of porous silicoh substrate with the

5 porous internal walls thermally oxidized re-adhere to a
hydrophobic surface after.the oxide film of the
outermost surface layer is etched in a diluted
hydrofluoric acid reservoir, the dust particles can
also be removed by the high-frequency ultrasonic

10 cleaning in pure water.
(Embodiment 2)

As described previously, it was found by the
research of the present inventors that even seve;al
hundred dust particles not less than 0.3 um, obtained

15 from the laser reflection intensity distribution,
adhered to the surface of porous silicon substrate
having the porous structure which was made by
anodiiation and rinsed with pure water, in the 5-inch-
diameter wafer (Fig. 28). The conceivable causes of

20 adhesion of dust particle include those miéed in the
anodization apparatus and in the electrolyte solution,
and the dust generated by the workers during the
process, and it is also conceivable that the porous
silicon surface becomes hydrophobic because of

25 anodization in the high-concentration hydrofluoric
electrolyte solution, so that the silicon substrate

becomes easy to charge electrostatically so as to



according to the present invention is the above third cl eani ng

nmet hod of porous surface wherein the substrate surface to be cl eaned
has such structure that apertures 10 szgaqy pores are exposed and
wherein internal wall surfaces of the pores have such structure that
a material of the porous structure is exposed or is covered
wth a material of different kind. The material of the different
kind is a material different 15 fromthe material of the porous

substrate and gasd® &he dust Parti¢ARasi | efleR@riohe, Spreventibn b material

of the porous structure or a filmformed by processing the
materi al of thedgsidth Hf dist padtidleddls pdt easy. hitridation, or the

ke Since the porous structure is fine and dense and

has long pores, use of chemicals in chemical wet

5 cleaning as in the conventional RCA cleaning will
result in deep intrusion of the chemicals into the
inside of the pores, so that it becomes difficult to
eliminate the chemicals completely even by pure water
rinsing for a long time, thus negatively affecting the

10 post-processes including epitaxial growth.

This problem results from the structure of porous
silicon and the experience of the present inventors is
not peculiar. It can also be considered that the
reason why positive cleaning of porous silicon surface

15 does not have been conducted heretofore is based on the
same problem.

Embodiment 1 was the surface cleaning method of
the fine and fragile porous structure, for which no
preferred cleaning method had existed before, and was

20 the method for cleaning the surface of porous structure
with the pure water on which the high-frequency
ultrasonic wave, the frequency of which is in the range
of from 200 kHz to 8.4 MHz, preferably in the range of
from 600 kHz to 2.0 MHz, more preferably in the range

25 of from 800 kHz to 1.6 MHz, is superimposed. |

When the ultrasonic cleaning is-carried out with

pure water, such a phenomenon is observed that bubbles



20 The cl eani ng net hod according to the present I nvention

can clean the substrate by i nmersing the substrate in a pure water
bat h having the pure water f rom whi the dissolved gas is deaerated
until the concentration thereof bec s 5 ppmor less and 25
superinposi ng the hi gh-frequency ultrasoni c wave t her eon.

The cl eani ng nmet hod of porous surface according to

are also generated in the pure water in the high-_
frequency case, especially, that bubbles adhere to the
porous silicon surface having a hydrophobic éurface
after removal of surface oxide film.

5 The bubbles adhering to the surface are not easy
to remove, especially, when cleaning is made with the
substrate to be cleaned being set in a pure water bath
on which the ultrasonic wave is superimposed.
Specifically, the small bubbles adhering to the

10 substrate are not removed even by flowing water during
cleaning and the bubbles, while being still small,
cannot move on the substrate surface by only buoyancy
of themselves, so as to be fixed thereon. The bubbles .
impede propagation of ultrasonic wave so as to degrade

15 the cleaning effect, and also draw fine dust particles
in the pure water to the gas-liquid interface, in turn
contaminating the substrate surface to be cleaned, by
the dust particles.

Thus, Embodiment 1 was the method for avoiding

20 such problem of céntamination of the cleaned substrate
due to generation of such bubbles, which was the method
for realizing the cleaning effect by the high-frequency
ultrasonic wave as avoiding the contamination due to
the dust particles, by regularly lifting the cleaned

25 substrate out of the pure water bath during cleaning £o

- thereby remove the bubbles.

Figs. 3A and 3B show states of bubbles remaining



the present invention can also clean the substrate by bl owi ng a pure
wat er shower from which the dissol ved gas is deaerated until the
concentration thereof becomes 5 ppm gy |_ess and on which the

hi gh-frequency 5 ultrasoni c wave i s supérinposed, against the porous
surface of the substrate while rotating the substrate. Afifth
cl eani ng net hod of porous surface according to the present invention
is a nmethod for cl eaning a porous surface of a substrate having a 10

porous struct Uig Ghd Sader.n tF1g.SWAf 399Udtebeek positioMieRid tHee porous
surface of the substrate is processed so as to be nmade hydrophilic
and cl eani ng Ofhumber of dust particles not less than 0.2 um on a 5-

inch-diameter bulk wafer surface where only immersion

was conducted but removal of bubbles was not carried

5 out in the ultrasonic cleaning in pure water, and Fig.

3B similarly illustrates positions and the number of

dust particles where removal of bubbles was carried out

by lifting the wafer every five minutes. The number of

dust particles is 450 in Fig. 3A while it is 35 in Fig.

10 3B. As apparent from comparison between Fig. 3A and
Fig. 3B, the dust particles aggregate densely along the
bubble rise direction (indicated by the arrow in each
drawing) when the removal of bubble is not carried out,
whereas the removal of bubble relieves this tendency.

15 When porous silicon having the hydrophobic surface
is cleaned by this cleaning method for 20 minutes by
superimposing the ultrasonic wave of 950 kHz on an
ordinary-temperature over-flow pure water bath and
lifting the substrate every five minutes out of the

20 pure water bath for removal of bubble, approximately 30
% to 40 % of dust particles, which were unable to clean
before, can be removed from the surface of porous
substrate. With further repetition of the same
cleaning for 20 minutes more, 60 % to 80 % of the dust

25 particles before cleaning can be removed. -

Such fixing of bubbles does not occur on a

hydrophilic porous silicon surface having an oxide film



t he porous surface nade hydrcphilic takes place with pure water on
whi ch a high-frequency ultrasonic wave 15 with a frequency in the range
of from600 kHz to 2 M1z i's supean&gsgd, t hereby effecting cleaning
for removi ng dust particles adhering'to the surface of the
substrate. The porous substrate to be cleaned in the present

20 I nvention is of such structure that apertures of the pores are
exposed in the surface thereof and of such structure as to have the

pore structuregPRIRIstAfdt®, and thd babblesagRicklss rikd o e face.
The dust particles to be renoved in the present 25 I nvention are
desirably thoseldsisated,! &d hatuidomtamination of the substrate due
to the dust particles can be avoided. Thus, almost 90
% of dust particles were able to be removed by the
5 high-frequency ultrasonic cleaning without regular 1lift
of substrate.

In Embodiment 1, the dust particles were removed
by the cleaning method for cleaning the cleaned
substrate with the pure water on which the ultrasonic

10 wave in the high-frequency region is superimposed and
~for regularly lifting the cleaned substrate out of the
pure water bath during cleaning. |

There are, however, some cases wherein further
removal of dust particles is desired depending upon

15 purposes of use. If in the above cleaning method the
cleaning period of time were prolonged in the
ultrasonic pure water in order to further remove the
dust particles, a native oxide film could be formed
because of the pure water, in addition to the problem

20 of reduction of work efficiency. This cleaning effect
is not improved by raising the temperature of pure
water.

The method for regularly liftihg the substrate out
of the pure water bath during cleaning would be

25 extremely cumbersome works, for example, if the
cleaning should rely on labor of worker. Further, it

is not easy to perfectly avoid generation of bubbles



of the porous substrate and sizes thereof are desirably
the dianmeters of the apertures of the

structure. A sixth cleaning nethad_of porous
according to the present invention is a ne ﬁod for

greater than
pores in the porous
surface
cl eani ng a porous

surface of a semi conductor substrate 5 having the porous structure at

| east in the surface

and adhesion thereof to the substrate during cleaning

even by carrying out the bubble removing operation

based on the regular lift, and a further improvement is

desired in terms of reproducibility and stability of

5 cleaning.

Thus, Embodiment 2 was achieved as a

result of

further research, which is a method for cleaning the

substrate with pure water from which dissolved gas is

deaerated, thereby preventing contamination of the

10 substrate due to the dust particles in the pure water,

caused by generation of bubbles and adhesion thereof to

the substrate during the ultrasonic cleaning.

In cleaning of semiconductor substrate, it is

known that O, and CO, are deaerated for antioxidation on

15 the semiconductor substrate. However, N,,

reducing gas,

was not considered specifically to be a problem, but,

on the contrary, the cleaning water was used with N,

taken in up to the saturation concentration thereof

(17.8 ppm at 25°C and 6.7 ppm in warm pure water of

20 80°C). The present inventor checked the number of

bubbles generated with ultrasonic waves of frequencies

of 47 kHz and 950 kHz and with changing concentration

of residual oxygen for the pure water of 25°C

containing N,, as shown in Fig. 4. The number of

25 bubbles generated in the case of the frequency of 950

kHz was greater than that-in the case of the frequency

of 47 kHz. At 5 ppm, 100 or more bubbles

were



t hereof, wherein cleaning for renoving dust particles adhering to the
surface of the substrate takes place by processi ng the porous surface
of the substrate so as to make it hygiophilic and superinposing a

hi gh-frequency 10 ul trasoni c wave with frequency in the range of from
600 kHz to 2 MHz on a liquid for cleaning the porous surface made
hydr ophi li c. In the cleaning method of porous surface according
to the present invention, the hydrophilic process of 15 t he porous

surface may beganRt-Q¢easihokitAEH Bds@Nand the8&i BAbbleR Qeee Ebangubstrate
surface and ovgr t he internal walls of pores in the porous structure.
I n the cl eani ngonpkhadcahisBObgUadheEiaficoBCAGEEI PErticles. It was

also found that it was not easy to avoid the generation

of bubble even if the pure water was heated to 80°C.

5 Thus, the present inventor also checked the number
of bubbles generated by the ultrasonic waves of the
frequencies of 47 kHz and 950 kHz with changing
concentration of residual oxygen similarly and with
also deaerating N,. The present inventor found that

10 substantially no bubbles were generated around 6 ppm at
47 KHz or around 3 to 5 ppm at 950 kHz, so that
deaeration (including N,) was able to suppress the
generation of bubble independently of the frequencies
of ultrasonic wave so as to remove the dust particles

15 from the substrate, thus achieving the present
invention.

The present inventor measured in great detail
concentrations of dissolved gas in pure water in a
square-shaped over-flow bath in a water supply state,

20 using a dissolved oxygen/dissolved nitrogen sensor
available from Orbisphere Laboratories, Inc. From the
results of the measurement, when water was supplied
from the bottom portion of the over-flow bath under
irradiation of megasonic wave of power 600 W and

25 frequency 950 kHz and, though depending upon the rate
of water supplied as shown in Fig. 5, when the rate of

water supplied was in the range of 0.2 m®/hr to 0.4



to the present invention, the hydrophilic process of 20 t he porous

surface may be a process for imersing the substrate in ozone pure
wat er in which ozone is di ssol ved i gopure water. In the
cl eani ng met hod of porous surface according to the present

I nvention, the hydrophilic process of 25 t he porous surface nmay be a
process for inmmersing the substrate in a hydrogen peroxide sol ution
diluted with pure wat er. :

m’/hr optimum for the over-flow operation, no bubbles
were found to be generated in the entire area of the
bath if the concentration of dissolved nitrogen in the
pure water as the supplied water was under the range of

5 5 ppm to 5.5 ppm and if the concentration of dissolved
oxygen was under the range of 3.83 ppm to 4.3 ppm. 1In
Fig. 5 curve 111 represents the concentration of
dissolved nitrogen and curve 112 the concentration of
dissolved oxygen.

10 In the normal semiconductor processes pure water
with nitrogen gas dissolved after primary deaeration is
used at a use point.

The present inventors also used the pure water
.containing the dissolved oxygen in the concentration of

15 7.38 ppb and the dissolved nitrogen in the
concentration of 14.57 ppm close to the saturation
concentration thereof before, but bubbles were
generated by megasonic irradiation if only the
dissolved oxygen was deaerated and if the dissolved

20 nitrogen existed 5 ppm or more.

From this, it is necessary to control
concentrations of gases dissolved in high
concentrations among the dissolved gases in the pure
water in order to suppress the generation of bubble

25 when fhe megasonic wave is applied to the pure water,'
and it is thus necessary at least to.control

concentrations of respective gases of nitrogen, oxygen,



- 14 - In the cleaning nethod of porous surface according

to the present invention, the aforenentioned liquid may be ozone
pure water in which ozone is dissolved in e wat er . 5 In
t he cl eani ng nmet hod of porous surface according to the present

I nvention, the aforenentioned |iquid may be a hydrogen peroxide
solution diluted with pure wat er . o In the cl eani ng et hod
of porous surface according 10 to the present invention, the hydrophilic
process of and td®,, POheh axel ABEnNBYmPBnank’ gagses ber afierm ng an

(Dalton's law of partial pressure)

The reason why the main component gases of air are

noted particularly is that the bath used for cleaning

5 is normally of such structure that the surface of
liquid is open to the atmosphere and that even with the
over-flow operation the gases composing the atmosphere
(air) are re-dissolved into the liquid from the liquid
surface and amounts thereof are not negligible.

10 The re-dissolution of air in contact with the
liquid surface is outstanding in the case of a water
reservoir. Even if deaerated water is supplied from
the reservoir bottom to be stored, concentrations of
dissolved gases increase toward the liquid surface with

15 respect to those at the reservoir bottom, thus making
distributions of concentrations of dissolved gases in
the reservoir. With a lapse of time the distributions
in the reservoir are made even to high concentrations,
which makes control of concentration of dissolved gas

20 difficult. (Henry's law)

On the other hand, in the case of the over-flow
bath, the pure water containing controlled
concentrations of dissolved gases is always supplied by
supplying deaerated water from the bath bottom portiop

25 and flows over to be drained out of the bath. This is
considered to be a reason of capability of controlling

the concentration of dissolved gas constant in the



oxide filmover the substrate surface and over the internal walls of

pores in the porous structure and the oxide filmat |east over the
substrate surface may be 15 renoved aft cl eani ng of the porous surface
of the substrate. The'psésént i nvention can clean the
substrate by effectively renoving the dust particles on the surface
of the substrate having the porous structure in 'the 20 surface, for

whi ch there was no effective cleaning nmet hod her et of ore because of

t he porous stryclyre, by t he hi gh-frequency ultrasoni c wave w t hout
col | apse of the porous structure. I n addi tion, since the

cleaning effect is gphpewedice, however, there appears such a
phenomenon, depending upon the rate of water supplied,
that the deaerated water reaching the liquid surface

5 comes to contact the atmosphere so as to re-dissolve
fhe gases and part thereof is not drained and again
circulates in the bath, thereby increasing the
concentrations of dissolved gases in the bath.

In order to solve this problem, important points

10 are optimum design of structure of bath and optimum
setting of the rate of water supplied.

As an example, distribﬁtions of dissolved oxygen
concentration (DO value) and dissolved nitrogen
concentration (N2 value) at the depth 25 cm (at the

15 bath bottom) and at the depth 12.5 cm (at the middle of
bath) in the square-shaped over-flow bath of the size
of the width 28 cm, the length 23 cm, and the depth 25
cm employed by the present inventor are illustrated in
Fig. 6A, Fig. 6B, Fig. 7A, and Fig. 7B. Here, Fig. 6A

20 shows the concentration distribution of dissolved
oxygen in the bath at the depth of 25 cm (at the bottom
of bath) and Fig. 6B shows the concentration
distribution of dissolved oxygen in the bath at the
depth of 12.5 cm (at the middle of the bath). Fig. 7A

25 shows the concentration distribution of dissolved
nitrogen in the bath at the depth of 12.5 cm and Fig.

7B shows the concentration distribution of dissolved



25 in use of only the pure water, it is free of the probl em t hat

the chem cals remain inside the porous structure and introduction to
t he conventional steps is - 3gtasy. ~ Since the
cl eani ng nmet hods of the present i nvention can be achieved in the
si npl e arrangenent to add the high-frequency cleaning step to the

_pure water

nitrogen in the bath at the depth of 25 cm.

While the pure water of the oxygen concentration
1.88 ppb and the nitrogen concenﬁration 1.542 ppm after
secondary deaeration at the use point was being

5 supplied at the water supply rate 0.3 m’/hr from the
bath bottom portion (at the depth of 25 cm) to flow
over, the concentration of dissolved oxygen and the
concentration of dissolved nitrogen were measured at
each position in the bath.

10 The arrow in the drawing indicates a direction of
‘water supply in the bath bottom portion.

Regardless of the gas species, the concentration
of dissolved gas is lowest at the water supply port and
the concentration increases with increasing distance

15 from the water supply port along flow of the pure water
in the bath bottom portion. At the depth 12.5 cm the
concentrations were highér than in the bath bottom
portion, but the concentration distributions were
almost uniform, showing the oxygen concentration of

20 about 150 ppb and the nitrogen concentration of about
1.8 ppm.

Here, turbulent flow occurs in the flow of water,
depending upon the position and direction of the water
supply port and the water supply rate, which increases

25 the concentrations in the bath. Thus, for example,
when the concentrations in the bath are controlled by

the concentrations of dissolved gases in the



5 rinse step after the conventional anodization process or after

t he oxi dation process conducted thereafter, the i ntroduction thereof
is also easy in terns of wor kabi i ty,ggqst effectiveness, and
stability. 10 BRI EF DESCRI PTI ON OF THE DRAW NGS Fig. 1is a
graph to show the rel ationshi p between frequencies of ultrasonic

cl eaning and si zes of particles to be renoved and to show t he
frequency range of the present invention; 15 Fig. 2is a

cross-secti onal g i d 9 B Qearated waedP|dh timunh iRl TS iRdeidrthe
substrat e; Figs. 3A and 3B are draw ngs to show adhesi on
concentrations in the bath low as described above is
necessary.
Further, the concentrations of dissolved gases in
5 the deaerated water in the over-flow bath under
megasonic irradiation slightly increase with time of
irradiation.
Concentration distributions of dissolved oxygen in
the over-flow bath under megasonic irradiation of power
10 600 W and for 10 minutes from the bath bottom portion
are shown in Fig. BA and Fig. 8B and concentration
distributions of disscolved nitrogen are shown in Fig.
92 and Fig. 9B. Here, Fig. 8A shows the concentration
distribution of dissolved oxygen at the depth of 25 cm
15 (at the bath bottom) under megasonic irradiation and
Fig. 8B shows the concentration distribution of
dissolved.oxygen at the depth of 12.5 cm (at the middle
of bath) under megasonic irradiation. Fig. 9A shows
the concentration distribution of dissolved nitrogen at
20 the depth of 25 cm under megasonic irradiation and Fig.
9B shows the concentration distribution of dissolved
nitrogen at the depth of 12.5 cm under megasonic
irradiation. Although changes are small, it is
necessary to set the concentrations of dissolved gases
25 in the deaerated water supplied, also taking such
concentration changes under the conditions of practical

use into consideration, in order to accurately control



states of dust particles on a wafer after cleaning in t he case of

only imrersion (Fig. 3A) and in the case of 20 lift every five mnutes
(Fig. 3B); Fig. 4 is a graph to §hom/the rel ati onshi p between
concentration of residual oxygen and nunBef’of bubbl es generated in
the ultrasonic cleaning in pure water; Fig. 5is a graph to show
concentrations of 25 di ssol ved gas not generating bubbles in the

megasoni c i rradi ati on area; Figs. 6A and 6B are graphs

to show concenthpl idhcentrations of dissolved gases in the bath.

Namely, the cleaning method of surface according
to the present invention is arranged in such a way that
cleaning for removing the dust particles adhering to

5 the surface of substrate takes place with the pure
water from which the dissolved gas is deaerated until
the concentrétibn of dissolved gas becomes 5 ppm or
less and on which the ultrasonic wave is superimposed.
"The concentration of dissolved gas is 5 ppm or less"

10 means that the concentration of any dissolved gas,
| regardless of kinds of dissolved gases, is 5 ppm or
less, but in general, it is sufficient that the
concentrations of dissolved gases including oxygen,
nitrogen, and CO, as the'main components of air are 5
15 ppm or less.

However, megasonic cleaning experiments by the
present inventor as to concentration dependence of
dissolved gas in the pure water in the megasonic
cleaning showed clearly, as shown in Fig. 10, that the

20 cleaning effect by the megasonic irradiation was
excellent with use of deaerated water in the controlled
concentrations of dissolved gases below the boundaries
not generating bubbles (the concentration of dissolved
nitrogen not more than 5 ppm and the concentration of

25 dissolved oxygen not more than 3.8 ppm), but no
cleaning effect by the megasonic irradiation was

achieved at all with use of deaerated water by



di stributions of dissolved oxygen in bath; Figs. 7A and 7B are
graphs to show concentrati on di stributions of dissolved nitrogen in
bat h; Figs. 8A and 8B are graphszg o_show concentration 5

di stributions of dissolved oxygen upon negasonic i rradi ation;

Figs. 9A and 9B are graphs to show concentration di stributions of

di ssol ved nitrogen upon negasonic irradiation; 10 Fig. 10 is
a graph to show concentration

secondary deaeration to the limit to decrease the
dissolved gases (up to the concentration of dissolved
oxygen of 150 ppb and the concentration of dissolved
nitrogen of 1.8 ppm as concentrations in the bath),

5 though no bubbles were generated.

The reason of this is not apparent yet, but the
principle of megasonic cleaning is not only from the
"sound wave scrub cleaning" as mentioned heretofore,
but the above result suggests such a possibility that

10 the megasonic cleaning is cleaning based on the
- synergistic effect with the "liquid resonance cleaning”
by cavitation as in the low-frequency ultrasonic
cleaning. Generation of bubble by the megasonic
irradiation under existence of the high concentrations
15 of dissolved gases is also evidence of the liquid
resonance phenomenon.

It is, however, known that in the megasonic
cleaning the sound pressure generated by cavitation
impact is very low, and the cavitation phenomenon will

20 be weak, even if the liquid resonance is present.

It is said that the radius of cavitation decreases
with increasing frequency in ultrasonic vibration.
Supposing that the sound pressure is generated by
cavitation, denser generation of high-frequency

25 resonance than of low frequency does not always
contradict with the weak cavitation impact.

The small radius of cavitation and the high



dependence of dissolved gas in pure water in the megasoni ¢ cl eani ng;

Fig. 11 is a conceptual drawing to explain I nfl uence of bubble in
pure water upon hi gh-frequency 15 cleani,ng of a hydrophobi c substrate;
Fig. 12 is a plan view to show adhering qudd - particles after the
hi gh-frequency cl eani ng where bubbl es adhere to the hydrophobic
substrat e; Fig. 13 is a drawing to Show an exanple of flow of
20 cl eaning of the porous silicon substrate with pure wat er ;

Fig. 14 is a d 's&%ryt Qrafi AR 9% PR it @¥c@fllent per@oRaidinee of the
porous silicon substrate; _

for removing particles of smaller particle sizes.

The cavitation phenomenon splits water molecules

by ultrasonic vibration, irréspective of the frequency,

5 whereby a kind of small space in a vacuum state is made
in the pure water. It is thus conceivable that this
space expands and quickly contracts finally, thereby
generating the sound pressure.

It can be considered that generation of bubble

10 occurs in such a way that the gas dissolved in water is
deaerated into this space in the vacuum state and that
when the space contracting speed is greater than the
speed of re-dissolution of the gas in the space into
the pure water and when the density of gas is high, the

15 gas, having nowhere to go, remains in the form of
bubbles.

The bubbles adhering to a hydrophobic substrate,
which are not removed by over flow, disappear several
minutes (two to three minutes) after supply of the pure

20 water deaerated to the limit with stopping the
ultrasonic irradiation.

From this, the gas deaerated into the fine vacuum
space by cavitation is considered to re-dissolve in the
pure water.

25 Control of generation of bubble under ultrasonic
irradiation by controlling the concentration of

dissolved gas is nothing but decreasing the amount of



Fig. 15 is a drawing to show an exanple of flow of 25 cleaning of the

porous silicon substrate; Fig. 16 is a drawing to show an
exanpl e of flow of cl eaning of the B@rgus silicon substrate;
- 17 - Fig. 17 is a cross-séctional view to show an

exanpl e of a high-frequency ultrasonic cleaning appar atus of the
present invention; 2

gas remaining as bubbles by lowering the density of gas
deaerated and discharged into the fine wvacuum space.

It is, however, not clear why no megasonic
cleaning effect appears in use of the pure water

5 deaerated to the limit, but adhesion of particle
increases on the contrary.

It is assumed that there is contribution of
dissolved gas to the cavitation phenomenon, i.e., that
the fine space is maintained by repetitive processes of

10 vacuum, release (deaeration) of dissolved gas into the
space, and re-dissolution of gas into the pure water
upon contraction, or that it results from the
electrochemical action due to generation of ion species
from the dissolved gas in the pure water and the change

15 of potential of the substrate due to the megasonic
irradiation, as mentioned heretofore.

The above cleaning method of surface according to
the present invention was found out in the process of
experiments of the cleaning method of porous surface,

20 but the fact that the bubbles are a cause of adhesion
of dust particles is not specifié to the porous
surface. Thus, the invention can also be applied to
cleaning of silicon wafer, SOI substrate, and so on,
for example. The present invention is suitably

25 applicable to cleaning of substrates having a
hydrophobic surface, but it can also be applied to

cleaning of substrates having a hydrophilic surface,



Fig. 18 is a graph to show the nunbers of dust 5 particles on the
surface of porous silicon fromafter anodi zation to after

| owt enper at ure oxi dati on, where thg,high-frequency ultrasonic

cl eaning of the present i nvention is carried out; Fi g.
19 is a graph to explain the bubble renoving 10 effect in the

hi gh-frequency cl eani ng of the present invention; Fig.
20 is a graph to explain the bubble renoving effect in the

hi gh-frequencywhbgainngdhksiba predast particlesveahi bg; prébented Fig. 21

Is a graph to explain the bubble renoving effect in the
hi gh- f r equencymokreacerg¢adhlyhdé fpgenenation of bubble is suppressed
well.
The cleaning method of porous surface according to
5 the present invention is a method of cleaning for
irradiating the surface of porous silicon substrate
with the ultrasonic wave in the high-frequency band in
the range of from 200 kHz to 8.4 MHz, preferably in the
range of from 600 kHz to 2 MHz, more preferably in the
10 range of from 800 kHz to 1.6 MHz, as superimposed on
‘pure water, and using the pure water from which the
dissolved gas is deaerated, thereby preventing
contamination of substrate due to the dust particles in
the pure water, caused by generation of bubble and
15 adhesion thereof to the substrate during the ultrasonic
cleaning, and thereby realizing short-time and stable
cleaning of the porous silicon surface having the
hydrophobic surface.
The cleaning method of porous surface according to
20 the present invention inqludes no specific limitation
on the surface of substrate if the substrate has the
surface of the porous structure. For example,
materials of substrate may be the semiconductor
materials of Si, GaAs, or the like, the ceramic
25 materials, and so on. Further, the cleaning method ok
porous surface according to the present invention can

also be used for removing the dust particles adhering



I nventi on; Fig. 22 is a graph to explain contam nation of

dust particles in a carrier for cleaning; 20 Fig. 23 is a graph to
expl ai n contam nati on of dust particbéi in the carrier for cleaning;
Fig. 24 is a conceptual drawing to show an anpl e of the
configuration of high-frequency ultrasonic cl eani ng apparatus and
deaerated pure water producing 25 appar atus according to the present

i nventi on; Fig. 25 is a graph to conpare renoval rates of

dust particle ng ttrhee Cs%%est%q{ee stuq'efa@eg ri'faf\;i?x%u%(éy structure wherein a

layer of semiconductor thin film of amorphous Si,
polycrystal Si, GaAs, or the like or a layer of metal
thin film is deposited by chemical vapor deposition or
5 the like over the internal wall surfaces of pores of Si
porous substrate, as shown in Fig. 2.
On the other hand, the following is the prior art
related to the present invention. For achieving recent
VLSI and ULSI of sub-micron or deep-micron, it is
10 demanded to suppress formation of native oxide film,
and Morita et al. reported that dissolved oxygen in the
pure water used for cleaning was a very important
factor for formation of native oxide film in pure water
and that removal of dissolved oxygen to the limit was
15 the minimum condition for suppressing the formation of
native oxide film (Ultra Clean Technology, Vol. 1, No.
1, pp. 22-28, 1989).
- Presently known methods for deaerating dissolved
oxygen down to the dissolved oxygen concentration 5 ppb
20 or less in the water, close to the limit concentration
region, include film deaeration as a physical
deaeration method and a method of combination of
catalyst with a reducing method as a chemical
deaeration method. Specifically, the film deaerationc
25 method is popularly used in recent years, because it
little contaminates the pure water and becaﬁse it can

remove the dissolved gases other than oxygen.



ultrasonic cleaning of the present invention is applied to a surface
porous silicon having a hydrophobic surface, wth that of a cleaning
nmet hod wi t hout deaerati on; Fig. 26 is ? conceptual drawi ng of an

apparatus where the high-frequency ultras

Cc cleaning of the present

invention is applied to a cl eaning apparatus of a shower type;
27 is a drawing to schematically show the relationship between a poro
silicon substrate and a high-

10

15

20

25

However, these technologies are not those
associated with removal of dust particles on the
substrate, and it is thus needless to mention that they
suggest nothing about cleaning of porous substrate.

The cleaning method of porous surface according to
the present invention will be described further. In
the ultrasonic cleaning bubbles are generated during
cleaning. Sources to generate bubbles are the gas
captured in the inside after drying of porous silicon
and discharged as replaced by the pure water out of the
holes during the ultrasonic cleaning, and the dissolved
gas such as oxygen and nitrogen dissolved in the pure
water used for cleaning, which turn to bubbles because
of the cavitation by ultrasonic.

The bubbles adhering to the surface of hydrophobic
substrate impede propagation of ultrasonic wave so as
to lower the removing effect of dust particle, and in
addition, they promote adsorption of dust particle to
the substrate, thereby becoming the cause of
contamination of the surface due to the dust particles
and degradation of the cleaning effect.

As described previously, the bubbles adhering to
the porous silicon surface can be removed by
intermittently lifting the substrate out of the pure
water during the ultrasonic cleaning. However, if one
of the causes of generation of bubble is the dissolved

gas in the pure water used for cleaning, there will be

of

Fig.
us



frequency progressive wave; and Fig. 28 is a graph to show the
nunbers of dust particles on the porous silicon surface in the order of
bat ches of anodi zation where cleaning is eaﬂed only with the conventional
pure water rinse after anodi zati on. T Fi"g”s 29A to 29F are
cross-sectional views to schematically show an exanpl e of processes of
such a sem conductor device. DETAILED DESCRIPTI ON OF THE PREFERRED
EVMBODI MENTS Enbodi ments of the present invention will be described

and 1 T not edaldia,dgrll 1@ 5! hieeRhehifgEoRabt bhBn 398HCsHhn Mo

present invention. t
technique.

As described previously, almost 90 $ of dust

particles are removed by the high-frequency ultrasonic

5 cleaning with pure water of the surface of porous
silicon substrate made hydrophilic by oxidation, and
thus, the degree of impedance against cleaning due to
deaeration of bubbles captured in the inside of porous
structure can be considered to be minute as compared

10 with the problem caused by generation of bubbles from
the pure water.

In the case of the porous structure having the
hydrophobic surface, an amount of bubbles deaerated
from the inside of porous structure and fixed to the

15 surface is considered to be far smaller than an amount
of bubbles generated from the pure water.

In addition, sihce the bubbles themselves are not
easy to deaerate in the case of the porous internal
walls being hydrophobic, they are unlikely to be an

20 element to impede the cleaning. Accordingly, when one
of the causes to generate bubbles is the dissolved gas
in the pure water used for cleaning, it is most
effective to use the pure water from which the
dissqlved gas in the pure water is deaerated, as in tbe

25 present invention, for further enhancing the cleaning
effect of substrate.

This is effective not only in the case of cleaning



A cl eaning nethod of porous surface according to the present invention is
a nethod for superinposing an ultrasonic wave in the high-frequency band,
the frequency of which is in the range of from 200 kHz to 8.4 Mz,
preferably in the range of from 600 kHz 7t 452~

- 19 - MHz, nore preferably in the range of from800 kHz to

1.6 MHz, on pure water and exposing a surface of a

with the substrate being immersed in the pure water
bath and with the ultrasonic wave being superimposed in
the water, but also ;n the case of cleaning with the
ultrasonic wave being superimposed on a pure water

5 shower and with the pure water shower being blown
against the substrate.

When the air of 25°C and 1 atm is in contact with
water, the gas dissolved in water is considered to be
such that the concentration of dissolved oxygen in

10 water is 8.26 ppm and the concentrétion of dissolved
nitrogen is 13.9 ppm.

In general, the pure water used in the
semiconductor fields is supplied under nitrogen purge
of a pure water bath in a polishing system in order to

15 maintain the purity of the pure water.

It is thus considered that nitrogen is dissolved
almost in a saturated state in the pure water. For
example, the $aturation dissolution concentration_of
nitrogen gas (purity: 99.999 %).under 25°C and 1 atm

20 into the pure water becomes even 17.8 ppm. In
addition, the dissolution concentration depends upon
the temperature of water, and the concentration of
nitrogen that can be dissolved decreases with
increasing temperature of water.

25 '~ When this pure water is heated at 80°C, the
concentration of dissolvable nitrogen becomes 6.7 ppm.

Excessive nitrogen corresponding to the difference of



porous substrate thereto. I'n the cleaning method of porous
surface according 5 to the present invention, there is no specific

limtation on the material for the substlah% i f the substrate is the
one having the porous structure in the surface, as shown in Fig. 2.
The cl eani ng net hod can be applied, for exanple, to sem conductor
materials 10 such as Si or GaAs, ceranmc materials, etc. Fig. 2
illustrates the structure in which a sem conductor thin film of

anor phous Si, RRINEMHaFion ofCaAST ﬁggégﬁshh%§ in ?enQEa%iHEtalized | ayer

I s deposited by chem cal vapor osition or fThe |ike Over the

internal wall gupbhaess 15 of pores in the Si porous substrate. 1In Fig.
5 Generation of bubble due to heating can be
prevented by removing the dissolved gas in the pure
5 water down to below the saturation concentration using
a film deaeration apparatus, but bubbles can be |
generated even in concentrations below this saturation
concentration when the high-frequency ultrasonic wave
is superimposed. It is thus more desirable to remove
10 . the dissolved gas to the optimum concentration region.

Fortunately, by connecting to the outlet of pure
water pfoducing apparatus a film deaeration apparatus
in which a hydrophobic film is disposed at a portion
corresponding to the interface and in which the

15 primary-side pure water is deaerated by decreasing the
partial pressure on the secondary side by reduction of
pressure with a vacuum pump, and by using the system,
it is possible even now to obtain the pure water having
the concenfration of dissolved oxygen in the limit

20 concentration region of 5 ppb or less for the pure
water of 60°C or less.

Use of the pure water from which the dissolved gas
in pure water is removed in this way suppresses the
generation of bubble due to the high-frequency

25 ultrasonic wave even with heating of pure water and

suppresses the fixing of bubbles to the hydrophobic

substrate surface.



ref erence nuneral 21 designates the substrate, 22 the surface of the

substrate, 23 the pores, 24 the internal wal | s of the pores, and 25
the deposit film Further, nuneral 2 enotes the porous structure.
20 Descri bed below i s cl eani ng of "pdrous silicon substrate as
an exanpl e of the cleaning nethod of porous surface according to the
present invention. Si zes of dust particles that can be renoved
by ultrasonic are determ ned dependi ng upon the frequency. 25 For
exanple, it is sai dﬁﬁweﬁﬂ%éldfeﬁéi{e:@ﬁbn of bublld Sl leyGahele
renoved by high-frequency waves of 800 kHz or nore are approximately

0.1 [err]m the&emoval of dust particle in the same cleaning time as
before without performing the lifting operation of
hydrophobic porous silicon substrate, and this effect

5 is not degraded by heating of pure water during
cleaning.

As described above, the present invention enabled
only the high-frequency ultrasonic wave and the pure
water from which the dissolved gas was'removed, to

10 remove the dust particles on the surface at high

.efficiency and in a short time with avoiding collapse
of porous silicon. |

The action of the present embodiment is also
effective to substrates other than silicon if they are

15 substrates to be cleaned, having the fiﬁe and fragile
porous structure similarly, and can demonstrate the
same effect. The action and effect of the present
invention are not limited to silicon.

