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1 SEM CONDUCTOR DEVI CE AND METHOD OF MANUFACTURI NG THE SAME Thi s
application clains priority to prior Japanese applications JP 2002-350177,
JP 2003-283560 and JP 2003-322170, the disclosures of which are

i ncorporated herein by reference. Background of the Invention: This

i nvention relates to a sem conductor device, a nethod of manufacturing the
same, and a nethod of processing a sem conductor surface. Anpbng various
sem conductor devices, there is a field;effect transistor -that will be
~mai nly considered as a netal -i nsul at or - sen1conductor (MS) transistor or a
met al - oxi de-sem conductor (MXS) in the instant specification and that has
a source region, a drain region, and a channel region along a

sem conductor surface. In_thi ' t Lowing description wll
be mainly nmade about the &Eéﬁ@éﬁﬁﬁ@f&%&ﬁl&ﬂéﬁﬁé the M S transi stor.
As well known in the fied into an
n-type field effect @@@Q&Wm%@mﬁm type
transistor) and a p-type field effect transistor (will be sinply called a
p-type transistor). It often happens that both the n-type transistor and

the p-type transistor are integrated in a single chip as a large scale
integrated (LSI) circuit.” In this event, each transistor is formed on a

silicon substanceyig : cﬁgorﬂcl%'llln'sgﬁﬁ?ﬁgpﬁ} V\Pﬁbﬁ Jaﬁaﬁésbl agflp;liéaitﬂoﬁsw t he

silicon substance us as a th a’(100) stal plane

orientati opgoRaEY 197, 'JPOJUOﬂBgsaOCa@daJIdz@ggerw fth@ disdlosurichof( 110)
crystal plane orientation may

which are incorporated herein by reference.

Background of the Invention:

This invention relates to a semiconductor device, a method of
manufacturing the same, and a method of processing a semiconductor
surface. |

Among various semiconductor devices, there is a field effect
transistor that will be mainly considered as a metal-insulator-semiconductor
(MIS) transistor or a metal-oxide-semiconductor (MOS) in the instant

specification and that has a source region, a drain region, and a channel

region along a semiconductor surface. In this connection, the following

| description will be mainly made about the MOS transistor which includes

the MIS transistor. As well known in the art, such an MOS transistor is
classified into an n-type field effect transistor (will be simply called an n-
type transistor) and a p-type field effect transistor (will be simply called a
p p-type transistor). - |
It often happens that both the n-type transistor and the p-type
transistor are integrated in a single chip as a large scale integrated (LSI)
Circﬁit. In this event, each transistor is formed on a silicon substance,

such as a silicon substrate, a silicon film and the silicon Sl_let&l‘lCC usually



be referred to as a (100) silicon substance (or sinply a (110) silicon) and
a (100) surface, respectively. It is to be noted throughout the instant
specification that the (100) surface with the (100) crystal plane
orientation collectively inplies not o#@ly (100) surface but also its
“equi val ent surfaces, such as (010), (001), and so on. Herein, when the
n-type transistor and the p-type transistor are manufactured by the use of
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usual that the p-type transistor 1s desi
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beconmes a bar to mniaturization of sem ¢ erring to

Fig. 1, deﬂ@@))gm@ate/\nrbg &ﬁlvﬂ e for a better wunderstanding of this
|nvent|on about a conven ]%I onal rret hod for nmanufacturing a sem conduct or

device. In the ilfissbriat pdtedhnpighoatrtho-inttupe specifichtivarthef the GIIOQPt Iy
doped drain (LDD) structure is forned in a sem conductor region n Fig. 1
(a), a p-tgpease waﬂmths;(JHM)acnyetal@lam&opeatﬁxmdcuﬂeaﬁvdigsnmlle(sm) surface
with a (100) crystal plane orientation and which may be called a

p-type (100ml x(f@Q)osurfmb@tr@léo isseqgtivalent SUFﬁageS,lsU(Cél)a,S (tCH@) (ﬁlﬂl;)p@nql 100)

silicon substance is subjected to a shallow trench isolation (STl) nethod
to isol at eS@08ment or device regions fromothers. As a result, the devi ce
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art that the p-type transistor is as low as about 30% of the n-type transistor
in performance (or drivability), such as mobility. Taking this into
consideration, it is usual that the p-type transistor is designed so that it
becomes large in size as compared with the n-type transistor. However,
such designing becomes a bar to miniaturization of a semiconductor device.
Referring to Fig. 1, description will be made for a better
understanding of this invention about a conventional method for
manufacturing a semiconductor device. In the illustrated example, an n-
type transistor of a lightly doped drain (LDD) structure is formed in a |
semiconductor region.
In Fig. 1 (a), a p-type silicon substance 101 is prepared which has a
(100) surface with a (100) crystal plane orientation and which may be
simply called a p-type (100) silicon substance. As shown in Fig. 1 (a), the
p-type (100) silicon substance is subjected to a shallow trench isolation
(STI) method to isolate element or device regions from others. As a result,
the device region is defined or partitioned into the (100) surface of the p-
type (100) silicon substance.l The silicon substance may be, for example,

a semiconductor substrate, a semiconductor layer or film on the




sem conduct or substrate, as nmentioned before. Next, the (100) surface of
the p-type (100) silicon substance, especially, the device region 102 is
subj ected to RCA cleaning by the use of NH40H H202-H20O (SCl1) and HCl - H2Q2
H2O (SC2), as shown in Fig. 1(b). As tBe result of the RCA cl eaning,
organic matters, particles and inpurity netals are renoved froma whole
surface. Subsequently, a gate insulation film (S Q) 103 are forned on the

surface (FiSEmiéoﬁﬁﬁét r 85bSea¥Nad thettibned Bdtbre boron (B) is ion-inplanted on

the whol e "surface of the sillcon substance 101 and ion-inplanted boron
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poly-crystalline si oly-silicon I'lmis”deposited on the whol e

surface of especially] dRndevivdségivncl 0Dk ansjettednatREANCdahing lepviee ase of
poly-crystalline Silicon electrode 105 on the gate insulation film 103 of

the device NKIgDBRELOR Had (SC)sirrchHed-H, 0, H O (302 as shiwrdndiigl ¥ (b).

~ phosphorus of -a low density is ion-inplanted, as shown in Fig. 1 (f), to
f or m sour cAsathe rsaltrofrthgiRGA dleaniig, amganicypettetso particles whi dmpargy
effective to mtigate a high electric field. Thereafter, a sjlicon oxide
film (Si o2mételaisosimesedirom ovwhelsthwstacs: thebsequenty, »gate ISKEAN f ace
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transi st or sthedn§olgRiREod) kA depbbited onuhevwhck suatddesfthensilicon
- substance 101 and is patterned to leave a poly-crystalline silicon electrode
- 105 on the gate insulation film 103 of the device region 102, as illustrated
in Fig. 1 (e).
Subsequently, phosphorus of a low density is ion-implanted, as
shown in Fig. 1 (f), to form source and drain regions 106 of an n-type, both
of which are effective to mitigate a high electric field. Thereafter, a
| - silicon oxide film (Si0,) is deposited by a CVD method or the like on both
the surface of the silicon substance 101 and on the gate electrode 105 and is
“selectively etched by anisotrobic etching to leave a side wall insulation film
107 on a side wall of the gate electrode 105, as illustrated in Fig. 1 (g).
Under the circumstances, ion implantation of an n-type impurity,
such as arsenic, is carried out with a high density to form source and drain
regions 108 of n+ type, as shown in Fig. 1 (h). Thus, the n-type transistor
is manufactured by using the p type (100) silicon substance. |
A p-type transistor can be manufactured in a m;einner similar to the

n-type transistor by the use of a (100) silicon sub_stance, although not

-shown in Fig. 1. However, it is to be noted that the p-type transistor is




shown in Fig. 1. However, it is to be noted that the p-type transistor is 4
inferior to the n-type transistor in nobility when the n-type and the
p-type transistors are manufactured by the use of the (100) silicon
substance. In order to enhance the nobi ity of the p-type transistor,
proposal has been nmade about using a (110) silicon substance which has a
(110) surface with a (110) crystal plane orientation. Practically, it has

been repog %@idrhﬁtthgéf—g}gaettﬁ&lsfﬁ{%@in%ﬁdﬂbi‘}ﬁ? WRAPHRNGRyFBYGE the PaARI bl e to

raise up the nobili e p-type transistor to abo 2.5 times in
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However, it has been pointed out "also that using"the (110) silicon

subst ance bri ngs Iakedér to @sicedht heobidivy 0ftilie p typeetrandistoe, proposabt or to
about 0.6 tinme in conparison with the case where the (100) silicon.

subst ance has lbeed. matbelabotihesing rac(irt€)) silcesn substhiace béech bassi(ddbed that the
(110) silicon substance becones a very efficient material, if it is

possi bl e t surfauppritk s ({1A6) crialt plane eiriantiationbi Pragticatly; ichas begie
transistor. Neither suggestion nor_proposal has been nmade ft all, at the
present abeperted teathsdng they(bit)isidcen sebstance makestihposwibie (Q (alpHUPHe
n-type transistaqr, formed by the (110) si]icon_substance. Vatious.apparatus
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comparison with the case where the (100) silicon substance is used.

Under the circumstances, it has been considered that the (110)
silicon substance becomes a very efficient material, if it is possible to
suppress the reduction of the mobility in the n-type transistor.

Neither suggestion nor proposal has been made at all at the present
about a method of avoiding a reduction of the mobility in the n-type
transistor formed by the (110) silicon substance.

Various apparatus and methods that might be applied to the (110)
silicon substance are disclosed in International Patent Publication No.
WQ098/33362 (will be called Reference 1) and Japanese Unexamined
Publication No. Hei 11-57636 (will be called Reference 2). However,
experiments of Reference 1 have been made only about (100) silicon |
substance but never made about (110) silicon substance. Likewise,
Reference 2 has investigated only a (100) silicon substance and never
considers a (110) silicon substance.