(Embodiment 3)

20 In Embodiment 3, the porous silicon surface is
subjected to the hydrophilic process and thén to
ultrasonic cleaning. The ultrasonic cleaning of porous
silicon surface is carried out in the high frequency
band of from 200 kHz to 8.4 MHz, preferably in the

25 range of from 600 kHz to 2 MHz. More preferably,
cleaning is carried out using the high-fregquency

ultrasonic wave in the frequency band as called



- 20 - nol ecul ar accel eration given to the dust particles at

this time becones approximately a quarter mllion tines greater than
the accel eration of gravity on the-surfac_e4 _ of Earth, and the dust
particles are renoved by this 5 ki neti c energy. The wavel engths are as
short as 0.8 mm in pure water, the waves are irregularly reflected
at the surface of liquid, and some of the waves travel into
the air, so that a standing wave, as seen with the

megasonic cleaning ranging from 800 kHz to 1.6 MHz,
thereby avoiding the risk of collapse of porous
structure.

However, observed in the above-stated cleaning

5 method by the present inventors is the phenomenon that
bubbles are also generated from the pure water in the
case of application of high-frequency ultrasonic wave
and that the bubbles adhere, particularly, to the
hydrophobic substrate surface.

10 The bubbles impede propagation of ultrasonic wave
s0 as to degrade the cleaning effect and draw fine dust
particles in the pure water to the gas-liquid interface
so as to contaminate the substrate surface with the
dust particles. Adhesion of bubbles to the substrate

15 surface is little observed on the hydrophilic surface,
whereas adhesion and fixing of bubble occurs on the
hydrophobic surface. It is thus not easy to perfectly
prevent adhesion of dust particles to the hydrophobic
surface due to the bubbles, by the flowing water and

20 ultrasonic wave in the cleaning bath.

This will be described in further detail. Fig. 11
shows adhering states of bubbles and moving states of
dust particles on the hydrophobic substrate, where the
high-frequency wave is superimposed on the pure water.

25 In the figure reference numeral 31 designates a quartz
high-frequency cleaning bath, 32 a high-frequency

vibrating plate, 33 pure water not subjected to



ultrasonic in the | owfrequency band, is little 10 generated in the pure

wat er. Thus, cl eaning unevenness is little. Si nce the
ul trasoni c waves have short wavel engt hs and high directivity, damage
on the fine and fragile surface of ﬁ@rGus silicon can be decreased
by making 15 the ultrasonic wave act in parallel to the substrate
surface. In addition, the high-frequency waves are excellent in the
renovi ng effect of dust particles because of their snmall anplitudes

and large nu”b%rea%];raltion of° %rig%l%dt Ggssulgit Bﬁhﬁlﬁ‘ér f 36¢ F.“‘I;w eover,

generation 20 ons in pure water “dééreases IS Speci

resistance, sodhal f1eAdRgsi0potbud sl 10%h Substda®e having a
hydrophobic surface, and 38 a high-frequency
progressive wave.

5 The low-frequency ultrasonic cleaning normally
experiences generation of bubbles due to the cavitation
in the pure water, whereas the high-frequency cleaning
involves reduced cavitation, but experiences deaeration
of dissolved gas due to high-frequency vibration in the

10 - pure water, thereby generating bubbles. The source of
these bubbles is the dissolved gas such as oxygen and
nitrogen dissolved in the pure water.

The gas-liquid interface of bubble has higher
energy than in the liquid and thus collects to capture

15 fine dust particles in the pure water. In addition,
the hydrophobic substrate surface is stable in terms of
energy with respect to the gas, and the bubbles are
thus likely to adhere thereto. Since the pure water
cannot intrude into between the bubble and the

20 substrate surface, it is difficult to remove the
bubbles from the substrate. For example, while the
bubbles are as small as about 1 mm in diameter, they
cannot even move on the substrate surface only by
buoyancy of themselves.

25 When the high-frequency ultrasonic wave is applied
to the substrate surface, the surface receives kinetic

energy in the direction of the progressive wave, but



to self-charging of substrate is little. However, there has been

no exanpl e of application of ultrasonic cleaning to cleaning of
porous silicon 25 surface, and it is thys needless to nention that there
exi sts no exanple of renoving the dust particles on the por ous
silicon surface with pure water yet. The

- 21 - o

the energy is insufficient to move the bubbles, so that
the bubbles are fixed to the substrate surface.

Adhesion of the bubbles to the substrate surface
promotes collection of fine dust particles in the pure

5 water, and further adhesion of bubbles thereto causes
the bubbles to move on the substrate surface by
buoyancy of themselves, "which makes the collected dust
particles adhere to the substrate surface along the
moving pafh thereof, thereby contaminating the

10 substrate.

In addition, the bubbles adhering to the substrate
surface impede propagation of high-frequency wave to
the substrate surface per se, thereby degrading the
cleaning effect. Namely, generation of bubbles in the

15 high-frequency cleaning of substrate having the
hydrophobic surface will result in degrading the
cleaning effect, because the high-frequency cleaning of
dust particle on the substrate surface advances at the
same time as the .contamination of substrate by the dust

20 particles in the pure water due to the adhesion of
bubbles.

When cleaning takes place with the ultrasonic wave
superimposed on the pure water shower, generation and
adhesion of bubble is also observed. If the pressure

25 of shower is increased for removing the bubbles, it
might cause collapse of fragile porous surface.

The present inventor conducted the researches to



present inventor found that for cleaning the porous substrate with
pure water to which the high-frequency wave was applied, unlike the
bul k substrate, a certain range exi%%ﬁd for the high-frequency waves
because of 5 the properties of the portus substrate. This will be
described with Fig. 1. In the ultrasonic cleaning of substrate, the
frequency used is determ ned dependi ng ben the size of dust
particle. For exanple, fron1Fig is effective to apply

ul trasonic vvaves 0 % t der to
Im ru\g% part %’gﬁgﬁ %ﬁ é’éta@&&' £80hd Otkgé) BEndd O

renove e particle size 1 pmfrom

the substrate %fﬁ&%yl%faé&f% VEMiRSv g the bubbPasiangi es of about
800 to 900 kHz Eﬂb&& er to renove ty g e B

regularly lifting the substrate out of the pure water
bath during cleaning and the method of Embodiment 2 for

5 preliminarily deaerating the dissolved gas from the
pure water used for cleaning so as to prevent the
generation of bubble per se, thereby obviating the need
for the lifting operation of substrate out of the pure
water bath.

10 Now described is the ultrasonic cleaning of
Embodiment 3 for thé porous silicon surface processed
by the hydrophilic process.

Fig. 13 shows an example of flowchart of the
fabrication process up to epitaxial growth on porous

15 silicon and the cleaning method. In the drawing, SPM
stands for H,S0,/H,0, mixture, DIW for pure water, DHF
for dilute HF solution, APM for NH,OH/H,0,/H,0 mixture,
and S/D for spin drying.

Cleaning of bulk silicon substrate before

20 anodization is cleaning with chemicals, as before, but
the apertures of holes of the porous structure are
exposed in the substrate surface from after formation
of porous silicon by anodization to epitaxial growth.

As apparent from the flowchart, the chemicals

25 normally used for cleaning of bulk silicon substrate,

such as SPM, APM, or HPM (HCl1l/H,0,/H,0 mixture), cannot

be used while the apertures of holes of porous silicon-:



the dust particles of the particle size of 0.1 pmfrom 15 t he

substrate. However, the experinments by the present inventor
showed that in the porous Si substrate coll _gpse of porous structure
was observed under 200 kHz and col’l e of porous structure was al so
observed 20 simlarly over 8.4 Miz, as shown in Fig. 1. This is

because use of ultrasonic wave for cleaning rarses problens in the
case of the porous substrate, which are not experienced in the case

of the bulk subgtr %ta)f‘posefd in the durfildLadpd gl-ihl:b d plrd Water
structure is the 1 ne structure of several hundred angstrons or |ess
In the cagg, He Qgéajsir§i.éﬂ§tprbéifid2{_err] -type and p[err]-type or n-

As described previously, many dust particles

adhere to the surface in the forming process of porous
5 silicon by anodization.

In the case wherein a single-crystal silicon film
is epitaxially grown on a surface of porous silicon
substrate, an oxide film is formed over the internal
wall surfaces of porous structure (by forming a native

10 . oxide film or by a low-temperature oxidation step of
Fig. 16) in order to decrease the structural change of
the porous structure in the heating process at high
temperatures. Further, the epitaxial growth is carried
out after at least the oxide film over the porous

15 surface (of silicon substrate) is selectively removed
immediately before the growth. In this case, the oxide
film is left on the internal wall surfaces of holes of
porous structure. Specifically, the oxide film on the
porous silicon surface is removed by immersion in DHF

20 for a short time, the substrate is drawn up out of the
DHF bath before the DHF solution deeply intrudes into
the holes of porous structure, and the substrate is
rinsed with pure water.

For example, before the epitaxially grown layer is

25 formed on the porous silicon by the thermal CVD process
at the temperature of about 1000°C, an oxide film is

formed by low-temperature oxidation of the internal



type and the experinents by the present inventor showed

- 22 that the fragile porous surface coll apsed because of
cavitation when the ultrasonic waves of freguencies under 200 kHz
wer e used. According to the exggiinents by the present 5

inventor, use of ultrasonic waves of the frequencies . over 8.4 Mz
caused the fine porous structure itself to

walls of holes of porous silicon at 400°C and for one
hour.

However, adhesiop of new dust particles numbering
100 or so is observed on the surface in the substrate

5 after the thermal oxidation step. Such dust particles

are considered to be generated by abrasion due to scrub
between a quartz boat with'substrates being arranged
thereon and a quartz furnace tube.

Since the oxide film on the porous silicon surface

10 is removed by etching with dilute HF solution

. immediately before the epitaxial growth, these dust
particles are liable to be considered as lifted off to
be removed from the surface at the same time as the
removal of oxide film.

15 In practice, however, the number of dust particles
after the etching with dilute HF solution little
changes or even increases on the contrary. This is
because the porous surface becomes hydrophobic after
removal of the oxide film and the dust particles

20 floating in the etching bath are adsorbed to the
substrate by flowing water charging of the substrate
upon lift of substrate, thereby again adhering to the
substrate.

Incidentally, since anodization uses the high-

25 concentration HF electrolyte solution, the porous

silicon surface becomes hydrophobic, as shown in Fig.

13, after the anodization, as after the removal of



resonate, simlarly resulting in collapse of porous structure. The
resonance frequency depends upon the porous structure. In the case
of the porous structure 10 having rel atively large hole sizes and

t hi cknesses of silicon walls rangrh§4frbn1several hundred nmto
several ten [err]mlike n-type porous silicon, the | ower limt
frequency of ultrasonic wave that can be used ™ becones hi gher than
that. 15 Accordi ngly, the ultrasonic cleaning of porous

silicon surface is.co cted W | gh-f.re 1 in the
frequency band ¥4 o%%d’”%% 4'% %%%jizé,l{e Ead pﬁe\iea?erta{ﬁey in the range
of 600 kHz to 2 e preferably, the ultrasonic cleaning is
conducted with %#43%t{gﬁ'

As described previously, if bubbles are generated
during high-frequency cleaning with pure water, the
5 bubbles will adhere to the surface of the hydrophobic
substrate so as to impede the cleaning action and to be
a cause to collect the dust particles in the pure water
onto the substrate surface, thus contaminating the
surface. Fig. 12 shows the result of inspection where
10 a state of adhesion of dust particles to the substrate
surface was checked with a dust particle inspection
system after the hydrophobic, porous silicon substrate
was subjected to the high-frequency cleaning in pure
water without performing the lift of substrate and the
15 deaeration process of pure water. In Fig. 12 the arrow
represents the rise direction of bubble. The high-
frequency progressive wave is also applied so as to
travel in the same direction. Adhesion contamination
of dust particle is recognized along the rise path of
20 bubbles adhering to the substrate surface.

For this reason, it is desired to perform the
regular lift operation of substrate during the high-
frequency cleaning when the pure water without
deaeration is used, or to perform the high-frequency

25 cleaning with pure water from which the dissolved gas
in the pure water is deaerated. This is the reason why

the high-frequency cleaning is carried out with the



20 hi gh-frequency ultrasonic wave in the frequency band as call ed

megasoni ¢ cleaning, in the range of from 800 kHz to 1.6 MHz, which
can avoid the risk of coll apse of QpEﬁyghstructure. The
bulletin of Japanese Laid-Open Patent 25 ““Application No. 51-2264

di scl oses as to the high- frequency cl eaning that cleaning of

sem conduct or waf er takes place with theé high-frequency ultrasonic
wave in - 23 -

deaerated pure water (at steps S,, S,, S;) in Fig. 13.

In cleaning of substrate, however, the method for
regularly lifting the substrate out of the pure water
bath during cleaning would force very cumbersome works,

5 for example, where cleaning relies on labor of worker.

Deaeration of dissolved gas in the pure water can
compensate for the gas concentrations at the exit of
deaerating apparatus, but in thé case of reserving
water in a pure water high-frequency cleaning bath, re-

10 dissolution of oxygen and nitrogen occurs from the
atmosphere within a short time even under flow of
water. Thus, some measure becomes necessary for the
structure of cleaning bath, gas seal, and the like in
order to compensate for the concentrations of dissolved

15 gas in the pure water in the cleaning bath.

After further researches, the present inventor
achieved the present invention. Specifically, the
cleaning method of porous surface according to
Embodiment 3 of the present invention is the method for

20 oxidizing the porous surface into a hydrophilic surface
so as to facilitate occurrence of the cleaning effect
in the high-frequency cleaning with pure water and for
rembving the dust particles of substrate surface from
the hydrophilic surface by the pure-water high-

25 frequency cleaning. When a single-crystal silicon film
is epitaxially grown on the porous silicon surface

after the etching removal with dilute HF solution,



the range of 200 kHz to 5 MHz, but it discloses application of the
hi gh-frequency ul trasoni c wave to hydr ogen per oxi de and ammoni a
(chem cal s) and di scl oses not hi ng _ahaut cl eani ng of porous substrate
Wi th pure 5 water. Al so, Japanese Lai d-~Qpen Patent Application No.

6- 275866 di scl oses i nmersion of porous sem conductor in pure water
with the ultrasonic wave bei ng applied fhereto, but the imersion in
pure water is purposed to i nprove light emtting characteristics and

is not for 10 jpmddigaRdl EB befdrdithe eRTAAAENL ?Qg%*w{th g fﬁh%q
ultrasonic wave at all. Further, Research Repor t he Institute of
El ectronics, |f§ﬂ¥£§ﬁé(akﬁﬂ§jﬂilmﬂbﬁ @¥riows silicon substrate from
which such dust particles have been removed, the
single-crystal silicon film with good quality can be
5 formed.
(Embodiment 4)

The cleaning method of porous surface according to
Embodiment 4 of the present invention is a method for
oxidizing the porous surface into a hydrophilic surface

10 so as to facilitate occurrence of the cleaning effect
| in the high-frequency cleaning and for superimposing
the high-frequency ultrasonic wave on a liquid for
cleaning of the porous surface made hydrophilic,
thereby removing the dust particles on the substrate
15 surface.

The cleaning method of porous surface according to
the present embodiment is not limited to specific
materials of substrate if the substrate has the surface
of the porous structure. For example, applicable

20 materials include the semiconductor materials of Si,
GaAs, and the like, ceramic materials, and so on.
Further, the cleaning method of porous surface
according to the present invention can also be applied
for removing the dust particles adhering to the

25 substrate surface having such structure that a film of
semiconductor thin film of amorphous Si, polycrystal

Si, GaAs, or the like or a layer of metal thin film is



Engi neers, SDWB5-86, |CDO5-95, pp. 105-112, July 1995, descri bed
above as prior art, discloses cleaning of 15 bul k substrate with

chem cals to which the ultrasonic ' _wgye_is applied and rinsing
thereof with pure water to whi ch thé hi gh-frequency wave is appli ed,
but discloses not hi ng about cleaning for renoving the dust particles
on the porous substrate with pure water. 20 On the other hand,
anot her problem specific to the ul trasoni c cl eani ng of porous

silicon is gengieposAted by chemikidibh@podltepdsite@p B8 the like on GAs
taken into the inside of porous silicon during t he anodi zati on
process or durithg dntdithdlheedadl strfates?2bf podreshafygesd @orowk t he pores as

being replaced with pure
substrate, as shown in Fig. 2.
In the case whefein the layér of the semiconductor
5 thin film or the metal thin film is formed directly on
the internal wall surfaces of pores of the porous
substrate as shown in Fig. 2, the layer of
semiconductor thin film or metal thin f£ilm may be
formed after the substrate surface oxide film and the
10 internal wall oxide film formed by the hydrophilic
process are removed.

As described previously, porous silicon
immediately after anodization has the hydrophobic
surface, because the conc HF mixture solution is used

15 as an electrolyte solution. When an oxide film is
formed on this surface, this surface becomes
hydrophilic. If the surface is hydrophilic and even if
bubbles are generated in high-frequency cleaning with
non-deaerated pure water, the bubbles will not adhere

20 to the substrate surface, whereby the high-frequency
cleaning with pure water can demonstrate the cleaning
effect with high removing rate.

Specifically, when the substrate is made
hydrophilic by low-temperature oxidation before the

25 cleaning step S,, as shown in Fig. 14, even with
generation of bubbles on the hydrophilic substrate

surface similarly, the substrate surface is stable and.



water during the ultrasonic cleaning, and in the hydr ophobi ¢ case, it

adheres in the form of bubbles to - 24
- the substrate surface. The bgb?beg | npede propagati on of
ultrasoni c wave and degrade the renoving eftect of dust particle,

and they pronote adsorption of dust particles, thus becom ng a cause

of

re- adhesi on of dust 5 particles to the Substrate.

10

15

20

25

shows a good wetting property to pure water and,
therefore, the substrate surface is always covered with
pure water, thus preventing the bubbles from adhering
thereto.

Accordingly, the dust particles collected by the
bubbles are prevented from transferring to the
substrate and do not impede propagation of high-
frequency wave, thus demonstrating the cleaning effeét
sufficiently.

As described, the pure-water highéfrequency
cleaning of hydrophilic substrate does not need to
perform the countermeasure of the regular lift
operation of substrate, the deaeration process of pure
water, or the like, and the high cleaning action can be
expected by keeping the substrate immersed in the pure-
wéter high-frequency bath during cleaning even with
generation of bubbles as in the case of the deaerated
pure water.

It is well known that the surface of silicon oxide
film is hydrophilic. Howevér, the present inventor
discovered that the low-temperature-oxidized surface of
porous silicon is also hydrophilic similarly.

As already described with Fig. 13, this low-
temperature oxidation process is carried out as a
process before epitaxial growth on porous silicon in
order to decrease the structural change of the porous

structure during the heating process at high



Bubbl es are al so generated by the other factor than the substrate

structure. In general, bubbles are gener at ed because of the
cavitation in the case of the | ow f riequency ul trasonic wave, while
they are generated 10 because of the di'ssolved gas in pure water in the
case of the high-frequency ultrasonic wave. Small bubbl es

adhering to the porous silicon surface cannot be renmoved by the

hi gh-frequency cl eaning w thout use of shock wave, but they can be
renoved by i nt idiigdtses 1 vhicH iifd Nt M Hepediaha ouhht@lodfiagour e

wat er during the ul trasoni ¢ cl eani ng. On the other hand,

t hough not | i mfgd dHe idiRaning ofulthedpidisend GaRighEtidit ch-type cl eaning
for setting

The low-temperature-oxidized film is also formed
by intrusion of oxide atom into the crystal lattice of

5 substrate surface, similarly as in thermal oxidation,
and if the dust particles are present on the surface it
will be also formed at the interface between the
particles and the substrate. The oxide film is removed
from the surface by etching of oxide film together with

10 the dust particles having adhered during the oxidation
. step.

However, the dust particles willlbe brought into
the etching bath unless the surface of oxide film
before etching is clean. It will cause the dust

15 particles to re-adhere to the substrate after etching.

For this reason, the cleaning after the oxidation
step is carried out preferably before exfoliation of
the oxide film by etching.

Accordingly, in Fig. 14, porous silicon is made

20 hydrophilic by oxidation or the like, thereafter it is
subjected to the high-frequency cleaning with pure
water to effectively remove the dust particles from the
surface and to create a clean oxide film surface,
exfoliation of the surface oxide film with the dilute.

25 HF solution is carried out immediately before epitaxial
growth or the like, and then the epitaxial growth or

the like is carried out, thus providing a clean porous



pl ural substrates together on a carrier and imrersing 20 themin a

cl eaning bath has a problemthat the cl eaning carrier of

pol ytetrafl uoroethylene (e.g., Teflon), us ﬁ _ for supporting the
substrates during cleaning, is norn§ |y charged when sinply inmersed
In pure water, whereby the substrate at the position of carrier end
is 25 i nductively charged to adsorb the dusSt particles. | t
is al so possible to enploy carrierless batch cl eaning at present, but

in the case of éﬂfidﬁﬂwgd?face that can be used in the semiconductor?5 -
processes.
In addition, the dust particles on the oxide film
surface, which might be a cause of re-adhesion of dust
5 particles in the dilute HF etching step, are already.
removed so as to secure the clean oxide film surface,
whereby the dust particles are little brought into the
dilute HF liquid bath, thus relieving the problem of
re-contamination.

10 As described, the difference of the fabrication
method of Fig. 14 from Fig. 13 is that the high-
frequency cleaning with pure water carried out on the
hydrophobic surface after the oxide film removing step
of porous silicon surface with the dilute HF solution

15 between the thermal oxidation step and the epitaxial
growth step is changed to6 the pure-water high;frequency
cleaning carried out on porous silicon having the
hydrophilic surface between the oxidation step and the
dilute HF etching step.

20 With this change of timing of cleaning, the dust
particles on the porous silicon surface can be removed
effectively without a need for the countermeasure
against adhesion of bubble, such as the regular
substrate lift operation during cleaning or the

25 deaeration of pure water.

The hydrophilic process may be made using the

oxidation action with ozone water or hydrogen peroxide



bei ng used, a dummy substrate, used only during cl eaning, is placed

at the carrier end, whereby the dust particles can be prevented from
adhering to the substrates at the other_carrier positions. In the
case 5 wherein the porous silicon layer 1s forned only on one

surface, the dust particles can be prevented from adhering to the
porous surface, by reversely setting t he porous silicon substrate at
the carrier end and normal |y setting the other substrates. This is a

10  counter neagHi8ri BekBBiBadcheteiA8FBELChifikEEAANEE EHE, thermal inN the
case of single wafer spin cleaning for cleaning
oxidation. 1In this case, though immersion of substrate
is sufficient, it is more preferable to apply the high-
frequency ultrasonic wave thereto. Examples of the
5 hydrophilic process include dry oxidation processes,
such as atmospheric pressure oxidation in a high-
concentration ozone gas ambience or in a high-
concentration oxidizing ambience, or a process by
plasma oxidation under reduced pressure using the
10 aforementioned gas as a base raw material.

On the other hand, there are many dust particles
‘adhering to the hydrophobic surface after anodization.
When it is put into a thermal oxidation system, the
dust particles, depending upon the types thereof, would

15 come to firmly stick to the surface, and would be a
cause of contamination of the oxidation system.

In the fabrication flow shown in Fig. 14, cleaning
takes place in combination of the deaeration process of
dissolved gas in the pure water with the high-frequency

20 cleaning with pure water of hydrophobic surface (step
S,).

Such a cleaning step including the deaeration
process can be replaced by the cleaning method of the
present invention as shown in Fig. 15. The step S,, of

25 Fig. 15 is according to the cleaning method of porous.
surface based on the second embodiment of the present

invention, wherein high-frequency cleaning takes place



the substrate surface under rotation with a pure water shower on
whi ch the high-frequency ultrasonic wave is superinposed, this

operation becones unnecessary. 15

wat er shower,
char gi ng

a

problemis adsorptron of dust particle due to
of the substrate caused by triboelectrification between

a nozzle and flow ng water, but this problemcan be avoi ded by
decreasing the specific resistance of pure 20 water by superposition of
hi gh frequency yawh puteiater in Whéch o2dnediw dissbawed.is utilized,

I S necessary

to renove the dust particles only by high-frequency

vi bration and to con@isciwedlle&miowt,Urther parehwateat erith ozonepddssoiwed
condition as to avoid col |l apse of porous

10

15

20

25

therein has strong oxidizing action. The removing
effect of organic matter greatly depends upon the
oxidizing action of organic matter. The strong
oxidizing action of the ozone pure water can be used as
the hyd:ophilic process of hydrophobic surface, and has
an effect to create the hydrophilic surface by
oxidizing the porous silicon surface after anodization.
If the hydrophilic surface thus created is subjected to
the high-frequency cleaning, the hydrophilic process
and high-frequency cleaning will be performed in one
step.

In addition, even if the ozone pure water intrudes
into the pores of porous silicon like the pure water,
it can be eliminated readily as vapor or oxygen gas by
heatihg after the process, thus leaving no negative
effect on the subsequent steps.

The oxide film over the porous silicon surface and
over the internal walls of holes made by the ozone |
water containing ozone in the concentration of about 10

to 13 % is removed by etching with DHF, which was

carried out conventionally for the purpose of removing

the native oxide film prior to the low-temperature
oxidation step.
The high-frequency cleaning with the ozone pure

water demonstrates the effect on the hydrophobic porous

the cleaning with the pure

it



25 silicon. As descri bed above, the present enbodi nent can
renove the dust particles on the surface with only the

- 26 - pure water and hi gh-freque ultrasonic wave w thout
col | apse of porous silicon. In the case wherein dust particles
new y adhering to the surface of porous silicon substrate with the

silicon surface, but no problem will arise if it is
applied to cleaning of oxidized porous silicon already
having the hydrophilic surface. Accordingly, the
cleaning method can se used for cleaning of porous

5 silicon both after anodization and after low-
temperature oxidation.

Further, from the viewpoint of the hydrophilic
process of porous silicon by wet oxidation, it is also
possible to employ high-£frequency cleaning with

10 hydrogen peroxide solution (H,0,/H,0) of about 2 % or
less diluted with pure water, in addition to the ozone
water.

This is also cleaning with chemicals, but hydrogen
peroxide can be eliminated readily in the same manner

15 even if it intrudes into the inside of pores of porous
silicon. Thus hydrogen peroxide leaves no negative
effect on the subsequent steps.

The fabrication flow of Fig. 15 may be modified as
shown in Fig. 16 wherein low-temperature oxidation

20 takes place after the high-frequency cleaning with pure
water in which ozone is dissolved. An oxide film is
formed by the ozone pure water on the porous silicon
surface after anodization, and the low-temperature
thermal oxidation process achieves uniform oxidation

25 proceeding deeply into the holes of the porous inner
walls. In addition, there is no need to dare to remove

the oxide film formed by the ozone pure water. Thus,



5 porous internal walls thermally oxidized re-adhere to a

hydrophobi c surface after the oxide filmof the out ernost surface

| ayer is etched in a diluted hydr of | uor 6% aci d reservoir, the dust
particles can al so be renoved by the &Bgh-frequency uItrasonic 10
cleaning in pure water. (Enbodi nent 2) As descri bed
previously, it was found by the research of the present inventors

t hat even several hundred dust particles not |less than 0.3 pm
obt ai ned 15 om t he | ﬁ reflﬁctlon i ntens ¥ di st |b tion,

adhered to the s& al&t %3 BuExEP F@SﬁoguﬁgFPakg ore’th ©h&®¥ig t he porous

structure which W%%p@@%%qu thermal oxidation becomes unnecessary, thus
further decreasing the steps as shown in Fig. 16.
It is known that the surface of hydrophobic
5 substrate becomes hydrophilic after APM cleaning, but
APM cannot be used for the hydrophilic process of

hydrophobic porous silicon as described previously.



anodi zation and rinsed with pure water, in the 5-inch- di anet er

wafer (Fig. 28). The conceivabl e causes of 20 adhesi on of dust particle
i nclude those mxed in the anodi zatian apparatus and in the

el ectrol yte solution, and the dust generated by the workers during

t he process, and it is also conceiv ng that t he porous

silicon surface becones hydrophobi ¢ becaus anodi zation in the

hi gh- concentrati on hydrofluoric electrolyte solution, so that the

silicon substrate beconmes easy to charge electrostatically so as to

A semiconductor substrate made clean in a manner of the
present invention as explalned above which substrate has a
porous surface may belsuitably used for a preparation of a
semiconductor device such as MOS-FET. Figs.29A through 29F
are cross-sectional views to scChematically show an example
of processes of such a semiconductor device.

As shown in Fig.29A, silicon substrate 40, which has
been made clean in the above-ezplained manner, is comprised
of non-porous silicon;single crystal region 42 (,i.e. Bulky
silicon region) remalnlng without being made to be porous
and porous silicon single crystal layer 41. First, silicon
substrate 40 was heated at 400°C for 1 hr in oxygen
atmosphere, whereby oxide films were formed on inner walls
of pores of porous silicon single crystal layer 41 and a
surface of porous silicon single crystal layer 41,
respectively. It is for preventing silicon atoms from a
migration in the porelas the result of the raising of
temperature in a process of forming an epitaxial layer at a
later stage and so forth and the pores from f£filling up as
the result of the mig;ation that the films were provided.

Next, the surface of porous silicon single crystal
layer 41 was treated with hydrofluoric acid, to remove the
oxide film on the surface of porous silicon single crystal
layer 41, leaving theioxlde films on the inner walls of the
pores. Then non-porous silicon single crystal layer
(epitaxial layer) 43 of 0.3um in thickness was made to grow
epitaxially on porouslslllcon single crystal layer 41 by CVD
method, as shown in Fig.29B. BAny of molecular beam
epitaxlal method, plasma CVD method, reduced pressure CVD
method, light CVD method, llquld-phase growth method and

sputtering method canjbe used for forming such non-porous
silicon single crystal layers as layer 43. Although it is . -
possible to set up arbitrarily the thicknegs of non-porus
silicon single crystal layer 43 without limiting it to the



- 27 - adsorb the dust particles. Therefore, prevention of

adhesi on of dust particle is not easy. R Si nce the porous
structure is fine and dense and has | ong pgnhgs, use of chemicals in
chem cal wet 5 cleaning as in the conventional cleaning wl |
result in deep intrusion of the chemcals into the I nside of the
pores, so that it becones difficult to “elinminate the chenlcals
conpl etely even by pure Waterva , r|n5|ng for a long tine, gn

on
negativel y affgggge iy Ongéthrgﬂ%h ;hQJ ess. %f QFE?Fa gfowt h.

Next, as shown 1n F1g 29C, the surface of non-porous
silicon single crystal'layer 43 was partially oxidized, to
form oxide £ilm of 200nm in thickness, as insulating layer
44. Although it is also possible to set up arbitrarily the
thickness of insulating layer 44 without limiting it to the
above-mentionad value, |the layer is typically formed in a
range of 50nm through 2um in thickness.

Next, as shown in!|Fig.29D, another silicon substrate 45
was laid on top of insulating layer 44 and then the laid
faces of them were stuck on each other. Next, the resultant
was heat treated at 1180°C for 5 minutes to adhere the faces
to each other. As the|result, silicon substrate 40 as the
first substrate and silicon substrate 45 as the second
substrate were sdhered|to each other through insulating
layer 44, so that multi-layer structure 50 wherein non-
porous silicon single crystal layer 43 was located was
formed as shown in Flg 29D.

Next, as shown 1n:Fig.2QE, non-porous silicon single
crystal region 42 was removed from the above-mentioned
multi-layer structure 50, to expose porous silicon single
crystal layer 41 in a manner as described in the following:
First, non-porous silicon single crystal layer 42 was ground
by a grinder so as to leave the layer 42 in a slight
thickness from the border with porous silicon single crystal
layer 41, followed by rem0v1ng the remaining non-porous
silicon single crystal !region 42 fxom by means of dry-
etching. Besides such:!a grinding method, it is able to
employ a method of separating non-porous silicon single
crystal region 42 from multi-layer structure 50 on the basis
of porous silicon single crystal layer 41 as the border.
Since the mechanical strength of porous silicon crystal
layer 41 is lesser than that of non-porous silicon single
crystal region 42, nonsyporous silicon single crystal layer
43 and so forth, it 1slp0351ble to separate non-porous -
gilicon single crystal !region 42 without causing damage to
non-porous silicon single crystal layer 43, by giving
between silicon substrate 45 and non-porous silicon single
crystal region 42 a force of pulling apart in a direction
perpendicular to the surface of the substrate or a shear

- force in a direction parallel to the surface of the
substrate. As an example of other methods of separating
non~porous silicon single crystal region 42 capable of being
used, methods of inserting s wedge-shaped member or blowing
water jet to porous silicon single crystal layer 41 are
exemplified. Further, |it may be used another method
comprised of setting up in advance a region of which the °
porosity showing a ratio of a volume of pores to a volume of
silicon is larger thanlthat of other regions, and then
separating non-porous silicon single crystal region 42 using
the region as a reparation face. Thus, such methods of
separating non-porous silicon single crystal region 42 as
mentioned above are capable of baring porous silicon single
crystal layer 41 in a short time, so that the semiconductor
device can be manufactured efficiently. Further, it can be
also used a method comprised of removing from the separated



This problemresults fromthe structure of porous silicon and the
experience of the present inventors is .not peculiar. It can also be
consi dered that the reason why positiyve cleaning of porous silicon
surface 15 does not have been conduct éd heretofore is based on the
sanme probl em ' Enbodi ment 1 was tKHL} rface cl eani ng net hod of
the fine and fragile porous structure, for which no preferred
cl eaning met hod had exi sted before, and was 20 t he net hod for cleaning
the surface of porous structure with the pure water on which the
hi gh-f requency ul trasonic mave the frequency o; which is in the
range ngggggFg icon sing§e crysf 1aye§&§§9:h cﬁﬁﬁgmaln after
the separation and then flattening the region as occasion
demands, followed by making it porous partially, to utilize
non-porous silicon single crystal region 42 as such silicon
substrate 40 as shown in Fig.29A.

Next, as shown iniFig.ZQF, porous silicon single
crystal layer 41 was removed by etching, to form on silicon
substrate 45 so-called |SOI (silicon-on-insulator) substrate
§1, which has thin non<porous silicon single crystal layer
43 through insulating layer 44. A chemical etching method
where an aqueous solution containing hydrofluoric acid and
hydrogen peroxide water is used as an etchant was employed
for the etching of porous silicon single crystal layer 4l.
The etching rate by such an etchant on porous silicon is
1x10° times greater than that on non~porous silicon.
Accordingly, it was ahle to remove selectively and
controllably porous szlzcon single crystal layexr 41, 1eaving
flat non-porous silicon single crystal layer 43 whlch is
uniform in thickness. |

Lastly, SOI substrate 51 shown in Fig.29F was heat
treated at 1100°C for 1 hr in hydrogen atmosphere, to
further flatten the surface of non-porous silicon crystal
layexr 43. Mean square jroughness of the surface after this
heat treatment measured by interatomic force microscope was
about 0.2nm. !