On the other hand, disclosure is made in Japanese Patent
Unexamined Publication No, Hei 9 -51097 (Reference 3) about a method

of manufacturing a field effect transistor. The method is effective to avoid




On the other hand, disclosure is made in Japanese Patent Unexam ned

Publ ication No. Hei 9 -51097 (Reference 3) about a nethod of manufacturing
a field effect transistor. The nmethod is effective to avoid 5 a
degradation of a boundary or interface mobility, which m ght be caused to
occur due to electron scattering on an interface between a silicon surface
and an oxide film However, no investigation is nmade in Reference 3 at al
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found out that, when a fiel t transistor is manufacture

met hod i | | wsidrat edidefiithy. Howaves Wo @8esAatior ifdmddesn'Refcebnéd 3igrevi tably
roughened during an alkali processing step in the RCA cleaning, a rinsing

step by puradl sledwetr(110)dilidee subskencd laltbionghaR efelbéndd ¥ tefchesadouter in a
field effect transistor is one of factors show ng the drivability of the
transi st or makinged fukmogrdifectidreofelectroastinltke (0@ hsilicenrsubstantet he p-type
field effect transistor while an electron is the carrier in the p-type
transi st or paralleglengha direetion ofi@cdepary to raise up a mobility of a
carrier by lessening a_surface roughness of the elenment region so as to
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Herein, a mobility of a carrier in a field effect transistor is one of
- factors showing the drivability of the transistof. As well known in the art,
a hole is the carrier in the p-fype field effect transistor while an electron is
the carrier in the p-type transistor. In general, it is necessary to raiseupa
mobility of a carrier by lessening a Surfacc roughness of the element region
so as to improve the drivability of the field effect transistor.
Specifically, it has been found out by the inventors that using usual
RCA cleaning brings about roughening the element region of the silicon
- substance to a surface roughness Ra = 0.5 to 1.5nm, where Ra is
representative of an arithmetical mean deviation of surface (i.e., a center
line average roughness) and that the gate insulation film is deposited on
- such a roughened surface. |
In addition, the gate insulation film is often a silicon dioxide film
that is deposited by using dry O,. In this event, it has been observed that a
boundary between the silicon surface and the gate insulation film of SiO, is
further roughened. This would result from the fact that, when the dry O,

~ 1s used for oxidation, species or seeds for oxidation are invaded from (111)




In addition, the gate insulation filmis often a silicon dioxide film that
I s deposited by using dry 02. In this event, it has been observed that a
boundary between the silicon surface and the gate insulation filmof S 02
is further roughened. This would result fromthe fact that, when the dry
02 is used for oxidation, species or seeds for oxidation are invaded from
(111) 6 facets and oxidation preferentially proceeds along the facets.
Moreover, when a field effect transistor is manufactured by the use of a
silicon substance that is roughened by the RCA cleaning, a drivability of

the field "ﬁuf:@{ﬁ_tanHro%ﬁkﬁtﬁflpgrdférehlﬁgﬁfﬁggcééﬂs%qgﬁﬁ%itﬁhnfac\é‘tbe” an el ectric

voltage is applied on the gate el ec e, an ctric freld is

eccentrically Cmméramn@ﬁﬁﬂd%ﬂ&tI@faﬁisﬁt‘drii@h‘iarﬁiﬁctﬁrb“d%%ﬁi&@é& ration of
the electric fieldis [iable to bri ng about breakdown of the gate

i nsul at i onof alstlicdBspbstanick yhatvik eouglenesli by therR €dbslieaning, ahdrivability a surf ace
(110) wth the (110) crystal plane orientation or its equivalents is

cl eaned by of e fifddreffect dransistor is regucedenlnfasiditionuwhenan alpeiric110) surf ace
[ tl h whi ch ts | ducti f th i1ty wh
the’f tol o velFEER THiElied S i 642 elocdrods An eectii dRla Shetartdmtbe. munt 1 oned
R o : o o Lies 1
any - ot ner CoACERBEEToh SR hRTl fol i d slofPlordeARABRAIF b P | S 1 °
Sunmary of fiheisl MRt Bﬂhg%b%ﬁpbﬁeaﬂa&%qﬁiaﬁ dr’t@%n Ao Eilgh, Sem conduct or

device which has an inproved characteristic e%ﬁflorrrance. Exanpl e
enbodi nents may Mspetidﬁ?]@“&emthe@ﬁitﬁirpguhiﬂﬂce@vlﬁbhtﬁas a $urfirceddd0yi bed,

whi ch can inprove the characteristic by flattening a surface of a silicon
subst ance. Withathip|(&1 @herydiahplane omentption od éts &quévdlents dsicteaned byithe,

RCA cleaning, it has been found out that the (110) surface is greatly

roughened, which results in a reduction of the mobility when the field

effect transistor is manufactured. Although the above-mentioned

description has been restricted to the n-type transistor, this applies to any

other semiconductor devices, such as TFT, CCD, IGBT, and the like.

Summary of the Invention:

Example embodiments may provide a semiconductor device which
has an improved characteristic or performance.

Example embodiments may provide a semiconductor device of the

- type described, which can improve the characteristic by flattening a surface

of a silicon substance.

Example embodiments may provide a semiconductor device,
which is structured by a silicon substance which has a (110) surface with a
substantial (110) crystal plane orientation and an improved characteristic.

Example embodiments may provide a method of manufacturing a
semiconductor device (especially, an n-type transistor) with a high
drivability by using a silicon substance which has a (110) surface with the

substantial (110) crystal plane orientation.




which is structured by a silicon substance which has a (110) surface with a
substantial (110) crystal plane orientation and an inproved characteristic.
Exanpl e enbodi ments: may provide a nethod of manufacturing a sem conductor
device (especially, an n-type transistor) with a high drivability by using
a silicon substance which has a (110) surface with the substantial (110)
crystal plane orientation. 7 Exanple enbéddi nents may provide a nethod

whi ch can make a surface roughness of a sem conductor region flat. Exanple
enbodi mrents nmay provide a nethod which can flatten or keep a surface

roughness of a se& uctpr ;surface subjected to cleaning. |n accordance
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I n exanpl e enbodi nents , the predeteirm ned crystal plane orientation my

i ncl ude a ebp aantfaat r¢dgliyess of atsemipbrdector surficet subjected tackanitance with a
second aspect of the present invention, there is provided a sem conductor
devi ce having a dnpre@rdases withcafivstspectafithe prasent invention, thegssisal  pl ane

orientation, erein: .the ,silicon surface has a prescribed, arithpetical
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greater than 0.0 eRéitnple embodiments , the predetermined crystal plane
orientation may include a substantial (100) crystal plane orientation.
In accordance with a second aspect of the present invention, there
is provided a semiconductor device having a silicon surf ace with a substantial
(110) crystal plane orientation, wherein: the silicon surface has a prescribed
arithmetical mean deviation of surface Ra that is not greater than 0.15nm.
Preferably, the prescribed arithmetical mean deviation of surface
of the silicon surface roughness Ra is not greater than 0.11 nm and more
preferably is not greater than 0.09 nm.
More preferably, the prescribed arithmetical mean deviation
of surface Ra is not greater than 0.07 nm or is not greater than 0.02
nm.
| At any rate, in example embodiments, the substantial (110) crystal
plane orientation is selected from a group consisting of (110), (551), (311),
- (221),(553), (335), (112), (113), (115), (117), (331), (221), (332), (111), and
(320) crystal plane orientations.
Preferably, the surface of the substantial (110) crystal plane

orientation is specified by either (110) or (551) crystal plane orientation.




At any rate, in exanple enbodi nents, the substantial (110) crystal plane
orientation is selected froma group consisting of (110), (551), (311),
(221), (553), (335), (112), (113), (115), (117), (331), (221), (332,
(111), and (320) crystal plane orientations. Preferably, the surface of
the substantial (110) crystal plane ori en%ation I's specified by either
(110) or (551) crystal plane orientation. In accordance with a third
aspect of the present invention, there is provided a sem conductor device
conprising a field effect transistor having a source region, a drain
regi on, a channel ' ' l.atl ' : : . I egi on,
and a gate el ect r%l{j%%gg%% \ggﬁgtpﬁg&sgﬁtgﬁtﬁ: P%Eeﬂgﬁgr%gpﬁﬁ’ gélcshannel
region is fmowviibded s@nindeentlsvide Sohpfisingst fitREeffevtratifiap a
predeterm ned crystal plane orientation; the silicon surface having a
prescri bed hningasouced ragiom ddminrégionpd chamia cegitm, afgite isulation gr eat er
t han 0. 09nnt). The predeterm ned crystal plane orientation may include a
subst ant i allikm goythe channgl rpgione and aanteclestrode wnatbe gatainsslationfilLf our t h

aspect of the present,invention,.there.is raovi ded a sem condyct or device
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substantial (110) crystal plane orientation; e silicon surtface having a .
prescri bed greatehtiedrd 0 A9nmean devi ati on of surface Ra that is not greater
than 0.15nm The prescribed arithnetical nmean deviation of surface of the

- silicon surfaceThepyedetesniRedraystabplahe onientagiomamay indlade@. 11 nm

Preferably, the . . .
Y sult)stannal (100) crystal plane orientation.

In accordance with a fourth aspect of the present invention, there is
- provided a semiconductor device comprising a field effect transistor
having a source region, a drain region, a channel region, a gate insulation
film on the channel region, and a gate electrode on the gate insulation film,
- wherein: the channel region is formed at a semiconductor silicon surface
which has a substantial (110) crystal plane orientation; the silicon surface
having a prescribed arithmetical mean deviation of surface Ra that is not
greater than 0.15nm.
The prescribed arithmetical mean deviation of surface of the silicon
surface roughness Ra may not be not greater than 0.11 nm.  Preferably, the
- prescribed arithmetical mean deviation of surface Ra is not greater than
0.07 nm.
Specifically, in example embodiments, the substantial (110) crystal
plane orientation is selected from a group consisting of (110), (551), (311),
(221), (553), (335), (112), (113), (115), (117), (331), (221), (332), (111) and
(320) crystal plane orientations. Preferably, the silicon surface has either
(110} or (551) crystal plane orientation.

In example embodiments, the gate insulation film may comprise at




prescribed arithnetical nmean deviation of surface Ra is not greater than
0.07 nm Specifically, in exanple enbodi nents, the substantial (110)

crystal plane orientation is selected froma group consisting of (110),
(551), (311), (221), (553), (335, (112), (113), (115), (117), (331),
(221), (332), (111) and (320) crystal_plane orientations. Preferably, the
silicon surface has either (110) or @§51) crystal plane orientation. In
exanpl e enbodi nents, the gate insulation filmmay conprise at 8a |east one
selected froma group consisting of a silicon oxide film a silicon

nitride fi ithd SR WA ] 9.1 lhe 73S an filmmy
contain t#gggggggﬂ%i#é&gas gﬁ%ﬁ%&ﬁbﬂgégggi ﬁé%P?@?Ogﬁhiégﬁb#gﬂgﬁﬁbdinents,
the gate iﬁia@d@ﬁﬂmmﬂdémlﬁ%ﬂtd@nﬁ&ﬁigﬂﬁﬁﬁf ect transistor includes a
dielectric filmof a high specific dielectric constant and/or the
dielectric filmmay include at | east one material selected froma group
consisting of netal silicate, netal oxide and netal nitride. The netal
silicate consists of Si and at | east one selected froma group consisting
of Hf, Zr, Ta, Ti, La, Co, Y and Al. On the other hand, the netal oxide
consists of at |east one selected froma group consisting of oxides of Si,
H, Zr, Ta, Ti, Y, Nb, Na, Co, A, Zn, Pb, My, Bi, La, Ce, Pr, Sm Eu, &,
Dy, Er, Sr and Ba. The above-nentioned netal nitride consists of N and at

| east one selected froma group consisting of Si, Hf, Zr, Ta, Ti, Y, Nb,
Na, Co, A, Zn, Pb, My, Bi, La, Ce, Pr, Sm Eu, G&d, Dy, Er, Sr and Ba.
Alternatively, the gate insulation filmmy conprise a conbi nati on of

filnme selected froma silicon oxide film a silicon nitride film a silicon
oxynitride filmand a dielectric filmof a high specific dielectric

const ant .