Using non-porous silicon single crystal layer 43 of SOI
substrate 51 formed inisuch a manner as described above, it
is capable of manufacturing a semiconductor device such as
MOS-FET, DRAM, 'solar cell and so forth through a well-known
semiconductor process.;

In the above—mentioned example, it was a silicon
substrate that was used as the second substrate. However,
also a photo—transmittable substrate such as quartz
substrate and glass substrate can be used. When such a
photo-transmittable substrate is used therein, the product
can be suitably used for photo-sensor, liquid crystal
display and so forth. !When the second substrate is :
comprised of an insulating material such as guartz substrate
and glass substrate, or when using as the second substrate a
silicon substrate where;n an insulating layer such as Si0,
layer was formed on the adhered face, insulating layer 44 in
Fig.29C is not indispensable. However, if non-porous
silicon single crystal |layer 43, on which a semiconductor
device is to be formed [in a future process, should be ’
separated from the adhered face as far as possible to
protect it f£rom an influence of an impurity and so forth, it
ig desirable to form an insulating layer on non-porous
silicon single crystal!layer 43.



from600 kHz to 2.0 MHz, nore preferably in the range 25 of from 800 kHz

to 1.6 MHz, is superinposed. When the ultrasonic cleaning is
carried out with pure water, such a phenpnenon is observed that

bubbl es -+ - 28 - are al so
generated in the pure water in the high- _frequency case, especially,
t hat bubbl es adhere to the por ous sﬁ*ﬁqain surface having a

hydr ophobi ¢ surface

Examples
The present invention will be described in further
detail with examples. Examples 1 and 2 are examples of
Embodiment 1.
5 <Example 1>
Porous silicon substrates used in cleaning were
prepared by forming a porous silicon layer 10 um thick
on one side of p*-type 5-inch-diameter silicon substrate
RCA-cleaned, by anodization, and then they were
10 subjected to pure-water rinse and spin drying. Then
the number of dust particles was measured for each
sample using a surface dust particle inspection system.
Next, the above porous silicon éubstrates 3 were
set in the order of anodization batches on a cleaning
15 carrier 4 in a quartz bath 2 under over flow of pure
water 1 as shown in Fig. 17. Then they were cleaned as
applying the high-frequency ultrasonic wave of the
frequency of about 1 MHz and the power of 150 W in
parallel with the substrates 3 from an oscillator 6 of

20 high-frequency ultrasonic bath 5 through the quartz



after renoval of surface oxide film 5 The bubbl es adhering to

the surface are not easy to renpove, especially, when cleaning is
made with the substrate to be cleangd. being set in a pure water bath
on which the ultrasonic wave i s superinposed. Specifically, the
smal | bubbl es adhering to the 10 substrate are not renoved even by

fl owi ng water during cl eaning and the bubbl es, while being stil

smal |, cannot nove on the substrate surface by only buoyancy

of thensel ves, oyt o be fixed thereon. The bubbles I npede

propagation of ultrasonic wave so as to degrade 15 the cl eaning effect,
and al so draw fine dusiupardiXic®sn substrate thRGAHE s@tie was pPlaced

gas-liquid interface, in turn
as a dummy for cleaning at the carrier end, and the
substrates were cleaﬁed in the pure water for 20
5 minutes as eliminating the bubbles adhering thereto by
lifting the substrates together with the carrier 4 out
of the pure water every five minutes.
For evaluating the removing effect of dust
particle, the substrates were subjected to spin drying
10 after cleaning and then measurement of dust particles
was carried out. The same cleaning was again conducted
for 20 minutes more and then measurement of dust
particles was conducted.
The measurement of dust particles was evaluated in
15 the mode to measure dust particles of sizes not less
than 0.3 um, attained from the laser reflection
intensity distribution in the 5-inch substrate surface,
Fig. 18 shows changes in the number of dust
particles with this series of cleanings. In this
20 figure values of % indicate removal rates. Fig. 18
does not include data of the dummy 7 at the carrier
end.
As shown in Fig. 18, it is seen that the dust
particles extremely increase after anodization
25 (indicated by B in the drawing) as compared with the
number of dust particles on the substrate surface after

RCA cleaning (indicated by A in the drawing) (which is



contam nating the substrate surface to be cl eaned, by t he dust
particles. Thus, Enbodi nent 1 was the nethod for avoiding 20
such probl em of contanination of the cleangg substrate due to
generati on of such bubbles, which was the nethod for realizing the
cl eaning effect by the high-frequency ul trasoni c wave as avoi di ng
the contam nation due to t he dust particles, by regularly lifting
the cleaned 25 substrate out of the pure water bath during cleaning to
t her eby renove thae dalbldeta as in Fig. Bi descAbedd pFBvilbuglst)at eshef

bubbl es renai ni ng
classification of L1, L2, and L3 in the bar graph of
Fig. 18 indicates rough classification of sizes of dust
particles based on laser reflection intensities from
5 the dust particles, and they become greater in the
order of L1, L2, and L3 (i.e., L1 < L2 < L3).

Since the dummy substrate was placed at the
carrier end, the data of anodization 1 batch was not
dependent on contamination from the carrier, but on the

10 order of batch of anodization.

Porous silicon conventionally used was the one
cleaned only by pure water rinse and thus having the
surface contaminated with dust particles.

When it was cleaned for 20 minutes by the high-

15 frequency ultrasonic cleaning in the pure water
according to the present invention (C in the drawing),
13 % to 51 % of dust particles were removed from the
surface. Further, the adhering bubbles were eliminated
similarly by lifting the substrates together with the

20 carrier 4 every five minutes. The 20-minute cleaning
(D in the drawing) removed 63 % to 84 % of dust
particles as compared with the data after the pure
water rinse (B in the drawing) following anodization.
The data of dust particle inspection system after

25 cleaning showed no roughness change due to collapse of

porous silicon substrate.

Exclusion of the removal of bubbles resulted in



- 29 - on the wafer. Fig. 3Aillustrates positions and the

nunber of dust particles not less than 0.2 pmon a 5- I nch-di anet er
bul k waf er surface where only imersion _ _was conducted but renoval of
bubbl es was not carried 5 out in the ultrasonic cleaning in pure

wat er, and Fig. 3B simlarly illustrates positions and the nunber of
dust particles where renoval of bubbles was carried out by lifting
the wafer every five mnutes. The nunber of dust particles is 450 in

Fig. 3A while idpdervding RHed Hhenomenon that fine dust particles,
particularly, of the Ll size collectively adhered to
the substrate so as to traverse the substrate along the
bubble rise direction (coincident with the ultrasonic

5 propagating direction in the example).
<Example 2>

Next described is an example of the high-frequency
ultrasonic cleaning after the low-temperature oxidation
and the removal of surface oxide layer, which are

10 preliminary treatments indispensable to epitaxial

_growth on the porous silicon surface.

The porous silicon substrates cléaned by the high-
frequency ultrasonic cleaning with pure water after
anodization in Example 1 (D in the drawing) were

15 subjected to the low-temperature oxidation in an oxygen
ambience at 400°C and for one hour (E in the drawing)
and measurement of dust particles was carried out.

Then new dust particles adhered thereto as shown in
Fig. 18.

20 The new dust particles adhered in the oxidation
furnace and during the operation of the step and, in
the case of porous silicon subjected to only the
conventional pure water rinse, they were added to the
number of dust particles immediately after anodization.

25 Then the substrates were set on the carrier in the
same method as described above and were immeréed in

diluted hydrofluoric acid. Then the pure-water over-



10 3B. As apparent from conparison between Fig. 3A and Fig. 3B,

the dust particles aggregate densely along the bubbl e rise direction
(indicated by the arrow in each drawing) when the renoval of bubble
s not carried out, whereas the renoval of bubble relieves this
tendency. 15 When porous silicon having the hydrophobic surface

is cleaned by this cleaning nethod for 20 m nutés by superi nposi ng
the ultrasonic wave of 950 kHz on an ordi nary-tenperature over-fl ow
pure water batheagg nigh-fréihbh8g hierssbsiéatresneny hayecarpibéasoapt of
the 20 pure water bath for renpval of bubble, approximtely 30 %

to 40 % of dustjpaghbCbe8anViCByseen Ure§lelvp cefepkample 1 Betoze, can be
renoved fromthe surface of porous

minutes as eliminating the adhering bubbles by lifting

the substrates tdgether with the carrier 4 every five

5 minutes (F in the drawing). As shown in Fig. 18, 54 %

to 80 % of dust particles were removed as compared with

the data immediately after oxidation and the number of

dust particles was not more than 65 in either one of

the porous silicon substrates.

10 This is considered to be the synergistic effect
with the removing action to 1lift off dust particles
from the surface in the oxide film exfoliation step.
However, only the conventional, diluted hydrofiuoric
acid and pure water rinse results in detecting

15 approximately several hundred of dust particles,
because the dust particles once lifted off re-adhere to
the substrate because of the flowing-water charging of
hydrophobic substrate. Therefore, the above effect can
be considered as a result that the high-frequency

20 ultrasonic cleaning effectively achieved removal of
dust particles and prevention of re-adhesion thereof.

In addition, no anomaly was detected on the porous
silicon surface after cleaning, as in Example 1.
Now described is the removing effect of adhering

25 bubbles in the high-frequency cleaning in pure water.
carried out in Example 1 and Example 2.

Adsorption by bubbles is outstanding with fine



substrate. Wth further repetition of the sane cl eaning for 20
m nutes nore, 60 %to 80 % of the dust 25 particles before cleaning can

be renoved. Such fixing of bubbl does not occur on a
hydr ophi l i c porous silicon surface having an oxide film
- 30 - on the surface, and the bubbles quickly rise to be

elimnated, so that contam nation of the substrate due

dust particles and the collectively adhering state
thereof to the substrate surface is outstanding. In
the ultrasonic cleaning, however, generation of bubbles
from dissolved gas in pure water is observed even in

5 the high-frequency band as described previously. When
the porous silicon substrate is further dried, bubbles
are supposed to be generated because the gas (air) in
the pores thereof are replaced with pure water to be
discharged out of the pores. In order to clarify what

10 is the origin of the bubbles adhering to the substrate
surface, evaluation thereof was conducted by the dust
particles not less than 0.2 uym on a hydrophobic bulk
substrate surface without any porous structure formed
therein.

15 o Fig. 19 is a drawing to show the result of
meésurement of the number of dust particles conducted
in such a way that bulk substrates were preliminarily
cleaned by RCA cleaning to minimize the number of dust
particles on the surface, they were immersed in diluted

20 hydrofluoric acid, thereafter they were rinsed with
pure water for 5 minutes, they were dried by spin
drying, and then the number of dust particles was
measured. It is apparent that the number of dust
particles on the substrate at the carrier end is larger

25 than those on the substrates at the other positions.
This is considered to be due to inductive charging of

the closest wafer induced by carrier charge, as well



to the dust particles can be avoided. Thus, al nost 90 % of dust

particles were able to be renoved by the 5 hi gh-frequency ul trasonic
cleaning without regular lift of quﬁ}[gte. In

Enbodi ment 1, the dust particles were renoved by the cl eani ng net hod
for cleaning the cleaned substrate with the pure water on which the
ultrasonic 10 wave in the high-frequency region is superinposed and

for regularly lifting the cleaned substrate out of the pure water
bath during cl gafdf. Numbers indiB¥¥ih ot PUBARILorEI N G@ReS Wherein
further renmoval of dust particles is desired dependi ng upon 15

pur poses of use&irawfng rdgresdiny sl aiinereidodHd @rafer carrier
frequently used heretofore in the semiconductor
industrial fields, and slots are formed at equal
5 intervals of the pitch of 5 mm from 1 to 25 from the
carfier end.

.Fig. 20 is a drawing to show numbers of dust
particles where the high-frequency cleaning of the
frequency 1 MHz and the power 150 W was carried out in

10 the above five-minute pure-water rinse step. As shown
in Fig. 20, the high-frequency cleaning decreases the
number of dust particles on the substrate, but,
depending upon the slot position of wafer carrier, some
substrates show an extreme increase of fine dust

15 particles (Ll) on the contrary.

The increased dust particles aggregated densely in
parallel to the bubble rise direction and the
ultrasonic propagating direction from the slot position
in the carrier and from the position distribution in

20 the substrate.

This proves that simple ultrasonic cleaning in
pure water results in contaminating the substrate with
dust particles against the purpose.

Fig. 21 is a drawing to show numbers of dust

25 particles where only the dust particle measuring
surface of the substrate at the carrier end was

reversely set with respect to the carrier side, the



cl eaning period of tine were prolonged in the ultrasoni c pure water

in order to further renove the dust particles, a native oxide film
could be fornmed because of the pure,water, in addition to the

probl em 20 of reduction of work efficienCy. This cleaning effect

I's not inproved by raising the tenperature of pure . water .

The nethod for regularly lifting the substrate out of the pure water

bath during cleaning would be 25 extrenely cunbersone works, for _
exampl e, if thgther waPe?@Niind thaOdadrialy wekel Abemadflyvaeker anfurther, it

I's not easy to perfectly avoid generation of bubbles
removal of bubbles was conducted by repeating the
operation of lifting the substrates together with the
.carrier out of the high-frequency pure water bath every
5 five minutes and again immersing them into the pure
water, for 20 minutes. |
Although the effect by the cleaning time did
exist, the removal of bubbles decreased the number of
dust particles at each position in the carrier to the
10 level equivalent to those with the pure-water rinse
after RCA cleaning (Fig. 19), when compared with Fig.
20, and suppressed the aggregation of dust particles in
the substrate.
It became clear from the above results that the
15 cause of contamination of substrate by dust particles
was generation of bubbles and adhesion thereof to the
hydrophobic substrate surface due to the high-frequency
ultrasonic wave from pure water.
From this, though the substrates were lifted up
20 out of the pure water every five minutes in the above
examples, the cleaning effect can be enhanced further
by repeating the lift operation of substrate every
short time within the same cleaning period so as to
further decrease the number of adhering bubbles in the
25 cleaning period of time in pure water.
The dust particles on the reversed substrate at

the carrier end also decreased similarly, and it will



- 31 - and adhesion thereof to the substrate during cleaning

even by carrying out the bubble renoving operation based on the
regular lift, and a further inprovement is., _ desired in ternms of
reproducibility and stability of 5 cl eani ng. Thus,

Enbodi nent 2 was achieved as a result of further research, which is
a nethod for cleaning the substrate with pure water from which

di ssolved gas is

be clarified whether this is due to only the high-
frequency cleaning or due to the synergistic effect
with the reverse setting.

Bulk substrates each at the carrier end were

5 normally and reversely set and were subjected to the
RCA cleaning with the highest cleaning performance, and
then the number of dust particles not less than 0.2 um
was counted on each substrate.

Fig. 22 shows the numbers of dust particles after

10 cleaning in the normal state and Fig. 23 shows the
numbers of dust particles after cleaning which was
conducted with the bulk substrate being set in the
reverse state in the slot at the carrier end whefe the
influence of inductive charging was greater from the

15 carrier.

In the normal state the number of particles on the
substrate at the carrier end is prominent as in the
case of immersion in diluted hydrofluoric acid, but in
the case of the reverse setting, the number is so small

20 as to show 1ittle.difference when compared with those
of the other substrates.

From this, it is understood that the effect of
prevention of adhesion by the setting method is also
included in the decrease of number of dust particles

25 after the high-frequency cleaning of reversely set
substrate in Fig. 21.

As described, for carrying out the high-frequency



deaerated, thereby preventing contam nation of the 10 substrate due to
the dust particles in the pure water, caused by generation of
bubbl es and adhesi on thereof to t he bstrate during the ultrasonic

cl eani ng. In cleaning of sem conductor substrate, it is

known that (err] and CJerr] are deaerated for antioxidation on 15 t he
sem conduct or substrate. However, N err], reducing gas, was not
consi dered specifically to be a problem but, on the contrary, the

cl eani ng wat er dyasrdisRf M téhé\l%atch t ﬁealsaw N i liGdr@ ioH Whdhiie

concentration thereof

wat er of 20

beB Y itfdr] @o th&%eﬁtﬁs@&ueﬁww thize St tirat e @ ahedf

bubbl es generated with ultrasonic waves of frequencies

10

15

20

25

carrier end and the prevention of adhesion of bubble.
The above examples were described as specific
examples using the batch-type cleaning apparatus, but
it is noted that the cleaning effect of the present
invention is not limited by the configuration of
apparatus.
Similarly, the conditions including the frequency

and high-frequency power, the cleaning period of time,

~ the temperature of ligquid, etc. are just an example for

verifying the cleaning effect of the present invention,
and the present invention is limited only by the
frequency band (from 600 kHz to 2 MHz), but the other
conditions can be set arbitrarily.

Specifically, the examples of the present
invention described examples where the high-frequency
wave was superimposed on pure water, but, from the fact
that the removing effect of organic matte? and dust
particles is well known where a small amount of
surfactant, ozone, or the like is added to the pure
water, methods in combination of these with the high-
frequency cleaning of porous silicon surface specific
to the present invention can be readily achieved from
tﬁe present invention.

Further, the above examples showed the examples of

silicon semiconductor as a substrate material having

17.8 ppmat 25[err]C and 6.7 ppmin warm pure



of 47 kHz and 950 kHz and w th changi ng concentration of residual
oxygen for the pure water of 25[err]C contai ning N2, as shown in
Fig. 4. The nunber of 25 bubbl es generq&ﬁd'in t he case of the frequency
of 950 kHz was greater than that in e case of the frequency

of 47 kHz. At 5 ppm 100 or nore bubbles were

- 32 - generated in either case and these bubbles were found

the porous structure, but it is apparent in the above
description that the object of the present invention is
to clean the substrate having the fine, dense, fragile,
porous structure in its cleaned surface. Thus, the

5 cleaning method of the present invention can be applied
to any substrates having the similar porous structure,
and the invention is not limited by the substrate
material.
<Example 3>

10 Examples 3 and 4 are examples of Embodiment 2. A
film deaeration apparatus 11 in Example 3 is used as
connected midway of a pure water supply pipe between
the conventional pure water producing apparatus 12 and
the ultrasonic cleaning apparatus 13. The pure water

15 produced by the film deaeration apparatus 11 is
desirably released from the bottom part of the
ultrasonic cleaning apparatus 13 in order to avoid
take-in of air.

This permits the puré water of the concentration

20 of dissolved gas being 5 ppm or less to be supplied to
the ultrasonic cleaning apparatus 13.

Porous silicon-substrates each having a
hydrophobic surface obtained by removing the surface
native oxide film were set on the cleaning carrier in a

25 quartz bath under over flow of flowing water, using..
deaerated pure water, and the ultrasonic cleaning (the

frequency 950 kHz) was conducted as applying the high-



to be a cause of adhesion of dust particles. It was al so found that
It was not easy to avoid the generation of bubble even if the pure

wat er was heated to 80[err]C. 5 _ s, the present inventor also

checked the nunber of bubbl es generated by the ultrasonic waves of

t he frequencies of 47 kHz and 950 kHz wi t h changi ng

concentration of residual oxygen simlarly and™with al so deaerating
N[ err]. The present inventor found that 10 substantially no bubbl es

were gener at ed SFQUKh&E RMAlsonic wayt ddpdifer@ B0 3id HarNBRILPS0
kHz, so that deaeration (including N err]) was able to suppress the

generation of beibl subsickepes desrdm yerd ddei TXepienef ethe high-ffeqidridsoni ¢
wave so as to renove the dust particles
ultrasonic bath through the quartz bath during
immersion for 20 minutes. The cleaning was carried out
5 only by immersion without performing the lift operation
of substrate. Fig. 27 schematically shows the
relationship between the porous silicon substrate and
the high-frequency progressive wave. The removing
effect of dust particles adhering to the porous silicon
10 substrate can be enhanced by placing the cleaned
surface of porous silicon substrate in parallel with
the travel direction of the high-frequency progressive
wave as shown.
With the deaerated pure water, generation of
15 bubble due to application of high-frequency ultrasonic
wave was not observed at all and fixing of bubble to
the substrate surface was not observed, either.
Fig. 25 shows comparison of dust particle removal
rates of porous surface among the case of the
20 conventional high-frequency cleaning (case B) where
cleaning was continued for 20 minutes under the same
ultrasonic conditions by using non-deaerated pure water
and performing the substrate lift operation every five
minutes, the conventional case (case C) where the same
25 cleaning waé further continued for 20 minutes more (for
40 minutes in total), and the case (case A) where

cleaning was conducted under the above cleaning



15 fromthe substrate, thus achieving the present I nvention

The present inventor neasured in great detail concentrations of

di ssolved gas in pure water in a gqggrg-shaped over-flow bath in a
wat er supply state, 20 usi ng a di ssol ved oxygen/di ssol ved nitrogen
sensor avai l abl e from O bi sphere Laboratories, Inc. Fromthe
results of the neasurenent, when water was supplied fromthe bottom
portion of the over-flow bath under i rradi ati on of megasoni c wave of

power 600 W angondi tionls SFUREY pReeliilZ ialdntibougdrdepapdingeraabnt he
rate of water supplied as shown in Fig. 5 when the rate of
wat er suppl i ed iwaddaerated puge @hter2 nferr]/hr to 0.4
The removal rate by the 20-minute high-frequency
cleaning of the present invention (case D) reaches 90
5 %, which is more excellent than the 40-minute cleaning
(60 to 80 %) by the high-frequency cleaning with non-
deaerated pure water (where N, is in the saturation
concentration) (case C).
<Example 4>
10 The cleaning effect of the present invention is by
no means limited to the immersion cleaning of substrate
in the pure water bath like above Example 3.
For example, in the case wherein spin cleaning as
shown in Fig. 26 is carried out with blowing a shower
15 of pure water on which the high-frequency ultrasonic
wave is superimposed, against the surface of rotating
substrate as proposed previously, use of deaerated pure
water as shown in Fig. 25 can prevent the generation of
-bubble and can avoid the problem of impedance against
20 propagation of ultrasonic wave due to the bubbles.
<Example 5>
Examples 5 to 8 are examples of Embodiment 3. The
cleaning flow of Example 5 up to the epitaxial growth
of porous silicon substrate is the same as the cleaning
25 flow shown in Fig. 13. However, the cleaning steps S;,
S; are omitted in this example. When a demand exists

for a further decrease in the number of adhering dust



- 33 - merr]/hr optinmumfor the over-flow operation, no bubbles

were found to be generated in the entire area of the bath if the
concentration of dissolved nitrogen in‘they7 - pure water as the supplied
wat er was under the range of 5 5 ppmto 5.5 ppmand if the
concentration of dissolved oxygen was under the range of 3.83 ppmto
4.3 ppm In Fig. 5 curve 111 represents the concentration of

particles, the cleaning steps S,, S; can be performed
with necessity, of course.
Since the surface is hydrophobic immediately after

anodization, adhesioh of bubbles to the substrate is

5 avoided by carrying out the regular lift operation of
substrate during the high-frequency cleaning with pure
water or the deaeration process of pure water. (In
this example, the deaeration process of pure water was
carried out.)

10 Cleaning was conducted to process one dummy
substrate at the end of polytetrafluoroethylene
(Teflon) carrier for cleaning and twenéy four porous
silicon substrates together and was continued for 20
minutes under the conditions of the frequency of 950

15 kHz, the high-frequency power 150 W, the ordinary
temperature, and over flow of flowing water with the
substrates being kept immersed.

The pure water was one deaerated before the
concentration of dissolved gas became 5 ppb or less

20 (step S,). This cleaning removed almost 90 ¥ of dust
particles which have adhered in the anodization step. -

The porous silicon surface thus cleaned is
hydrophobic, but a native oxide film is formed thereon
during the period of storage. Accordingly, immediately

25 before the low-temperature oxidation brocess, the high-
frequency cleaning with pure water and the exfoliation

of the native oxide film with DHF were conducted again,



di ssol ved nitrogen and curve 112 the concentration of di ssol ved
oxygen. 10 In the normal sem conductor processes pure water

Wi th nitrogen gas dissolved after prinmary dgperation is used at a use
poi nt . The present inventors also used the pure water

contai ning the dissol ved oxygen in the concentration of 15 7.38 ppb and
t he di ssolved nitrogen in the concentrafion of 14.57 ppmclose to

t he saturation concentration thereof before, but bubbles were

gener at ed by neapdonithérmaldiciide fiflmmas thormed in iy svigeh,08tgen was
‘deaerated and if the dissolved 20 ni trogen existed 5 ppmor nore.

the low temperature of 400°C, and for one hour.

The surface after the low-temperature oxidation

becomes hydrophilic, but approximately 100 dust

5 particles newly adhere to the substrate surface during

the oxidation step. Therefore, the high-frequency

cleaning with pure water was carried out after the

oxidation to remove the dust particles on the surface

and to create a clean oxide film surface, and the

10 substrates were stored in a dedicated box.

Since the porous silicon surface after oxidation

is hydrophilic, the countermeasure to prevent the

bubbles from adhering to the substrate surface is

unnecessary and the substrates can be cleaned as

15 immersed in the high-frequency cleaning bath with non-

deaerated pure water.

The substrates were cleaned for 20 minutes under

the cleaning conditions of the frequency of 950 kHz,

the high-frequency power 150 W, the ordinary

20 temperature, and immersion in the flowing water over-

flow bath, using the non-deaerated pure water and

keeping the substrates immersed.

This cleaning removed 90 % of dust particles which

have adhered in the oxidation step. Storage after

25 oxidation and cleaning, even if long, raises no problém

at all in applications of porous silicon, because it is

covered by the oxide film.



Fromthis, it is necessary to control concentrations of gases

di ssol ved in high concentrations anong the dissolved gases in the
pure water in order to suppress the_ gpgperation of bubble 25  when
t he negasonic wave is applied to the pure water, and it is thus
necessary at least to control concentrations of respective gases of
ni trogen, oxygen, o - 34 -

The porous silicon substrates with the oxide film,
having been stored, of the number that could be
processed by the epitaxial growth system were subjected
to exfoliation removal of only the oxide film on the

5 porous silicon surface with DHF immediately before
introduced into the epitaxial growth system, and then
epitaxial growth was conducted.

At this time the epitaxial growth made a film with
the surface of porous silicon as the origin, and

10 therefore, the oxide film over the internal walls of
holes of porous silicon were left in the etching step
with DHF. |

Two types of pure water used in the above high-
frequency cleaning with pure water, deaerated and non-

15 deaerated, were used depending upon the surface state
of substrate, but the deaerated pure water may be used
for both the hydrophobic surface (after anodization)
and the hydrophilic surface (after low-temperature
oxidation) or the 1lift operation of substrate (without

20 deaeration) may be carried out.
<Example 6>

Next described is another cleaning method of
porous silicon substrate before the epitaxial growth.

Fig. 15 shows the cleaning flow of the present

25 example. The high-frequency cleaning with deaerated.
pure water was carried out to clean the hydrophobic

porous silicon surface after anodization in above



and CJerr], which are main conponent gases of air. (Dalton's | aw of
partial pressure) The reason why the main conponent gases of
air are noted particularly is that fgge-bath used for cleaning 5
is normal ly of such structure that the surface of liquid is open to
t he atnosphere and that even with the over-flow operation the gases
conposi ng the atnosphere (air) are re-dissolved into the liquid from
the liquid surface and anmounts thereof are not negligible. 10
The re-di ssol utExamplfe a,r whereas dei thel prelsent exampliequihe huighace i s
outstanding in the case of a water reservoir. Even if deaerated
wat er is suppl ifaeduenny cleanipige wass @argiiedboutomnderhdhet seae,
concentrations of _
conditions using ozone pure water in which ozone
dissolved in approximately 10 to 13 %.
5 The ozone pure water used herein was the one
obtained by dissolving ozone gas, obtained from a wet
type ozone producing system in combination of a hollow
fiber filter with electrolysis of pure water as well
known, in pure water.
10 The oxide film formed over the surface of porous
silicon and the internal walls of holes by the ozone
pure water after anodization is removed by etching with
DHF immediately before the low-temperature oxidation
step, similar to that heretofore.
18 Use of the ozone pure water requires addition of
new apparatus, but it is easier to control the
concentration in the cleaning bath than deaeration of
pure water.
In the present example, because the oxide film was
20 already formed so as to be hydrophilic, the high-
frequency cleaning was conducted using non-deaerated
pure water as the high-frequency cleaning after the
low-temperature oxidation, but no problem will arise
even with the high—frequency cleaning using the ozone
25 pure water (step S,, of Fig. 15 can be performed under

the same conditions as in step S,;).

<Example 7>



di ssol ved gases increase toward the liquid surface with

time the distributions ' in the reservoir are made even to high

15

respect to
those at the reservoir bottom thus making di stributions of
concentrations of dissolved gases in - githe reservoir

Wth a | apse of

concentrati ons, whi ch makes control of concentration of dissolved

gas 20 difficult. (Henry's |law

On the ot her hand,

in the

case of the over-flow bath, the pure water containing controlled

concentrations of dstiallvenogheesexampleaps shpppredeby inventisunpplying
deaerated water fromthe bath bottom portion 25 and flows over to be
drai ned out of wiiid bet descThibedi.s considered to be a reason of

capability of controlling

The cleaning flow is the same as in Example 6, but

it was modified, though not illustrated, to a method of

5 high-frequency cleaning after the hydrophobic porous

silicon surface after anodization was made hydrophilic

with hydrogen peroxide solution (H,0,/H,0) of a low

concentration of approximately 2 % or less diluted with

pure water, instead of the high-frequency cleaning

10 carried out after the hydrophobic porous silicon

surface after anodization has been changed to the

hydrophilic surface with the ozone pure water.

The cleaning method demonstrated the cleaning

effect even with keeping the substrate immersed,

15 similarly as in use of the deaerated pure water or the

ozone pure water.

In general, when chemicals are used, cleaning is

carried out with the chemicals kept in the cleaning

bath. However, the dust particies removed do not

20 dissolve in the chemicals and stay in the bath in the

cleaning method of the present invention.

Therefore, the pure water used in cleaning in the

present example was subject to over flow of flowing

water, the dust particles removed were discharged with

25 water out of the cleaning bath, the diluted hydrogen

peroxide solution thus discharged was guided through a

filter for capturing particles of about 0.1 um, then



the concentration of dissolved gas constant in the

- 35 - bat h. In practice, however, there appears such a
phenonenon, depending upon the rate of wat gy, suppli ed, that the
deaerated water reaching the liquid surface 5 cones to contact the

at nosphere so as to re-dissolve t he gases and part thereof is not

drai ned and again o

the hydrogen peroxide solution was recirculated to the
cleaning bath, and the high-frequency cleaning was
conducted as thus supplying the hydrogen peroxide
solution. A certain amount of hydrogen peroxide was
5 regularly replenished to compensate for consumption
thereof.
<Example 8>
In general, cleaning in the cleaning bath is
suitable for totally processing many substrates, but
10 the recent deﬁand for further increase of size of
substrate will increase the volume of the cleaning
bath, i.e., increase the chemicals used.
In addition, considering many adhering dust
particles after anodization, it is desirable to
15 effectively discharge dust particles out of the bath,
because use of the cleaning bath accompanies the risk
of re-contamination of substrate by the dust particles.
A method for solving this problem is a combination
of the high-frequency cleaning with pure water
20 according to the present invention with a single wafer
type cleaning apparatus in combination of the well-
known chemical shower with exhaust of chemicals by
spinner.
The present invention is basically cleaning with
25 pure water, and has an advantage that cleaning can bé
made cheaper than in use of chemicals.

In addition, the single wafer type shower cleaning



circulates in the bath, thereby increasing the concentrations of

di ssol ved gases in the bath. In order to solve this problem

i nportant points 10 are optimum design @3 structure of bath and opti nmum
setting of the rate of water suppli ed. As an exanpl e,

di stributions of dissolved oxygen concentration (DO val ue) and

di ssol ved ni trogen concentration (N2 value) at the depth 25 cm (at

the 15 bath bottom) and at the depth 12.5 cm (at the m ddl e of

bath) in the scersustaipkel forcleaninmaf gonaus fgiddcon surfgce he width
28 cm the length 23 cm _and the depth 25 cm enpl oyed by the present
i nventor are il3§E8% Anedization beqgause Hf it prpgess @erﬁ,serqul g. 7B.

Here, Fi 6A
g: For cleaning the hydrophobic surface, the surface

is made hydrophilic by oxidation before cleaning or by
5 a shower of ozone water or diluted hydrogen peroxide

solution and then the high-freguency cleaning is

conducted, thereby effectively removing the dust

particles adhering thereto.

As a matter of course, the high-frequency cleaning

10 using the pure water shower can also be abplied to

cleaning of the porous silicon surface having the

hydrophilic surface made by the low-temperature

oxidation.



20 shows the concentration distribution of dissolved oxygen in

the bath at the depth of 25 cm (at the bottom of bath) and Fig. 6B

shows the concentration di stri buti.omgf-di ssol véd oxygen-i-n-—-t-he--bat h

at the depth of 12.5 cm (at the m ddl e of thebm" '

shows the concentration distribution of dissolved "t’ﬂ”‘"ﬂ@!" ,a

bath at the depth of 12.5 cm and Fig. 7B shows tHe €ontentrad i

di stribution of dissolved - 36 -
CLAIMS:

1. A cleaning method of porous surface for
cleaning a porous surface of a substrate having the
porous structure at least in the surface thereof,

5 wherein cleaning for removing dust particles
adhering to the porous surface of said substrate takes
place with pure water on which a high-frequency wave
with a frequency in the range of from 600 kHz to 2 MHz
is superimposed.

10

2. The cleaning method of porous surface
according to Claim 1, wherein the surface of the
substrate to be cleaned has such structure that
apertures of many pores are exposed and internal wall

15 surfaces of the pores have such structure that a
material of the porous structure is exposed or is

covered with a material of a different kind.

3. The cleaning method of porous surface
20 according to Claim 1 or Claim 2, wherein cleaning takes
place by immersing said substrate in a pure water bath

and superimposing said high-frequency wave thereon.

4. The cleaning method of porous surface
25 according to Claim 3, wherein cleaning takes place by
superimposing said high-frequency wave in parallel to

the porous surface of the substrate immersed in said



nitrogen in the bath at the depth of 25 cm VWil e the pure
wat er - of the oxygen concentration 1.88 ppb and the nitrogen
concentration 1.542 ppm after secondggy-deaeration at the use point
was bei ng 5 supplied at the water supply rate 0.3 rr[err]/hr fromthe
bath bottom portion (at the depth of 25 cm to flow "~ "over, "the-

concentration of dissolved oxygen and the - conce,ﬁ”ﬂ“"lmmnllﬂlﬁ | ved
nitrogen were nmeasured at each position in the The
arrow i n the dr puregwatdrchatb.a direction of wat er® stpply ¥n the
bat h bottom portion. Regardl ess of the gas species, the
concentration
5. The cleaning method of porous surface
according to Claim 3 or Claim 4, wherein said substrate

5 under the high-frequency cleaning as immersed in said

pure water bath is lifted intermittently out of liquid.

6. The cleaning method of porous surface
according to Claim 1 or Claim 2, wherein cleaning takes
10 place by blowing a pure water shower with a high-
frequéncy wave superimposed on pure water, against the
porous surface of said substrate while rotating said

substrate.

15 7. A cleaning method of substrate, wherein
cleaning for femoving dust particles adhering to a
surface of a substrate takes place with pure water from
which dissolved gas is deaerated until a concentration
of the dissolved gas becomes 5 ppm or less and on which

20 an ultrasonic wave is superimposed.

8. The cleaning method of porous surface
according to Claim 1, wherein said pure water is pure
water from which dissolved gas is deaerated until a

25 concentration of the dissolved gas becomes 5 ppm or

less.



of dissolved gas is |owest at the water supply port and t he
concentration increases with increasing distance 15 fromthe water

supply port al I re water - 86 - in the bath bottom portion.
At the depth 13m,|ﬂmlm,,,'ljﬂmrconcentrations were higher than in the bath
bottom porticont but concentration distributions were

al nost uni form show ng the oxygen concentration of 20 about 150 ppb
and the nitrogen concentration of about 1.8 ppm Her e,
turbul ent flow occurSs i Thehelidaningt medhed of porougesawdiacg upon t he
position and direction of the water . supplqy port and the water supply

rate, which i n@csgrsingpgo Clajm 8onederedn sadd substnsden is weanedor
exanpl e, by immersing the substrate in a pure water bath having
the pure water from which the dissolved gas is
5 deaerated until the concentration of the dissolved gas
becomes 5 ppm or less and superimposing said high-

frequency ultrasonic wave thereon.

10. The cleaning method of porous surface
10 according to Claim 8, wherein cleaning takes place by
blowing a pure water shower from which the dissolved
gas is deaerated until the concentration of the
dissolved gas bedomes 5 ppm or less and on which said
high-frequency ultrasonic wave is superimposed, against
15 the porous surface of the substrate while rotating said

substrate.

11. The cleaning method of porous surface
according to Claim 1, wherein said porous surface of

20 the substrate is processed so as to become hydrophilic.

12. A cleaning method of porous surface for
cleaning a porous surface of a substrate having the
porous structure at least in the surface thereof,

25 wherein cleaning for removing dust particles
adhering to the surface of said substrate takes place

by processing the porous surface of said substrate so



when the concentrations in t he bath are controlled by t he

concentrations of dissol in the
- 37 - H“m mg E erat ed wat 87, -opti num desi gn to keep the
concentrations s described above is necessary.
Further, the concentratlons of dissolved gases in 5 t he deaerated
water in the over-flow bath under
as to become hydrophilic and superimposing a high-
frequency ultrasonic wave with a frequency in the range

of from 600 kHz to 2 MHz on a liquid for cleaning of

the porous surface.

13. The cleaning method of porous surface
according to Claim 11 or 12, wherein the hydrophilic
process of said porous surface is a process for forming
an oxide film over the substrate surface and over

10 internal walls of pores of the porous structure.

14. The cleaning method of porous surface
according to Claim 11, wherein the hydrophilic process
of said porous surface is a process for immersing said

15 substrate in ozone pure water in which ozone dissolves

in pure water.

15. The cleaning method of porous surface
according to Claim 11, wherein the hydrophilic process
20 of said porous surface is a process for immersing said

substrate in a hydrogen peroxide solution diluted with

pure water.

16. The cleaning method of porous surface
25 according to Claim 12, wherein said liquid is ozone

pure water in which ozone dissolves in pure water.



megasonic irradiation slightly increase with tine of i rradi ation.
Concentration distributions of dissolved oxygen in the over-fl ow

bat h under negasonj g4 Wt power _ 4 _ 600 Wand for 10 m nutes
fromthe bath bot ter“Hﬂ :“ﬁﬂtlﬂr“m are shown in Fig. 8A and Fig. 8B and
concentration * v msutsons of dissolved nitrogen are shown in Fig.
9A and Fig. 9B. Here, Fig. 8A shows the concentTation di stribution
of dissolved oxygen at the depth of 25 cm 15 (at the bath botton) under

megasoni ¢ irradi ati op7andThe cleahiflg REtROGAVGEt Peréasceut £até&on
di stribution of di ssol ved oxygen at the depth of 12.5 cm (at the
m ddl e ohcber@ingnter ClragmsbR| cwheraiihasabd. 1LEqgid 9dssadows

hydrogen peroxide solution diluted with pure water.

5 - 18. The cleaning method of porous surface
according to either one of Claims 11 to 17, wherein the
hydrophilic process of the porous surface is a process
for forming an oxide film over the substrate surface
and over internal walls of pores of the porous

10 structure and at least the oxide film over the
substrate surface is removed after cleaning of the

porous surface of said substrate.



t he concentration distribution of dissolved nitrogen at 20 t he depth of

25 cm under negasonic irradiation and Fig. 9B shows the
concentration distribution of dissolved nitrogen at the depth of
12.5 cm under negasonic i rradiation.8Athough re small, it
IS necessary to set the concentrations of di ssgmgﬁﬁﬂ Hll HIIL in
the deaerated water supplied, also taking such L anges
under the conditions of practical use into consideration, in order to
accurately control - 38 -

19. A method of producing a semiconductor device

wherein a substrate of the semiconductor device is
processed according to a method of cleaning as claimed

5 in any one of the foregoing Claims 1 to 18.



t he concentrations of dissolved gases in the bath. Nanel y, the
cl eani ng net hod of surface according to the present invention is
arranged in such a way that cl eani nggdeor renoving the dust particles
adhering to 5 t he surface of substraté&igkes pl ace with the pure

wat er from which the dissolved gas is deaerdted until t he
concentration of dissolved gas becones 5 ppmor | ess and on which
the ultrasonic wave i s superinposed. "The concentration of dissolved
gas is 5 ppm oraBePRACT1OF THREBDSCLOSUREhe concentration of any dissol ved

gas, regardl ess of kinds of dissolved gases, is 5 ppm or
Provided is a suitable cleaning method of porous
semiconductor substrate without occurrence of collapse
of porous structure due to cavitation or resonance.

5 In a cleaning method of porous surface of
semiconductor substrate having the porous structure at
least in the surface, cleaning for removing dust
particles adhering to the porous surface of the
substrate takes place with pure water on which a high-

10 frequency wave with a frequency in the range of from

600 kHz to 2 MHz is superimposed.



| ess, but in general, it is sufficient that the concentrations of

di ssol ved gases i ncl udi ng oxygen, nitrogen, and CJerr] as the main
conponents of air are 5 15 ppm or | ess. However, negasonic
cl eani ng experinents by the present inventor as to concentration
dependence of di ssolved gas in ;ggpure water in the negasonic

cl eani ng showed clearly, as shown in F| 10, that the 20 cl eani ng
effect by the negasonic irradiation was excellent with use of
deaerated water in the controlled concentrations of dissolved gases
bel ow t he boundari es not generating bubbles (the concentration of

di ssol ved nitrogen not nore than 5 ppm and the concentration of
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25 di ssol ved oxygen not nore than 3.8 ppn), but no cl eani ng

effect by the negasonic irradiation was achieved at all with use of
deaer ated water by - 39 -

secondary deaeration to the limt to decrease the di ssol ved gases
(up to the concentration of dissolved oxygen of 150 ppb and the
concentration of dissolved nitr gﬁﬁ?of 1.8 ppm as concentrations in
t he bat h),

FIG. 3A FIG. 3B




5 t hough no bubbl es were generated. The reason of this is

not apparent yet, but the principle of negasonic cleaning is not
only fromthe "sound wave scrub cl eaning" as mentioned heretofore,
but the above result suggests such a possibility that 10 t he negasonic
cleaning is cleaning based on the _synergistic effect wth the
"“liquid resonance cl eani ng" by 328t ati on as in the | owfrequency
ultrasonic cl eani ng. Generation of bubble by the negasonic
i rradi ati on under existence of the high concentrations 15 of dissol ved
gases is al so evidence of the liquid resonance phenonenon.
It is, however, known that in the nmegasonic
0
=
g —
w = O
z 2 9
|_
~ & o 9
O F (7 S = —
L < (=)
= « W~ LL! g_
< O T Ela
o FE= < S
= u < & L |2
< 52 C’Eﬁ:z —
D < c<<Q <
£ « OWO @
Q O Q-ON o
- Tz N Q| e
> == T £ |&E
52 /N ¥ El8 38
--------------- _ -1
\/ ~~-_.__§~-~ E
\ “‘--- [N
- s N =2
o VAN
o O
L —
N = © £
\ = 4 o E
o 2 2
=0 —_ o~ e - &
o\ <OE 32
0\ = =
S N 4=2
N \ % §<Z
I \ = L
x ‘\ e .._l""ll-— =
[ 1 (& o -
~+ B VN P g8 <
- = == 18 o
. L O -
) < & Da -
w <<
Ty i
o=t
o]
Q.
- o
o
2
| | I | o
k=] S =) 2 o™
™~ ~— - h

(INVL NI) G3Lv43INID S3198n8 40 HIGWNN



cl eani ng the sound pressure generated by cavitation i npact is very

| ow, and the cavitation phenonenon wll 20 be weak, even if the liquid
resonance i s present. It is said that the radius of cavitation
decr eases with increasing frequency in ultrasonic vibration.
Supposi ng that the sound pressure is generated by cavitation, denser
generation of high-frequency 25 r és&@nce than of | ow frequency does
not al ways contradict with the weak cavitation |npact The

smal | radius of cavitation and the high

FIG. 5
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- 40 - density thereof will result in excellent performance

for renmoving particles of smaller particle sizes. The

cavi tation phenonenon splits water nol ecul es by ul trasonic

vi bration, irrespective of the frequency, 5 whereby a kind of smal
space in a vacuum state i s nmade in the pure water. It is thus
concei vabl e that this space expgp@gfand‘qUickly contracts finally,
t her eby generating the sound pressure. It can be

consi dered that generation of bubble 10 occurs in such a way that the

gas dissolved in water is

FIG. 6A
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deaerated into this space in the vacuum state and that when t he

space contracting speed is greater than the speed of re-dissolution
of the gas in the space into the pure water and when the density of
gas is high, the 15 gas, having nowhere to go, remains in the form of
bubbl es. The bubbl es adhergA28<t o a hydrophobi c substrate,

whi ch are not renoved by over flow, disappear Several m nutes (two
to three mnutes) after supply of the pure 20 water deaerated to the
limt wth stopping the ultrasonic irradiation. From
this, the gas deaerated into the fine vacuum space by cavitation is

considered to re-dissolve in the

FIG. 7A
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pure water. 25 Control of generation of bubble under ultrasonic

i rradiation by controlling the concentration of di ssol ved gas is

not hi ng but decreasi ng the anmount of

- 41 - gas remai ning as bubbles by |lowering the density of gas
deaerated and di scharged into the fine vacuum space. It is,

however, not clear why no negasonic 7423

FIG. 8A
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cl eaning effect appears in use of the pure water 5 deaerated to the

limt, but adhesion of particle I ncreases on the contrary.

It is assunmed that there is contribution of di ssol ved gas to the
cavi tati on phenonenon, i.e., that the fine space is maintained by
repetitive processes of 10 vacuum rel ease (deaeration) of dissolved gas
into the space, and r e- di ssol uBit@e-of gas into the pure water

upon contraction, or that it results fromthe el ectrochem cal action
due to generation of ion species fromthe dissolved gas in the pure
wat er and the change 15 of potential of the substrate due to the
megasoni ¢ irradiation, as nentioned heretofore.

FIG. 9A
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The above cl eani ng net hod of surface according to t he present

I nvention was found out in the process of experinents of the

cl eani ng nmet hod of porous surface, 20 but the fact that the bubbles are
a cause of adhesion of dust particles is not specific to the porous
surface. Thus, the invention can al so ﬁ;quplied to cl eani ng of
silicon wafer, SO substrate, and so on “for exanple. The present
invention is suitably 25 applicable to-cleaning of substrates having a
hydr ophobi ¢ surface, but it can also be applied to cl eani ng of
substrates having a hydrophilic surface,
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- 42 - wher ei n adhesi on of dust particles can be prevented

nore certainly if generation of bubble is suppressed wel | .

The cl eani ng net hod of porous surface according to 5 t he present

i nvention is a nethod of cleaning for irradiating the surface of
porous silicon substrate with the ultrasonic wave in the

hi gh-frequency band in t he ranqgﬁ%?froﬁTZOO kHz to 8.4 MHz,
preferably in the range of from6

kHz to 2 MHz, nore preferably in
t he :
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10 range of from 800 kHz to 1.6 M1z, as superinposed on pure

wat er, and using the pure water from which the di ssol ved gas is
deaerated, thereby preventing contam nation of substrate due to the
dust particles in the pure water, caused by generation of bubble and
15 adhesion thereof to the substrate during the ultrasonic
cl eaning, and thereby realizing short{{%@@ and stabl e cl eani ng
of -t he porous silicon surface having the hydr ophobi ¢ surface.
The cl eaning ne of porous surface according to 20 t he present
invention includeg ro specific limtation on the surface of ,
substrate if th Egmstrate has the surface of the porous structure.
For exanpl e, o
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materials of substrate may be the sem conduct or materials of Si

GaAs, or the like, the ceramc 25 materials, and so on. Further, the

cl eani ng nmet hod of porous surface according to the present invention
can al so be used for renoving the dust particles adhering

- 43 - to the substrate surface having the structure wherein a

| ayer of semi conductor thin filmof afpwpRous Si,
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pol ycrystal Si, GaAs, or the like or a layer of netal thin filmis
deposited by chem cal vapor deposition or 5 the Ii ke over the internal
wal | surfaces of pores of Si porous substrate, as shown in Fig. 2.
On the other hand, the followng is the prior art related to the
present invention. For achieving recent VLSI and ULSI of sub-mcron
or deep-micron, it is 10 denmanded t13/Bpress formati on of native oxide
film and MLl et al. reported that dissolved oxygen in the

pure water used for cleining was a very inportant factor for
formati on of nativg ige filmin pure water and that renoval of
limt was 15 the m ni num condition for

bn  of

di ssol ved oxygen tg
suppressing the forn
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native oxide film(Utra C ean Technol ogy, Vol. 1, No. 1, pp. 22-28,

1989) . Presently known net hods for deaerating dissolved
oxygen down to the dissolved oxygen concentration 5 ppb 20 or less in
the water, close to the limt concentration region, include film
deaeration as a physi cal deaeration nmethod and a nethod of
conbi nati on of catalyst with ajgg@gci ng net hod as a chemnica
deaeration nmethod. Specifically, the film deaeration 25 met hod is
popul arly used i n rfeceny years, because it little contam nates the
pure water and beceuEE t can renove the dissol ved gases ot her than
oxygen.
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- 44 - However, these technol ogi es are not those

associ ated with renoval of dust particles on the substrate, and it
is thus needless to nention that they suggest not hi ng about cl eani ng
of porous substrate. 5 The cl eani ng net hod of porous surface
according to the present invention will be described further. In

the ul trasonic cl eaning bubbl es are g¢pgg® ed during cl eani ng.
Sources to generate bubbles are the gas

FIG. 17
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captured in the inside after drying of porous silicon 10 and di schar ged

as replaced by the pure water out of the hol es during the ultrasonic
cl eani ng, and the dissol ved gas such as oxygen and nitrogen
di ssolved in the pure wat er used for cleaning, which turn to bubbl es
because of the cavitation by ultrasonic. 15 The bubbl es
adhering to the surface of hydrophobi §6/422 substrate i npede propagation
of ultrasonic wave so as to | ower the renoving effect of dust
particle, and in addition, they pronote adsorption-of dust particle
to the sybstrate therehy hecoming the cause of 20 cont am nati on
of the surface que to the dust particles w.and degradationf of the
cl eaning effect. T s
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As descri bed previously, the bubbles adhering to t he porous silicon
surface can be renoved by intermttently lifting the substrate out
of the pure 25 water during the ultrasonic cleaning. However, if one
of the causes of generation of bubble is the dissolved gas in the
pure water used for cleaning, there will be

- 45 - naturally a limt of fj#22el eaning ef fect even with such

FIG. 19
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t echni que. As descri bed previously, alnost 90 % of dust
particles are renoved by the high-frequency ultrasonic 5 cleaning with

pure water of the surface of porous silicon substrate nade

hydr ophi li c by oxidation, . and t hus, the degree of inpedance agai nst
cl eaning due to deaeration of bubbles captured in the inside of

por ous structure can be consi def bé m nute as conpared 10
with the probl em-caused by generation of bubbles from t he pure

wat er . In the case of the porous structure having the

hydr ophobi ¢ surface, an anmount of bubbl es deaerated fromthe inside

of porous structure and fixecF/Ehe27

5

I = 02um

= 300f

o

(U]

[a

o

W 2001

O

|_

<

o (REVERSED) 113 |

o _‘ B

T }\- 35 ?

= 2 P N %
5 10 15 20 25

POSITION OF SLOT
@

!

= 300) =02um

o

Lt

o

D

E 200 |-

|_

o

<

(a1

S 100k (REVERSED)

E 65

om

= 24 20 22

Z 9 % S
5 10 15 20 25

POSITION OF SLOT



15 surface is considered to be far smaller than an amount of

bubbl es generated fromthe pure water. In addition, since the
bubbl es t hensel ves are not easy to deaerate in the case of the

por ous i nternal wal | s bei ng hydrophobic, they are unlikely to be an
20 elenent to inpede the cleaning. Accordingly, when one of the
causes to generate bubbles is the disiB¥@2d gas in the pure water
used for cleaning, it is nost effective to use the pure water from
whi ch t he di ssolved gas in the pure water is deaerated, as in the
25 present invention, for further enhancing the cleaning ef fect of
substrate. This is effective not only in the case of cleaning

FIG. 23
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- 46 - Wi th the substrate being immersed in the pure water

bath and with the ultrasonic wave bei ng superinposed in the water,
but also in the case of cleaning with the ul trasoni ¢ wave being
superinposed on a pure water 5  shower and with the pure water shower
bei ng bl own agai nst the substrate. When the air of
25[err]C and 1 atmis in contact wth20/422~ =

FIG. 25
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water, the gas dissolved in water is considered to be such that the

concentration of dissolved oxygen in 10 water is 8.26 ppm and the
concentration of dissolved nitrogen is 13.9 ppm In
general, the pure water used in the sem conductor fields is supplied
under nitrogen purge of a pure water bath in a polishing systemin
order to 15 mai ntain the purity of21A22pure water. It is

t hus considered that nitrogen is dissolved al nost in a saturated
state in the pure water. For exanpl e, the saturation dissolution
concentration of nitrogen gas (purity: 99.999 % under 25[err]C and
1 atm 20 into the pure water becones even 17.8 ppm In

FIG. 27
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addi tion, the dissolution concentration depends upon the tenperature

of water, and the concentration of nitrogen that can be dissol ved
decreases with i ncreasing tenperature of water. 25 When
this pure water is heated at 80[err]C, the concentration of

di ssol vabl e nitrogen becones 6.7 ppm Excessi ve nitrogen

corresponding to the difference of 22429
This is the replacenent sheet
Dat e:
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- 47 - .. -eeewpotcentrati op-of 11.1 ppmresults in generating

bubbles. - - Gener at y«ep+ of+-bubbl e due to heati ng cafn be
prevented by renoving the di ssol ved gas in the pure 5 water down to
beHéM/the saturation concentrationi using a filmdeaeration
appar atus, but bubbles can be i generated even in concentrations bel ow
this saturation concentratilon when the Figh-frequency ultrasonic
wave i s superinposed. It |s'thq?#§25$ desirable to renmove 10 t he
di ssol ved gas to the optinun1conceptra 0 gi on.
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Fortunatefy, by.connecting ta.the outlet of pure wat e -produci ng

apparatus a filmdeaeration apparatus in which a hydrophobic filmis
dlsposed at a portion correspondlng to the interface and in which
the 15 primary-side pure water iis deaerated by decreasing the
partial pressure on the secondary élde by reduction of pressure with
a vacuum punp,- and by using the sydtem it is possible even now to
obtain the pure water having vt h&. ration of dissolved oxygen
inthe limt 20 concentration region 5 ppb or less for the pure
water of 60[err]C or |ess. i Use of the pure water fromwhich the
di ssol ved gas in pure materlls renmoved in thIS way suppresses the .
i
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generati on of bubble due to the high-frequency 25
w th heating of pure water and suppresseé t
t he- hydr ophobi c . substrate surface.

48 - Preventi on of generation of-
renpval of dust particle in the sanme clednlng time
performng the lifting operation of
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CLEANING METHODS OF POROUS SURFACE AND

SEMICONDUCTOR SURFACE

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to a cleaning method

for cleaning a substrate having porous

structure

exposed in the surface thereof and, more particularly,

to a cleaning method of porous surface

10

suitably

applicable as a cleaning method for cleaning a porous

silicon semiconductor substrate used for selective

etching or dielectric isolation of semiconductor or

used as a light emitting material, which demands the

most strict control of cleanliness of the surface

15 thereof.
method of semiconductor surface.
Related Background Art

The method for forming the porous

The invention also relates to a cleaning

structure

typified by porous silicon was introduced by A. Uhlir

20

in 1956 (Bell. Syst. Tech. J, 35, pp. 333).

After that, application technologies were

developed including use thereof as a selective etching

layer or as an isolation area after oxidized, épitaxial

growth on porous silicon, etc.

25 disclosed in Japanese Laid-Open Patent

The present applicant

Application No.

5-21338 that an SOI (Silicon on Insulator) substrate

was fabricated using a single-crystal silicon thin film

This is the replacement sh =,
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hydr ophobi ¢ porous silicon substrate, and this effect 5 I S not
degraded by heating of pure water during cl eani ng. As
descri bed above, the present invention enabl ed only the-

hi gh-frequency ultrasonic wave and the pure wat er from which the
di ssol ved gas was renoved, to 10 retro%e t he dust particles on the
surface at high efficiency and in a short time with avoiding

col | apse of porous silicon. The action of the present
enbodi nent is al so effective to substrates other than silicon if

they are t§§9§5P2t§§o ngﬁcghggﬁgdSLEQ&bgg the fine and fragile

por ous struct re srm enonstrate the
In recent years the photoluminescence phenomenon

of porous silicon was discovered, and then it is
drawing attention as a self-radiative material

5 utilizing its features of not only the structure but
also the physical property.

A popular method for forming porous silicon is
anodization in an electrolyte solution of mixture of
hydrofluoric acid/pure water/ethanol by the

10 conventional electrochemical cell structure. Since
many dust particles adhere to this porous silicon, it
is better to remove the dust particles by cleaning
before epitaxial growth on the porous silicon.
Conventional cleaning was only rinsing the above

15 electrolytefsolution inside pores with pure water.

Even now there is no example to introduce a positive

cleaning method of the surface.

As well known, cleaning is indispensable before
and after processing in the semiconductor processes and
20 it is also unavoidable in the case of the porous

silicon substrate. The conventional cleaning methods
of bulk substrate (non-porous substrate) include
chemical wet cleaning with combination of chemicals
such as sulfuric acid/hydrogen peroxide,

25 ammonia/hydrogen peroxide, hydrochloric acid/hydrogen
peroxide, or hydrofluoric acid/pure water, as typified

by RCA cleaning (RCA Review, 31, pp. 187-205, 1970)

This is tho replacement sh
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same effect. The action and effect of the pr esent I nvention are not

limted to silicon. (Enmbodi nent 3) 20 I n Enbodi nent 3, the
porous silicon surface is subj ected to the hydrophilic process and
then to ultrasoni c cl eaning. The ultrasonic cleaning of porous
silicon surface is carried out in the migh~frequency band of from
200 kHz to 8.4 MHz, preferably in the 25 range of from 600 kHz to 2
MHz. More preferably, cleaning is carried out using the

hi gh-f requency ultrasonic wave in the frequency band as call ed

developed by W. Kern et al., which is said to be a
method effective to removal of dust particles on the
surface.
Recently, Kojima et al. (Research Report, the
5 Institute of Electronics, Information and Communication
Engineers, SDMS85-86, ICD95-95, pp. 105-112, July 1995)
proposed a method for removing the dust particles by
applying a high-frequency ultrasonic wave 6f the
frequency of about 1 MHz (megasonic wave) to the bulk
10 substrate in a mixture of hydrofluoric acid/hydrogen
peroxide/pure water/surfactant or in ozone-added pure
water, for the purpose of decreasing amounts of
cleaning chemicals.
This method is characterized by cleaning conducted
1S in such a way that the silicon substrate is oxidized
with hydféfluoric acid and hydrogen peroxide to be
etched, the dust particles on the surface is iifted off
;,. from the substrate, and potentialé of the dust
* particles are neutralized with the surfactant to
20 prevent re-deposition of dust particles to the
substrate. The combination of megasonic is purposed to
give energy upon the lift-off of dust particles and to
remove organic matter attached to the surface of
substrate by generation of ions from the pure water by
25 megasonic. Thus, the basis of the cleaning is cleaning
with the chemicals. Use of the ozone pure water is for

the purpose of enhancing the organic removing effect.
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- 49 - megasoni ¢ cl eaning ranging from800 kHz to 1.6 Mz,

t hereby avoiding the risk of collapse of porous structure.

However, observed in the above-stated cl eaning 5 nmet hod by the present
inventors is the phenonmenon that bubbl es are al so generated fromthe
pure water in the case of applicat4on of high-frequency ultrasonic
wave and that the bubbles adhere, particularly, to the

hydr ophobi ¢ substrate surface.

In the ultrasonic cleaning, cleaning with low
frequencies ranging approximately from several ten kHz
to 400 kHz conventionally used is "liquid resonance
cleaning" to remove the dust particles of several ten

5 pm on the substrate surface by applying a strong shock
wave to the substrate surface by liquid cavitation
(expansion/compaction) due to the liquid resonance
action. In contrast, cleaning with high frequencies
ranging from 800 kHz to 1.6 MHz is "sound-wave scrub

10 cleaning" to remove the dust particles by giving
kinetic energy based on resonance to the dust
particles, which enables to remove the dust particles
of submicron order without damaging fine patterns.

From such characteristics, the low-frequency

15 cleaning haa the problem of damage of fine pattern due
fo the cavitation impact and became unemployed in the
semiconductor processes of 4-Mbit DRAM and after. On

;/- ~ the other hand, the high-frequency cleaning is drawing
attention as a method capable of cleaning the fine dust

20 ‘particles without damaging the patterns.

According to the experience of the present
inventors, the substrate having the surface of the
porous structure is of fine and dense structure and of
structure having long pores. Therefore, use of

25 chemicals in the conventional chemical wet cleaning
causes the chemicals to intrude deeply into the inside

of pores, which makes perfect elimination of chemicals

This is the replacement sh-a
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10 The bubbl es i npede propagati on of ultrasonic wave so as to

degrade the cleaning effect and draw fine dust particles in the pure
water to the gas-liquid interface so as to contanminate the substrate
surface with the dust particles. Adhesion of bubbles to the
substrate 15 surface is little observé®d-on the hydrophilic surface,
wher eas adhesion and fixing of bubble occurs on the hydr ophobi ¢
surface. It is thus not easy to perfectly prevent adhesi on of dust
particles to the hydrophobic surface due to t he bgb?Les, by the

fl owi ng water ultra waye in | eani :

Thi s m?ll degg%?% A ?YF?GV? rr%ﬂﬁﬁﬁ$ w%ﬁ@ pﬂﬁ? wabdr gﬂﬁmg Lameri ng

states of bUbPilﬁ'é. anele VLN SEA) €S Plcts the post-processes like

the epitaxial growth on the porous structure.
If the dust particles are attempted to be

5 physically removed by superposing the conventional
ultrasonic of low frequency on pure water, the too
fragile property of the porous structure will raise the
problem of collapse of porous structure due to sound
pressure of shock wave of cavitation even in the

10 relatively high frequency region around 200 kHz.

This problem results from the structure of porous
silicon and the experience of the present inventors is
not peculiar. The reason why the positive cleaning of
porous silicon surface does not have been conducted

15 heretofore'éan be considered to be based on the same
_problem.
In addition, it was found by research of the
— present inventors that when the surface of the porous
silicon substrate was rinsed with pure water after
20 formation of the porous structure by anodization,
several hundred dust particles not less than 0.3 pm,
obtained from laser reflection intensity distribution,
adhered to the surface in a 5-inch-diameter Qafer as
shown in Fig. 28. 1In the bar graph, classification of
25 L1, L2, and L3 indicates rough classification of sizes
of dust particles obtained from laser reflection
intensities from the dust particles and the sizes

This 5" the replacement shr.,
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dust particles on the hydrophobic substrate, where the

hi gh-frequency wave i s superinposed on the pure water. 25 In the figure
ref erence nuneral 31 designates a quartz hi gh-frequency cl eani ng
bath, 32 a high-frequency vibrating plate, 33 pure water not

subj ected to -6 - - 50 -

deaeration of dissolved gas, 34 bubbles, 35 dust particles, 36 a
porous silicon substrate having a

increase in the order of L1 < L2 < L3.

The number of dust particles adhering upon
anodization gradually decreases with increasing number
of batch of anodization in the single wafer process as

5 shown in Fig. 28, because the dust particles in liquid
decrease as captured by the substrate. Such high
numbers are, however, anomalous numbers when compared
with those in the current semiconductor processes
wherein the dust particles are removed down to several

10 or less particles on the surface of bulk substrate
after RCA-cleaned.

These dust particles adhering during anodization
can be decreased to some extent by liquid circulation
of the above electrolyte solution and collection of

15 dust particies with a filter, but the decrease is not
sufficient yet. Conceivable causes of adhesion of dust
particles include dust particles mixed in an

—_ anodization system and in the electrolyte solution, and
dust generated from workers durihg the process.

20 Further, it is also conceivable that the surface of
porous silicon becomes hydrophobic because of the
anodization in the high-conceﬁtration hydrofluoric acid
electrolyte, so that the silicon substrate tends to be
electrostatically charged and thus to attract the dust

25 particles. Therefore, prevention of adhesion of the
dust particles is not easy.

As a matter of course, such dust particles became

et tae
HERTR I
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hydr ophobi ¢ surface, and 38 a hi gh-frequency progressi ve wave. 5

The | owfrequency ultrasonic cleaning normally experi ences
generation of bubbles due to the cavitation in the pure water,
whereas the high-frequency cl eani ng i nvol ves reduced cavitation, but
experiences deaeration of di ssolved gas due to high-frequency
vibration in the 10 pure water, thereby generating bubbles. The source
of t hese bubbles is the dissol ved gas such as oxygen and

ni trogen dissolved in the pure water. The gas-liquid interface
of bubbl e has hi gher energy. than in the |jquid and thus collects to

capture 15 2 fGaEIIR RN LMREEIRC AT it dite SUPSRABISRoN,

processes, particularly, such as anomalous growth or
pinholes in the film-forming process, and were the

hindrance in applications of porous silicon.

SUMMARY OF THE INVENTION
An object of the present invention is, therefore,

to provide a new cleaning method capable of efficiently
removing the dust particles adhering to such a porous

10 silicon surface without using chemicals that might
affect the subsequent processes and without causing
collapse of the porous silicon surface.

A further object of the present invention is to

provide an_efficient and economical cleaning method

15 that can be introduced readily without a need for great
‘change of the conventional cleaning steps and that does
not have to use special chemicals.

- A first cleaning method of porous surface

according to the present invention is a method for

20 cleaning a porous surface of a substrate having the

| porous structure at least in the surface thereof,
wherein cleaning for removing dust particles adhering
to the porous surface of the substrate takes place witH
pure water on which a high-frequency wave with a

25 frequency in the range of from 600 kHz to 2 MHz is

superimposed.

This is the replacement sh &
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t he hydrophobic substrate surface is stable in terns of energy with

respect to the gas, and the bubbles are thus likely to adhere
thereto. Since the pure water cannot intrude into between the bubble
and the 20 substrate surface, it_.ig difficult to renove the

bubbl es fromthe substrate. For exanpl®; while the bubbl es are as
smal |l as about 1 nmin dianeter, they cannot even nove on the
substrate surface only by buoyancy of thenselves. 25 When

t he hi gh-frequency ultrasonic wave is applied to the substrate

surface, the surface,[egelyeRpll0%hhberr 1o aSPERSY LD §NGaflpection of the
prepared by removing any impurity as much as possible.
In the semiconductor process, pure waters having
various purity levels as shown in Tables 1 and 2 are
5 used according to an integration degree of a
semiconductor device to be prepared.

In the present invention, water satisfying the

following condition has been employed as the pure

water:
10
Resistivity [MQ-cm] > 17.5
Particle having more than 0.1 pm in diameter
[pieces/ml] < 20
15 :

‘Bacteria [pieces/100ml] < S0
Total silica [ppbl < 5

20 TOC [ppb]l < 50
DOC [ ppbl] < 50

Metallic ion [ppt] < 500
25

A second cleaning method of porous surface

~This is the replacement shesm.
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- 51 - the energy is insufficient to nove the bubbles, so that

t he bubbles are fixed to the substrate surface. Adhesi on of the
bubbl es to the substrate surface pronotes collection of fine dust
particles in the pure 5 water, andyfurther adhesion of bubbles thereto
causes t he bubbles to nove on the substrate surface by

buoyancy of thensel ves, which nmakes the coll ected dust particles
adhere to the substrate surface al ong the

according to the present invention is the above first
cleaning method of porous surface wherein the substrate
surface to be cleaned has such structure that apertures
of many pores are exposed and wherein internal wall

5 surfaces of the pores are of such structure that a
material of the porous structure is exposed or is
covered with a material of a different kind. The
material of the different kind is a material different
from the material of the porous structure and it may be

10 a film deposited on the surface of the material of the
porous structure or a film formed by processing the
material of the porous structure by oxidation,
nitridation, or the like. The material is selected as
the occasion may demand.

15 The cléaning method of porous surface according to

the present invention can clean the substrate by

immersing it in a pure water bath and superimposing the

high-frequency wave thereon.

- The cleaning method of porous surface according to

20 the present invention can clean the substrate by
superimposing the high-frequency wave in parallel to
the porous surface of the substrafe immersed in the
pure water bath.

The cleaning method of porous surface according to

25 the present invention can intermittently lift the

substrate under high-frequency cleaning as immersed in

the pure water bath, out of the liquid.

b & N —t
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novi ng path thereof, thereby contamnating the 10 Ssubstrate.
In addition, the bubbles adhering to the substrate

propagati on of high-frequency wave to t he substrate
t hereby degrading the cleaning .effect. Nanely, gene

in the

15

hi gh-frequency cl eani ng &~ 'substrate having t

hydr ophobi ¢ surface will result in degrading the cl
because the hi gh-frequency cleaning of dust particl

substrate surface advances at the
substrate by the gust

of

10

15

20

25

sane tinme as the

bubbl es.

surface i npede
surface per se,
rati on of bubbl es
he

eani ng effect,

e on the
cont am nati on of

c180n1nAREREE S0k "pb L6 LG ¥RLE" 2 dUS 4 0nd NE, 20N ST O

the present invention can clean the substrate by

blowing a pure water shower of the pure water on which

the high-frequency wave is superimposed, against the

porous surface of the substrate while rotating

substrate.

the

The porous structure in the present application

means a structure in which a porous structure,
comprised of many fine communicating holes the

sizes and wall thicknesses between the pores o

pore

f which

range approximately from several hundred angstroms to

several ten um, is formed across the thickness
several um to several hundred um in the surfac
substrate..

A cleaning method of semiconductor surfac

of from

e of the

e

according to the present invention is characterized in

that cleaning for removing dust particles adhe

ring to a

surface of a semiconductor substrate takes place with

' pure water from which dissolved gas is deaerat
a concentration thereof becomes S5 ppm or less
which an ultrasonic wave is superimposed.

A third cleaning methéd of porous surface
according to the present invention is a method
cleaning a porous surface of a semiconductor s
having the porous structure at least in the su
thereof, wherein cleaning for removing dust pa

adhering to the porous surface of the substrat

ed until

and on

for
ubstrate
rface
rticles

e takes

This is the replacement sh (m
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When cl eaning takes place with the ultrasonic wave superinposed on
the pure water shower, generation and adhesi on of bubble is also
observed. If the pressure 25 of shower i ncreased for renoving the
bubbl es, it m ght cause coIIapss%gf fraglle por ous surface.

The present inventor conducted the re rches to

- 52 - I nprove the cleaning effect and found the nethod of

place with pure water on which a high-frequency
ultrasonic wave with a frequency in the range of from
600 kHz to 2 MHz is superimposed and from which
dissolved gas is deaerated until a concentration

5 thereof becomes 5 ppm or less.

A fourth cleaning method of porous surface
according to the present invention is the above third
cleaning method of porous surface wherein the substrate
surface to be cleaned has such structure that apertures

10 of many pores are exposed and wherein internal wall
surfaces of the pores have such structure that a
material of the porous strugture is exposed or is
covered with a material of different kind. The
material of the different kind is a material different

15 from the matérial of the porous substrate and may be a
film deposited on the surface of the material of the
porous structure or a film formed By processing the
material of the porous structure by oxidation,

" nitridation, or the like.

20 The cleaniﬁg method according to the present

| invention can clean the substrate by immersing the
substrate in a pure water bath having the pure water
from which the dissolved gas is deaerated until-the
concentration thereof becomes 5 ppm or less and

25 superimposing the high-frequency ultrasonic wave
thereon.

The cleaning method of porous surface according to

This is the raplacement q'vrf*
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Enbodi nent 1 for softly renoving the bubbl es by | regularly lifting

the substrate out of the pure water bath during cleaning and the
nmet hod of Enbodi ment 2 for 5 prelimnarily deaerating the dissolved
gas fromthe pure water used for cleaning so as to prevent the
generati on of bubble per se, thereby 'oﬂﬁ ating the need for the
lifting operation of substrate out of the pure wat er bath. 10
Now described is the ultrasonic cl eaning of Enbodi ment 3 for the
porous silicon surface processed by the hydrophilic process.

,|[: i)gépil'? airg}'\@éfeg\&er)}(?as ltS g‘?%rg&lt%vc\)%h%gn C:i\flstoh%leam ’chef %erbisct%it%nb@’ ocess up
| blowing a pure water shower from which the dissolved
gas is deaerated until the concentration thereof

becomes 5 ppm or less and on which the high-frequency
5 ultrasonic wave is superimposed, against the porous
surface of the substrate while rotating the substrate.
A fifth cleaning method of porous surface
according to the present invention is a method for
cleaning a porous surface of a substrate having a
10 porous structure at least in the surface thereof,
wherein the porous surface of the substrate is
processed so as to be made hydrophilic and cleaning of
“the porous surface made hydrcphilic takes place with
pure water on which a high-frequency ultrasonic wave
15 with a frequéncy in the range of from 600 kHz to 2 MHz
is superimposed, thereby effecting cleaning for
removing dust particles adhering to'the surface of the
substrate.
- The porous substrate to be cleaned in the present
20 invention is of such structure that apertures of the
pores are exposed in the surfage thereof and of such
structure as to have the pore structure communicating
with the apertures in the surface.
The dust particles to be removed in the present
25 invention are desirably those adhering to the surface
of the porous substrate and sizes thereof are desirably

greater than the diameters of the apertures of the
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15 silicon and the cleaning nethod. |In the draw ng, SPM st ands
for Herr]SOerr]/Herr]err] mxture, DIWfor pure water, DHF for
dilute HF solution, APMfor NHerr]OH Herr]Jerr]/Herr] O m xture,

-and S/ D for spin drying. Cl eaning of bulk silicon substrate
before 20 anodi zation is cleaniﬁgﬂﬁtTlchenicals, as before, but

the apertures of holes of the porous structure are exposed in the
substrate surface fromafter formation of porous silicon by

anodi zation to epitaxial grow h. As apparent fromthe

flowchart, t ' used for cleaning of bulk silicon
-804 08 odipye fStiEbisey

substrate, suc . (Hd/Herr]gerr]/Herr]O
mxture), cannot a gixthb€1aSethyhhd EhddCofPSsLoaESseErhebes of porous

silicon
according to the present invention is a method for
cleaning a porous surface cf a semiconductor substrate
5 having the porous structure at least in the surface
thereof, wherein cleaning for removing dust particles
adhering to the surface of the substrate takes place by
processing the porous surface of the substrate so as to
make it hydrophilic and superimposing a high-frequency
10 ultrasonic wave with a frequency in the range of from
600 kHz to 2 MHz on a liquid for cleaning the porous
surface made hydrophilic.
In the cleaning method of porous surface according
to the present invention, the hydrophilic process of
15 the porous sﬁrface may be a process for forming an
o#ide film over the substrate surface and over the
internal walls of pores in the pordus structure.
In the cleaning method of porous surface according
'lto the present invention, the hydrophilic process of
20 the porous surface may be a process for immersing the
substrate in ozone pure water in which ozone is
dissolved in pure water.
In the cleaning method of porous surface according
to the present invention, the hydrophilic process of
25 the porous surface ﬁay be a process for immersing the

substrate in a hydrogen peroxide solution diluted with
pure water.
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- 53 - are exposed in the surface. Only DHF and pure water

can be used in that period. As descri bed previously, many dust
particles adhere to the surface in the form ng process of porous 5
silicon by anodi zati on. In_the case wherein a single-crysta

silicon film

10

15

20

25

is epitaxially giohh on a surface of porous silicon

In the cleaning method of porous surface according
to the present invention, the aforementioned liquid may
be ozone pure water in which ozone is dissolved in pure
water.