In accordance with a fifth aspect of the present invention, there.is

provi ded a net hod of manufacturing a sem conductor device, conprising the
steps of preparing a silicon sem conductor surface which has a
predeterm ned crystal plane orientation; and flattening the sem conductor
surface to acconplish a prescribed arithnmetical nean deviation of surface
Ra which is not greater than 0.09nm The9predeterm ned crystal plane
orientation may include a substantial (100) crystal plane orientation. In
accordance with a sixth aspect of the present invention, there is provided

a met hod of man cturi.n .sepj conduct or. devi ce, conprising the steps of
preparing a sil ﬁ@%g?@rﬁl@%ﬁm}b gy ¢ FH0 gAar asﬁi@f@gﬁ%t ial (110)
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flattening step conprises the steps o I con surface with an
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oxide filmon the cleaned surface by oxidizing the cleaned silicon surface
in an at moiEpher groupmonsisting of mepajesilicateli metiab oxilletandmaetal/nitside.t h€hé | at t eni ng
step may conprise the steps.of jsaqotropically oxidizing the siljicon surface
to forma m?‘iaiﬁﬁlﬁﬁ'ied@nﬂsﬁﬁ ‘Wﬁtﬁt leastions selegietdeem giaqupt eangisting of; | i con

Ferovi ng UG 2 e Lo kadeor Fiai A o B otpEbfand e Felal eSS i di 21 ng
or cscr 1 bed 2 1 PR TP ARhEn LRI ne R RIS S b R T Tl
Y, Nb, Na, Co, Al, Zn, Pb, Mg, Bi, La, Ce, Pr, Sm, Eu, Gd, Dy, Er, Sr and Ba.
The above-mentioned metal nitride consists of N and at least one
selected from a group consisting of Si, Hf, Zr, Ta, Ti, Y, Nb, Na, Co, Al, Zn,
Pb, Mg, Bi, La, Ce, Pr, Sm, Eu, Gd, Dy, Er, Sr and Ba.

Alternatively, the gate insulation film may comprise a combination of

films selected from a silicon oxide film, a silicon nitride film, a silicon

oxynitride film and a dielectric film of a high specific dielectric constant.

In accordance with a fifth aspect of the present invention, there is
provided a method of manufacturing a semiconductor device, comprising the
steps of: preparing a silicon semiconductor surface which has a
predetermined crystal plane orientation; and flattening the semiconductor
surface to accomplish a prescribed arithmetical mean deviation of surface
Ra which is not greater than 0.09nm.

The predetermined crystal plane orientation may include a

substantial (100) crystal plane orientation.

In accordance with a sixth aspect of the present invention, there is
provided a method of manufacturing a semiconductor device, comprising
the steps of: preparing a silicon semiconductor surface which has a
substantial (110) crystal plane orientation; and flattening the silicon surface
to accomplish a prescribed arithmetical mean deviation of surface Ra which
1s not greater than 0.15nm. '




Al so disclosed is that the oxide filmis used as a gate insulation |ayer
or as a portion of a gate insulation layer. The nethod may further

conprise the step of formng a gate el ectrode on said gate insul ation

| ayer. The nethod may further conprise the steps of formng a gate

I nsulation | ayer on the flattened silicon surface and form ng a gate

el ectrode on said gate insulation IayéM) The isotropically oxidizing step
ment i oned above nay conprise the step of carrying out radical oxidation of
the silicon surf %1 %Wrenperature not hi gher than 550C. Alternatively,
in exanpl e enmbodi %503 hid PXH0P mbodlyn@sﬁs,dh@ﬂagenmgeqjepgomrsew out by

water is athe Sl SRpRE (R igoscuTER vethaOREHRC Debgns liayn .Ség{‘ied
th [

30ppm 1 ¢ NG FreguE! %P@?%ﬁi?aﬁ?’%%ﬁ@ W@nﬁ%&&#ﬁfé%&# slsBT e

i sot ropi Ca'slu)‘fa@&w(ﬁlﬂﬁmgﬂ%)cl@&ﬂecpﬁh%@ﬁrshﬂﬁcé’ﬁi gﬂmﬁe&% iRgti ng the silicon

surface with hydrogen peroxide sol ution rogen per oxi de sol ution

i ncl udes, mpntmnoigoxygRd dichl)% of hydrogen peroxi de. Furthernore, the
‘ |sotrop|cally oxi di zi ng step may be carried out for nore than 10 seconds
at a terrperatureAtb‘@mﬁiéfﬂ Yotherflatsoing Step may\aemprise teestepeobvi ng step may

be carried.o a,solutign includin hydrogen fluoride (HF).
The sol uti bﬁ?lf? %’—1—1 193 t%e,s;, con sufaceiteforn aghrsg xidecfilmmethsol ut i on
may i ncl udg; e, adeH g% Yaltln $he 30148 SuP¥ IS othe preessc?'ll:)teg o T
‘mean deviation of surface Ra and removing the first oxide film. In this
event, the isotropically oxidizing step and the removing step are repeated a
plurality of times until the prescribed arithmetical mean deviation of
surface Ra is achieved.
Also disclosed is that the oxide film is used as a gate insulation
layer or as a portion of a gate insulation layer. The method may further
comprise the step of forming a gate electrode on said gate insulation layer.
The method may further comprise the steps of forming a gate
insulation layer on the flattened silicon surface and forming a gate electrode
on said gate insulation layer.
The isotropically oxidizing step mentioned above may comprise the
step of carrying out radical oxidation of the silicon surface at a temperature
not higher than 550°C.
Alternatively, in example embodiments, the isotropically oxidizing
step is carried out by contacting the silicon surface with ozone water. In
this case, the ozone water is ultra-pure water with 0.00lppm to 100ppm of
ozone being dissolved therein. The ozone may be included within a range

between




At any rate, in exanple enbodinents, the above-nentioned substantial (110)
crystal plane orientation includes (110), (551), (311), (221), (553),
(335), (112), (113),, (115), (117), (331), (221), (332), (111) and (320)
crystal plane orientations. The above-nentioned flattening step is :
preferably carried out w thout exposi 2? the silicon surface to an air.
Al so disclosed is that the step of for '}lg the oxide filmis perfornmed by
usi ng gas plasma generated in a mxed gas of a rare gas selected from at
| east one of argon, krypton and xenon and an oxygen gas by m crowave
excitation. 1ppsvand 30ppria the ulthapurdiwaterep of carrying out radical
oxidation is perforped by using gas plasm generated in a mxed gas of a
rare gas select ‘1“5%%‘3‘3{“4@@ﬁpléﬁ@bﬁdlme@tﬂaﬁhﬁkw@ﬁﬁmaﬁﬁd)méﬁmg and an

t he flattening

. o Al s dion .
g?gg-e |n n g ?3 d g@%&%ﬁb%@%\é’?ﬁﬁé& lt@?%‘!l"gtgﬁt“é‘% ?ﬁ%@@%%?oﬁgfq?lﬁsﬁég ?‘B'Idé%%eél gener at ed

in a mxed re g hz%) . f ar , krypton
and 12 xengﬁl%gﬁ(ge g%ﬁlglg?}ge%ﬁga %%ﬁ?%%@e@%@gﬁgil?lglﬂ.gs’%ﬁreWS%Z@’cri bed
arithrreticaBom@qoog@Mfﬁyaﬂjgegfpﬁgﬂd@pe is preferably not greater than
0.09nm I n accordance Wth a'seventh aspect of the present invention,

there is provi defursheretdredthefisomopically oxidigirg stepinspnbe chtcdiai foe,
conprising the steps of. preparing a silicon sem conductor surface which
has a substgne fhem {/)06@_ satuderipepatane borwean H and;308Ceani ng the silicon
surface with a dified RCA SCl cleaning liquid wth a reduced OH
concentration as YestreRtioned remevamg stspanarba caaied pubby e 1squi d and

formng an oxi 88ution including hydrogen fluoride (HF). The solution is preferably
| a mixed solution of HF and HC1.
The solution may include HF and H,O with dissolved oxygen of
less than 100ppb.

At any rate, in example embodiments, the above-mentioned
substantial (110) crystal plane orientation includes (110), (551), (311), (221)
(553), (335), (112), (113), , (115), (117), (331), (221), (332), (111) and
(320) crystal plane orientations. '

>

The above-mentioned flattening step is preferably carried out
without exposing the silicon surface to an air.

Also disclosed is that the step of forming the oxide film is
performed by using gas plasma generated in a mixed gas of a rare gas
selected from at least one of argon, krypton and xenon and an oxygen gas
by microwave excitation.

Also disclosed is that the step of carrying out radical oxidation is
performed by using gas plasma generated in a mixed gas of a rare gas
selected from at least one of argon, krypton and xenon and an oxygen gas
by microwave excitation.