In the cleaning method of porous surface according
to the present invention, the aforementioned liquid may
be a hydrogen peroxide solutioﬁ diluted with pure
water.

In the cleaning method of porous surface according
to the present invention, the hydrophilic process of
the porous surface may be a process for forming an
oxide film over the substrate surface and over the
internal walls of pores in the porous structure and the
oxide film at least over the substrate surface may be
removed aftér cleaning of the porous surface of the
éubstrate.

The present invention can clean the substrate by

effectively removing the dust particles on the surface

of the substrate having the porous structure in the
surface, for which there was no effective cleaning
method heretofore because of the porous structure, by
the high-frequency ultrasonic wave without collapse of
the porous structure.

In addition, since the cleaning effect is achieved
in use of only the pure water, it is free of the
problem that the chemicals remain inside the porous
structure and introduction to the conventional steps is
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substrate, an oxide filmis formed over the internal wal | surfaces
of porous structure (by formng a native 10 oxide filmor by a

| owt enper at ure oxi dation step of Fig. 16) in order to decrease the
structural change of the porous_structure in the heating process at
hi gh tenperatures. Further, théEéthaxial growh is carried

out after at least the oxide filmover the porous 15 surface (of silicon
substrate) is selectively renoved i medi ately before the growth. In
this case, the oxide filmis left on the internal wall surfaces of
hol es of porous structure. Specifically, the oxide filmon the
porous silicB®%%urface is removed by i mmersion in DHF 20 for a short

tinme, the substraégnég gﬁgm@lggnggé Sétﬁggs of the present

invention can be achieved in the simple arrangement to
add the high-frequency cleaning step to the pure water

5 rinse step after the conventional anodization process
or after the oxidation process conducted thereafter,
the introduction thereof is also easy in terms of

workability, cost effectiveness, and stability.

10 BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a graph to show the relationship between
frequencies of ultrasonic cleaning and sizes of
particles to bg removed and to show the frequency range
of the present invention;

15 Fig. Z'is a cross-sectional view to show an
example of the porous silicon substrate:;

Figs. 3A and 3B are drawings to show adhesion
states of dust particles on a wafer after cleaning in

" the case of only immersion (Fig. 3A) and in the case of
20 lift every five minutes (Fig. 3B);

Fig. 4 is a graph to show the relationship between
concentration of ;esidual oxygen and number of bubbles
generated in the ultrasonic cleaning in pure water:;

Fig. 5 is a graph to show concentrations of

25 dissolved gas not generating bubbles in the megasonic
irradiation area;

Figs. 6A and 6B are graphs to show concentration

o
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DHF bath before the DHF solution deeply intrudes into t he hol es of

porous structure, and the substrate is rinsed with pure water.

For exanple, before the epitaxially grown |ayer is 25 formed on the
porous silicon by the thermal CVD process at the tenperature of
about 1000[err]C, an oxide filmis ~ 1€ - forned by | owtenperature

oxi dation of the internal . - 54 -

distributions of dissolved oxygen in bath;

Figs. 7A and 7B are graphs to show concentration
distributions of dissolved nitrogen in bath;

Figs. 8A and 8B are graphs to show concentration

5 distributions of dissolved oxygen upon megasonic
irradiation;

Figs. 9A and 9B are graphs to show concentration
distributions of dissolved'hitrogen upon megasonic
irradiation;

10 Fig. 10 is a graph to show concentration
dependence of dissolved gas in pure water in the
megasonic cleaning;

Fig. 11 is a conceptual drawing to explain
influence of bubble in pure water upon high-frequency

15 cleaning of'é hydrophobic substrate:;

Fig. 12 is a plan view to show adhering dust
particles after the high-frequency cleaning where
bubbles adhere to the hydrophokic substrate;

- Fig. 13 is a drawing to show an example of flow of

20 cleaning of the porous silicon substfate with pure
water; |

Fig. 14 is a drawing to show an example of flow of
cleaning of the porous silicon substrate; .

Fig. 15 is a drawing to show an example of flow of

25 cleaning of the porous silicon substrate;

Fig. 16 is a drawing to show an example of flow of

cleaning of the porous silicon substrate:;
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wal I s of holes of porous silicon at 400C and for one hour .

However, adhesi on of new dust particles nunbering 100 or so is
observed on the surface in the substrate 5 after the thermal oxidation
step. Such dust particles are gonsidered to be generated by
abrasi on due to scrub betmeen'a_auértz boat with substrates being
arranged thereon and a quartz furnace tube. Si nce the
oxide filmon the porous silicon surface 10 is removed by etching with
di lute HF sol ution i medi ately before the epitaxial growth, these
dust partlﬁj | iable to be ered ag:llﬂged off to

be renoved fromt g§u &5 & FRESS show an

example of a high~frequency ultrasonic cleaning
apparatus of the present invention;

Fig. 18 is a graph to show the numbers of dust

5 particles on the surface of porous silicon from after
anodization to after low-temperature oxidation, where
the high-frequency ultrasonic cleaning of the present
invention is carried out;

Fig. 19 is a graph to explain the bubble removing

10 effect in the high-frequency cleaning of the present
invention:;

Fig. 20 is a graph to explain the bubble removing
effect in the high-frequency cleaning of the present
invention;

15 Fig. Zi is a graph to e#plain the bubble removing
effect in the high-frequency cleaning of the present
invention;

Fig. 22 is a graph to explain contamination of
dust particles in a carrier for cleaning;

20 Fig. 23 is a graph to explain contamination of

| dust particles in the carfier for cleaning;

Fig. 24 is a conceptual drawing to show an example
of the configuration of high-frequency ultrasonic
cleaning apparatus and deaerated pure water producing

25 apparatus according to the present invention;

Fig. 25 is a graph to compare removal rates of

dust. particle of the case where the high-frequency
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renoval of oxide film 15 In practice, however, the nunber of dust
particles after the etching with dilute HF solution little

changes or even increases on the contrary. This is because the
porous surface beconmes hydrophobic after removal of the oxide film

and the dust particles 20 floating& m the etching bath are adsorbed to

t he

substrate by flow ng water charging of the substrate

lift of substrate, thereby again adhering to the substrate.
I nci dental ly, since anodization uses the high- 25 concentration HF

el ectrolyte solution, the porous silicon surface becones hydrophobi c,
as shown WtRtggonic cleaning of the present invention is applied to

a surface of porous silicon having a hydrophobic surface,
with that of a cleaning method without deaeration;

Fig. 26 is a conceptual drawing of an apparatus where
the high-frequency ultrasonic cleaning of the present
invention is applied to a cleaning apparatus of a shower
type:;

Fig. 27 is a drawing to schematically show the
relationship between a porous silicon substrate and a high-
frequency progressive wave; and

Fig. 28 is a graph to show the numbers of dust
particles on the porous silicon surface in the order of
batches of anodization where cleaning is ended only with the
conventional pure water rinse after anodization.

Fig.s 29A to 29F are cross-sectional views to
schematically show an example of processes of such a
semiconductor device. |
DET_AILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

" Embodiments of the present invention will be described
and it is noted that combinations thereof also drop in the
scope of the present invention.

(Embodiment 1)

A cleaning method of porous surface according to the
present invention is a method for superimposing an
ultrasonic wave in the high-frequency band, the frequency of
which is in the range of from 200 kHz to 8.4 MHz, preferably

in the range of from 600 kHz to 2

upon
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13, after the anodization, as after the renoval of

- 55 - oxide filmwith DHF after the 1 owtenperature

oxi dat i on. As described previously, if bubbles are generated
during high-frequency cleaning with pure water, the 5 bubbl es wi ||
adhere to the surface of the hydrophobi® - substrate so as to inpede

the cl eani.ng action and to be

MHz, more preferably in the range of from 800 kHz to
1.6 MHz, on pure water and exposing a surface of a
porous substrate thereto.
In the cleaning method of porous surface according
5 to the present invention, there is no specific
limitation on the material for the substrate if the
substrate is the one having the porous structure in the
surface, as shown in Fig. 2. The cleaning method can
be applied, for example, to semiconductor materials
10 such as Si or GaAs, ceramic materials, etc. Fig. 2
illustrates the structure in which a semiconductor thin
film of amorphous Si, polycrystal Si, GaAs, or the like
or a metalized layer is deposited by chemical wvapor
deposition or the like over the internal wall surfaces
15 of pores inxthe Si porous substrate. In Fig. 2,
reference numeral 21 designates the substrate, 22 the
surface of the substrate, 23 the péres, 24 the internal
walls of the pores, and 25 the deposit film. Further,
numeral 26 denotes the porous structure.
20 Described below is cleaning of porous silicon
| substrate as an example of the cleaning method of
porous surface according to the present invention.
Sizes of dust particles that can be removea by
ultrasonic are determined depending upon the frequenc&.
25 For example, it is said that the sizes of dust
particles that can be removed by high-frequency waves

of 800 kHz or more are approximately 0.1 um, the
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a cause to collect the dust particles in the pure water onto the
substrate surface, thus contam nating the surface. Fig. 12 shows the
result of inspection where 10 a state of adhesion of dust particles to
the substrate- surface was checked with a dust particle inspection
system after the hydrophobi c, porous'sﬁﬂiéon substrate was subj ect ed
to the high-frequency cleaning in pure water w thout performng the
lift of substrate and the 15 deaeration process of pure water. In Fig.
12 the arrow represents the rise direction of bubble. The high-

frequency progressive wave is also applied so as to ctravel in the
sane directi OROLIEHERT oRACERhEERTHAR| Ghven to thg ust pPrrtielesat

i i h of
recogni zed algggstgfhélggé gés approximately a quarter million times

greater than the acceleration of gravity on the surface
of Earth, and the dust particles are removed by this

5 kinetic energy. The wavelengths are as short as 0.8 mm
in pure water, the waves are irregularly reflected at
the surface of liquid, and some of the waves travel
into the air, so that a standing wave, as seen with the
ultrasonic in the low-frequency band, is little

10 generated in the pure water. Thus, cleaning unevenness
is little.

Since the ultrasonic waves have short wavelengths
and high directivity, damage on the fine and fragile
surface of porous silicon can be decreased by making

15 the ultrasonic wave act in parallel to the substrate
surface. In addition, the high-frequency waves are
excellent in the removing effect of dust particles

_ because of their_small.amplitudes and large number of
scrubs on the substrate surface. Moreover, generation

20 of ions in pure water decreaées its specific

| resistance, so that re-adhesion of dust particles due
to self-charging of substrate is little.

However, there has been no example of application
of ultrasonic cleaning to cleaning of porous silicon.

25 surface, and it is thus needless to mention that there
exists no example of removing the dust particles on the

porous silicon surface with pure water yet. The
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20 bubbl es adhering to the substrate surface. For this

reason, it is desired to performthe regular lift operation of
substrate during the high- frequency cl eani ng when the pure water

wi t hout deaeration is used, or to performthe high-frequency 25
cleaning with pure water from which T &t di ssol ved gas in the pure
water is deaerated. This is the reason why t he hi gh-frequency
cleaning is carried out with the - 56

present inventor found that for cleaning the porous
substrate with pure water to which the high-frequency
wave was applied, unlike the bulk substrate, a certain
range existed for the high-frequency waves because of
5 the properties of the porous substrate. This will be
described with Fig. 1. In the ultrasonic cleaning of
substrate, the frequency used is determined depending
upon the size of dust particle. For example, from Fig.
1, it is effective to apply ultrasonic waves of
10 frequencies of about 80 to 90 kHz in order to remove
the dust particles of the particle size of 1 um from
the substrate and to apply ultrasonic waves of
frequencies of about 800 to 900 kHz in order to remove
- the dust particles of the particle size of 0.1 pm from
15 the substrate.
However, the experiments by the present inventor
showed that in the porous Si substfate collapse of
- ..porous structure was observed under 200 kHz and
collapse of porous structure was also observed
20 similarly over 8.4 MHz, as shown in Fig. 1. This is
| because use of ultrasonic wave for cleaning raises
problems in the case of the porous substrate, which are _
not experienced in the case of the bulk substrate.
As already described, the porous structure is the
25 fine structure of several hundred angstroms or less in
the case of porous silicon of p‘'-type and p"-type or n"-

type and the experiments by the present inventor showed
' L pprianement BNAe
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deaerated pure water (at steps Slerr], S[err], Slerr]) in Fig. 13.

In cleaning of substrate, however, the nethod for regularly lifting
the substrate out of the pure water bat h during cl eaning would force
very cumnber sone wor ks, 5 for exanple, where cleaning relies on | abor
of worker. Deaer ati on of~ solved.gas in the pure water can
conpensate for the gas concentrations at the exit of deaerati ng
apparatus, but in the case of reserving water in a pure water

hi gh-f requency cleaning bath re- 10 di ssol uti on of oxygen and nitrogen

occurs frornt‘_gﬁir}:e phere mnthl a shor&Fﬁ 1Y %%%%u%gq%& fl ow of
wat er. Thus e 8b89§§“ﬁe58§ EFF Fotiepse

cavitation when the ultrasonic waves of frequencies

under 200 kHz were used.

According to the experiments by the present
5 inventor, use of ultrasonic waves of the frequencies

over 8.4 MHz caused the fine porous structure itself to

resonaté, similarly resulting in collapse of porous

structure. The resonance frequency depends upon the

porous structure. In the case of the porous structure

10 having relatively large hole sizes and thicknesses of
silicon walls ranging from several hundred nm to
several ten pm like n'-type porous silicon, the lower
limit frequency of ultrasonic wave that can be uséd
becomes higher than that.

15 Accordingly, the ultrasonic cléaning of porous
silicon surface is conducted with a high-frequency wave
in the frequency band of f:om 200 kHz to 8.4 MHz,
preferably in the range of 600 kHz to 2 MHz. More

‘preferably, the ultrasonic cleaning is conducted with a

20 high-frequency ultrasonic wave in the frequency band as
called megasonic cleaning,.in the range of from 800 kHz
to 1.6 MHz, which can avoid the risk of collapse of
porous structure.

The bulletin of Japahese Laid-Open Patent

25 Application No. 51-2264 discloses as to the high-
frequency cleaning that cleaning of semiconductor wafer
takes place with the high-frequency ultrasonic wave in
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structure of cleaning bath, gas seal, and the like in order to
conpensate for the concentrations of dissolved 15 gas in the pure water
in the cl eani ng bat h. After further researches, the present

i nvent or

achi eved the present invention. Specifically, the

cl eaning net hod of porous surface acéozﬁiﬁg to Enbodi ment 3 of the
present invention is the nethod for 20 oxi di zi ng the porous surface
into a hydrophilic surface so as to facilitate occurrence of the
cl eani ng effect . in the high-frequency cleaning with pure water and

for

hydr ophi | i ¢ stRRaE

rennvingnthe du%t particles of substrate _surface from t he

95 Phe2P0r EHGaER, SnMER. byE 1t Ai8GLERRF cl eani ng.

When a single-cr¥iégLisil

10

15

20

25

app on ogoghéikgﬁh-frequency ultrasonic wave to
hydrogen peroxide and ammonia (chemicals) and discloses
nothing about cleaning of porous substrate with pure
water. Also, Japanese Laid-Open Patent Application No.
6-275866 discloses immersion of porous semiconductor in
pure water with the ultrasonic wave being applied
thereto, but the immersion in pure water is purposed to
improve light emitting characteristics and is not for
cleaning. It discloses nothing about the frequency of
ultrasonic wave at all. Further, Research Report, the
Institute of Electronics, Information and Communication
Engineers, SDM95-86, ICD95-95, pp. 105-112, July 1995,
described above as prior art, discloses cleaning of
bulk substrate with chemicals to which the ultrasonic
wave is applied and rinsing thereof with pure water to
which the high-frequency wave is abplied, but discloses
nothing about cleaning for removing the dust particles
on the porous substrate with pure water.

On the other hand, another problem specific to the
ultrasonic cleaning of porous silicon is generation of
bubbles during cleaning.

Gas taken into the inside of porous silicon during
the anodization process or during drying thereafter is
discharged out of the pores as being replaced with pure
water during the ultrasonic cleaning, and in the

hydrophobic case, it adheres in the form of bubbles to
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Is epitaxially grown on the porous silicon surface after the etching

renoval with dilute HF sol ution, 57
i mmedi ately before the epitaxially growth, of the clean surface
oxide filmof porous silicon substrate_from whi ch such dust
particles have been renoved, the - 2%single-crystal silicon filmuwith
good quality can be 5 f or med.

the substrate surface. The bubbles impede propagation

of ultrasonic wave and degrade the removing effect of

dust particle, and they promote adsorption of dust

particles, thus becoming a cause of re-adhesion of dust
5 particles to the substrate.

Bubbles are also génerated by the other factor
than the substrate structure. In general, bubbles are
generated because of the cavitation in the case of the
low-frequency ultrasonic wave, while they are generated

10 because of the dissolved gas in pure water in the cése
of the high-frequency ultrasonic wave. Small bubbles
adhering to the porous silicon surface cannot be
removed by the high-frequency cleaning without use of
shock wave, but they can be removed by intermittently

15 lifting the:substrate out of the pure water during the
ultrasonic cleaning.

On the other hand, though not limited to the
ultrasonic cleaning, batch-type cleaning for setting
plural substrates together on a carrier and immersing

20 them in a cleaning bath has a problem that the cleaning
carrier of polytetrafluorocethylene (e.g., Teflon), used
for supporting the substrates during cleaning, is
normally charged when simply immersed in pure water,
whereby the substrate at the position of carrier end is

25 inductively charged to adsorb the dust particles.

-It is also possible to employ carrierless batch

cleaning at present, but in the case of the carrier

. - Lot
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(Enmbodi nent 4) The cl eani ng net hod of porous surface accordi ng
to Enbodi nent 4 of the present invention is a nethod for

oxi di zing the porous surface into a hydrophilic surface 10 so as to
facilitate occurrence of the cleaning effect i n the high-frequency
cl eaning and for superinposing - Eﬁe'high-frequency ul trasoni c wave on
aliquid for cl eaning of the porous surface made hydrophilic,

t hereby renoving the dust particles on the substrate 15 surface.

The cl eani ng net hod of porous surface according to t he present

enbodinment is not limted to specific material s of substrate if the
substrate haXeimd Usedyc@ dummy substrate, used only during

cleaning, is placed at the carrier end, whereby the
dust particles can be prevented from adhering to the
substrates at the other carrier positions. In the case
5 wherein the porous silicon layer is formed only on one
surface, the dust particles can be prevented from
adhering to the porous surface, by reversely setting
the porous silicon substrate at the carrier end and
normally setting the other substrates. This is a

10 countermeasure in the case of the batch cleaning, but,
in the case of single wafer spin cleaning for cleaning
the substrate surface under rotation with a pure water
shower on which the high-frequency ultrasonic wave is
superimposed, this operation becomes unnecessary.

15 . In the cleaning with the pure water shower, a
problem is adsorption of dust particle due to charging
of the substrate caused by triboelectrification between

- a nozzle and flowing water, but this problem can be
avoided by decreasing the specific resistance of pure

20 water by superpositiqn of high frequency wave. When

| the cleanihg with shower is utilized, it is necessary
to remove the dust particles oply by high-frequency
vibration and to conduct cleaning under such a water
pressure condition as to avoid collapse of porous

25 silicon.

As described above, the present embodiment can

remove the dust particles on the surface with only the
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of the porous structure. For exanple, applicable 20 mat eri al. s include

the sem conductor materials of Si, GaAs, and the |like, ceramc
materials, and so on. Further, the cleaning nethod of porous surface
according to the present invention can _also be applied for renoving
the dust particles adhering to the -288 - substrate surface havi ng such
structure that a film of sem conductor thin film of anorphous Si,

pol ycryst al Si, GaAs, or the like or a layer of netal thin filmis

- B8 -

pure water and high-frequency ultrasonic wave without
collapse of porous silicon.

In the case wherein dust particles newly adhering
to the surface of porous silicon substrate with the

5 porous internal walls thermally oxidized re-adhere to a
hydrophobic surface after the oxide film of the
outermost surface layer is etched in a diluted
hydrofluoric acid reservoir, the dust particles can
also be removed by the high-frequency ultrasonic

10 cleaning in pure water.
(Embodiment 2)

As described previously, it was found by the
research of the present inventors that even several
hundred dust particles not less than 0.3 um, obtained

15 from the laéer reflection intensity distribution,
adhered to the surface of porous silicon substrate
having the porous structure which.was made by
anodization and rinsed with pure water, in the 5-inch-
diameter wafer (Fig. 28). The conceivable causes of

20 adhesion of dust particle include those mixed in the

| anodization apparatus and in the electrolyte solution,
and the dust generated by the wofkers during the
process, and it is also conceivable that the porous
silicon surface becomes hydrophobic because of

25 anodization in the high-concentration hydrofluoric
electrolyte solution, so that the silicon substrate

becomes easy to charge electrostatically so as to
This is the replacemsni sheset

]

Date: 05 AL 1397



deposited by chem cal vapor deposition or the like on t he internal

wal | surfaces of pores of Si porous substrate, as shown in Fig. 2.
In the case wherein the | ayer of the sem conductor 5 thin filmor the
metal thin filmis forned directly on the internal wall surfaces of
pores of the porous substrat e a&’ shown in Fig. 2, the layer of

sem conductor thin filmor nmetal thin filmnmay be formed after the
substrate surface oxide filmand the 10 internal wall oxide filmforned
by the hydrophilic process are renoved.

adsorb the dust particles. Therefore, prevention of
adhesion of dust particle is not easy.

Since the porous structure is fine and dense and
has long pores, use of chemicals in chemical wet

5 cleaning as in the conventional RCA cleaning will
result in deep intrusion of the chemicals into the
inside of the pores, so that it becomes difficult to
eliminate the chemicals completely even by pure water
rinsing for a long time, thus negatively affecting the

10 post-processes including epitaxial growth.

This problem results from the structure of porous
silicon and the experience of the present inventors is
not peculiar. It can also be considered that the
reason why positive cleaning of porous silicon surface

15 does not ha?e been conducted heretofore is based on the
same problem.

Embodiment 1 was the surface cleaning method of
the fine and fragile porous structure, for which no
preferred cleaning method had existed before, and was

20 the method for cleaning the surface of porous structure
. with the pure water on which the high-frequency
ultrasonic wave, the frequency of which is in the range
of from 200 kHz to 8.4 MHz, preferably in the range of
from 600 kHz to 2.0 MHz, more preferably in the range
25 of from 800 kHz to 1.6 MHz, is superimposed.
When the ultrasonic cleaning is carried out with

pure water, such a phenomenon is observed that bubbles
Thic it g ral BEORMANT phasl
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As descri bed previously, porous silicon I medi ately after _

anodi zati on has the hydrophobic surface, because the conc HF m xture
solution is used 15 as an electrolyte solution. Wen an oxide filmis
formed on this surface, this surface becones hydrophilic. If the
surface is hydrophilic and even if ~ 28 - pubbl es are generated in

hi gh-frequency cleaning with non- deaer ated pure water, the bubbles
will not adhere 20 to the substrate surface, whereby the high-frequency
cleaning with pure water can denonstrate the cl eaning effect with

hi gh renovi ng rats. i cal l

S i f wh t te i s made
hydrophi | i ¢ S S RsaeRaRee (‘bﬂpg:gtel Wrﬁe%&tgr? nHé‘ e Lfl‘B'sgthr‘a |

frequency case, especially, that bubbles adhere to the
porous silicon surface having a hydrophobic surface
after removal of surface oxide film.

5 The bubbles adhering to the surface are not easy
to remove, especially, when cleaning is made with the
substrate to be cleaned being set in a pure water bath
on which the ultrasonic wave is superimposed.
Specifically, the small bubbles adhering to the

10 substrate are not removed even by flowing water during
cleaning and the bubbles, while being still small,
cannot move on the substrate surface by only buoyancy
of themselves, so as to be fixed thereon. fhe bubbles
impede propagation of ultrasonic wave so as to degrade

15 the cleanin§ effect, and also draw fine dust particles
in the pure water to the gas-liquid interface, in turn
contaminating the substrate surface to be cleaned, by
the dust particles. |

Thus, Embodiment 1 was the method for avoiding

20 such problem of contamination of the cleaned substrate
due to generation of such bubbles, which was the method
for realizing the cleaning effect by the high-frequency
ultrasonic wave as avoiding the contamination due to
the dust particles, by regularly lifting the cleaned

25 substrate out of the pure water bath during cleaning to
thereby remove the bubbles.

Figs. 3A and 3B show states of bubbles remaining
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25 cl eaning step S[err] as shown in Fig. 14, even with generation

of bubbl es on the hydrophilic substrate surface simlarly, the
substrate surface is stable and - 59 -
shows a good wetting property to pure ﬁt_e_r and, - therefore, the
substrate surface is always covered w pure water, thus preventing
t he bubbl es from adheri ng t hereto.

on the wafer. Fig. 3A illustrates positions and the
number of dust particles not less than 0.2 pm on a 5-
inch-diameter bulk wafer surface where only immersion
was conducted but removal of bubbles was not carried

5 out in the ultrasonic cleaning in pure water, and Fig.
3B similarly illustrates positions and the number of
dust particles where removal of bubbles was carried out
by lifting the wafer every five minutes. The number of
dust particles is 450 in Fig. 3A while it is 35 in Fig.

10 3B. As apparent from comparison between Fig. 3A and
Fig. 3B, the dust particles aggregate densely along the
bubble rise direction (indicated by the arrow in each
drawing) when the removal of bubble is not carried out,
whereas the removai of bubble relieves this tendency.

15 When pérous silicon having the hydrophobic surface
is cleaned by this cleaning method for 20 minutes by
superimposing the ultrasonic wave.éf 950 kHz on an
ordinary-temperature éver-flow pure water bath and
lifting the substrate every'five minutes out of the

20 pure water bath for removal of bubble, approximately 30
¥ to 40 % of dust particles, which were unable to clean
before, can be removed from the surface of porous
substrate. With further repetition of the same
cleaning for 20 minutes more, 60 % to 80 % of the dust

25 particles before cleaning can be removed.

Such fixing of bubbles does not occur on a

hydrophilic porous silicon surface having an oxide film
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5 Accordi ngly, the dust particles collected by the bubbl es

are prevented fromtransferring to the substrate and do not inpede
propagati on of high- frequency wave, thus denonstrating the cleaning
ef f ect sufficiently. 10 T _described, the pure-water

hi gh-f requency cl eaning of hydr®philic substrate does not need to
performthe counterneasure of the regular lift operation of
substrate, the deaeration process of pure water, or the like, and

the high cleaning action can be 15 expected by keeping the srbstrate
TR L S S sen IR o RIS san 0 ever
eliminated, so that contamination of the substrate due
to the dust particles can be avoided. Thus, almost 90
% of dust particles were able to be removed by the
5 high-frequency ultrasonic cleaning without regular 1lift
of substrate.

In Embodiment 1, the dust particles were removed
by the cleaning method for cleaning the cleaned
substrate with the pure water on which the ultrasonic

10 wave in the high-frequency region is superimposed and
for regularly lifting the cleaned substrate out of the
pure water bath during cleaning.

There are, however, some cases wherein further
removal of dust particles is desired depending upon

15 purposes of:use. If in the above cleaning method the
cleaning period of time were prolonged in the
ultrasonic pure water in order to further remove the
dust particles, a native oxide film céuld be formed
because of the pure water, in addition to the problem

20 of reduction of work efficiency. This cleaning effect
is not improved by raising the temperature of pure
water.

The method for regularly lifting the substrate out
of the pure water bath during cleaning would be

25 extremely cumbersome works, for example, if the
cleaning should rely on labor of worker. Further, it

is not easy to perfectly avoid generation of bubbles
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pure wat er. It is well known that the surface of silicon oxide

20 filmis hydrophilic. However, the present inventor di scover ed
that the | owtenperature-oxidized surface of porous silicon is also
hydrophilic simlarly. Ag_thqady described with Fig. 13, this

| ow tenperature oxidation process is carried out as a 25 process
before epitaxial growh on porous silicon in order to decrease the
structural change of the porous structure during the heating process
at high

and adhesion thereof to the substrate during cleaning
even by carrying out the bubble removing operation
based on the regular lift, and a further improvement is
desired in terms of reproducibility and stability of

5 cleaning.

Thus, Embodiment 2 was achieved as a result of
further research, which is a method for cleaning the
substrate with pure water from which dissolved gas is
deaerated, thereby preventing contamihation of the

10 substrate due to the dust particles in the pure water,
caused by generation of bubbles and adhesion thereof to
the substrate during the ultrasonic cleaning.

In cleaning of semiconductor substrate, it is
known that O, and CO, are deaerated for antioxidation on

15 the semiconauctor substrate. However, N,, reducing gas,
was not considered specifically to be a problem, but,
on the contrary, the cleaning watei was used with N,
taken in up to the saturation concentration thereof

-(17.8 ppm at 25°C and 6.7 ppm in warm pure water of

20 80°C). The present inventor checked the number of
bubbles generated with ultrasonic waves of frequencies
of 47 kHz and 950 kHz and with changing concentration
of residual oxygen for the pure water of 25°C
containing N,, as shown in Fig. 4. The number of

25 bubbles generafed in the case of the frequency of 950
kHz was greater than that in the case of the frequency

of 47 kHz. At 5 ppm, 100 or more bubbles were
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tenperatures, which is not one especially introduced for the

cl eaning of the present invention. The | owt enper at ur e- oxi di zed
filmis also fornmed by intrusion of oxide atominto the crystal
| attice of 5 substrate surface, simlarly as in thermal oxidation,
and if the dust particles are present 3 the surface it will be also
formed at the interface between the particles and the substrate. The
oxide filmis renoved fromthe surface by etching of oxide film

together with 10 t he dust particles. having adhered during the oxidation
generated in either case and these bubbles were found
to be a cause of adhesion of dust particles. It was
also found that it was not easy to avoid the generation
of bubble even if the pure water was heated to 80°C.

5 Thus, the present inventor also checked the number
of bubbles generated by the ultrasonic waves of the
frequencies of 47 kHz and 950 kHz with changing
concentration of residual oxygen similarly and with
also deaerating N,. The present inventor found that

10 substantially no bubbles were generated around 6 ppm at
47 KHz or around 3 to 5 ppm at 950 kHz, so that
deaeration (including N,) was able to suppress the
generation of bubble independently of the frequencies
of ultrasonic wave so as to remove the dust particles

15 from the suﬁstrate, thus achieving the present
invention.

The present inventor measured in great detail
concentrations of dissolved gas in pure water in a
square-shaped over-flow bath in a wate; supply state,

20 using a dissolved oxygen/dissolved nitrogen sensor
available from Orbisphere Laboratories, Inc. From the
results of the measurement, when water was supplied
from the bottom portion of the over-flow bath under
irradiation of megasonic Qave of power 600 W and

25 frequency 950 kHz and, though depending upon the rate
of water supplied as shown in Fig. 5, when the rate of

water supplied was in the range of 0.2 m®/hr to 0.4
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st ep. However, the dust particles will be brought into

the etching bath unless the surface of oxide film before etching is
clean. It will cause the dust 15 particles to re-adhere to the substrate
after etching. For this reason, the cleaning after the

oxi dati on step is carried ouf Bﬁeferably before exfoliation of

the oxide film by etching. Accordingly, in Fig. 14, porous
silicon is made 20 hydrophilic by oxidation or the like, thereafter it
S subj ected to the high-frequency cleaning with pure wat er

LCct LS LY S/ BETEE R, G R bk S OB son, no"HlbBTE %Y 1o
were found to be generated in the entire areé of the
bath if the concentration of dissolved nitrogen in the
pure water as the supplied water was under the range of

5 5 ppm to 5.5 ppm and if the concentration of dissolved
oxygen was under the range of 3.83 ppm to 4.3 ppm. In
Fig. 5 curve 111 represents the concentration of
dissolved nitrogen and curve 112 the concentration of
dissolved oxygen.

10 In the normal semiconductor processes pure water
with nitrogen gas dissolved after primary deaeration is
used at a use point.

The present inventors also used the pure water
containing the dissolved oxygen in the concentration of

15 7.38 ppb and the dissolved nitrogen in the
doncentration of 14.57 ppm close to the saturation
concentration thereof before, but bubbles were
generated by megasonic irradiation if only the

" dissolved oxygen was deaerated and if the dissolved

20 nitrogen existed 5 ppm or more.

From this, it is necessary to control
concentrations of gases dissolved in high
concentrations among the dissolved gases in the pure
water in order to suppress the generation of bubble

25 when the megasonic wave ié applied to the pure water,
and it is thus necessary at least to.control

concentrations of respective gases of nitrogen, oxygen,

s
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exfoliation of the surface oxide filmwith the dilute 25 HF solution is

carried out immedi ately before epitaxial gromh or the |like, and then
the epitaxial growth or the like is carried out, thus providing a
cl ean porous ' sili 0304n surface that can be used in the
sem conduct or processes. In addi tion, the dust particles

on the oxide film

and CO,, which are main component gases of air.
(Dalton's law of partial pressure)

The reason why the main component gases of air are
noted particularly is that the bath used for cleaning

5 is normally of such structure that the surface of

liquid is open to the atmosphere and that even with the
over-flow operation the gases composing the atmosphere
(air) are re-dissolved into the liquid from the liquid
surface and amounts thereof are not negligible.

10 The re-dissolution of air in contact with the
liquid surface is outstanding in the case of a water
reservoir. Even if deaerated water is supplied from
the reservoir bottom to be stored, concentrations of
dissolved gases increase toward the liquid surface with

15 respect to fhose at the reservoir bottom, thus making
distributions of concentrations of dissolved gases in
the reservoir. With-a lapse of tihe the distributions
in the reservoir are made even to high concentrations,
which makes control of concentration of dissolved gas

20 difficult. (Henry's law)

. On the other hand, in the case of the over-flow
bath, the pure water containing controlled
concentrations of dissolved gases is always supplied by
supplying deaerated water from the bath bottom portion

25 and flows over to be drained out of the bath. This is
considered to be a reason of capability of controlling

the concentration of dissolved gas constant in the

|39 PR PO " e
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surface, which m ght be a cause of re-adhesion of dust 5 particles in

the dilute HF etching step, are already renoved so as to secure the
cl ean oxide fil msurface, whereby the dust particles are little
brought into the dilute HF liquid bath, thus relieving the problem
of re-contam nation. 10 - 3@s-described, the difference of the
fabrication met hod of Fig. 14 fromFig. 13 is that the high-
frequency cleaning with pure water carried out on the hydr ophobi c
surface after the oxide filmrenoving step of porous silicon surface
with the dilute HF solution 15 bet ween the thermal oxidation step and

t he epitaxi albath. gromh step is changed to the pure-water

hi gh-f requency
In practice, however, there appears such a

phenomenon, depending upon the rate of water supplied,
that the deaerated water reaching the liquid surface
S comes to contact the atmosphere so as to re-dissolve
the gases and part thereof is not drained and again
circulates in the bath, thereby increasing the
concentrations of dissolved gases in the bath.