Also disclosed is that the flattening step includes oxidizing the
silicon surface by using gas plasma generated in a mixed gas of a rare gas

selected from at least one of argon, krypton and




filmon the cleaned surface by oxidizing the cleaned silicon surface in an
at nosphere cont ai ni ng oxygen radicals. In accordance with an ei ghth aspect
of the present invention, there is provided a nethod of manufacturing a
sem conduct or device, conprising the steps of: preparing a silicon

sem conductor surface which has a predeterm ned crystal plane orientation;
and cleaning the silicon surface, whereTn the cleaning step conprises:. a
first step of rinsing the silicon surface by using pure water including
ozone;, a second step of cleaning the silicon surface by the use of a

cl eani ng sokenewandiancixyigeslgaddy MIKroM2®e asicitationssol ved oxygen reduced,
and surface-active agent,.. providing vi bratii gn of a frequency not | ower
than 500 kHz: a thi§ ff‘é@ébe%ﬁmh%tm@ mgaa deyiplien At swfacedis poferallyuse of
H20O i ncl udi ; th step of cleaning the silicon surface by the
use of a clggggﬁﬁﬂg3bﬁ?bgﬁhpﬁcluding HF and H2O w th di ssol ved oxygen
reduced so as to Ireagoed@iteoxitia skiérth Apectoof the pheseht fiventioh! etdg the
S|I|con'surfaca gy th %@E of hégrogen or heani hydr ogen- added H2O. In
accor danceP{¥Ife4 R oanuictyniRg 3 SeHeENGURIendeURe, GHBPESING  provi ded
a met hod othdsepé @P:tl.%pﬁﬂnga%ﬁmdﬁ%%ﬁdu&ﬁi"sﬁr‘fﬁcéﬂ'm'r Bip ! he steps of.

preparing a sili c(ip &ir(sbcond ctor surface which has a_p m ned cryst al
pl ane or i eftlitwiAllad Ug ceetalmjanserientafiepnclsaning dee silicen suegeewithtahe
Cleani ng ShERlifIRU/R STI JAGRIRYIY WiPa $bdicedOAUdBER o e use of a

cl eani ng sol ution containing. nd H2O wth di ssol ved oxygen of |ess than
100 ppb. AfeBPEiedcyish agonentimal Ry 4 Sedicleaning liguidamd formingnan osidsi | i con
surface. ThiinGal e olanbd shidied by Stk Bt SbRed SfbAIGRFRIRRC €d one of

the steps of. . ]
atmosphere containing oxygen radicals.

In accordance with an eighth aspect of the present invention, there
is providéd a method of manufacturing a semiconductor device,
comprising the steps of: preparing a silicon semiconductor surface which has
a_predetermined crystal plane orientation; and cleaning the silicon surface,
wherein the cleaning step comprises: a first step of rinsing the silicon

surface by using pure water including ozone; a second step of cleaning the

- silicon surface by the use of a cleaning solution which includes HF, H,O

- with dissolved oxygen reduced, and surface-active agent, providing a
vibration of a frequency not lower than 500 kHz; a third step of rinsing the
silicon surface by the use of H,O including ozone; a fourth step of cleaning
the silicon surface by the use of a cleaning solution including HF and H,O
with dissolved oxygen reduced so as to remove an oxide film; and a fifth
step of rinsing the silicon surface by the use of hydrogen or heavy hydrogen-
added H,O.

In accordance with a ninth aspect of the present invention, there is

provided a method of manufacturing a semiconductor device, comprising
the steps of: preparing a silicon semiconductor surface which has a -

predetermined crystal plane orientation; and cleaning the silicon surface,




carrying out an oxidation process of the silicon surface in an atnosphere
whi ch includes radi cal oxygen; processing the silicon surface in an

at nrosphere which includes radical nitrogen or radical NH4; and processing
the silicon surface in the atnosphere which includes radical oxygen and at
| east one of radical nitrogen and radical NH4. The gate insulation film
form ng step may conprise the steps ofl2a preparing a mxed gas of a rare
gas selected fromat |east one of argon, krypton and xenon and an
insulation filmformng gas selected from at |east one of anmonia, oxygen,

" osen. Na, IR SR agheration ol set Lo e pred gRe, et oveve
1] o enl i R ROTR 8%y kSRR 9P 000 Wi bbbV, Surf 2,

second step)fqgsgmngmpﬁj_porti on of the entire thickness of the oxide
filmto | eave a thickness between 10 angstrons and 1000 angstrons of the

oxide filmon theAkbldiccosalisffag@ing Bgatd idsslatiiofith®osthealest eps bei ng
performed at | east once, res&ectlve y, and a third step of conpletely

renovi ng t rfadede Thelgatbinsalatimpuibn fosning step in¢ludesidisalpctde e ol so

disclosed is that the flattening step conprises a cleaning step of cleaning
the silico $HPEE: In this case, the cleani ng step conprises the step of
cl eaning the silicon.surfac ccordance cl eani ng procedure

wherein an CH coﬁégﬁfr}ga?ﬁltcﬂ?e‘?%ﬁ?@%&‘_&@sw ﬁ'}%ﬁllwﬁ ﬁ‘;‘/Rl_,'CIé?q’lgl @ eaning step
ﬁgcpabsgspkﬁggﬁ EaﬁﬁkEo qﬁgp@@§%%ﬁcafbk§§§ﬂ surface with cleaning liquid
: processing the silicon surface in an atmosphere which includes
radical nitrogen or radical NH,; and
processing the silicon surface in the atmosphere which includes
radical oxygen and at least one of radical nitrogen and radical NHs.
The gate insulation film forming step may comprise the steps of:
preparing a mixed gas of a rare gas selected from at least one of
argon, krypton and xenon and an insulation film forming gas selected from
at least one of ammonia, oxygen, nitrogen, NO and N,O; and
generating plasma in the mixed gas by microwave excitation to form
the gate insulation film.
Also disclosed is that the flattening step comprises a first step of
forming, on the silicon surface, an oxide film by carrying out oxidation
- process by the use of H,O vapor, a second step of removing a portion of the
entire thickness of the oxide film to leave a thickness between 10
angstroms and 1000 angstroms of the oxide film on the silicon surface, the
first and the second steps being performed at least once, respectively, and a
third step of completely removing the oxide film by an aqueous solution

including HF.




Furthernore, the cleaning step may conprise a first step of rinsing the
silicon surface by using pure water including ozone, a second step of

cl eaning the silicon surface by the use of a cleaning solution which

i ncludes HF, H20O wi th di ssol ved oxygen reduced, and surface-active agent,
providing a vibration of a frequency not |ower than 500 kHz, a third step
of rinsing the silicon surface by the ke of H20 I ncl udi ng ozone, a fourth
step of cleaning the silicon surface by the use of a cleaning solution

i ncluding HF and H2O with di ssol ved oxygen reduced so as to renove an
oxide film and aAfiid 8RiclosbeRs ﬁfatrthé‘ﬁ'aﬂgnﬁigestép bbﬁgﬁ‘is%hféézﬁliﬁg st use of
hydr ogen- added H20. In this case, hydrogen may be added to the cl éani ng
sol ution of odiclednémgs theosibicod stifaecsedarttisstasp, thectledreing ey bormpeiges Al so

di sclosed is that the cleaning step may include processing the silicon
surface by thesigpoisieaning thampiligonsunacein ecenrdancayiththeRCA0 with

di ssol ved OXY en of Ieas t han 100 Qﬁ@i The cl eaning step nmay al so conpri se
the steps of PrOggaure Whekean Ag (34 GROCERTARPR IS Ted¥ctides HF, H2O with

di | ved X b d hyd f . 6 d
o550 29 oxvGen i b ] P CRITTER, AP BUSERI, S KBBR8, S0P o
than 500kHz silicBﬁ%qua%@Wiﬂgcl%%ﬁﬁlgm%uiﬁﬁla%ﬁ%h‘fﬂ-l QHﬁJeVﬁt{rgqi‘g%o%)e‘tﬂcﬁ'?ﬁg t he

silicon surface to an air. ~cleaning step may : arried out
by contacting t h@_m}hemme,sﬂmefcﬂ@mwgtstbp:ﬁﬁyr@oﬁ@ﬁsmﬁﬂst\méﬂ]oﬁﬂﬁbm%gg_
ultrasonic vibration to the cleaning I'iquid wiile generation of in the

cl eani ng | itheistli¢on swrfpedssesing piirs ovates obsdid gi czoae e sboshd stepude in
manuf acturing a s&gi Cﬁ_nductor devi ce and conprises the steps of preparing a
€6

silicon sefF¥yAg icoprsuztasekty e useola pleanimgasolitien vhigh iagludesine

o entati °"HF, H,0 with dissolved oxygen reduced, and surface-active agent, providing
a vibration of a frequency not Iower than 500 kHz, a third step of rinsing the
silicon surface by the use of H,O including ozone, a fourth step of cleaning
the silicon surface by the use of a cleaning solution including HF and H,O
with dissolved oxygen reduced so as to remove an oxide film, and a fifth
step of rinsing the silicon surface by the use of hydrogen-added H,0.

In this case, hydrogen may be added to the cleaning solution of at
least one of the second step and the fourth step.
Also disclosed is that the cleaning step may include processing the
silicon surface by the use of a cleaning solution containing HF and H,O
with dissolved oxygen of less than 100 ppb.
The cleaning step may also comprise the steps of preparing a
_ cleaning solution which includes HF, H,0 with dissolved oxygen of less
than 100ppb and hydrogen of 0.lppm to 1.6ppm and providing the cleaning
‘solution with a vibration of a frequency not lower than 500kHz.
The cleaning step may be carried out without exposing the silicon

surface to an air.




and rinsing the silicon surface by the use of H20 added w th hydrogen or
deuteri um and by applying high frequency vibration to said H2ZOto term nate
silicon at the silicon surface by hydrogen or deuterium respectively. The
hi gh frequency is not |ess than 500kHz and the concentration of said
hydrogen or deuteriumin said H2Ois O0.1ppmto 1.6ppm The flattening
step conprises the step of rinsing the M icon surface by the use of H20
added wi th hydrogen or deuterium and by applying high frequency vibration
to said HOto term nate silicon at the silicon surface by hydrogen or

deuterium respectTheeleanidhetepimay aloBeaghriivd oapBPcositaching thekilidda steps of
di ppi ng or inmmersi ngiat he silicon surface into the H20 added w th hydrogen
t

or deut eri urbushage syittagleaginghquidt withsippilviog Wirasame vibiaGonaddhd wi t h
hydrogen or deuterium_ In this event, the high frequency is not |ess than
500kHz and Pﬂ@f'é%bamdrwgﬂ@rge@ﬁr%mwﬁ@ﬁ tyde deaniagdiguidiis suppressed. H2O i s
0. 1ppmto 1. 6ppm ,,The above-nention flatteni ng.step may conprise a first
step of cleani ngA'JWeg@Fﬁssgﬁs §@?t§8§%ﬁ'§/u§%€1 U’é‘é‘%gﬂfc incl udi ng ozone, a
second  ste ' t ' 1N | ut i.en including HF,
H20 and a geulﬁ{cgglgﬁgﬁé# {Efég?daégaéﬁ:l ‘?&%Pgi\gi?%)ﬁlr?g“%%@heg’ﬂgﬁ&a gﬁfs%quency not

Tover than s&ffehductdrshitfabe W1HBh Bhs Gredétepmattd %ﬁa%?l%g?%é}?ﬁ@é&@d udi ng

ozone, a fourth step of carrying out ‘cleaning to i1 m by
the use of and dheiagithg sdvont suefacertyt theiuve JffHAMddHROwWidNHydrdgehtdt step of
carrying out 15 cleaning by using hydrogen or deuteriumadded H2O,

provi di ng vieeatinenand by aapiyingbhégl frequencpwihratiomto 58id Hy@ toso as to

the above SEEHMEARROBANE SNied, ubiigady InshoBabosderimne
: respectively.  The high frequency is not less than 500kHz and the
concentration of said hydrogen or deuterium in said H,O is 0.lppm to
1.6ppm.

The flattening step comprises the step of rinsing the silicon surface
by the use of H,O added with hydrogen or deuterium and by applying high
frequency vibration to said H,O to terminate silicon at the silicon surface by
hydrogen or deuterium, respectively. The rinsing step may comprise one
of the steps of dipping or immersing the silicon surface into the H,O added
with hydrogen or deuterium and spraying, onto the silicon surface, H,O
added with hydrogen or deuterium. In this event, the high frequency is not
less than 500kHz and the concentration of said hydrogen or deuterium in

~ said HyO is 0.lppm to 1.6ppm.

The above-mentioned flattening step may comprise a first step of
cleaning the silicon surface by the use of H,O including ozone, a second
step of carrying out cleaning by a cleaning solution including HF, H,O and a
surface-active agent, providing vibrations of a frequency not lower than
500kHz, a third step of carrying out cleaning by H,0 including ozone, a
fourth step of carrying out cleaning to remove an oxide film by the use of a

cleaning solution including HF and H,0, and a fifth step of carrying out




"~ sem conduct®&pP

H20 and hydrogen is added thereto. The rinsing step may be carried out with
the silicon surface being kept isolated fromthe air. Furthernore, the :
first to fifth steps nay be carried out with the silicon surface being
kept not exposed to the air. On the othé& hand, the rinsing step may be
carried out in an atnosphere of nitrogen, hydrogen, deuteriumor mxture
of hydrogen and deuterium The silicon surface preferably has a

s ant el A BRI, SOCI Gl

ser conducifta feyliescy Rot Rwer ARESSOPKIRL sofisdo Rrblie e SRR o

representation for describing a roughness a roughness spectrumon a

boundary beun&es by hpdici@ndscd@itesiui, aeSpe@nklgn insulation film Fig. 3
shows a net hod of “manufacturing a seni conduct of device according to a

first enmbodi ment [ethé hbsve Beemid andifnurthat@?sg@ggenridqemo%d-frénﬁﬂ@ws a
sectional view for describing an apparatus for use in the nethod

i |1 ustrat edjOafddhydogEnds addedhohareto.gr aphi cal representation for
describing an effect of the nethod illustrated in Fig. 3; Fig. 6 shows a
graphi cal represdiieaingingfséep may be cdmied ot mjthathe silizonsusfics sdngeen
roughness and g\%&i Iit%; 16 Fig. 7 shows a nethod of manufacturing a

t #led eEbHWi 3§ t 0 a second enbodi ment of this invention;

Furthermorte, the first to fifth steps may be carried out with the
-silicon surface being kept not exposed to the air.

On the other hand, the rinsing step may be carried out in an
atmosphere of nitrogen, hydrogen, deuterium or mixture of hydrogen and
deuterium.

The silicon surface preferably has a substantial (110) crystal plane
orientation.

Brief Description of the Drawing:

Fig. 1 shows a conventional method of manufacturing a

- semiconductor device in the process order;

Fig. 2 shows a graphical representation for describing a roughness
and a roughness spectrum on a boundary between a semiconductor surface
and an insulation film; |

“Fig. 3 shows a method of manufacturing a semiconductor device
according to a first embodiment of this invention in the process order;

Fig. 4 shows a sectional view for describing an apparatus for use in
the method illustrated in Fig. 3;

Fig. 5 shows a graphical representation for describing an effect of

_ the method illustrated in Fig. 3;
Fig. 6 shows a graphical representation for use in describing a

relationship between roughness and mobility;




Fig. 8 shows a state of a (551) surface when the surface is used in the
nmethod illustrated in Fig. 7; Fig. 9 shows a graphical representation for
use in describing a relationship between a roughness and a renaining film
| eft by an etched back process; Fig. 106shows a graphical representation
for use in describing a relationship between repeat tines of first and
second steps and the roughness; Fig. 11 shows a graphical representation

for use in descr ;ﬁlgngl Sgl OWSA’ g%ég&gagﬁqngﬁ%%ﬁﬂh;{g%i RYgiceh8d@tbhdeRi®cesses

and the roughness; graphica presentation for use in

descri bing &gﬁﬁbaﬁ?ogsgé%@n%@?ohhh%f B;gﬁgqﬁ%m-oxi dation at nospher es;

Figs. 13A an oW SC C VIews for use in describing isotropic

oxidation and anisel RApGROX A beR (B57Y SaFfage WIRAPERS Surtdac s Sed inl4 shows
a graphical representation tor use in déscribing a relationship between a

treat ment tieBnefhdd BlustEPR Fig@xi;dation process and a thickness of an
oxide film Fig. 15 shows a nethod of manufacturing a sem conductor device,

according to a t Hipd eyHosel Agmapleital fipzesentation dor use in descriltiogs a
graphi-cal representation for use in describing a relationship hetween
repeat tinaglationghipbetweenadoughnescamd apeowesigsfilmdeftithean gicheskss; Fig.
17 shows a graphical representation for use in describing a relationship
bet ween t hebaakeptoness; ti me and the thickness; Fig. 18 shows a graphical

[imes of the 11 Srighil shevse eobehiptbicaseaEntagon ot bse T HEHBIAG 4 7o
relationship between repeat times of first and second steps and the
roughness; ‘ |

Fig. 11 shows a graphical representation for use in describing a
relationship between various cleaning processes and the roughness;

Fig. 12 shows a graphical representétion for use in describing a
variation of oxide film thickness and oxidation atmospheres;

Figs. 13A and 13B show schematic views for use in describing
isotropic oxidation and anisotropic oxidation processes, respectively;

Fig. 14 shows a graphical representation for use in describing a
relationship between a treatment time of the isotropic oxidation process and
a thickness of an oxide film;

Fig. 15 shows a method of manufacturing a semiconductor device,
according to a third embodiment of this invention;

Fig. 16 shows a graphical representation for use in describing a
relationship between repeat times of the first and the second processes and
the thickness;

Fig. 17 shows a graphical representation for use in describing a
relationship between the treatment time and the thickness;

Fig. 18 shows a graphical representation for use in describing a

relationship between the repeat times of the first and the second processes




and the roughness; Fig. 19 shows a graphical representation for use in
describing a relationship between a degree of oxidation and a contact
angle of a water droplet; Fig. 20 shows a graphical representation for
describing an effect of a vibration. Figs. 21A and 21B show graphi cal
representations for use in describing hole nobility and electron nobility
of p-MOS and n- MOS according to this invention, respectively; and Fig. 22
shows a graphical representation for use in describing a noise
characteristic of p-MOS and n-MOS accoyding to this invention: Description
of the Preferred Enbodi nents: First Enbodinent: Referring to Fig. 3, a

met hod é@é@#ﬂpwgm@@;a first enbodinent of this invention will be described

and will be A U ] 0 vice. At first., a p-type
(110) si 11 corE oo Rl Rl st b S s UM Sinadionti Bhevedh B e
whi ch hakgme o1 d0)atemrahd aeontadttahgla of 4 ®@jer dropidtal pl ane ori entation and which
is subjected to,,splation to.define an elenenf. region qr devi ce region
302, as showﬁg' %b ﬁﬁ%‘?s %gr(r‘%“?alﬁi’éesﬁlét\%l%gfgﬁqcﬁhm&é‘}lgﬁ?tt‘)gaV@’F?ﬂqnsour ce,

drain, and ciFaaneiA 6egD DB ShowRBRIAMABhYentdidRs fir UkE RSB ARNE nlobility
subj ected,to RCA cleanin rocedure to renove organic matters, particles,

and net 8hd clestsn maRliRfincMOSagH arMOFaccarding| tp this inyention; respRecdvely apd) . As

known in the t : i : . I : o
St andar d- Cl egﬁgf' %2 S%ga‘ﬁsbr v 15% %g%rgﬁg%rlgﬁg&g%gdl ur ecgﬁ%gwsg%ﬁ%%?ndgp&ogan- 2
(abbr evipd¥1&¥ and n9AOS aecwdimgo this inBpeionf i cal | y, the SCl procedure uses a

m xture of hydro N B o>§i le . n'.umth_ydroxi de, and water heated to a
t enper at ur e Mﬁ@&%\iﬁéﬁ%@é‘rocedure uses a mxture of '

hydr ogen per dititdenbdaygémchl ori c acid, and water heated &0 a tenperature of
about 70C. The. SCl procedure is effective to dissolve filns and to renove

Goup | (par @P’é‘é%t_anr‘l%I 3 gisphod|aceqrding dop dirs gmbpdimentql thisiinentipe withe
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3 (b), the 3 he siTicon subs 5

procedure. In Fig. 3 (b) | 1s used to clean nce
301. | nsilinemssubstace (simpimsalled silicon substance) 301 is prepared which has a (110) surface

with a (110) crystal plane orientation and which is subjected to isolation to define an element
- region or a device region 302, as shown in Fig. 3 (a). The device region serves to form
source, drain, and channel regions.