In order to solve this problem, important points

10 are optimum design of structure of bath and optimum
setting of the rate of water supplied.

As an example, distributions of dissolved oxygen
concentration (DO walue) and dissolved nitrogen
concentration (N2 value) at the depth 25 cm (at the

15 bafh.bottomj and at the depth 12.5 cm (at the middle of
bath) in the square-shaped over-flow bath of the size
of the width 28 cm, the length 23‘¢m, and the depth 25
cm employed by the present inventor are illustrated in
Fig. 6A, Fig. 6B, Fig. 7A, and Fig. 7B. Here, Fig. 6A

20 shows the concentration distribution of dissolved
oxygen in the bath at the depth of 25 cm (at the bottom
of bath) and Fig. 6B shows the concentration
distribution of dissolved oxygen in the bath af the
depth of 12.5 cm (af the middle of the bath). Fig. 7A

25 shows the concentration distribution of dissolved
nitrogen in the bath at the depth of 12.5 cm and Fig.

7B shows the concentration distribution of dissolved
This is the replacement sheet
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cleaning carried out on porous silicon having the hydr ophilic

surface between the oxidation step and the dilute HF etching step.
20 Wth this change of timng of cleaning, the dust _particles
on the porous silicon surface can be_regpoved effectively w thout- a
need for the counterneasure agatnhst adhesi on of bubble, such as the
regul ar substrate |ift operation during cleaning or the 25
deaeration of pure water. The hydrophilic process may be nmade
usi ng the oxi dation action with ozone water or hydrogen peroxide

nitrogen in the bath at the depth of 25 cm.

While the pure water of the oxygen concentration
1.88 ppb and the nitrogen concentration 1.542 ppm after
seéondary deaeration at the use point was being

5 supplied at the water supply rate 0.3 m’/hr from the
bath bottom portion (at the depth of 25 cm) to flow
over, the concentration of dissolved oxygen and the
concentration of dissolved nitrogen were measured at
each position in the bath.

10 The arrow in the drawing indicates a direction of
water supply in the bath bottom portion.

Regardless of the gas species, the concentration
of dissolved gas is lowest at the water supply port and
the concentration increases with increasing distance

15 from the wafer supply port along flow of the pure water
in the bath bottom portion. 'At the depth 12.5 cm the
concentrations were higher than in the bath bottom
portion, but the concentration distributions were
almost uniform, showing the oxygen concentration of

20 about 150 ppb and the nitrogen concentration of about
1.8 ppm.

Here, turbulent flow occurs in the flow of water,
depending upon the position and direction of the Qater
supply port and the water supply rate, which increases

25 the concentrations in the bath. Thus, for example,
when the concentrations in the bath are controlled by
the concentrations of dissolved gases in the
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- 62 - wat er descri bed hereinafter, instead of the thernal

oxidation. In this case, though imersion of substrate S
sufficient, it is nore preferable to apply the high- frequency
ultrasonic wave thereto. Exanples ot ghe- 5 hydr ophil i c process include
dry oxidation processes, such @s atnospheric pressure oxidation in a
hi gh- concentration ozone gas anbi ence or in a high- .
concentration oxidizing anbi ence, or a process by pl asma oxi dati on

under reduced pressure using the
secondarily deaerated water, optimum design to keep the

concentrations in the bath low as described above is
necessary.
Further, the concentrations of dissolved gases in
5 the deaerated water in the over-flow bath under
megasonic irradiation slightly increase with time of
irradiation.
Concentration distributions of dissolved oxygen in
the over-flow bath under megasonic irradiation of power
10 600 W aﬁd for 10 minutes from the bath bottom portion
are shown in Fig. 8A and Fig. 8B and concentration
distributions of dissolved nitrogen are shown in Fig.
9A and Fig. 9B. Here, Fig. 8A shows the concentration
distribution of dissolved oxygen at the depth of 25 cm
15 (at the bafh bottom) under megasonic irradiation and
Fig. 8B shows the concentration distribution of
dissolved oxygen at the dépth of 12.5 cm (at the middle
of bath) under megasonic irradiation. Fig. 9A shows
the concentration distribution of dissolved nitrdgen at
20 the depth of 25 cm under megasonic irradiation and Fig.
9B shows the concentration distribution of dissolved
nitrogen at the depth of 12.5 cm under megasonic
irradiation. Although changes are small, it is
necessary to set the concentrations of dissolved gases
25 in the deaerated water supplied, also taking such
concentration changes under the conditions of practical

use into consideration, in order to accurately control

-

D U feThace et ghast

Date:  § ', sli oGy



10 af orenenti oned gas as a base raw materi al . On the ot her
hand, there are many dust particles adhering to the hydrophobic
surface after anodization. v%en it is put into a thermal oxidation
system the - dust particles, gg@dlng upon the types thereof, would
15 come to firmy stick to the surf and woul d be a cause of
contam nation of the oxidation system In the fabrication flow
shown in Fig. 14, cleaning t akes place in conbination of the
deaerati on process of di ssolved gas in the pure water with the

(step

hy o 1 U o ool W TS 8 gl DAOABRN G, Sur e
Namely, the cleaning method of surface according

to the present invention is arranged in such a way that
cleaning for removing the dust particles adhering to

5 the surface of substrate takes place with the pure
water from which the dissolved gas is deaerated until
the concentrétion of dissolved gas becomes 5 ppm or
less and on which the ultrasonic wave is superimposed.
"The concentration of dissolved gas is 5 ppm or less"

10 means that the concentration of any dissolved gas,
regardless of kinds of dissolved gases, is 5 ppm or
less, but in general, it is sufficient that the
concentrations of dissolved gases including oxygen,
nitrogen, and CO, as the main components of air are 5

15 ppm or lessi

However, megasonic cleaning experimehts by the

present inventor as to concentration dependence of
.dissolved gas in the pure water in the megasonic
cleaning showed clearly, as shown in Fig. 10, that the

20 cleaning effect by the megasonic irradiation was
excellent with use of deae:ated water in the controlled
concentrations of dissolved gases below the boundaries
not generating bubbles (the concentration of dissolved
nitrogen not more than 5 ppm and the concentration of

25 dissolved oxygen not more than 3.8 ppm), but no
cleaning effect by the megasonic irradiation was

achieved at all with use of deaerated water by
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process can be replaced by the cleaning nethod of the ~ present
invention as shown in Fig. 15. The step S[err] of 25 Fig. 15 is

according to the cleaning nmethod of porous surface based on the
second enbodi nent of the present _ 39invention, wher ei n hi gh-frequency
cl eani ng takes pl ace = " - 63 -

with pure water in which ozone is dissol ved. As well known, the

pure water with ozone di ssol ved

10

15

20

25

secondary deaeration to the limit to decrease the
dissolved gases (up to the concentration of dissolved
oxygen of 150 ppb and the concentration of dissolved
nitrogen of 1.8 ppm as concentrations in the bath),
though no bubbles were generated.

The reason of this is not apparent yet, but the
principle of megasonic cleaning is not only from the
"sound wave scrub cleaning" as mentioned heretofore,
but the above result suggests such a possibility that
the megasonic cleaning is cleaning based on the
synergistic effect with the "liquid resonance cleaning"
by cavitation as in the low-frequency ultrasonic
cleaning. Generation of bubble by the megasonic
irradiation under existence of the high concentrations
of dissolve& gases is also evidence of the liquid
resonance phenomenon.

It is, however, known that in the megasonic
cleaﬁing the sound pressure generated by cavitation
impact is very low, and the cavitation phenomenon will
be weak, even if the liquid resonance is present.

It is said that the radius of cavitation decreases
with increasing frequency in ultrasonic vibration.
Supposing that the sound pressure is generated by
cavitation, denser generation of high—frequency
resonance than of low frequency does not always
contradict with the weak cavitation impact.

The small radius of cavitation and the high
This i3 the replacemasnt shest
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t herein has strong oxidi zing action. The renoving effect of organic

matter greatly depends upon the 5 oxi di zing action of organic matter.
The strong oxi di zing action of the ozone pure water can be used as
the hydrophilic process of hydrophobic,gurface, and has an effect to
create the hydrophilic surface by == oxi dizing the porous silicon
surf.ace after anodization. 10 I f the hydrophilic surface thus created
is subjected to t he hi gh-frequency cl eaning, the hydrophilic process
and hi gh-frequency cleaning will be perforned in one st ep.

ngrgggi ts: chocﬁé/rfﬁk{:jt lji(;exbelcjofng %Jt reswaltt 1r|1 netxrc:l.J %ent perfor%aonéehe pores of
for removing particles of smaller particle sizes.

The cavitation phenomenon splits water molecules
by ultrasonic vibration, irrespective of the frequency,

5 whereby a kind of small space in a vacuum state is made
in the pure water. It is thus conceivable that this
space expands and quickly contracts finally, thereby
generating the sound pressure.

It can be considered that generation of bubble

10 occurs in such a way that the gas dissolved in water is
deaerated into this space in the vacuum state and that
when the space contracting speed is greater than the
speed of re-dissolution of the gas in the space into
the pure water and when the density of gas is high, the

15 gas, having:nowhere to go, remains in the form of
bubbles.

The bubbles adhering to a hydrophobic substrate,
which are not removed by over flow, disappear several
minutes (two to three minutes) after supply of the pure

20 water deaerated to the limit with stopping the

- ultrasonic irradiation.

From this, the gas deaerated into the fine wvacuum
space by cavitation is considered to re-dissolve in the'.
pure water.

25 Control of generation of bubble under ultrasonic
irradiation by controlling the concentration of
dissolved gas is nothing but decreasing the amount of

Tine in g fEnlEcGIsnt shesd
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it can be elimnated readily as vapor or oxygen gas by heating after

the process, thus |eaving no negative ef fect on the subsequent

st eps. The oxide filmover the porous silicon surface and 20
over the internal walls of holes nmade by the ozone wat er contai ni ng
ozone in the concentration of about 102L% - to 13 %is renoved by etching
with DHF, which was carried out conventionally for the purpose of
renovi ng the native oxide filmprior to the |owtenperature 25

oxi dation step. The hi gh-frequency cleaning with the ozone pure

water demonstral es ity &8 rABrhe BYUIRAM NG RAL Hensity of gas
deaerated and discharged into the fine wvacuum space.

It is; however, not clear why no megasonic
cleaning effect appears in use of the pure water

5 deaerated to the limit, but adhesion of particle
increases on the contrary.

It is assumed that there is contributgon of
dissolved gas to the cavitation phenomenon, i.e., that
the fine space is maintained by repetitive processes of

10 vacuum, release (deaeration) of dissolved gas into the
space, and re-dissolution of gas into the pure water
upon contraction, or that it results from the
electrochemical action due to generation of ion species
from the dissolved gas in the pure water and the change

15 of potentiai of the substrate due to the megasonic
irradiation, as mentioned heretofore.

The above cleaning method of surface according to
the present invention was found out in the process of
experiments of the cleaning method of porous surface,

20 but the fact that the bubbles are a cause of adhesion
of dust particles is not specifié to the porous
surface. Thus, the invention can also be applied to
cleaning of silicon wafer, SOI substrate, and éo on,
for example. The present invention is suitably

25 applicable to cleaning of substrates having a
hydrophobic surface, but it can also be applied to

cleaning of substrates having a hydrophilic surface,
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- 64 - silicon surface, but no problemw || arise if it is
applied to cleaning of oxidized porous silicon already havi ng t he
hydrophilic surface. Accordingly, the cl eani ng nmet hod can be used
for cleaning of porous 5 silicon hoth after anodization and after |ow
t enper at ure oxi dati on. Furtthér, fromthe vi ewpoint of the

hydr ophi lic process of porous silicon by wet oxidation, it is also

wherein adhesion of dust particles can be prevented
more certainly if generation of bubble is suppressed
well.
The cleaning method of porous surface according to
5 the present invention is a method of cleaning for
irradiating the surface of porous silicon substrate
with the ultrasonic wave in the high-frequency band in
the range of from 200 kHz to 8.4 MHz, preferably in the
range of from 600 kHz to 2 MHz, more preferably in the
10 range of from 800 kHz to 1.6 MHz, as superimposed on
pure water, and using the pure water from which the
‘dissolved gas is deaerated, thereby preventing
contamination of substrate due to the dust particles in
the pure water, caused by generation of bubble and
15 adhesion théreof to the substrate during the ultrasonic
cleaning, and thereby realizing short-time and stable
cleaning of- the porous silicon surface having the
hydrophobic surface.
The cleaning method of porous surface according to
20 the present invention includes no specific limitation
on the surface of substrate if the substrate has the
surface of the porous structuré. For example,
materials of substrate may be the semiconductor
materials of Si, GaAs, or'the like, the ceramic"
25 materials, and so on. Further, the cleaning method of
porous surface according to the present invention can

also be used for removing the dust particles adhering
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possi ble to enpl oy high-frequency cleaning with 10 hydr ogen peroxi de

solution (Herr]Qerr]/Herr]O of about 2 % or less diluted wth
pure water, in addition to the ozone wat er . This is also
cl eaning with chem cal s, but hydrogen peroxi de can be elim nated
readily in the same manner 15 evéhﬁﬁ 1t intrudes into the inside of
pores of porous silicon. Thus hydrogen peroxide | eaves no negative
ef fect on the subsequent steps. The fabrication flow of Fig. 15
may be nodified as - shown in Fig. 16 wherein | owtenperature

oxi dation 20 takes place after the high-frequency cleaning with pure
wat er in whi ¢t dhshsubstfiats|suxfacm hastigy fihlenstructure wherein a

10

15

20

25

layer of semiconductor thin film of amorphous Si,
polycrystal Si, GaAs, or the like or a layer of metal
thin film is deposited by chemical vapor deposition or
the like over the internal wall surfaces of pores of Si
porous substrate, as shown in Fig. 2.

On the other hand, the following is the prior art
related to the present invention. For achieving recent
VLSI and ULSI of sub-micron or deep-micron, it is
demanded to suppress formation of native oxide film,
and Morita et al. reported that dissolved oxygen in the
pure water used for cleaning was a very important
factor for formatidn of native oxide film in pure water
and that removal of dissolved oxygen to the limit was
the minimum condition for suppressing the formation of
native oxide film (Ultra Clean Technology, Vol. 1, No.
l, pp. 22-28, 1989).

Presently known methods for.deaerating dissolwved
oxygen down to the dissolved oxygen concentration 5 ppb
or less in the water, close to the limit concentration
region, include film deaeration as a physical
deaeration method and a method of combination of
catalyst with a reducing method as a chemical
deaeration method. Specifically, the film deaeration
method is popularly used in recent years, because it
little contaminates the pure water and because it can

remove the dissolved gases other than oxygen.
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formed by the ozone pure water on the porous silicon surface after

anodi zation, and the | owtenperature t hermal oxi dation process

achi eves uni form oxidation 25 proceedi ng deeply into the holes of the
por ous i nner walls. In addition, there is no need to dare to renove
the oxide filmfornmed by the ozone pﬁréﬁméter. Thus,

- 65 - the oxide filmexfoliation step before the | ow

However, these technologies are not those
associated with removal of dust particles on the
substrate, and it is thus needless to mention that they
suggest nothing about cleaning of porous substrate.

5 The cleaning method of porous surface according to
the present invention will be described further. In
the ultrasonic cleaning bubbles are generated during
cleaning. Sources to generate bubbles are the gas
captured in the inside after drying of porous silicon

10 and disdhaiged as replaced by the pure water out of the
holes during the ultrasonic cleaning, and the dissolved
gas such as oxygen and nitrogen dissolved in the pure
water used for cleaning, which turn to bubbles because
of the cavitation by ultrasonic.

15 _ The bﬁbbles adhering to the surface of hydrophobic
substrate impede propagation of ultrasonic wave so as
to lower the removing effect of dﬁét particle, and in
addition, they promote adsorption of dust particle to
the substrate, thereby becoming the cause of

20 contamination of the surface due to the dust particles
and degradation of the cleaning effect.

As'described previously, the bubbles adhering to
the porous silicon surface can be removed by
intermittently lifting the substrate out of the pure

25 water during the ultrasonic cleaning. However, if one
of the causes of generation of bubble is the dissolved

gas in the pure water used for cleaning, there will be



tenperature thermal oxidation beconmes unnecessary, thus further

decreasing the steps as shown in Fig. 16. It is known that the
surface of hydrophobic 5 substrate becones hydrophilic after APM

cl eani ng, but APM cannot be usedé%gr t he hydrophilic process of

hydr ophobi ¢ porous silicon as describ pr evi ousl y.

naturally a limit of the cleaning effect even with such
technique.

As described previously, almost 90 % of dust
particles are removed by the high-frequency ultrasonic

5 -cleaning with pure water of the surface of porous
silicon substrate made hydrophilic by oxidation, and
thus, the degree of impedance against cleaning due to
deaeration of bubbles captured in the inside of porous
structure can be considered to be minute as compared

10 with the problem caused by generation of bubbles from
the pure water.

In the case of the porous structure having the
hydrophobic surface, an amount of bubbles deaerated
from the inside of poroﬁs structure and fixed to the

15 surface is ?onsidered to be far smaller than an amount'
of bubbles generated from the pure water.

In addition, since the bubb;eé themselves are not
easy to deaerate in the case of the porous internal
walls being hydrophobic,.they are unlikely to be an

20 element to impede the cleaning. Accordingly, when one

| of the causes to generate bubbles is the dissolved gas
in the pure water used for cleaning, it is most
effective to use the pure water from which the
dissolved gas in the pure.water is deaerated, as in the

25 present invention, for further enhancing the Cleaning
effect of substrate.

This is effective not only in the case of cleaning
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A sem conductor substrate made clean in a manner of the present invention
as expl ai ned above which substrate has a porous surface may be suitably
used for a preparation of a sem conductor device such as MOS-FET. Figs.29A
t hrough 29F are cross-secti onal views%ép schematically show an exanpl e of
processes of such a semiconductor devi As shown in Fig. 29A
silicon substrate 40, which has been nmade clean in the above-expl ai ned
manner, i s conprised of non-porous silicon single crystal region 42 (,i
Bul ky silicon region) renaining wi t hout being nmade to be porous and porous
silicon single st al éer 41, First, sili on sggstrate 40 ghas heat ed at

400[ err] C f oWt Ihh¥hﬁn559§ EﬁtﬁthﬁéﬁﬂeF@meﬁﬁﬁ eb) GRPIBYUFP| HB*®Ere forned on
[ [ |

surface of - porohoeos Ptk ERRouEtErSERLE PAVE, BRYRL aubBEhediel"tn® |

preventing sificon,al.ong,trom.a EthﬁE'BgsénokhﬁlgghgnaswEQﬁ ggaul t of the

rai sing of
ultrasonic wave being superimposed on a pure water

5 shower and with the pure water shower being blown
against the substrate.

When the air of 25°C and 1 atm is in contact with
water, the gas dissolved in water is considered to be
such that the concentration of dissolved oxygen in

10 water is 8.26 ppm and the concentration of dissolved
nitrogen is 13.9 ppm.

In general, the pure water used in the
semiconductor fields is supplied under nitrogen purge
of a pure water bath in a polishing system in order to

15 maintain thé purity of the pure water.

It is thus considered that nitrogen is dissolved
almost in a saturated state in the.pure water. For
example, the saturation dissolution concentration of
nitrogen gas (purity: 99.999 %) under 25°C and 1 atm

20 into the pure water becomes even 17.8 ppm. In
addition, the dissolution concentration depends upon
the temperature of water, and the concentration of
nitrogen that can be dissolved decreases with
increasing temperature of water.

25 " When this pure water is heated at 80°C, the
concentration of dissolwvable nitrogen becomes 6.7 ppm.

Excessive nitrogen corresponding to the difference of
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tenperature in a process of formng an epitaxial layer at a |l ater stage and
so forth and the pores fromfilling up as the result of the mgration that
the filnms were provided. Next, the surface of porous silicon single
crystal layer 41 was treated with hydrpfluoric acid, to renove the oxide
filmon the surface of porous silicon ngle crystal |ayer 41, |eaving the
oxide filnms on the inner walls of the pores. Then, non-porous silicon
single crystal layer (epitaxial |ayer) 43 of 0.3[err]min thickness was
made to grow epitaxially on porous silicon single crystal |ayer 41 by CVD

met hod, as shown in Fiqg. 29B._ Any .of nol ecul.ar heam epi taxial method, plasm
CVD net hod, mr&%ﬂhrog &@‘D]Tr&pﬂb&:esllﬁ%ﬁ l&\/lgeﬁﬁrﬁg:é',ngl i qui d- phase

growt h netkux%&ggiés uttering nethod can be used for form ng such non-porous
silicon singleCrystal |layers as layer 43. Although it is possible to set

up arbitrarily thedddGiees off fFbIRCER Yd Hedtitg"dah geystal layer 43
without limting it to the
prevented by removing the dissolved gas in the pure
5 water down to beloﬁ the saturation concentration using
a film deaeration apparatus, but bubbles can be
generated even in concentrations below this saturation
concentration when the high-frequency ultrasonic wave
is superimposed. It is thus more desirable to remove
10 the dissolved gas to the optimum concentration region.

Fortunately, by connecting to the outlet of pure
water producing apparatus a film deaeration apparatus
in which a hydrophobic film is disposed at a portion
corresponding to the interface and in which the

15 'primary-sidé pure water is deaerated by decreasing the
partial pressure on the secondary side by reduction of
pressure with a vacuum pump, and by using the system,
it is possible even now to obtain the pure water having
the concentration of dissolved oxygen in the limit

20 concentration region of 5 ppb or less for the pure
water of 60°C or less.

Use of the pure water from which the diésqlved gas
in pure water is removed in this way suppresses the
generation of bubble due to the high-frequency

25 ultrasonic wave even with heating of pure water and
suppresses the fixing of bubbles to the hydrophobic
substrate surface.
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- 67 - above-mentioned value, the layer is typically forned in a range
of 100nm through 2[err]min thickness. Next, as shown in Fig.29C
the surface of non-porous silicon single crystal |ayer 43 was partially
oxi di zed, to formoxide filmof 200nm jp thickness, as insulating |ayer 44.
Al though it is also possible to set up-arbitrarily the thickness of
insulating layer 44 without limting it to the above-nmentioned value, the
layer is typically forned in a range of 50nmthrough 2[err]min thickness. .
Next, as shown in Fig.29D, another silicon substrate 45 was laid on top of

other - Next - the TERETEIT 26 IRttt E sf punhlR ST e rugthnut es to
PRSP ey PSRt SR S eSO g R SRS S0, 2
adhered 1o _easdieGidar SRut Pl A Ald thd Wedthy Sedditiodnds ! -] aver
structure 50 wherein non- porous silicon single ctysta ayer was
| ocat ed was frydEsplasosdQdrduls B0 ZUA substrate, and this effect
5 is not degraded by heating of pure water during
cleaning.

As described above, the present invention enabled
only the high-frequency ultrasonic wave and the pure
water from which the dissolved gas was-removed, to

10 remove the dust particles on the surface at high
efficiency and in a short time with avoiding collapse
of porous silicon.

The action of the present embodiment is also
effectivé to substrates other than silicon if they are

15 substrates fo be cleaned, having the fine and fragile
porous structure similarly, and can demonstrate the
same effect. The action and effect of the present
invention are not limited to silicon.

(Embodiment 3)

20 In Embodiment 3, the porous silicon surface is
subjected to the hydrophilic process and then to
ultrasonic cleaning. The ultrasonic cleaning of porous
silicon surface is carried out in the high frequency
band of from 200 kHz to 8.4 MHz, preferably in the

25 range of from 600 kHz to 2 MHz. More preferably,
cleaning is carried out using the high-frequency

ultrasonic wave in the frequency band as called



Next, as shown in Fig.29E, non-porous silicon single crystal region 42 was
renmoved fromthe above-nentioned nulti-layer structure 50, to expose porous
silicon single crystal layer 41 in a manner as described in the follow ng:
First, non-porous silicon single crystgg | ayer 42 was ground by a grinder
so as to leave the layer 42 in a slight?thickness fromthe border with
porous silicon single crystal |ayer 41, followed by renoving the renmaining
non- porous silicon single crystal region 42 fromby means of dry- etching.
Besi des such a grinding nethod, it is able to enploy a nethod of separating
non- porous silicon singlfégr stal region_ 42 frommulti-layer structure 50

on the basis BFIPTTIRE S FHPFEE 5% 89Q ez 450 ok 6 MHBor der . Since
t he mechanic h.of.porgus silicon crystal |ayer 41 is |esser than
that of non- glé?%%ésg’g%‘f% ‘%1'%1 n‘é?% %’r%t%#] ?%%f%%s%fz?yn%%?)‘ﬁ ous silicon
single crystalelaygie43 and so forth, it is possible to separate non-porous
silicon single crystal region 42 without causing damage to non-porous

silicon single or vasdbuddy Sinddrdl BV BSSYECH: St COfbalial T ol e 45 and

non-porous silicon single crystal region 42 a force o part in a

directi of perfetibd Wprtied pressnit f atrervford e S U rsthéndtheros i@ force in
a direction parallel to the surface of the substrate. As an exanpl e of

ot her met hodsbulbbbepaare | Alse e Dtsd Sftdnt Othes | fngit e wa st aln rags on 42
capabl e of being
case of application of high-frequency ultrasonic wave
and that the bubbles adhere, particularly, to the
hydrophobic substrate surface.

10 The bubbles impede propagation of ultrasonic wave
so as to degrade the cleaning effect and draw fine dust
particles in the pure water to the gas-liquid interface
so as to contaminate the substrate surface with the
dust particles. Adhesion of bubbles to the substrate

15 surface is little observed on the hydrophilic surface,
whereas adhesion and fixing of bubble occurs on the
hydrophobic surface. It is thus nbt easy to perfectly
prevent adhesion of dust particles to the hydrophobic
surface due to the bubbles, by the flowing water and

20 ultrasonic wave in the cleaning bath.

This will be described in further detail.  Fig. 11
shows adhering states of bubbles and moving states of
dust particles on the hydrophobic substrate, where the
high-frequency wave is superimposed on the pure water.

25 In the figure reference numeral 31 designates a quartz
high-~frequency cleaning bath, 32 a high-frequency

vibrating plate, 33 pure water not subjected to
.This is the replacement sheet
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used, nethods of inserting a wedge-shaped nenber or blowing water jet to
porous silicon single crystal |ayer 41 are exenplified. Further,lit may be
used anot her method conprised of setting up in advance a region of which
the porosity showing a ratio of a VOlgﬁf of pores to a volume of silicon is
| arger than that of other regions, hen separating non-porous silicon
single crystal region 42 using the region as a reparation face. Thus, such
nmet hods of separating non-porous silicon single crystal region 42 as

menti oned above are capable of baring porous silicon single crystal |ayer
41 in a short_time, so that_ the seni conductor device can be manufactured

efficiently. ¢%ﬁ?¢ﬂ§loqt°§xﬂ?§§9¥¥§ﬂ)Qﬁﬁxj%#rﬁ&QRﬁﬁﬁxnﬁﬁiQRﬁfcﬁ renovi ng

fromthe Separalé?kles 36 a porous silicon substrate having a

hydrophobic surface, and 38 a high-frequency
progressive wave.

5 The low-frequency ultrasonic cleaning normally
experiences generation of bubbles due to the cavitation
in the pure water, whereas the high-frequency cleaning
involves reduced cavitation, but experiences deaeration
of dissolved gas due to high-frequency vibration in the

10 pure water, thereby generating bubbles. The source of
these bubbles is the dissolved gas such as oxygen and
nitrogen dissolved in the_pure water.

The gas-liquid interface of bubble has higher
energy than in the liquid and thus collects to capture

15 fine dust particles in the pure water. In addition,
the hydrophobic substrate surface is stable in terms of
energy with respect to the gas, ana the bubbles are

- thus likely to adhere thereto. Since the pure water
cannot intrude into between the bubble and the

20 substrate surface, it is difficult to remove the
bubbles from the substrate. For example, while the
bubbles are as small as aboﬁt 1 mm in diameter, they
cannot even move on the substrate surface only by
buoyancy of themselves.

25 When the high-frequency ultrasonic wave is applied
to the substrate surface, the surface receives kinetic
energy in the direction of fhe progressive wave, but
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non- porous silicon single crystal region 42 a portion of porous silicon
single crystal layer 41 which remains after the separation and then
flattening the regi on as occasi on demands, followed by making it porous
partially, to utilize non-porous siIch& single crystal region 42 as such
silicon substrate 40 as shown in Fig.28A ~ Next, as shown inFig. 29F
porous silicon single crystal |ayer 41 was renoved by etching, to formon
silicon substrate 45 so-called SO (silicon-on-insulator) substrate 51,
whi ch has thin non- porous silicon single crystal |ayer 43 through
insulating | gyer 44. A cheni cal_etching nethod where an aqueous sol ution
cont ai ni ng h%}eoqu}ﬁﬁqyc it itpsuffisiendgde Jovekithe %&Pal% FSeFhaE an
et chant was I for the atchi f porous silicon single crystal |ayer
41. The et chiet%e %%gﬂbeys &féh £ eglt g%a%h_egﬁ (?%5&1:%@"!’: §P9°s 1x10[err]
times greater thandlials £ JIORRORIMDINY e LAY sulleatias abl e to
and contro

renove sel ectively abl'y porous silTicon single cryst§F | ayer 41,

I it ettt e X A
5 water, and further adhesion of bubbles thereto causes
the bubbles to move on the substrate surface by
buoyancy of themselves, 'which makes the collected dust
particles adhere to the substrate surface along the
moving path thereof, thereby contaminating the
10 substrate.

In addition, the bubbles adhering to the substrate
surface impede propagation of hiéh-frequency wave to
the substrate surface per se, thereby degrading the
cleaning effect. Namely, generation of bubbles in the

15 bigh-frequeﬁcy cleaning of substrate having the
hydrophobic surface will result in degrading the
cleaning effect, because the high-frequency cleaning of
dust particle on the substrate surface advances at the
same time as the .contamination of substrate by the dust

20 particles in the pure water due to the adhesion of
bubbles.

When cleaning takes place with the ultrasonic wave
superimposed on the pure water shower, generation and
adhesiqn of bubble is also observed. If the pressure

25 of shower is increased for removing the bubbles, it
might cause collapse of fragile porous surface.

The present inventor conducted the researches to
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treated at 1100[err]C for 1 hr in hydrogen atnosphere, to further flatten
the surface of non-porous silicon crystal |ayer 43. Mean square roughness
of the surface after this heat treatnent neasured by interatom c force

m cr oscope was about 0.2nm Usi ng_non-porous silicon single crystal

| ayer 43 of SO substrate 51 forned | uch a manner as described above, it
I s capabl e of manufacturing a sem conductor device such as MOS- FET, DRAM
solar cell and so forth through a well-known sem conduct or process.

In the above-nentioned exanple, it was a silicon substrate that was used as
t he second supstrate. However, also a photo-transmttible substrate such as

quartz subst rHIRFO¥R HleGleandg atfach and fund s mefhed, of

hoto-transm ftable substrate is used therein, th rqduct, _can be suitably
Esed f or phot%t'%%#fé'b%n% Isl} qfﬁrd s&ffsityaquﬂ%v&l”:%/ %%@k}%&q Y Wien the second
Substrate is ' f | | erjal s a ar substrate
and gl ass sublg%#ﬂ;{%-‘,wgrﬂvﬁ'%nm%gh ;ggaégg%lﬂtﬁseeéﬁd osftluct}gi}('lr }tugr%a v’}saﬁ%rcon

substrate Wheseid Alkddip Wildddithd BRI HE hethod Jdnlnd diikinwias 4t med on

the adhered face, insulating layer 44 in Fig.29C1s not I spensabl e.
However,sif newepoiiisrSiy idederdife tHe Hidsd 13 qbd AniiHd a

sem conduct or device is to be fornmed in a future process, should be
pure water used for cleaning so as to prevent the
generation of bubble per se, thereby obviating the need
for the lifting operation'of substrate out of the pure
water bath.
io Now described is the ultrasonic cleaning of
Embodiment 3 for the porous silicon surface processed
by the hydrophilic process.
Fig. 13 shows an example of flowchart of the
fabrication process up to epitaxial growth on porous
15 silicon and the cleaning method. In the drawing, SPM
stands for H,S0,/H,0, mixture, DIW for pure water, DHF
for dilute HF solution, APM for NH,OH/H,0,/H,0 mixture,
and S/D for spin drying.
Cleaning of bulk silicon substrate before
20 anodization is cleaning with chemicals, as before, but
the apertures of holes of the porous structure are
exposed in the substrate éurface from after formation
of porous silicon by anodization to epitaxial growth.
As apparent from the flowchart, the chemicals
25 normally used for cleaning of bulk silicon substrate,
such as SPM, APM, or HPM (HC1/H,0,/H,0 mixture), cannot

be used while the apertures of holes of porous silicon
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separated fromthe adhered face as far as possible to protect it froman
I nfl uence of an inpurity and so forth, it is desirable to form an
i nsul ating | ayer on non-porous silicon single crystal |ayer 43.

- 69 - Exanpl es The present invention will be
described in further det ai | witﬁieianples. Exanples 1 and 2 are
exanpl es of Enbodi nent 1. 5 <Exanple 1>

are exposed in the surface. Only DHF and pure water
can be used in that period.

As described previously, many dust particles
adhere to the surface in the forming process of porous

5 silicon by anodization.

In the case wheréin a single-crystal silicon film
is epitaxially grown on a surface of porous silicon
substrate, an oxide film is formed over the internal
wall surfaces of porous structure (by forming a native

10 oxide film or by a low-temperature oxidation step of
Fig. 16) in order to decrease the structural change of
the porous structure in the heating process at high
temperatures. Further, the epitaxial growth is carried
out after at least the oxide film over the porous

15 surface (of'silicon substrate) is selectively removed.
immediately before the growth. In this case, the oxide
film is left on the internal wall'éurfaces of holes of
porous structure. Specifically, the oxide film on the
porous silicon surface is removed by immersion in DHF

20 for a short time, the substrate is drawn up out of the

- DHF bath before the DHF solution deeply intrudes into
the holes of porous structure, and the substrate is
rinsed with pure water.

For example, before the epitaxially grown layer is

25 formed on the porous silicon by the thermal CVD process
at the temperature of about 1000°C, an oxide film is

formed by low-temperature oxidation of the internal
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Porous silicon substrates used in cleaning were prepared by form ng
a porous silicon layer 10 [err]mthick on one side of p[err]-type
5-inch-dianeter silicon substrate RCA- cl eaned, by anodi zation, and
then they were 10 subj ected to pure-water rinse- and spin drying. Then
the nunber of dust particles was neasuf®d-for each sanpl e using a
surface dust particle inspection system Next, the above porous
silicon substrates 3 were set in the order of anodization batches on
a cleaning 15 carrier 4 in a quartz bath 2 under over f|OMIOf pure
water 1 as showp in F3ﬁ¢£17 Then they were cl eaned as pplying the

hi gh- f r equenc{@ % r&k ek RATIYE siliconfae APy @9d a%ﬁtorle MHz and
t he power of &ggrYVin
However, adhesion of new dust particles numbering
100 or so is observed on the surface in the substrate
5 after the thermal oxidation step. Such dust particles
are considered to be generated by abrasion due to scrub
between a quartz boat with.substrates being arranged
thereon and a quartz furnace tube.
Since the oxide film on the porous silicon surface

10 is removed by etching with dilute HF solution
immediately before the epitaxial growth, these dust
particles are liable to be considered as lifted off to
be removed from the surface at the same time as the
removal of oxide film.

15 In préétice, however, the number of dust particles
after the etching with dilute HF solution little
changes or even increases on the cbntrary. This is
because the porous surface becomes hydrophobic after
removal of the oxide film and the dust particles

20 floating in the etching bath are adsorbed to the

- substrate by flowing water charging of the substrate
upon lift of substrate, thereby again adhering to the
substrate.

Incidentally, since anodization uses the high-

25 concentration HF electrolyte éolution, the porous

silicon surface becomes hydrophobic, as shown in Fig.