Subsequently, the silicon substance is subjected to RCA cleaning procedure to remove
organic matters, particles, and metals from the device region 302, as illustrated in Fig. 3 (b).
As known in the art, the RCA cleaning procedure may involve RCA Standard-Clean-1
(abbreviated to SCI) procedure and RCA Standard-Clean-2 (abbreviated to SC2) procedure.
Specifically, the SCI procedure uses a mixture of hydrogen peroxide, ammonium hydroxide,
and water heated to a temperature of about 70°C while the SC2 procedure uses a mixture of
hydrogen peroxide, hydrochloric acid, and water heated to a temperature of about 70°C. The
SCI procedure is effective to dissolve films and to remove Group I (particles) and Group IT
(organic substances) while the SC2 procedure is effective to remove metals that are not
removed by the SCI procedure,

7 In Fig. 3 (b), the SCI is used to clean the silicon substance 301. In this case, it has
been found out that the silicon substance 301 is microscopically roughened during the SCI
procedure. In other words, a surface roughness of the silicon substance 301 is minutely

increased even by the SCI procedure for cleaning the surface of the silicon substance 301.




been found out that the silicon substance 301 is mcroscopically roughened
during the SCI procedure. In other words, a surface roughness of the
silicon substance 301 is mnutely increased even by the SCI procedure for
cleaning the surface of the silicon substance 301. 18 Practically, it has
been confirned that the surface of the silicon substance 301 is etched
during the SCI procedure in dependency upon a concentration of OH and, as
a result, shows an increased roughness. Under the circunstances, the SCl
procedure is carried out with the concentration of OH | owered. Although

the m xed solution is usually used in a conventional SC procedure such
that a rrxdigaladihss beenganlpnedhapthe susbcr phthe giliedn substance: 35>1 1saetnh©dehmggl ution
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m xed saheredsedraughiésg. 3 (b) is lowered in a concentration of H as
conpared with.that used in the c entiqnal. SCI. roced re. In additi
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breakdown voltage is reduced in the gate insulation film, namely, oxide film after the SCI
procedure. Such a reduction of the dielectric breakdown voltage results from micro pits
-caused to occur on the surface due to the defects. Specifically, it is known in the art that the
density of COP becomes high in




deposited by epitaxial growmh and which may be referred to as a silicon
wafer with an epitaxial film Specifically, the silicon wafer with the
epitaxial filmis used in the illustrated exanple. As described before, it
has been confirmed that the silicon surf@ce processed by the SClL procedure
reduced in the OH concentration has the surface roughness Ra of 0.15nm
where Ra ;’s representative of an arithnetical nean deviation of surface.
As a result Zt hfls been found out that the nobility of the n-type

transi stor E{:g hofi PTIrrpr oved in conparison wth that of the conventional
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In this case, s been found out that t nmobi'l 1ty of the“n-type

transistor afrmleaﬁﬁ%,ba{rg}?ﬂeaxﬁiéaﬂlﬁfg} oy 4hé ¥k Md that %é@dcéssreh%@h{ﬁ%y?n%

i ncrease of the arithnmeti cal nmean devi ati on of surface Ra and oul d be

restrict ed the exteeg nft3RN6fcraS omto psefaesitibby vihied omwhidies wilikon filmiis
difficult to obtain a preferable n-type transistor which is forned by the
use of the depdSited blyi epitaxiahgromthcand aciah miy betrgfarired tans asilibat of the
(100) silicon, Fromthis fact, it is readily understood that the (110)
silicon sunvaies withenlepitaziall faikmenSperitiealndhersilicaspwader withethei ze a
simlar property or. 20 nopjlity, .to the (100) silicon surface. In Fig. 3
(c), a sel epiagialiilapis used upthe g{%@raﬁqul §kamPléred by oxidizing the surface
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atmos phgr,epr})&es}gg& bl}et%'é §@Tfﬂrw§8mtéhlaetdutcgﬁ ifi$h{ OH concentration has the
- surface roughness Ra of 0.15nm where Ra is representative of an
arithmetical mean deviation of surface. Asa result, if has been found out
- that the mobility of the n-type transistor can be improved in comparison
" with that of the conventio“nal n-type transistor. | |
Practically, the silicon surface with the (110) crystal plane
orientation has been subjected to the above-mentioned SC1 procedure and
had the arithmetical mean deviation of surface Ra of 0.15 nm. Under the
circumstances, the n-type transistor has been manufactured on the silicon

surface of (110) in a manner similar to the silicon surface (100).

In this case, it has been found out that the mobility of the n-type
transistor formed by the silicon surface with (110) is reduced as an increase
of the arithmetical mean deviation of surface Ra and should be restricted to
less than 0.15nm, preferably 0.11nm. Otherwise, it is difficult to obtain a

preferable n-type transistor which is formed by the use of the (110} silicon

and which has a mobility similar to that of the (100) silicon.
From this fact, it is readily understood that the (110) silicon surface

should be flattened more and more so as to realize a similar property or




sacrifice oxide film303 has a surface flattened in conparison with a
pre-surface prior to the formation of the self-sacrifice oxide film 303.
Herein, description will be directed to the radical oxidation used in Fig.
3 (c) with reference to Fig. 4. In Fig. 4, an apparatus is exenplified
which is used in a radical oxidation process according to this invention
and which uses a radial line slot antenna. The illustrated apparatus is
simlar in structure to a plasm apparatus nentioned in Japanese Patent
Publ i cati on No. Hei 10-33362 (namely, 33362/1998). In this invention, the
illustrated apparatus is used for fo?ﬂing the silicon oxide film

Speci f i aaability ta the (H¥p allisomsurfacé.ustrated in Fig. 4 has a vacuum chamber 401

surroundi ng okl .ow ce. t-herei a r plate 402 placed. on e
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space through the shower plate 402 to a pressure about 1 Torr,
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chanber apt@fatusAd used for forming the silicon oxide film.

Specifically, the apparatus illustrated in Fig. 4 has a vacuum chamber 401 surrounding
a hollow space therein, a shower plate 402 placed on the vacuum chamber 401 and faced to
the hollow space, and a support or pedestal member 404.  On the shower plate 402, are

- arranged a coaxial wave guide 405, a radial line slot antenna 406, and a dielectric plate 407.
With this structure, a silicon substance 403 is placed on the support member 404 and faced
towards the shower plate 402.

It is assumed that the illustrated support member 404 has a heater mechanism (not
shown) and the silicon substance 403 has a (110) surface of the (110) crystal plane orientation
and placed as a specimen on the support member 404. _

Under the circumstances, the silicon substance 403 is heated to about 400°C by the
heater mechanism while the vacuum chamber 401 is evacuated into a vacuum state.
According to the experiments, when the silicon substance 403 is kept at a temperature
between 200 and 550°C, similar results have been obtained.

Subsequently, Kr gas and O, gas are introduced into the hollow space through the
shower plate 402 to a pressure of about 1 Torr, A microwave of 2.45GHz is supplied to the
vacuum chamber 401 through the coaxial wave guide 405, the radial line slot antenna 406,

and the dielectric plate 407 to generate high density plasma within the vacuum chamber 401.




Al t hough the mcrowave with the frequency of 2.45 GHz is used in the
“illustrated exanple, simlar results can be achieved when the frequency of
the mcrowave may fall within a range between 900 MHz and 10 GHz. A gap
bet ween the shower plate 402 and the silicon substance 403 is equal to 6 cm

in the illustrated exanple. A high speed oxidation can be acconplished as
the gap between the shower plate 402 and the silicon substance 403 becones
narrow. Instead of the radial line slot antenna, any other nethods nay be

used to introduce a microwave into th&lvacuum chanber 401. In the case of
oxidizing the silicon surface within an atnosphere including the oxygen

r adi cal hlthoygh dhegmicsoyeavieauitly the fpgrensyiod - 455GHedp peedtin theeillustrasedbexample,
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attract oxygen_ ions, such as O+ and 02+ This results in preferenti.al
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fl at ness_ st at FI‘S are illustrated by conparing a surface roughness
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after r#&8lcal oxidation and is shown by two sets of three dots in Fig. 5.
Herein, it i ted .that the ini.tial. state is.a st .after the SCl1
“procedure of i‘%ﬂ% C?%:W&O lcg% . S SHISPR SYrtacs Wik, an BmosPlises @?]té‘gmﬁﬁ Ph&™
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oxygen ions, such as O+ and Oy+. This results in preferential oxidation of the projections. In
consequence, a flattened silicon oxide film is assumed to be formed on the silicon surface.
Referring to Fig. 5, flatness states are illustrated by comparing a surface roughness
(Ra) before and after oxidation. The surface roughness (Ra) before oxidation is shown in Fig,

5 as dots of an Initial state while the




and falls between 0.17nm and 0.19nm On the other hand, the surface
roughness (Ra) after the radical oxidation is extrenely reduced to |ess
than 0.08 nmand falls between 0.06 nmand 0.07 nm This shows that the
radi cal oxidation is helpful to inprovezglatness of the silicon surface of
the plane orientation (110), contrary to the fact that the surface
roughness (Ra) 1is roughened after the dry oxidation. Thus, an oxide film

is fornmed lyurfdve roaghneds Ra)detdromxidatibhgs pidasans betl dhcedst €gned by the
RCA SC-1 cleaning liquid with a reduced OH concentration and 4s a result

of the for matidatmomant kfteraadibal bixidatiomhendid steomn asetsigf thred tesed to
the surface roughness (Ra) of 0.06nmor so. Therefore, this oxide film my
not be rendndtgabd Hereby itissel s nated ihas theairiitial §tiaterviscoviate affer e _
flattened sjlicon surface, such as a gate _insulation filmin case of an
MOS transi st pravgstusgioddhe low O corcandeadiona as snentiomedibefarenand the by
Itself or conpined wl'lt h an additional insulating film The surface
roughness ERRACEIPBENBESSHSTEPIESEE adday thearitmetcaliaeasdeveddipoi de filmis

removed by di ppi he_silicon oxide filmfor one mnute within a m xed
sol ution 'oﬁgﬁgﬁzgab@ F(slgo$-urre ratio of HF : HO= 1: 19). Using such a
Lo prevent the f I3RS idereprdhoRER i Sofarsuitde ol RMe s/ | con
or & bounaRf o Eayganop (e ik T BHAC) SRl Lo AR TR Y 0.1°C, Ger
roughness (o) - HRATALRe (NRICIRRILAN! OB Y shladtith exbreds QA0 723
- before theafd ¥8)ls betwean 0slihih anee). 1 SnhimeOnetheBther hand, the surface
roughness (Ra) after the radical oxidation is extremely reduced to less than
0.08 nm and falls between 0.06 nm and 0.07 nm. This shows that the
radical oxidation is helpful to improve flatness of the silicon surface of the
Plane orientation (110), contrary to the fact that the surface roughness (Ra)
is roughened after the dry oxidation. |

Thus, an oxide film is formed by the radical oxidation on the silicon
surface cleaned by the RCA SC-1 cleaning liquid with a reduced OH

concentration and as a result of the formation of this oxide film, the silicon

surface is flattened to the surface roughness (Ra) of 0.06nm or so.

Therefore, this oxide film may not be removed and can be used as an
insulation film covering the flattened silicon surface, such as a gate
insulation film in case of an MOS transistor. The oxide film may be used
as such insulation film by itself or combined with an additional insulating
film.

'The surface roughness (Ra) after oxidation is measured after the
silicon oxide film is removed by dipping the silicon oxide film for one
minute within a mixed solution of HF and HCI (volume ratio of HF : HCl =

1: 19). Using such a mixed solution of HF and HCl is for reducing OH




di pped into the m xed solution of HF and HO and is also neasured after it
I's dipped into the mxed solution for ten mnutes. In consequence, it has
been found out that no variation of the surface roughness (Ra) has been
observed on the (110) silicon substance2before and after dipping. This
shows that no etching is caused to occur on the (110) silicon due to the
m xed solution of HF and HCI. Thus, the above-nentioned method is
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procedure. This attening technique of” using the radical oxi I on
procedur e ijfsil@atioh sl cted to the (110) crystal plane orientation and a
sem conduct or device using the (110) silicon substance but can be applied

to any other senigordectoobseeenit mfludace ofehemtixed sodgoh @fflB.and (d), the
self-sacrifice oxide film303 forned in Fig. 3 (c) is renoved fromthe

si licon sulldChrthe stdfacelroughaess {Rajsof thiceshréacengd the ({118) sdidosacrifice
oxide film303 is renoved by the use of the m xed solution of HF and HC

m xed at t Isubstangens measured beforedhe (THQ) silicon subbktaniceris immensedrosat er t han
1inpH 24, As,shown in Fig. 3 .(e), the sjlicon surface of th evj ce
region is @wmd:g&o@hemxeafsc&u;xgamfrﬂﬁiaéd Hgﬁ@@siﬂﬁal%o e aeYF &ﬂ%’ete

i nsulation, film/(Si Oﬁﬁ 304 ahi h.ha% a t hi ckness cif 5nm In thiﬁ
situat i on, it APREA it fhe pyXedolution 10f tan THRIGS. o 1N COBSSAVTFS, #1138 304 i s

removed toRURIHEhE AP chil' 56 VARRidh S (RRUWMLAIY (OBBARBE &R a) has been
observed on the (110) silicon substance before and after dipping. - This
shows that no etching is caused to occur on the (110) silicon due to the
mixed solution of HF and HCl. Thus, the above-mentioned method is
reasonable for evaluating the silicon surface.

At any rate, the surface roughness (Ra) of thé silicon surface laid
under the insulation film is defined by a value measured after the insulation
film is removed by dipping the mixed solution of HF and HCI for one
minute, as mentioned before.

Thus, the surface flatness can be improved by radical oxidation
procedure. This flattening technique of using the radical oxidation
procedﬁre is not restricted to the (110} crystal plane orientation and a
semiconductor device using the (110) silicon substance but can be applied
to any other semiconductor elements.

Now, referring back to Fig. 3 (d), the self-sacrifice oxide film 303

formed in Fig. 3 (c) is removed from the silicon substance 301. In the
illustrated example, the self-sacrifice oxide film 303 is removed by the use
of the mixed solution of HF and HCI mixed at the volume ratio of 1: 19.

The mixed solution is not greater than 1 in pH.




between the silicon surface and the gate insulation film To this end, a
m xed solution is used which mxes HF and HO at a volune ratio of 1:19
and which has the pH not greater than 1. The gate insulation film304 is
di pped within the m xed solution for ong4m nute to renove the gate
insulation film304. As aresult, it has been confirmed that the silicon
surface has the arithnetical nean deviation of surface (Ra) of 0.06 nm
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Herein, it is noted that the silicon oxide film (SiO,) may be formed

at least at a portion contacted with the silicon surface and an additional
insulation film may be deposited on the silicon oxide film. Such an
additional insulation film mey be formed by materials different from silicon
oxide and may be, for example, an oxide film, a nitride film, an oxynitride
ﬁlm, or a silicate film of alkaline earth metals, rare earth metals, and |
transition metals. The additional insulation film may be structured by a
single film or a plurality of films. Alternatively, the additional insulation

~ film may include at least one of silicon oxide film or films, siticon nitride
film or films, and silicon oxynitride film or films.

Preferably, the gate insulation film may be formed by a high

dielectric constant film. Materials used as the high dielectric constant
film are exemplified and may be, for exatmple, metal silicate formed by one
or more elements selected from Hf, Zr, Ta, Ti, La, Co, Y, and Al; metal
oxide formed by one or more elements selected from Si, Hf, Zr, Ta, Ti, Y,
Nb, Na, Co, Al, Zn, Pb, Mg, Bi, La, Ce, Pr, Sm, Eu, Gd, Dy, Er, Sr, and Ba;

metal nitride formed by one or more elements selected from Si, Hf, Zr, Ta,




Dy, Er, Sr, and Ba. Turning back to Fig. 3 (f), boron (B) is ion-inplanted
on the whole of the silicon substance 301 so as to control a threshold
voltage. After ion inplantation of boron, a poly-silicon filmis deposited
on the whole of the silicon substance 391 and is thereafter patterned to

| eave a poly-silicon electrode (nanely, a gate electrode) 305 on the gate
insulation film 304 |ocated on the device or elenent regions 302. Next,
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located on the device or element regions 302.
Next, phosphorus of a low density is ion-implanted to form an n-
source région and an n- drain region (collectively designated by 306 in Fig.
3 (h)). Such n- source and n- drain regions 306 serve to mitigate a high
eleciric field.
The process shown in Fig. 3 (h) is followed by a process shown in
Fig. 3 (). In this process, a silicon oxide (Si0,) film is deposited by a
CVD method or the like so that the gate electrode 305 is covered with the
silicon oxide film. Thereafter, the silicon oxide film is subjected to
anisotropic etching to leave a side wall insulation film 307 on a side wall of
the gate electrode 305.
Subsequently, an n-type impurity, such as arsenic, is ion-implanted
with a high density to form an n+ source region and an n+ drain regions
(308), as shown in Fig. 3 (j). Thus, an n-type transistor can be
manufactured through the above-mentioned processes.
Now, an investigation has been made about a relationship between
the surface roughness (Ra) after the RCA cleaning (shiown in Fig. 3 (b))
and the mobility. Specifically, the arithmetical mean deviation of surface

‘Ra has been changed between 0.05nm and 0.18 nm by varying a




measured to investigate a relationship between the nobility and the surface
roughness Ra. This investigation serves to know a scattered conponent of a
carrier which occurs by the surface roughness and which influences the
mobility. Referring to Fig. 6, the rel agéonship between the nmobility and
the surface roughness (Ra) is illustrated which represents an outcone of
the above-nentioned investigation. In Fig. 6, the surface roughness (Ra)
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event, thewith the (100) and the (110) silicon substances, respectively. As readily
understood from the line L1, the mobility is substantjally kept unchanged
even when the surface roughness becomes large.
- On the other hand, the mobility becomes large when the surface
roughness Ra becomes small, as shown by the 1ine L2. More specifically,
the (110) silicon substance shows a mobility of 3.0 x 10? (cm*/Vsec) when
the surface roughness Ra is as large as 0.16nm that is obtained by the
above-mentioned RCA cleaning procedure. The mobility of the (110)
silicon substance is rapidly increased when the surface roughness Ra is
smaller than 0.09 nm, as shown byl the line L2. Moreover, when the
surface roughness Ra is equal to 0.07nm, the mobility of the (110) silicon
substance is substantially equivalent with that of the (100) silicon
substance.
From this fact, it is readily understood that the mobility of the (110)
silicon substance is greatly improved when the arithmetical Ihean deviation
of surface Ra is reduced to 0.05nm. Such a surface roﬁghness-Ra can be
accomplished by forming the self-sacrifice oxide film by the radical

oxidation and by removing the self-sacrifice oxide film. In this event, the




27 self-sacrifice oxide filmmay not always be renoved but can be used as
the gate insulation filmor a part of the gate insulation film As

menti oned before, the surface roughness Ra of 0.05nm has been achieved in
the first enbodinent. This shows that the nobility of the n-type

transi stor can be inproved by 1.6 tines in conparison with the
conventional nethod. In addition, it is also possible to inprove
reliability of the gate insulation filmwhen the interface between the
silicon surface and the gate insulatig@gn filmis flat. The inprovenent of
the carri nDblllt on the (100) sili'con substance can be utilized not
only in SPIE saqrilicp gxiderfdey may apisaleppy by tamayed dut eandhandedisis dhe gate amsplagiomer
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region is fo d xpl e, by a shallow trench isolation (STI)
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isolation region is |left on the (551) silicon surface and serves
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ep1tax1al growth, a silicon surface obtained by inclining the (110} silicon surface by 8°in a
direction of <100> is used in the second embodiment and may be said as (551) silicon
surface.  In-addition, it is to be noted that a silicon oxynitride film is used as the gate

. insulation film in the second embodiment.

As shown in Fig. 7 (a), the silicon substance 701 of the p-type is prepared which has a
surface (551) with a (§51) crystal plane orientation and which is simply called a (551) silicon
“substance.  In this connection, the surface of the plane orientation (551) may be referred to

. as (551) silicon surface. On the (551) silicon surface, a trench isolation region is formed, for

example, by a shallow trench isolation (STI) technique and, as a result, a device region 702
isolated by the trench isolation region is left on the (551) silicon surface and serves to form
source and drain regions together with a channel region of a field effect transistor.

Next, the device region 702 is subjected to the RCA cleaning in a manner mentioned
in conjunction with the first embodiment (as' shown in Fig. 7 (b)), so as to remove
contamination due to organic matte;rs, particles, and me‘Eals. Like in the first embodiment,

the mixed solution has a reduced concentration of OH and the ratio of NH,OH: H,0,:H;O is




in conjunction with the first enbodi nent (as' shown in Fig. 7 (b)), so as
to renobve contam nation due to organic matters, particles, and netals.
Like in the first enbodi ment, the m xed solution has a reduced
concentration of OH and the ratio of NFHMOH H22: H2O is 28 0.05:1:5. Thus,
such a m xed solution is effective to suppress an increase of the surface
roughness during the SCI procedure. Subsequently, a self-sacrifice oxide
film703 is fornmed on the device region 702 of the (551) silicon surface
at a tenperature bet ween 300C and 508€ in an oxygen radical at nosphere, as

shown i Q)(E»Jg (c). ,The self-sacrifice oxide film703 is renoved in a
process wnlpK ik a miged solpfier iy pdective de supnress| anyincreaseof the srfise 7 (c)

and (d) H®nbR darhd ﬁ%tsdgwéed&é" led a flattening process of flattening the
silicon surface of the device region. Renoving the self-sacrifice oxide

film703 is §B‘Pﬁ@qwﬂvhesalfwcnﬁceapmde<@m 8 isforowd on thenduvizie rtﬁommiz ofGhe ar e
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region i s oxidize an oxygen Fad
insulatpHn film 704 which is conposed of oxynitride in this exanple, as.
nmenti oned beﬁore L.n t IS Si an |nt rface roughness between the
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has been renoved by dipping within a m xed sol utlo W th
HCl at HeViBm of terecesoansk a stepwisq saniigrirgionmppears along ghel0>t disevtion fimapklf- As a

result, .alﬁéne@ @amner. Preferably, the height of each step falls within a range between 0.17 and 0.35
nm and the surface roughness is about 0.04 nm when the surface roughness is represented by
the arithmetical mean deviation of surface Ra.