13, after the anodization, as after the removal of
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parallel with the substrates 3 froman oscillator 6 of 20

hi gh-frequency ultrasonic bath 5 through the quartz

- 70 - bat h 2. A bul k silicon substrate 7 RCA-cl eaned
was pl aced as a dummy for cleaning at the carrier end, and the
substrates were cleaned in the pure wag®r-for 20 5 m nut es as
elimnating the bubbl es adhering thereto by

oxide film with DHF after the low-temperature
oxidation.
As described previously, if bubbles are generated
during high-frequency cleaning with pure water, the
5 bubbles will adhere to the surface of the hydrophobic
substrate so as to impede the cleaning action and to be
a cause to collect the dust particles in the pure water
onto the substrate surface, thus contaminating the
surface. Fig. 12 shows the result of inspection where
10 a state of adhesion of dust particles to the substrate
surface was checked with a dust particle inspection
system after the hydrophobic, porous silicon substrate
was subjected to the high-frequency cleaning in pure
water without performing the lift of substrate and the
15 deaeration'process of pure water. In Fig. 12 the arrow
represents the rise direction of bubble. The high-
frequency progressive wave is also applied so as to
travel in the same direction. Adhesion contamination
of dust particle is redognized along the rise path of
20. bubbles adhering to the substrate surface.
| For this reason, it is desired to perform the
regular lift operation of substrate during the high-
frequency cleaning when the pure water without“
deaeration is used, or to perform the high-frequency
25 cleaning with pure water from which the dissolved gas
in the pure water is deaerated. This is the reason why

the high-frequency cleaning is carried out with the
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lifting the substrates together with the carrier 4 out of the pure

wat er every five m nutes. For eval uating the renoving effect of
dust particle, the substrates were subjected to spin drying 10
after cleaning and then neasurenment of dust particles was carried
out. The same cl eaning was again condutf ed for 20 m nutes nore and

t hen neasurenent of dust particles was conduct ed. The
measur enent of dust particles was evaluated in 15 t he node to neasure
dust particles of sizes not |ess than 0.3 pm attained fromthe

| aser reflectjon intensity distribution in the 5-inch substrate
sur f ace. Aeaerateq:ipd‘.relg’aﬂ%\y/\é h TGRS it Rer &R Sigquds-

In cleaning of substrate, however, the method for
regularly lifting the substrate out of the pure water
bath during cleaning would force very cumbersome works,

5 for example, where cleaning relies on labor of worker.

Deaeration of dissolved gas in the pure water can
compensate for the gas concentrations at the exit of
deaerating apparatus, but in the case of reserving
water in a pure water high-frequency cleaning bath, re-

10 dissolution of oxygen and nitrogen occurs from the
atmosphere within a short time ewven under flow of
water. Thus, some measure becomes necessary for the
structure of cleaning bath, gas seal, and the like in
order to compensate for the concentrations of dissolved

15 gas in the'éure water in the cleaning bath.

After further researches, the present inventor
achieved the present inwvention. Specifically, the
cleaning method of porous surface according to
Embodiment 3 of the present invention is the method for

20 oxidizing the porous surface into a hydrophilic surface
so as to facilitate occurrence of the cleaning effect
in the high-frequency cleaning with pure water and for
removing the dust particles of substrate surface from
the hydrophilic surface by the pure-water high-

25 frequency cleaning. When a single-crystal silicon film
is epitaxially grown on the porous silicon surface

after the etching removal with dilute HF solution,
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particles with this series of cleanings. In this 20 figure values of %

I ndi cate renoval rates. Fig. 18 does not include data of the dummy
7 at the carrier end. As shown in Fig. 18, it is seen

t hat the dust particles extrene i ncrease after anodization 25
(indicated by B in the drawi ng) as co red with the nunber of dust
particles on the substrate surface after RCA cleaning (indicated by A
in the drawing) (which is - 71 -

immediately before the epitaxially growth, of the clean
surface oxide film of porous silicon substrate from
which such dust particles have been removed, the
single-crystal silicon film with good quality can be

5 formed.
(Embodiment 4)

The cleaning method of porous surface according to

Embodiment 4 of the present invention is a method for
oxidizing the porous surface into a hydrophilic surface

10 so as to facilitate occurrence of the cleaning effect
in the high-frequency cleaning and for superimposing
the high-frequency ultrasonic wave on a liquid for
cleaning of the porous surface made hydrophilic,
thereby removing the dust particles on the substrate

15 surface. |

The cleaning method of porous surface according to

the present embodiment is not limited to specific
materials of substrate if the substrate has the surface
of the porous structure. For example, applicable

20 materials include the semicoﬁductor materials of Si,
GaAs, and the like, ceramic materials, and so on.
Further, the cleaning mgthod_of porous surface
according to the present invention can also belapplied
for removing the dust parficles adhering to the

25 substrate surface having such structure that a film of
semiconductor thin film of amorphous Si, polycrystal

Si, GaAs, or the like or a layer of metal thin film is
O Ths iz the replaramesnt shasd
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the sane data as in Fig. 2 described previously). The cl assification
of L1, L2, and L3 in the bar graph of Fig. 18 indicates rough
classification of sizes of dust particles based on |aser reflection

intensities from 5 t he dust p‘arti%_‘es, and they becone greater in the

|
order of L1, L2, and L3 (i.e., L1 <L & L3). Si nce the dummy

substrate was placed at the carrier end, the data of anodization 1
bat ch was not dependent on contami nation fromthe carrier, but on
the 10 order of batch of anodizati on. Porous silicon

Conventionalh%p%§EQewa%ng%e%ggal vapor deposition or the like on

the internal wall surfaces of pores of Si porous
substrate, as shown in Fig. 2.
In the case wherein the layer of the semiconductor
5 thin film or the metal thin film is formed directly on
the internal wall surfaces of pores of the porous
substrate as shown in Fig. 2, the layer of
semiconductor thin film or metal thin film may be
formed after the substrate surface oxide film and the
10 internal wall oxide film formed by the hydrophilic
process are removed.

As described previously, porous silicon
immediately after anodization has the hydrophobic
surface, because the conc HF mixture solution is used

15 as an electfolyte solution. When an oxide film is
formed on this surface, this surface becomes
hydrophilic. If the surface_is hydrophilic and even if
bubbles are generated in high-frequency cleaning with
non-deaerated pure water, the bubbles will not adhere

20 to the substrate surface, whereby the high-frequency
cleaning with pure water can demonstrate the cleaning
effect with high removing rate.

Specifically, when the substrate is made
hydrophilic by low-temperéture oxidation before the

25 cleaning step S,, as shown in Fig. 14, even with
generation of bubbles on the hydrophilic substrate

surface similarly, the substrate surface is stable and
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cl eaned only by pure water rinse and thus having the surface

contam nated with dust particles. When it was cleaned for 20

m nutes by the high- 15 frequency ultrasonic cleaning in the pure water
according to the present invention (C 'g the draw ng), 13 %to 51 %
of dust particles were renoved fromthe- surface. Further, the
adhering bubbles were elimnated simlarly by lifting the substrates
together with the 20 carrier 4 every five mnutes. The 20-nminute

cl eani ng (Din the drawing) renoved 63 %to 84 % of dust

Phe. dr aw ngy T s it SE Bty f SUE wagom, ol 20 (0% (211
i nspection sys{&RAAL" the substrate surface is always covered with

pure water, thus preventing the bubbles from adhering

thereto.

5 Accordingly, the dust particles collected by the
bubbles are prevented from transferring to the
substrate and do not impede propagation of high-
frequency wave, thus demonstrating the cleaning effect
sufficiently.

10 As described, the pure-water high-frequency
cleaning of hydrophilic substrate does not need to
perform the countermeasure of the regular lift
operation of substrate, the deaeration process of pure
water, or the like, and the high cleaning action can be

15 expected by.keeping the substrate immersed in the pure-
water high-frequency bath during cleaning even with
generation of bubbles as in the caée of the deaerated
pure water.

It is well known that the surface of silicon oxide

20 film is hydrophilic. However, the present inventor
discovered that the low-temperature-oxidized surface of
porous silicon is also hyd;ophilic similarly.

As already described with Fig. 13, this lbw—
temperature oxidation process is carried out as a

25 process before epitaxial growth on porous silicon in

order to decrease the structural change of the porous

structure during the heating process at high
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25 cl eani ng showed no roughness change due to col | apse of por ous

silicon substrate. Excl usi on of the renoval of bubbles resulted
in - 72 - observing the
phenonenon that fine dust particles, particularly, of the L1 size
col l ectively adhered to the subBfrate so as to traverse the
substrate along the bubbl e rise direction (coincident with the

ultrasonic

temperatures, which is not one especially introduced
for the cleaning of the present invention.

The low-temperature-oxidized film is also formed
by intrusion of oxide atom into the crystal lattice of

5 substrate surface, similarly as in thermal oxidation,
and if the dust particles are present on the surface it
will be also formed at the interface between the
particles and the substrate. The oxide film is removed
from the surface by etching of oxide film together with

10 the dust particles having adhered during the oxidation
step.

However, the dust particles will be brought into
the etching bath unléss the surface of oxide film
before etching is clean. It will cause the dust

15 particles té re-adhere to the substrate after etching.

For this reason, the cleaning after the oxidation
step is carried out preferably befbre exfoliation of
the oxide film by etching.

Accordingly, in Fig. 14, porous silicon is made

20 hydrophilic by oxidation or the like, thereafter it is

. subjected to the high-frequency cleaning with pure
water to effectively remove the dust particles from the
surface and to create a clean oxide film surface,
exfoliation of the surfacé oxide film with the dilute

25 HF solution is carried out immediately before epitaxial
growth or the like, and then the epitaxial growth or

the like is carried out, thus providing a clean porous

LT H Yhe oy H . ST | 2
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5 propagating direction in the exanple). <Exampl e 2>

Next described is an exanple of the high-frequency ul trasonic

cl eaning after the Iomftenperature oxi dati on and the renoval of

surface oxide |layer, which are égllninary treatments indi spensabl e

to epitaxial growt h on the por o silicon surface. The

porous silicon substrates cleaned by the high- . frequency ultrasonic

cl eaning with pure wat er after anodi zation in Exanple 1 (Din the

drawi ng) were subjected to the | owtenperature OX|dat|on in an

oxygen ’tafb 4001_% nd_for one%g ! t WI n

and measur enent oo d s‘fr LA %%mbc?ar% Lidh(t%e SemiGonditel
processes.

In addition, the dust particles on the oxide film
surface, which might be a cause of re-adhesion of dust
5 particles in the dilute HF etching step, are already
removed so as to secure the clean oxide film surface,
whereby the dust particles are little brought into the
dilute HF liquid bath, thué.relieVing the problem of
re-contamination.

10 As described, the difference of the fabrication
method of Fig. 14 from Fig. 13 is that the high-
frequency cleaning with pure water carried out on the
hydrophobic surface after the oxide film removing step
of porous silicon surface with the dilute HF solution

15 between the thermal oxidation step and the epitaxial
growth step is changed to the pure-water high-frequency
cleaning carried out on porous silicon having the
hydrophilic surface between the oxidation step and the

. dilute HF etching step.

20 With this change of timing of cleaning, the dust
- particles on the porous silicon surface can be removed
effectively without a need for the countermeasure
against adhesion of bubble, such as the regulaf
substrate lift operation during cleaning or the

25 deaeration of pure water.

The hydrophilic process may be made using the

oxidation action with ozone water or hydrogen peroxide
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Then new dust particles adhered thereto as shown in Fig. 18. 20

The new dust particles adhered in the oxidation furnace and during
the operation of the step and, in the case of porous silicon
subjected to only the conventiopal pure water rinse, they were added
to the nunber of dust particlésiﬁnﬁediately after anodi zation. 25
Then the substrates were set on the carrier in the sanme nethod as
descri bed above and were i mrersed in di l uted hydrofluoric acid. Then

t he pure-water over-
water described hereinafter, instead of the thermal

oxidation. In this case, though immersion of substrate
is sufficient, it is more preferable to apply the high-
frequency ultrasonic ﬁave thereto. Examples of the

5 hydrophilic process include dry oxidation processes,
such as atmospheric pressure oxidation in a high-
concentration ozone gas ambience or in a high-
concentration oxidizing ambience, or a process'by
plasma oxidation under reduced pressure using the

10 aforementioned gas as a base raw material.

On the other hand, there are many dust particles
adhering to the hydrophobic surface after anodization.
When it is put into a thermal oxidation system, the
dust particles, depending upon the types thereof, would

15 come to firﬁly stick to the surface, and would be a
cause of contamination of the oxidation system.

In the fabrication flow shown in Fig. 14, cleaning
takes place in combination of the deaeration.process of
dissolved gas in the pure water with the high-frequency

20 cleaning with pure water of hydrophobic surface (step
S,).

Such a cleaning step including the deaeration
process can be replaced by the cleaning method of the
present invention és shown in Fig. 15. The step S;; of

25 Fig. 15 is according to the cleaning method of porous
surface based on the second embodiment of the present

invention, wherein high-frequency cleaning takes place

- This is the replacement sheet
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- 73- ' fl ow hi gh-frequency ultrasonic cleaning was carried out

in the cleaning system (Fig. 17) of Exanple 1 for 20 m nutes as
elimnating the adhering bubbles by lifting t he substrates together
with the carrier 4 every five =5 mnutes (F in the drawing). As shown
in Fig. 18, 54 % to 80 % of dﬁs£§pérticles were renoved as conpared
W th the data inmediately after oxidation and the nunber of

dust particles was not nore than 65 in either one of the porous
silicon substrates. 10 This is considered to be the synergistic

effect with pure water in which ozone is dissolved.

As well known, the pure water with ozone dissolved
therein has strong oxidizing action. The removing
effect of organic matter greatly depends upon the

5] oxidizing action of organic matter. The strong
oxidizing action of the ozone pure water can be used as
the hyd;ophilic process of hydrophobic surface, and has
an effect to create the hydrophilic surface by
oxidizing the porous silicon surface after anodization.

10 If the hydrophilic surface thus created is subjected to
the high-frequency cleaning, the hydrophilic process
and high-frequency cleaning will be performed in one
step.

In addition, even if the ozone pure water intrudes

15 into the pdfes of porous silicon like the pure water,
it can be eliminated readily as vapor or oxygen gas by
heating after the process, thus leaving no negative
effect on the subsequent steps.

The oxide film over the porous silicon surface and

20 over the internal walls of holes made by the ozone |
water containing ozone in the concentration of about 10
to 13 % is removed by etching with DHF, which was
carried out conventionally for the purpose of removing
the native oxide film prior to the low-temperature

25 oxidation step.

| The high-frequency cleaning with the ozone pure

water demonstrates the effect on the hydrophobic porous

iz the renianemset shoat
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with the renoving action to lift off dust particles fromthe surface

in the oxide filmexfoliation step. However, only the conventional,
di l uted hydrofluoric acid and pure water rinse results in detecting
15 approximately several hundred of dust particles, - because the
dust particles once lifted off re-adh to t he substrate because of
the fl ow ng-water chargi ng of hydr ophobi ¢ substrate. Therefore, the
above effect can be considered as a result that the high-frequency
20 ultrasonic cleaning effectively achieved renoval of dust

particl es and, pfgventd one ol I 65 30NESI QLANGH 611 arise 1£ it!fgaddition,
no anomaly was d‘é%/ectégﬂ%n%'m;porousﬁPrpo SsiTi1con surface after
cleaning, as ifhBXHPS dieaning of oxidized porous silicon already
having the hydrophilic surface. Accordingly, the
cleaning method can be used for cleaning of porous
5 silicon both after anodization and after low-
temperature oxidation.

Further, from the viewpoint of the hydrophilic
process of porous silicon by wet oxidation, it is also
possible to employ high-frequency cleaning with

10 hydrogen peroxide solution (H,0,/H,0) of about 2 % or
less diluted with pure water, in addition to the ozone
water.

This is also cleaning with chemicals, but hydrogen
peroxide can be eliminated readily in the same manner

15 even if it'intrudeszinto the inside of pores of porous
éilicon. Thus hydrogen peroxide leaves no negative
effect on the subsequent steps.

| The fabrication flow of Fig. 15 may be modified as
shown in Fig. 16 wherein low-temperature oxidation

20 takes place after the high-frequency cleaning with pure
water in which ozone is dissolved. An oxide film is
formed by the ozone pure water on the porous silicon
surface after anodization, and the low-temperature
thermal oxidation process achieves uniform oxidation

25 proceeding deeply into the holes of the porous inner
walls. In addition, there is no need to dare to remove

the oxide film formed by the ozone pure water. Thus,
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Now described is the renoving effect of adhering 25 bubbl es in the

hi gh-frequency cleaning in pure water carried out in Exanple 1 and
Exanpl e 2. Adsorption by bubbles is outstanding with fine

- 74 - g dust particles and the collectively adhering state
thereof to the substrate surface i s"ofiBstanding. In the ultrasonic
cl eani ng, however, generation of bubbles

the oxide film exfoliation step before the low-
temperature thermal oxidation becomes unnecessary, thus
further decreasing the steps as shown in Fig. 16.
It is known that the surface of hydrophobic
5 substrate becomes hydrophilic after APM cleaning, but
APM cannot be used for the hydrophilic process of

hydrophobic porous silicon as described previously.
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fromdi ssolved gas in pure water is observed even in 5 t he

hi gh-frequency band as descri bed previously. Wen t he porous
silicon substrate is further dried, bubbles ' are supposed to be
generated because the gas (air) in the pores thereof are repl aced
with pure water to be di schar g8 out of the pores. In order to
clarify what 10 is the origin of .the bubbles adhering to the substrate
surface, eval uation thereof was conducted by the dust particl es not
|l ess than 0.2 [err]mon a hydrophobic bul k substrate surface w thout
any porous structure forned therein. 15 Fig. 19is a
drawi ng to show the result of measur enent of the nunber of dust

particl es conducted

A semiconductor substrate made clean in a manner of the
present invention as explained above which substrate has a
porous surface may belsuitably used for a preparation of a
semiconductor device such as MOS-FET. Figs.29A through 29F
are cross-sectional views to schematically show an example
of processes of such a semiconductor device.

As shown in Fig. 2%9A, silicon substrate 40, which has
been made clean in the above-explalned manner, is comprised
of non-porous silicon]single crystal region 42 (,i.e. Bulky
silicon region) rema191ng without being made to be porous
and porous silicon single crystal layer 41. First, silicon
substrate 40 was heated at 400°C for 1 hr in oxygen
atmosphere, whereby oxide films were formed on inner walls
of pores of porous silicon single crystal layer 41 and a
surface of porous silicon single crystal layer 41,
respectively. It is for preventing silicon atoms from a
migration in the pore|as the result of the raising of
temperature in a process of forming an epitaxial layer at a
later stage and so £orth and the pores from £illing up as
the result of the migration that the films were provided.

I

Next, the surface of porous silicon single crystal
layer 41 was treated with hydrofluoric acid, to remove the
oxide film on the surface of porous silicon single crystal
layer 41, leaving theloxlde £films on the inner walls of the
pores. Then non~porous silicon single crystal layer
(epitaxial layer) 43 of 0.3um in thickness was made to grow

- epitaxially on porousl51llcon single crystal layer 41 by CVD
method, as shown in Fig.29B. Any of molecular beam
epltaxial method, plaSma CVD method, reduced pressure CVD
method, light CVD method, liquid-phase growth method and
sputtering method canjbe used for forming such non-porous
silicon single crystal layers as layer 43. Although it is
possible to set up arbitrarily the thickness of non-porus
silicon single crystal layer 43 without limiting it to the

Thie 1L s rugasomemt shoet

Datee fS MG NR



in such a way that bul k substrates were prelimnarily cl eaned by RCA
cleaning to mnimze the nunber of dust particles on the surface,
they were imersed in diluted 20 hydrof | uoric acid, thereafter they were
rinsed with pure water for 5 miputes, they were dried by spin
drying, and then the nunber of dust particles was measured. It is
apparent that the nunber of dust particles on the substrate at the
carrier end is larger 25 than those on the substrates at the other

posi tions. This is considered to be due to inductive charging of

the closest ypdad-ndticndabyalad) e A336C1saEy¥Ldlly formed in a
range of 100nm throughlme in thickness.

Next, as shown 1n|Flg 29C, the surface of NON-poOrous
silicon single crystal'layer 43 was partially oxidized, to
form oxide film of 200am in thickness, as insulating layer
d44. Although it is also possible to set up arbitrarily the
thickness of insulating layer 44 without limiting it to the
above-mentioned value, |the layer is typically formed in a
range of 50nm through 2pm in thickness.

Next, as shown Lanlg 29D, another silicon substrate 45
was laid on top of insulating layer 44 and then the laid
faces of them were stuck on each other. Next, the resultant
was heat treated at 1180 C for 5 minutes to adhere the faces
to each other. As the|result, silicon substrate 40 as the
first substrate and silicon substrate 45 as the second
substrate werxe adheredlto each other through insulating
layer 44, so that multi-layer structure S0 wherein non-
porous silicon single crystal layer 43 was located was
formed as shown in Fig.29D.

Next, as shown in:Fig.29E, non-porous silicon single
crystal region 42 was removed from the above-mentioned
nulti~layer structure 50, to expose porous silicon single
crystal layer 41 in a manner as described in the following:
First, non-porous silicon single crystal layer 42 was ground
by a grinder so as to leave the layer 42 in a slight
thickness from the border with porous silicon single crystal
layer 41, followed by removxng the remaining non-porous
silicon single crystal|region 42 from by means of dry-
etching. Besides such|a grinding method, it is able to
employ a method of separating non-porous silicon single
crystal region 42 from!'multi-layer structure 50 on the basis
of porous silicon single crystal layer 41 as the border.
Since the mechanical strength of porous silicon crystal
layer 41 is lesser than that of non-porous silicon single
_crystal region 42, noniporous silicon single crystal layer

. 43 and so forth, it is|possible to separate non-porous
gilicon single crystal]raglon 42 without causing damage to
non-porous silicon single crystal layer 43, by giving
between silicon substrate 45 and non-porous silicon single
crystal region 42 a force of pulling apart in a direction
perpendicular to the surface of the substrate or a shear

- force in a direction parallel to the surface of the
substrate. As an example of other methods of separating
non~porous silicon single crystal region 42 capable of being:
used, methods of inserting 2 wedge-shaped member or blowing
water jet to porous silicon single crystal layer 41 are
exemplified. Further, it may be used another method
comprised of setting up in advance a region of which the
porosity showing a ratio of a volume of pores to a volume of
silicon is larger than|that of other regions, and then
separating non-porous silicon single crystal region 42 using
the region as a reparation face. Thus, such methods of
separating non-porous silicon single crystal region 42 as
mentioned above are capable of baring porous silicon single
crystal layer 41 in a short time, so that the semiconductor
device can be manufactured efficiently. Further, it can be
also used a method comprised of removing from the separated
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- 75 - known. Nunbers indicating slot positions in the

drawi ng represent slot nunbers of the wafer carrier frequently used
heretofore in the sem conduct or industrial fields, and slots are
formed at equal 5 intervals of the pitch of 5 Mfmfrom1 to 25 fromthe
carrier end. Fig. 20 i s a8 gwi ng to show nunbers of dust
particles where the high-frequency cleaning of the frequency 1 Mz
and the power 150 Wwas carried out in

non-porous silicon single crystal region 42 a portion of
porcus silicon single crystal layer 41 which remains after
the separation and then flattening the region as occasion
demands, followed by making it porous partially, to utilize
non-porous silicon single crystal region 42 as such silicon
substrate 40 as shown in Fig.29A.

Next, as shown in{Fig.ZgF, porous silicon single
crystal layer 41 was removed by etching, to form on silicon
substrate 45 so-called |SOI (silicon-on-insulator) substrate
51, which has thin non<porcus silicon single crystal layer
43 through insulating layer 44. A chemical etching method
where an aqueous solution containing hydrofluoric acid and
hydrogen peroxide water is used as an etchant was employed
for the etching of porous silicon single crystal layer 41.
The etching rate by such an etchant on porous silicon is
1x10* times greater than that on non-porous silicon.
Accoxrdingly, it was able to remove selactively and
controllably porous s;lzcon single crystal layexr 41, 1eaving
£fiat non-porous silicon single crystal layer 43 whlch is
uniform in thickness. |
- Lastly, SOI substrate 51 shown in Fig.29F was heat
treated at 1100°C for 1 hr in hydrogen atmosphere, to
further flatten the surface of non-porous silicon crystal
layer 43. Mean square roughness of the surface after this
heat treatment measured by interatomic force microscope was
about 0.2nm. !

Using non-porous silicon single crystal layer 43 of SOI
substrate 51 formed 1n|such a manner as described above, it
is capable of manufacturing a semiconductor device such as
MOS-FET, DRAM, 'solar cell and,so forth through a well-known
semiconductor process.§

|

In the above-mentioned example, it was a silicon
.substrate that was used as the second substrate. However,

" also a photo—transmittable substrate such as quartz
substrate and glass Substrate can be used. When such a
photo-transmittable substrate is used therein, the product
can be suitably used for photo-sensor, liguid crystal
display and so forth. |When the second substrate is
comprised of an insulating material such as guartz substrate
and glass substrate, or when using as the second substrate a

. silicon substrate whereLn an insulating layer such as $i0,
layer was formed on the adhered face, insulating layer 44 in
Fig.29C is not indispensable. However, if non-porous
silicon single crystal |layer 43, on which a semiconductor
device is to be formed|in a future process, should be
separated from the adhered face as far as possible to
pxotect it from an influence of an impurity and so forth, it
ig desirable to form an insulating layer on non-porous
silicon singla crystalllayer 43.
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10 the above five-mnute pure-water rinse step. As shown in Fig.
20, the high-frequency cl eani ng decreases the nunber of dust
particles on the substrate, but, dependi ng upon the sl ot position of
waf er carrier, sone substrates EQOMIan extrenme increase of fine dust
15 partlcles (L1) on the contrary. - The increased dust
particles aggregated densely in paral l el to the bubble rise
direction and the ultrasonic propagating direction fromthe slot
posi tion in the carrier and fromthe position distribution in 20

t he substrate. This proves that sinple ultrasonic cleaning in
pure water resBkaspl@scontam nating the substrate with

The present invention will be described in further
detail with examples. Examples 1 and 2 are examples of
Embodiment 1.

5 <Example 1>

Porous silicon substrates used in cleaning were
prepared by forming a porous silicon layer 10 um thick
on one side of p*-type 5-inch-diameter silicon substrate
RCA-cleaned, by anodization, and then they were

10 subjected to pure-water rinse and spin drying. Then
the number of dust particles was measured for each
sample using a surface dust particls inspection system.

Next, the above porous silicon substrates 3 were
set in the order of anodization batches on a cleaning

15 carrier 4 in a quartz bath 2 under over flow of pure
water 1 as shown in Fig. 17. Then they were cleaned as
applying the high-frequency ultrasonic wave of the
frequency of about 1 MHz and the power of 150 W in
parallel with the substrates 3 from an oscillator 6 sf

20 high-frequency ultrasonic bath 5 through the quartz
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dust particles against the purpose. Fig. 21 is a drawing to show
nunbers of dust 25 particles where only the dust particle nmeasuring
surface of the substrate at the carrier end was reversely set with
respect to the carrier side, the - 76
- other wafers in the carrfefOwere nornmally set, and

renoval of bubbl es was conducted by repeating the

bath 2.

A bulk silicon substrate 7 RCA-cleaned was placed
as a dummy for cleaning at the carrier end, and the
substrates were cleaned in the pure water for 20

5 minutes as eliminating the bubbles adhering thereto by
lifting the substrates together with the carrier 4 out
of the pure water every five minutes.

For evaluating the removing effect of dust
particle, the substrates were subjected to spin drying

10 after cleaning and then measurement of dust particles
was carried out. The same cleaning was again conducted
for 20 minutes more and then measurement of dust
particles was conducted.

The measurement of dust particles was evaluated in

15 the mode to measure dust particles of sizes not less
than 0.3 pm, attained from the laser reflection
intensity distribution in the 5-inch substrate surface.

Fig. 18 shows changes in the number of dust
particles with this series of cleanings. In this

20 figure values of % indicate removal rates. Fig. 18

. does not include data of the dummy 7 at the carrier
end.

As shown in Fig. 18, it is seen that the dust
particles extremely increase after anodization

25 (indicated by B in the drawing) as compared with the
number of dust particles on the substrate surface after
RCA cleaning (indicated by A in the drawing) (which is
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operation of lifting the substrates together with the carrier out of

the high-frequency pure water bath every 5 five mnutes and again

i Mersing theminto the pure wat er, for 20 m nutes.

Al t hough the effect by the cleaning tine did exi st, the renoval of
bubbl es decreased the nunber of = 7Hust particles at each position in
the carrier to the 10 | evel equivalent to those with the pure-water
rinse after RCA cleaning (Fig. 19), when conpared with Fig.

20, and suppressed the aggregation of dust particles in I Lhe h 15
substrate. me clear, fromthe above results that the
cause of cont®iff rﬁ;ﬁ“?eorfi%‘fa ﬁﬁ)gt"r 59 by @ArScrihed argyiously). The

classification of L1, L2, and L3 in the bar graph of
Fig. 18 indicates rough classification of sizes of dust
particles based on laser reflection intensities from

5 the dust pafticles, and they become greater in the
order of L1, L2, and L3 (i.e., L1 < L2 < L3).

Since the dummy substrate was placed at the
carrier end, the data of anodization 1 batch was not
dependent on contamination from the carrier, but on the

10 order of batch of anodization.

Porous silicon conventionally used was the one
cleaned only by pure water rinse and thus having the
surface contaminated with dust particles.

When it was cleaned for 20 minutes by the high-

15 frequency uitrasonic cleaning in the pure water
according to the present invention (C in the drawing),
13 % to 51 % of dust particles weré removed from the
surface. Further, the adhering bubbles were eliminated
similarly by lifting the substrates together with the

20 carrier 4 every five minutes. The 20-minute cleaning
(D in the drawing) removed 63 % to 84 % of dust
particles as compared with the data after the pure
water rinse (B in the drawing) following anodiéation.
The data of dust partidié.inspection system after

25 cleaning showed no roughness change due to collapse of
porous silicon substrate.

Exclusion of the removal of bubbles resulted in
~ This is the replacement sheet
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was generation of bubbles and adhesion thereof to the hydr ophobi c
substrate surface due to the high-frequency ul trasoni c wave from
pure wat er.
out of the pure water every five mnutes in the above exanpl es, the
cl eaning effect can be enhanced furthef2 - by repeating the lift
operation of substrate every short time within the same cleaning
period so as to . further decrease the nunber of adhering bubbles in
cleaning period of time in pure water. The dust
particles on the reversed substrate at the carrier end al so decreased

the 25

simlarly,

10

15

20

25

a

Fromthis, though the substrates were lifted up 20

rﬂp§%rwﬁqq the phenomenon that fine dust particles,

particularly, of the L1 size collectively adhered to
the substrate so as to traverse the substrate along the
bubble rise direction (coincident with the ultrasonic
propagating direction in the example).

<Example 2>

Next described is an example of the high-frequency
ultrasonic cleaning after the low-temperature oxidation
and the removal of surface oxide layer, which are
preliminary treatments indispensable to epitaxial
growth on the porous silicon surface.

The porous silicon substrates cleaned by the high-
frequency ultrasonic cleaning with pure water after
anodization in Example 1 (D in the drawing) were
subjected fé the low-temperature oxidation in an oxygen
ambience at 400°C and for one hour (E in the drawing)
and measurement of dusf particles‘ﬁas carried out.

Then new dust particles adhered thereto as shown in
Fig. 18.

The new dust particles adhered in the oxidation
furnace and during the operation of the step and, in
the case of porous silicon subjected to only the
conventional pure water rinse, they were added to the
number of dust particles immediately after anodization.

Then the substrates were set on the carrier in the
same method as described above and were immersed in

diluted hydrofluoric acid. Then the pure-water over-

L. PR 26 g oW
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- 77 - be clarified whether this is due to only the high-
frequency cleaning or due to the synergistic effect with the reverse
setting. Bul k substrates each at the carrier end were 5
normal Iy and reversely set and were subjected to the RCA cl eani ng
with the highest cleaning performancg, Zand t hen the nunmber of dust
particles not less than 0.2 pm was counted on each substrate.

flow high-frequency ultrasonic cleaning was carried out
in the cleaning system (Fig. 17) of Example 1 for 20
minutes as eliminating the adhering bubbles by lifting

- the substrates together with the carrier 4 every five

5 minutes (F in the drawing). As shown in Fig. 18, 54 %

to 80 ¥ of dust particles were removed as compared with
the data immediately after oxidation and the number of
dust particles was not more than 65 in either one of
the porous silicon substrates.

10 This is considered to be the synergistic effect
with the removing action to lift off dust particles
from the surface in the ogide film exfoliation step.
However, only the conventional, diluted hydrofluoric
acid and pure water rinse results in detecting

15 approximateiy several hundred of dust particles,
because the dust particles once lifted off re-adhere to
the substrate because of the flowing-water charging of
hydrophobic substrate. Therefore, the above effect can
be considered as a result that the high-frequency

20 ultrasonic cleaning effectively achieved removal of
dust particles and prevention of re-adhesion fhereof.

In addition, no anomaly was detected on the porous
silicon surf;ce after cleaning, as in Example i.
Now described is the removing effect of adhering

25 bubbles in the high-frequency cleaning in pure water
carried out in Example 1 and Example 2.

Adsorption by bubbles is outstanding with fine
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Fig. 22 shows the nunbers of dust particles after 10 cleaning in the

normal state and Fig. 23 shows the nunbers of dust particles after
cl eani ng whi ch was conducted with the bul k substrate being set in

t he reverse state in the slot at the carrier end where the

I nfl uence of inductive charging was gr@étér fromthe 15 carrier

In the normal state the nunber of particles on the substrate at the
carrier end is promnent as in the case of imersion in diluted
hydrof luoric acid, but in the case of the reverse setting, the ]
nurber 1S 0 S| 20138 At PO L 1L LS SARE T erpar e

- thereof to the substrate surface is outstanding. 1In
the ultrasconic cleaning, however, generation of bubbles
from dissolved gas in pure water is observed even in

5 the high-frequency band as described previously. When
the porous silicon substrate is further dried, bubbles
are supposed to be generated because the gas (air) in
the pores thereof are replaced with pure water to be
discharged out of the pores. In order to clarify what

10 is the origin of the bubbles adhering to the substrate
surface, evaluation thereof was conducted by the dust
particles not less than 0.2 pm on a hydrophobic bulk
substrate surface without any porous structure formed
therein.

15 _ Fig. 19 is a drawing to show the result of
measurement of the number of dust particles conducted
in such a way that bulk substrateé.were preliminarily
cleaned by RCA cleaning to minimize the number of dust
particles on the surface, they were immersed in diluted

20 hydrofluoric acid, thereafter they were rinsed with
pure water for 5 minutes, they were dried by spin
drying, and then the number of dust particles was
measured. It is apparent that the number of dust
particles on the substrate at the carrier end is larger

25 than those on the substrates at the other positions.
This is considered to be due to inductive charging of

the closest wafer induced by carrier charge, as well
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Fromthis, it is understood that the effect of prevention of adhesion

by the setting nmethod is al so I ncl uded in the decrease of nunber of
dust particles 25 after the high-frequency cleaning of reversely set
substrate in Fig. 21. As deggribed, for carrying out the

hi gh-f requency == - 78 -
cleaning in the batch-type bath, consideration should

known. Numbers indicating slot positions in the
drawing represent slot numbers of the wafer carrier
frequently used heretofore in the semiconductor
industrial fields, and slots are formed at equal

5 intervals of the pitch of 5 mm from 1 to 25 from the
carrier end.

Fig. 20 is a drawing to show numbers of dust
particles where the high-frequency cleaning of the
frequency 1 MHz and the power 150 W was carried out in

10 the above five-minute pure-water rinse step. As shown
in Fig. 20, the high-frequency cleaning decreases the
number of dust particles on the substrate, but,
depending upon the slot position of wafer carrier, some
substrates show an extreme increase of fine dust

15 particles (Ll) on the contrary.

The increased dust particles aggregated densely in
parallel.to the bubble rise direction and the
ultrasonic propagating direction from the slot position
in the carrier and from the position distribution in

20 the substrate.

| This proves that simple ultrasonic cleaning in
pure water results in contaminating the substrate with
dust particles against the purpose.

Fig. 21 is a drawing to show numbers of dust

25 particles where only the dust particle measuring
surface of the substrate at the carrier end was
reversely set with respect to the carrier side, the
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be given to the setting nmethod of the substrate at the carrier end
and the prevention of adhesi on of bubble. The above exanpl es
wer e described as specific 5 exanpl es using the batch-type cl eaning

appar atus, but it is noted that the cleaning effect of the present
invention is not limted by the confrgéfation of apparatus.
Simlarly, the conditions including the frequency 10 and hi gh-frequency
power, the cleaning period of tine, the tenperature of liquid, etc.
are just an exanple for verifying the cleaning effect of the present
I nventi on, and the present invention is limted only by the

frequency barhen SRABIE K the Tagier mere memwaddyy set, and

10

15

20

25

removal of bubbles was conducted by repeating the
operation of lifting the substrates together with the
carrier out of the high-frequency pure water bath every
five minutes and again immersing them into the pure
water, for 20 minutes.

Although the effect by the cleaning time did
exist, the removal of bubblés decreased the number of
dust particles at each position in the carrier to the
level equivalent to those with the pure-water rinse
after RCA cleaning (Fig. 19), when compared with Fig.
20, and suppressed the aggregation of dust particles in
the substrate.

It became clear from the above resulfs that the
cause of contamination of substrate by dust particles
was generation of bubbles and adhesion thereof to the

hydrophobic substrate surface due to the high-frequency

ultrasonic wave from pure water.

From this, though the substrates were lifted up
out of the pure water every five minutes in the above
examples, the cleaning effect can be enhanced further
by repeating the lift operation of substrate every
short time within the same cleaning period so as to
further decrease the number of adhering bubbles in the
cleaning period of time in pure water.

The dust particles on the reversed substrate at

the carrier end alsoc decreased similarly, and it will
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15 conditions can be set arbitrarily. Specifically, the

exanpl es of the present I nvention descri bed exanpl es where the

hi gh-frequency wave was superinposed on pure water, but, fromthe
fact that the renoving effect nggrganic matter and dust 20
particles is well known where a small unt of surfactant, ozone,
or the like is added to the pure wat er, nethods in conbination of
these with the high- frequency cl eaning of porous silicon surface
specific to the present invention can be readily achieved from 25

t he present
exanpl es of

10

15

20

25

i.nventi o

Y s e, v, e Al SR OPNS, FHRLeR "o e
frequency cleaning or due to the synergistic effect
with the reverse setting.

Bulk substrates each at the carrier end were
norﬁally and reversely set and were subjected to the
RCA cleaning with the highest cleaning performance, and
then the number of dust particles not less than 0.2 um
was counted on each substrate.

Fig. 22 shows the numbers of dust particles after
cleaning in the normal state and Fig. 23 shows the
numbers of dust particles after cleaning which was
conducted with the bulk substrate being set in the
reverse state in the slot at the carrier end where the
influence of inductive charging was greater from the
carrier. |

In the normal state the number of particles on the
substrate at the carrier end is prbminent as in the
case of immersion in diluted hydrofluoric acid, but in
the case of the reverse setting, the number is so small
as to show little difference when gompared with those
of the other substrates.

From this, it is understood that the effect of
prevention of adhesion by the setting method ié also
included in the decrease of number of dust particles
after the high-frequency cleaning of reversely set
substrate in Fig. 21.

As described, for carrying out the high-frequency
This is the replacemeant sheet
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- 79 - the porous structure, but it is apparent in the above
description that the object of the present invention is to clean the
substrate having the fine, dense, fragile, porous structure inits
cl eaned surface. Thus, the 5 cleaning nmethod of the present invention
can be applied to any substrafe%ghéving the simlar porous
structure, and the invention is not limted by the substrate

cleaning in the batch-type bath, consideration should
be given to the setting method of the substrate at the
carrier end and the prevention of adhesion of bubble.

The above examples were described as specific

5 examples using the batch-type cleaning apparatus, but
it is noted that the cleaning effect of the present
invention is not limited by the configuration of
apparatus.

Similarly, the conditions including the fréquency

10 and high-frequency power, the cleaning period of time,
the temperature of liquid, etc. are just an example for
verifying the cleaning effeét of the present invention,
and the present invenfion is limited only by the
frequency band (from 600 kHz to 2 MHz), but the other

15 conditions can be set arbitrarily.

Specifically, thé examples of the present
invention described examples wheré the high-frequency
wave was superimposed on pure water, but, from the fact
that the removing effect of organic matte% and dust

20 particles is well known where a small amount of
surfactant, ozone, or the like is added to the pufe
water, methods in combination of these with the high-
frequency cleaning of porous silicon surface specific
to the present invention can be readily achieved from

25 the present invention.

Further, the above examples showed the examples of
silicon semiconductor as a substrate material having
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mat eri al . <Exanmple 3> 10 Exanples 3 and 4 are exanpl es of

Enbodi nent 2. A fil mdeaeration apparatus 11 in Exanple 3 is used
as connected m dway of a pure water supply pipe between t he
conventional pure water producing apparatus 12 and the ultrasonic

cl eani ng apparatus 13. The pure water iy produced by the fil m deaeration
apparatus 11 is desirably released fromthe bottom part of the
ultrasonic cl eaning apparatus 13 in order to avoid take-in of air.
This permits the pure water of the concentration 20 of dissol ved gas
being 5 ppmar,_less to be supplied.tq

the porous structure, but it is apparent in the above
description that the object of the present invention is
to clean the substrate having the fine, dense, fragile,
porous structure in its cleaned surface. Thus, the

5 cleaning method of the present invention can be applied
to any substrates having the similar porous structure,
and the invention is not limited by the substrate
material.
<Example 3>

10 Examples 3 and 4 are examples of Embodiment 2. A

film deaeration apparatus 11 in Example 3 is used as
connected midway of a pure water supply pipe between
the conventional pure water producing apparatus 12 and
the ultrasonic cleaning apparatus 13. The pure water

15 produced bylthe film deaeration apparatus 11 is
desirably released from the bottom part of the
ultrasonic cleaning apparatus 13 ih order to avoid
take-in of air.

This permits the pure water of the concentration

20  of dissolved gas being 5 ppm or less to be supplied to
the ultrasonic cleaning apparatus 13.

Porous silicon substrates each having a
hydrophobic surface obtained by removing the surface
native oxide film were set on the cleaning carrier in a

25 quartz bath under over flow of flowing water, using
deaerated pure water, and the ultrasonic cleaning (the

frequency 950 kHz) was conducted as applying the high-
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the ultrasoni c cl eaning apparatus 13. Porous silicon substrates

each having a hydr ophobi ¢ surface obtai ned by renoving the surface
native oxide filmwere set on the cleaning carrier in a 25 quartz bath
under over flow of flow ng water, usin deaerated pure water, and the
ultrasonic cleaning (the freque 950 kHz) was conducted as applying
t he hi gh- - 80 -

frequency ultrasonic wave of power 150 W in parallel to
the substrate from the oscillator of the high-frequency
ultrasonic bath through the quartz bath during
immersion for 20 minutes. The cleaning was carried out
5 only by immersion without performing the lift operation
of substrate. Fig. 27 schematically shows the
relationship between the porous silicon substrate and
the high-frequency progressive wave. The.removing
effect of dust particles adhering to the porous silicon
10 substrate can be enhanced by placing the cleaned
surface of porous silicon substrate in parallel with
the travel direction of the high-frequency progressive
wave as shown.
With the deaerated pure water, generation of
15 bubble due to application of high-frequency ultrasonic
wave was not observed at all and fixing of bubble to
the substrate surface was not obsefved, either.
Fig. 25 shows comparison of dust particle removal
rates of porous surface among the case of the
20 conventional high-frequency cleaning (case B) where
| . cleaning was continued for 20 minutes under the same
ultrasonic conditions by using non-deaerated pure water
and performing the substrate lift operation every five
minutes, the conventional caée (case C) where the same
25 cleaning was further continued for 20 minutes more (for
40 minutes in total), and the case (case A) where
cleaning was conducted under the above cleaning
“This is the replacement sheet

Bo oo

Date:



frequency ul trasonic wave of power 150 Win parallel to t he
substrate fromthe oscillator of the high-frequency ~ultrasonic bath
t hrough the quartz bath during i mmersion for 20 m nutes. The

cl eaning was carried out 5 only by inmmersion wthout perform ng the
lift operation of substrate. Fi 27 schematically shows the

rel ati onship between the porous silicon substrate and t he

hi gh-frequency progressive wave. The renoving ef fect of dust
particles adhering to the porous silicon 10 substrate can be enhanced
by pl acing the c| eaned surface of porous silicon suybstrate in

paral |l e

wi t ponditions, of thes Prasent: iigyegttione f9ryPrlye dMBSSFiFPogr essi ve

wave as shown.

10

15

20

25

in deaerated pure water.

The removal rate by the 20-minute high-frequency
cleaning of the present invention (case D) reaches 90
%, which is more excellent than the 40-minute cleaning
(60 to 80 %) by the high-frequency cleaning with non-
deaerated pure water (where N, is in the saturation
concentration) (case C).
<Example 4>

The cleaning effect of the present invention is by
no means limited to the immersion cleaning of substrate
in the pure water bath like above Example 3.

For example, in the case wherein spin cleaning as
shown in Fig. 26 is carried out with blowing a shower
qf pure wafér on which the high-frequency ultrasonic

wave is superimposed, against the surface of rotating

-substrate as proposed previously, use of deaerated pure

water as shown in Fig. 25 can prevent the generation of
bubble and can avoid the problem of impedance_against
propagation of ultrasonic wave due to the bubbles.
<Example 5>

Examples 5 to 8 are examples of Embodiment 3. The
cleaning flow of Example 5 up to the epitaxial growth
of porous silicon substrate is"the same as the cleaning
flow shown in Fig. 13. However, the cleaning steps S,,
S; are omitted in this example. When a demand exists

for a further decrease in the number of adhering dust

TR atemsrt phiaet
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Wth the deaerated pure water, generation of 15 bubbl e due to
application of high-frequency ultrasonic wave was not observed at
all and f|X|ng of bubble to the substrate surface was not observed,

ei t her.

Fig. 25 shows conpgrlson of dust particle renoval

rates of porous surface anong the caselsf the 20 convent i onal
hi gh-frequency cl eaning (case B) where cl eani ng was conti nued for

m nut es under the same

pure water

and perform ng the substrate |ift operation every five

mnutes, the goRYERLdPNANE ASLdBHRS @eg@egze, tshecéﬁnse gerfofh&&Ni Ng was
further continued for 20 m nutes nore (for mnutes in total), an

the case (caswi#¥y) ndwedE$€sity, of course.

10

15

20

25

Since the surface is hydrophobic immediately after
anodization, ;dhesion of bubbles to the substrate is
avoided by carrying out the regular lift operation of
substrate during the high-frequency cleaning with pure
water or the deaeration process of pure water. (In
this example, the deaeration process of pure water was
carried out.)

Cleaning was conducted to process one dummy
substrate at the end of polytetrafluoroethylene
(Teflon) carrier for cleaning and twenéy four porous

silicon substrates together and was continued for 20

“minutes under the conditions of the frequency of 950

kHz, the high—frequency power 150 W, the ordinary
temperature, and over flow of flowing water with the
substrates being kept immersed.

The pure water was one deaerated before the
concentration of dissolved gas became 5 ppb or less
(step S,;). This cleaning removed almost 90 % of dust
particles which have adhered in the anodization step.

The porous silicon surface thus cleaned is
hydrophobic, but a native oxide film is formed thereon
during the period of storage. Accordingly, immediately
before the low-temperature oxidation process, the high-
frequency cleaning with pure water and the exfoliation

of the native oxide film with DHF were conducted again,
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cl eani ng was conducted under the above cl eaning

- 81 - conditions of the present invention for only inmersion

i n deaerated pure water. The renoval rate by the 20-m nute

hi gh-frequency cl eaning of the present invention (case D) reaches 90
5 % which is nore excellent thant 20- m nute cl eani ng (60 to
80 %9 by the high-frequency cleaning with non-

and a thermal oxide film was formed in dry oxygen, at
the low temperature of 400°C, and for one hour.

The surface after the low-temperature oxidation
becomes hydrophilic, but approximately 100 dust

5 particles newly adhere to the substrate surface during
the oxidation step. Therefore, the high-frequency
cleaning with pure water was carried out after the
oxidation to remove the dust particles on the surface
and to create a clean oxide film surface, and the

10 substrates were stored in a dedicated box.

Since the porous silicon surface after oxidation
is hydrophilic, the countermeasure to prevent the
bubbles from adhering to the substrate surface is
unnecessary and the substrates can be cleaned as

15 immersed in the high-frequency cleaning bath with non-
deaerated pure water.

The substrates were cleaned for 20 minutes under
the cleaning conditions of the frequency of 950 kHz,
the high-frequency power 150 W, the ordinary -

20 temperature, and immersion in the flowing water over-
flow bath, using the non-deaerated pure water and
keeping the substrates immersed.

This cléaning removed 90 % of dust particles which-
have adhered in the oxidation step. Storage after

25 oxidation and cleaning, even if long, raises no problem
at all in applications of porous silicon, because it is

covered by the oxide film.
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deaerated pure water (where N2 is in the saturation concentration)

(case Q). <Exanple 4> 10 The cl eaning effect of the present
i nvention is by no means limted to the imrersion cleaning of
substrate in the pure water bath |ike above Exanple 3.

For exanple, in the case wherein spin 8 eaning as shown in Fig. 26
Is carried out with blow ng a shower 15 of pure water on which the

hi gh-frequency ultrasonic wave i s superinposed, against the surface
of rotating substrate as proposed previously, use of deaerated pure

vt er 28 SN | 1 i L A UL e owsao AP S @0
having been stored, of the number that could be
processed by the epitaxial growth system were subjected
to exfoliation removal of only the oxide film on the

5 porous silicon surface with DHF immediately before
introduced into the epitaxial growth system, and then
epitaxial growth was conducted.

At this time the epitaxial growth made a film with
the surface of porous silicon as the origin, and
10 therefore, the oxide film over the internal walls of
holes of porous silicon were left in the etching step
with DHF.
Two types of pure water used in the above high-
frequency cleaning with pure water, deaerated and non-
15 deaerated,'ﬁere used depending upon the surface state
of substrate, but the deaerated pure water may bé used
for both the hydrophobic surface (after anodization)
and the hydrophilic surface (after low-temperature
oxidation) or the lift operation of substrate (without
20 deaeration) may be carried out.
<Example 6>
Next described is another cleaning method of
porous silicon substrate before the epitaxial growth.
Fig. 15 shows the cleaning flow of the present
25 example. The high-frequency cleaning with deaerated
pure water was carried out to clean the hydrophobic

porous silicon surface after anodization in above




20 propagation of ultrasonic wave due to the bubbles. <Exanpl e 5>
Exanples 5 to 8 are exanpl es of Enbodi nent 3. The cl eaning fl ow of
Exanple 5 up to the epitaxial growth of porous silicon substrate is
the sane as the cleaning 25 flow shown in Fig. 13. However, the
cl eaning steps Serr], S3 are-ofiftted in this exanple. Wien a demand
exi sts for a further decrease in the nunber of adhering dust
- 82 - '
Example 1, whereas in the present example the high-
frequency cleaning was carried out under the same
conditions using ozone pure water in which ozone
dissolved in approximately 10 to 13 %.
5 The ozone pure water used herein was the one
obtained by dissolving ozone gas, obtained from a wet
type ozone producing system in combination of a hollow
fiber filter with electrolysis of pure water as well
known, in pure water.
10 . The oxide film formed over the surface of porous
silicon and the internal walls of holes by the ozone
pure water after anodization is removed by etching with
DHF immediately before the low-temperature oxidation
step, similar to that heretofore.
15 Use of:the ozone puie water requires addition of
new apparatus, but it is easier to control the
concentration in the cleaning bath than deaeration of
pure water.
In the present example, because the oxide film was
20 already formed so as to be hydrophilic, the high-
. frequency cleaning was conducted using non-deaerated
pure water as the high-frequency cleaning after the
low-temperature oxidation,‘but no problem will.arise
even with the high-frequency cleaning using the ozone
25  pure water (step S,, of Fig. 15 can be performed under
the same conditions as in step S,,).

<Example 7>
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particles, the cleaning steps S[err], S[err] can be perforned W th

necessity, of course. Since the surface is hydrophobic

i medi ately after anodi zat i on, adhesi on of bubbles to the substrate
S 5 avoi ded by carrying out the regular |ift operation of

substrate during the high-frequency cl£8nirng with pure wat er or the
deaeration process of pure water. (In this exanple, the deaeration
process of pure water was carried out.) 10 Cl eani ng was
conducted to process one dummy substrate at the end of

I Tefl Qn) carrier for cleaning and twent
thytggigLLuorOEtg%iiqeanother gxamﬁig of the present invention y

will be described.

The cleaning flow is the same as in Example 6, but

it was modified, though not illustrated, to a method of

5 high-frequency cleaning after the hydrophobic porous
silicon surface after anodization was made hydrophilic
with hydrogen peroxide solution (H,0,/H,0) of a low
concentration of approximately 2 % or less diluted with
pure water, instead of the high-frequency cleaning

10 carried out after the hydrophobic porous silicon
surface after anodization has been changed to the
hydrophilic surface with the ozone pure water.

The cleaning method demonstrated the cleaning
effect even with keeping the substrate immersed,

15 similarly aé in use of the deaerated pure water or the
Oozone pure water.

In general, when chemicals aré used, cleaning is
carried out with the chemicals kept in the cleaning
bath. However, the dust particies removed do not

20 dissolve in the chemicals and stay in the bath in the
cleaning method of the present invention. |

Therefore, the pure water used in cleaning in the
present example was subject to over flow of flowing
water, the dust particles removed were discharged with

25 water out of the cleaning bath, the'diluted hydrogen
peroxide solution thus discharged was guided through a

filter for capturing particles of about 0.1 um, then
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silicon substrates together and was continued for 20 m nut es under
the conditions of the frequency of 950 15 kHz, the high-frequency power
150 W the ordinary tenperature, and over flow of flowing water with
t he .substrates being kept inmersed. - The pure water was
one deaerated before the concen®fation of dissol ved gas becane 5 ppb
or less 20 (step S[err]). This cleaning renoved al nost 90 % of dust
particles which have adhered in the anodi zati on step. The
porous silicon surface thus cleaned is hydr ophobi ¢, but a native

ide filmis f th ring the peri,od of storage.
Recordi ngly. HMRGROESH BAFORLdR B (. PR S Dot

process, trmaéiégking bath, and the high-frequency cleaning was
conducted as thus Supplying the hydrogen peroxide
solution. A certain amount of hydrogen peroxide was
5 regularly replenished to compensate for consumption
thefeof.
<Example 8>
In general, cleaning in the cleaning bath is
suitable for totally processing many substrates, but
10 the recent demand for further increase of size of
substrate will increase the volume of the cleaning
bath, i.e., increase the chemicals used.
In addition, considering many adhering dust
particles after anodization, it is desirable to
15 effectivelyldischarge dust particles out of the bath,
because use of the cleaning bath accompanies the risk
of re-contamination of substrate by the dust particles.
A method for solving this problem is a combination
of the high-frequency cleaning with pure water
20 according to the present invention with a single wafer
type cleaning apparatus in combination of the well-
known chemical shower with exhaust of chemicals by
spinner.
The present invention is basically cleaning with
25 pure water, and has an advantage that cleaning can be
made cheaper than in use of chemicals.

In addition, the single wafer type shower cleaning
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frequency cleaning with pure water and the exfoliation of the native
oxide filmw th DHF were conduct ed agai n,

- 83 - and a thermal oxide filmwas forned in dry oxygen, at

the | ow tenperature of 400[err]C, and Egr one hour. The surface
after the lowtenperature oxidation =~ 2 ™~ becones hydrophilic, but

approxi mately 100 dust 5 particles newy adhere to the substrate
surface during

is suitable for cleaning of porous silicon surface
after anodization because of its process performance.
For cleaning the hydrophobic surface, the surface
is made hydrophilic by oxidation before cleaning or by
5 a shower of ozone water or diluted hydrogen peroxide
solution and then the high-frequency cleaning is
conducted, thereby effectively removing the dust
particles adhering thereto.
As a matter of course, the high-frequency cleaning
10 using the pure water shower can also be applied to
cleaning of the porous silicon surface having the
hydrophilic surface made by the low-temperature

oxidation.
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the oxi dation step. Therefore, the high-frequency cl eaning with pure

wat er was carried out after the oxi dation to renove the dust
particles on the surface and to create a clean oxide filmsurface,
and the 10 substrates were stored in a dedicated box. == Si nce-
the porous silicon surface after oxid on i's hydrophilic, the

count erneasure to prevent the bubbl es fron1adqﬂunﬂﬂuu trate
surface is unnecessary and the substrates can !l 'Hm n'ﬂ E
i mersed in the high-frequency cleaning bath with non- ¢ t ®Weaerated

pure water. . The substrates were cl eaned for 20 m nutes under
t he cl eaning TRt ons of the frequency of 950 kHz,

1. A cleaning method of porous surface for
cleaning a porous surface of a substrate having the
porous structure at least in the surface thereof, .

5 wherein cleaning for removing dust particles
adhering to the porous surface of said substrate takes
place with pure water on which a high-frequency wave
with a frequency in the range of from 600 kHz to 2 MHz
is superimposed.

10

2. The cleaning method of porous surface
according to Claim 1, wherein the surface of the
substrate to be cleaned has such structure that
apertures of many pores are exposed and internal wall

15 surfaces of.the pores have such structure that a
material of the porous structure is exposed or is

covered with a material of a different kind.

3. The cleaning method of porous surface
20 according to Claim 1 or Claim 2, wherein cleaning takes
place by immersing said substrate in a pure water bath

and supe;imposing said high—frequency.waQe thereon.

4. The cleaning method of porous surface
25 according to Claim 3, wherein cleaning takes place by
superimposing said high-frequéncy wave in parallel to

the porous surfade of the substrate immersed in said

Nie je 4y o
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t he hi gh-frequency power 150 W the ordinary 20 t enperature, and

I mrersion in the fl ow ng water over- fl ow bath, using the

non- deaer at ed pure water and keepi ng the substrates inmersed.

Thi s cl eaning renmoved 90 % of dust parglcles whi ch ‘have adhered in
the oxi dation step. Storage after — oxidation and cl eaning, even if

| ong, raises no problem at aII in applications of porous silicon,

because it is, covered by the oxide fiim ||||||||||||||||||||||||||||||

pure water bath.

5. The cleaning method of porous surface
according to Claim 3 or Claim 4, wherein said substrate
5 under the high-frequency cleaning as immersed in said

pure water bath is lifted intermittently out of liquid.

6. The cleaning method of porous surface
according to Claim 1 or Claim 2, wherein cleaning takes
10 place by blowing a pure water shower with a high-
frequency wave superimposed on pure water, against the
porous surface of said substrate while rotating said

substrate.

15 7. A éleaning method of substrate, wherein
'cleaning for removing dust particles adhering to a
surface of a substrate pakes placé with pure water from
which dissolved gas is deaerated'ﬁntil a concentration
of the dissolved gas becomes 5 ppm or less and on which

20 an ultrasonic wave is superimposed.

8. The cleaning method of porous surface
according to Claim 1, wherein said pure water is pure
water from which dissolved gas is deaerated until a

25 concentration of the dissolved gas becomes 5 ppm or

less.
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The porous silicon substrates with the oxide film havi ng been

stored, of the nunber that could be processed by the epitaxial
growt h system were subj ected to exfoliation renoval  of -only the.
oxide filmon the 5 porous silicon surface vvith efore
I ntroduced into the epitaxial growt h“s%t‘em and the m!lmﬂiﬁgu uﬂﬁﬁ
grow h was conduct ed. At this tinme the epi de a
filmwth the surface of porous silicon as the origin, and 10
therefore, the oxide filmover the internal walls of - hol es of porous
silicon were left in the etchlng step

9. he cleaning method of porous surface

according to Claim 8, wherein said substrate is cleaned
by immersing the substrate in a pure water bath having
the pure water from which the dissolved gas is

5 deaerated until the concentration of the dissolved gas
becomes 5 ppm or less and superimposing said high-

fregquency ultrasonic wave thereon.

10. The cleaning method of porous surface
10 according to Claim 8, wherein cleaning takes place by
blowing a pure water shower from which the dissolved
gas is deaerated until the concentration of the
dissolved gas becomes 5 ppm or less and on which said
high-frequency ultrasonic wave is superimposed, against
15 the porous.surface of the substrate while rotating said

substrate.

11. The cleaning method of porous surface
according to Claim 1, wherein said porous surface of

20 the substrate is processed so as to become hydrophilic.

12. A cleaning method of porous surféce for
cleaning a porous surface of a substrate having the
porous structure at least in the surface thereof,

25 wherein cleaning for removing dust particles
adhering to the surface of said substrate takes place
by processing the porous surface of said substrate so
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W th DHF. Two types of pure water used in the above high-
frequency cleaning with pure water, deaerated and non- 15 deaer at ed,
wer e used dependi ng upon the surface state of substrate, but the

(arter anodi 2T IAEMAR S ey @meni 7o surace (after o oo

| ow-tenperaturer ¢ L Bxidation) or the lift operation of substrate
(wi thout 20 deaeration) nay be carried out. <Exampl e 6>
Next described is another cleaning nethod of porous silicon

substrate befgre %h ' al grow h. . Fig. 15 shows the

¢l eani ng flomg%ft h§e§$%é2ﬁ¥§rogh1¥§c and superlmeSLQQ a hlgR
frequency ultrasonic wave with a frequency in the range
of from 600 kHz to 2 MHz on a liquid for cleaning of

the porous surface.

13. The cleaning method of porous surface
according to Claim 11 or 12, wherein the hydrophilic
process of said porous surface is a process for forming
an oxide film over the substrate surface and over

10 internal walls of pores of the porous structure.

l4. The cleaning method of porous surface
according to Claim 11, wherein the hydrophilic process
of said porous surface is a process for immersing said
15 substrate in ozone pure water in which ozone dissolves

in pure water.

15. The cleaning method of porous surface
according to Claim 11, wherein the hydrophilic process
20 of said porous surface is a process for immefsing said

substrate in a hydrogen peroxide solution diluted with

pure water.

16. The cleaning method of porous surface
25 according to Claim 12, wherein said liquid is ozone

pure water in which ozone dissolves in pure water.
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25 exanple. The high-frequency cleaning with deaerated pure water
was carried out to clean the hydrophobic porous silican surface after
anodi zation in above

Exanpl e 1, whereas in the present exa:%le t he hi gh- H"l IM,”
cl eaning was carried out under the sa condi ﬂmﬂ pure
wat er in which ozone di ssol ved in approximtely 10 t'o 3 % =

17. The cleaning method of porous surface
according to Claim 12, wherein said liquid is a

hydrogen peroxide solution diluted with pure water.

5 18. The cleaning method of porous surface
according to either one of Claims 11 to 17, wherein the
hydrophilic process of the porous surface is a process
for forming an oxide film over the substrate surface
and over internal walls of pores of the porous

10 structure and at least the oxide film over the
substrate surface is reméved after cleaning of the

porous surface of said substrate.

Thi

i

Is tha renlscement shnel

Date: f} iy % 5?



5 The ozone pure water used herein was the one obt ai ned by

di ssol vi ng ozone gas, obtained froma wet t ype ozone producing
systemin conbination of a holl ow fiber filter with electrolysis of
pure water as well known, in pure water. 10 The oxide film
formed over the surface of porous ~ 2f “silicon and the internal walls of
hol es by the ozone pure water after anodization is renoved by
etching with DHF i mredi ately before the | owtenperature oxidation
step, simlar to that heretofore. 15 Use of the ozone pure water
requi res addition of new apparatus, but it is easier to control the

concentration in the cleaning bath than deaeration of

19. A method of producing a semiconductor device
wherein a substrate of the semiconductor device is
processed according to a method of cleaning as claimed

in any one of the foregoing Claims 1 to 18.

T
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pure wat er. In the present exanple, because the oxide filmwas

20 already forned so as to be hydrophilic, the high- frequency
cl eani ng was conducted usi ng non-deaer at ed pure water as the

hi gh-frequency cleaning after the | ow-t enper at ure oxi dation, but no
problemw || arise even with th& ht gh-frequency cleaning using the
ozone 25 pure water (step S[err] of Fig. 15 can be perfornmed under

the sane conditions as in step S[err]). - <Exampl e 7>

CLEANING METHODS OF POROUS SURFACE AND SEMICONDUCTOR SURFACE
ABSTRACT OF THE DISCLOSURE

Provided is a suitable cleaning method of porous
semiconductor substrate without occurrence of collapse
of porous structure due to cavitation or resonance.

5 In_a cleaniﬁg method of porous surface of
semiconductor substrate having the porous structure at
least in the surface, cleaning for removing dust
particles adhering to the porous surface of the
substrate takes place with pure water on whiqh a high-

10 frequency wave with a frequency in the fange of from

600 kHz to 2 MHz is superimposed.

Fig 1
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- 86 - Still another exanple of the present invention

w Il be described. The cleaning flowis the sanme as in Exanple
6, but it was nodified, though not illustrated, to a nethod of 5
hi gh-frequency cl eaning after the hydrophobi c porous silicon surface
after anodi zati on was nmade hydrophilic wi th hydrogen peroxide
solution (Herr]Qerr]/Herr]O of alow concentration of
approximately 2 %or less diluted with pure water, instead of the

hi gh-frequency cleaning 10 carried out after the hydrophobic porous
silicon
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surface after anodization has been changed to the hydr ophilic

surface with the ozone pure water. The cl eani ng net hod
denonstrated the cl eani ng effect even with keeping the substrate

i mrersed, 15 simlarly as in use of the deaerated pure water or the
ozone pure water. In general, when chem cals are used, cleaning
IS carried out with the chem cals kept in the cleaning bat h.
However, the dust particles renmoved~do not 20 di ssolve in the chem cal s
and stay in the bath in the eani ng nmet hod of the present

i nvention. Therefore, the pure water used in cleaning in.the

present exanple was subject to over flow of flow ng

FIG. 2
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wat er, the dust particles renoved were di scharged with 25 wat er out of
the cleaning bath, the diluted hydrogen peroxi de sol ution thus

di scharged was gui ded through a filter for capturing particles of
about 0.1 [err]m then ' _ - 87 -

t he hydrogen peroxi de solution was recirculated to the cl eani ng
bat h, and the high-frequency cl eani ng was conducted as thus
suppl yi ng the hydrogen peroxide 3
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solution. A certain anount of hydrogen peroxi de was 5 regularly

repl eni shed to conpensate for consunption t her eof . <Exanpl e
8> In general, cleaning in the cleaning bath is sui tabl e
for totally processing many substrates, but 10 the recent demand for
further increase of size of substrate will increase the vol une of

t he cl eaning bath, i.e., increase the chem cals used. I n
addi tion, considering many adhering dust particles after

anodi zation, it is desirable to 1 effectively discharge dust particles
out of the bath, because use of the cleaning bath acconpanies the
risk

6 :
(=X A
SE 45 ' i
Qe 112
QO ' ' —n
BE 35 '
o -
3 I
0.4 03 0.2

AMOUNT OF WATER
SUPPLIED/ (m3/h)

. .
H - - H - o L e s g ®
Tale 15 Tho TERISLETREN ghas’



of re-contam nation of substrate by the dust particles. A

met hod for solving this problemis a conbination of the

hi gh-frequency cleaning with pure water 20 according to the present

i nvention with a single wafer type cl eaning apparatus in conbination
of the well - known chem cal shower w th exhaust of chem cals by

spi nner. The present invention is basically cleaning with 25
pure water, and has an advantage that cleaning can be made cheaper
than in use of chem cals. 5 In addition, the single wafer type

shower cl eani ng
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Is suitable for cleaning of porous silicon surface after anodi zation

because of its process perfornmance. For cleaning the

hydr ophobi ¢ surface, the surface i s made hydrophilic by oxidation
before cl eaning or by 5 a shower of ozone water or diluted hydrogen
per oxi de solution and then the high-frequency cleaning is
conducted, thereby effectively rennging t he dust particles adhering
t her et o. As a matter of Eourse, the high-frequency cl eaning
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10 using the pure water shower can also be applied to cl eani ng of
the porous silicon surface having the hydrophilic surface nmade by the
CLAI VE: 1. A

| owt enper at ur e oxi dat i on.
cl eani ng nmet hod of porous surface for
substrate having the

cl eaning a porous surface of a

DO VALUE/ ppb

DO VALUE/ ppb
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porous structure at least in the surface thereof, 5 wherein

cl eaning for renoving dust particles adhering to the porous surface
of said substrate takes pl ace with pure water on which a

hi gh-frequency wave with a frequency in the range of from600 kHz to
2 Mz I S superinposed. 10 : 2. The cl eani ng net hod of
porous surface - according to Caiml, wherein the surface of the
substrate to be cl eaned has such stgucture t hat apertures of many
pores are exposed and internal wall™ 15 surfaces of the pores have such
structure that a material of the porous structure is exposed or is

FIG. 94
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covered with a material of a different kind. 3. The cl eani ng

nmet hod of porous surface 20 according to Caiml or aim2, wherein
cl eani ng t akes pl ace by imrersing said substrate in a pure water
bat h and superi nposing said high-frequency wave thereon.
4. The cl eaning nethod of porous surface 25 according to Caim 3,
wherei n cl eani ng takes pl ace by superi nposi ng said hi gh-frequency
wave in parallel to the poroug surface of the substrate imrersed in
sai d.
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- 90 - pure water bath. 5. The cl eani ng nmet hod of
porous surface according to Caim3 or Caim4, wherein said
substrate 5 under the high-frequency cleaning as inmersed in said
pure water bath is lifted intermttently out of Iiquid. 6.

The cl eani ng net hod of porous surface according to Caiml or aim

2, wherein cleaning takes

10

FIG. 11
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10 pl ace by blowi ng a pure water shower with a high- frequency
wave superinposed on pure water, against the porous surface of said
substrate while rotating said substrat e. 15 7. A

cl eani ng met hod of substrate, wherein cl eaning for renoving dust
particles adhering to a surface of a substrate takes place with pure
wat er from whi ch di ssolved gas is deaerated until a concentration

of the dissolved gas becones 5 ppnhqr | ess and on which 20 an
ultrasoni c wave i s superinposed. 8. The cl eani ng net hod of
porous surface
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according to Claim1l, wherein said pure water is pure water from

whi ch dissolved gas is deaerated until a 25 - concentration of the
di ssol ved gas beconmes 5 ppm or | ess.
- 91 - 9. The cl eaning nethod of porous surface
according to Caim8, wherein said substrate is cl eaned by i mrersing
the substrate in a pure water bath having the pure water from which
the dissolved gas is
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5 deaerated until the concentration of the dissolved gas beconmes 5

ppm or | ess and superinposing said high- frequency ul trasonic wave
t her eon. 10. The cl eaning nmethod of porous surface 10
according to Caim8, wherein cleaning takes place by bl owi ng a pure
wat er shower from which the dissol ved gas is deaerated until the
concentration of the di ssol ved gas becones 5 ppmor |ess and on which
sai d hi gh-frequency ultrasoni,c wave i s superi nposed, against 15
t he porous surface of the substrat d ile rotating said substrate.
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11. The cl eani ng nmet hod of porous surface according to Caim1,
wherein said porous surface of 20 the substrate is processed so as to

become hydrophilic. 12. A cl eaning nmethod of porous surface
for cl eaning a porous surface of a substrate having the por ous
structure at |least in the surface thereof, 25 wherein cl eaning for
renovi ng dust particles adhering to the surface of said substrate
t akes pl ace by processing the porous surface of said substrate so
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as to becone hydrophilic and superinposing a high- frequency

ultrasonic wave with a frequency in the range of from®600 kHz to 2
MHz on a liquid for cleaning of t he porous surface. 5

13. The cl eani ng - met hod of porous surface according to Claim1l or
12, wherein the hydrophilic - process of said porous surface is a
process for formng an oxide filmover the substrate surface and
over 10 i nternal walls of pore§50f t he porous structure.
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14. The cl eani ng nmet hod of porous surface

according to Claim11,

wherei n the hydrophilic process

of said porous surface is a process

for immersing said 15 substrate in ozone pure water in which ozone
di ssol ves in pure water. 15. The cl eani ng nmet hod of
porous surface according to Caim1l, wherein the hydrophilic
process 20 of said porous surface is a process for inmersing sai.d
substrate in a hydrogen peroxide solution diluted with pure water.
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16. The cl eaning nmethod of porous surface 25 according to Claim12,
wherein said liquid is ozone pure water in which ozone dissolves in
pure water. - 93 - 17.
The cl eani ng net hod of porous surface according to Claim12," wherein
said liquid is a hydr ogen peroxi de solution diluted with pure water.
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5 18. The cl eaning nethod of porous surface according to

either one of Clains 11 to 17, wherein the hydr ophi Il i ¢ process of the
porous surface is a process for form ng an oxide filmover the
substrate surface - and over internal walls of pores of the porous 10
structure and at |east the oxide filmover the substrate surface is
renoved after cleaning of the porous surface of said substrate.
- 94 -
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19. A nmet hod of producing a sem conductor device wherein a substrate
of the sem conductor device is processed according to a nethod of cleaning
as claimed in any one of the foregoing Clains 1 to 18.
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