Referring back to Fig. 7 (e), the (551) silicon surface on the device region is oxidized
within an oxygen radical atmosphere to form a gate insulation film 704 which is composed of
oxynitride in this example, as mentioned before.

In this situation, an interface roughness between the (551) silicon surface and the gate
insulation film has been evaluated, like in the first embodiment. To this end, the gate
insulation film 704 has been removed by dipping within a mixed solution which mixed HF
with HCI at a volume ratio of 1:19 and which was not higher than 1 in pH. As a result, it has
been confirmed that the interface roughness is as low as 0.05nm in the arithmetical mean
deviation of surface (Ra).  For comparison, the (551) silicon surface subjected to no
formation of any self-sacrifice oxide film has been investigated and had the arithmetical mean
deviation of surface Ra of O.15nm.

The gate insulation film of silicon oxynitride can be formed by the use of the
microwave excitation plasma apparatus illustrated in Fig. 4. Specifically, such a silicon

oxynitride film can be formed in a manner to be mentioned below. At first, the vacuum




been confirmed that the interface roughness is as low as 0.05nmin the
arithnetical nean deviation of surface (Ra). For conparison, the (551)
silicon surface subjected to no fornmation of any self-sacrifice oxide film
has been investigated and had the arithnetical nean deviation of surface
Ra of 0.15nm The gate insulation filmof silicon oxynitride can be forned
by the use of the mcrowave excitation plasm apparatus illustrated in

Fig. 4. Specifically, such a silicon oxynitride filmcan be formed in a
manner to be nentioned below. At firgf, the vacuum 29 chanber 401
illustrated in Fig. 4 is evacuated and Kr gas, 02 gas, and NH3 gas are
filled ShpPBEiPlt lﬂesm Fig| 4ti® ewpnated ppd %ﬂregas,a@mam, chd My gasOie tfidled
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Such exi stence or presence of the Si-H bonds and N-H bonds has been
confirnmed by neasuring F11R and XPS. In addition, existence of hydrogen
serves to extinguish a hysteresis of a CV characteristic and to reduce an
interface density between the silicon s@Bstance and the silicon oxynitride
filmto 3 x 1010 conil-2. In addition, it has been found out that, when the
silicon oxynitride filmis fornmed by the use of a m xed gas of a rare gas
(Ar or Kr),m@thod\2, and H2, traps of electrons and holes in the filns can
be drastically decreased by setting a partial pressure of hydrogen to 0.5 %

or nore. Wth tHdemipaitds tsbenoted thattekistentt of hgdrogen & H9esi bl e to form
a silicon nitride filmalso by changing the gas introduced into the vacuum

chanber, f dmpoda) factarokforgeingahd sNitoyexynithidesidcordingamythig ri de film or
the silicon nitride filmmay be formed only on a portion contacted with
the silicorin¥gptigae. Meoraspaaitiaaldy,iwhen hryduogen émpidseht inhthef plasma,

enbodi nent, ., an . .u per@ﬁi | mon the silicon oxynitride filmor the silicon
nitride fildANEgRoRISH thegtiligon puyaitride Gbm anesin theiioterfaderasef or med by

o By S N e PR onds Sl oiat . L
is ion-i I | f. he.(551 iLi . f 01 af h
o T RO R R M RACS Tl BALREGe beB 1”
it erbosambsiitho: BRI o asPRl NoRbd AR FLLOhAS bIERESR: °C, o L1
el eotr ode t@htimicaltyy mdLiingrHIe ARLRPNS WrAlddioh bifsidlocldle devi ce

region 702 and which i's oper e as the gat roté, as shown in Fig. 7

(9). As i hiydsoget servied thlegtinguidh) a hpbReedie'ofa CV éhdradedRiR dnd ics

ion-inplanted to forma n source region and a n- drain region 706 to

nitigate arédugte st enterfacefdeabity between the silicon substance and the silicon
oxynitride film to 3 x 10 com™.

In addition, it has been found out that, when the silicon oxynitride
film is formed by the use of a mixed gas of a rare gas (Ar or K1), O,, N,,
and H,, traps of electrons and holes in the films can be drastically
decreased by setﬁng a partial pressure of hydrogen to 0.5 % or more.

With the apparatus illustrated in Fig. 4, it is possible to form a
silicon nitride film also by changing the gas introduced into the vacuum
chamber, for example, to Kr gas and NH, gas.

The silicon oxynitride film or the silicon nitride film may be formed
only on a portion contacted with the silicon surface. As mentioned in
conjunction with the first embodiment, an upper film on the silicon

‘oxynitride film or the silicon nitride film may be single or a plurality of
insulation films formed by oxide, nitride, oxynitride, silicate composed of
aikaline earth metals, rare earth metals, and transition metals.

Turning back to Fig. 7, boron (B) is ion-implanted on the whole of

the (551) silicon surface 701 after the gate insulation film 704 is formed, as

shown in Fig. 7 (f), like in the first embodiment.




A silicon oxide (SiQ2) filmis deposited on the whole of the (551) silicon
surface 701 and is anisotropically etched to | eave a side wall insulation
film707 left on the side wall of the gate electrode 705, as shown in Fig.
7 (i). Thereafter, the n-type inpurity, such as arsenic, of a high density

is ion-inplanted to formn+ source region and n+ drain region. Thus, the

n-type transistor is attained (Fig. 7 a)). Wwen the carrier nobility has

been evaluated, it has been confirmed that the field effect transistor has

a nobility of 1.6 times, as conpared vvlééh t he conventional transistor and
S
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of 1: 19thghtreiegons emyodiment has advantages similar to those in the first embodiment.

Third Embodiment:

‘A method of improving flatness will be described as a third embodiment and is
specified by the use of wet oxidation. At first, a (110) silicon substance is prepared which
has a silicon surface of a comparatively large roughness. The silicon substance is subjected
at a first step to wet oxidation under the conditions of a temperature of 1000°C and flow rates
of Hy=1slm and O,=1slm and, as a result, a silicon oxide film is deposited to a thickness of
3000 angstroms on the silicon surface. The silicon oxide film is etched back to a thickness of
0 to 2500 angstroms by the use of H;0 solution including HF at a second step. Thereafter, the

first and the second steps are repeated twice and finally the silicon oxide film is




not higher than 1 in pH |In consequence, the arithnmetical nean devi ation of
surface (Ra) is decreased as the remaining thickness etched back at the
second step becones thin and when the remaining thickness reaches 1000
angstroms, the arithnetical mean devi aBéon of surface (Ra) is
substantially saturated. However, the silicon oxide filmis conpletely
renmoved and the remaining filmis rendered into O, the flatness becones

bad. This rﬁcghpld@@ly%hh@dapbf@ Riged %m%nfﬁflﬁleﬂels?ﬁ H(E’l*’v%ﬁi&{'f‘s mltddeon

surface i s exposed by the solution process, I con surface Is

roughened Withthmised vite@t 1:19elid Waddkendtifighet tHdreD igipiRcks the silicon
surface and brings about adherence of netal s“or contam nation and the

like. In additidtefeming 4 figs9 etheaesults of i alvee-Byerténest inethddBad i r St
and the second steps when the remaining thickness in the second step is
adapt ed t o beentshoswmederein, ar abs@zsnepresdnd aasgatinopsthicknessnpari son with
t he case \xhere the silicon oxide filmis deposited to 9000 angstrons at
one tine ad@ngstsomeyed s silicopraxitefilsm béien theaskcoaidostepandeahardiaateof

i nprovenent of a  flatness effect due to,the oxidation and the etch back
process at 'PRESpREAnarithmetigalsngan dexration phswidaet fRa).asFoneefesendeni ng
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t he abscissa and the ordinate are "represen mes and

the arithmabth hemﬁﬁhq%iﬁlqi_ on of surface (Ra), respectively. As shown in
Fig. 10, when the repeat tines exceed three tines, the arithnetical nean

gg\rﬂc ﬂlﬁg 3 of surlmcenstauenodsthecartithnieticdlahesh deviationbBsirdsde (R4) Ras been
- decreased as the remaining thickness etched back at the second step
becomes thin and when the remaining thickness reaches 1000 angstroms,
the arithmetical mean deviation of surface (Ra) is substantially saturated.
_ However, the silicon oxide film is completely removed and the remaining
film is rendered into 0, the flatness becomes bad.
This might be anticipated due to the fact that, when the silicon
surface is eprsed by the solution process, the silicon surface is roughened
| by the solution itself because the solution attacks the silicon surface and
brings about adherence of metals or contamination and the like. In
addition, a flatness effect is improved by repeating the first and the second
steps when the remaining thickness in the second step is adapted to a
~ thickness of, for example, 100 angstroms, in comparison with the case
where the silicon oxide film is deposited to 9000 angstroms at one time and
is removed. |
No proof has been made about a mechanism of improvement of a

flatness effect due to the oxidation and the etch back process at the present.

It has been anticipated that, as the remaining film becomes thin due to the




that the repeat tinmes should be optim zed. Thus, the silicon surface can be
flattened as conpared with an initial silicon surface by carrying out

oxi dation by the wet gas (the first step), by etching back an oxide film at
the second step to a thickness between 10 angstrons to 1000 angstrons

W thout renmoving the oxide film by repeating the first and the second
steps desired tines, and by finally partially or conpletely renoving the
oxide filmby the use of an aqueous solution including HF. Fourth

Enbodi ment: Next, a nethod of maintaipjing and inproving flatness by the use
of a nedical solution or fluid wll “Be described as a fourth enbodi nent of
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the RCAgxide film, by repeating the first and the second steps desired times, and by finally partially or
- completely removing the oxide film by the use of an aqueous solution including HF.
Fourth Embodiment:
Next, a method of maintaining and improving flatness by the use of a medical solution
or fluid will be described as a fourth embodiment of this invention. As mentioned before, the
RCA cleaning has been very often used to clean the silicon surface. In addition, it has been
also found out that a silicon surface is roughened during the SCI procedure of the RCA
cleaning. This is because the SCI procedure is carried out by the mixture of hydrogen
-peroxide, ammonium hydroxide, and water heated to a temperature of about 80°C and, as a
 result, Si-Si bonds are attacked by OH ions during the SCI procedure and tomn at weak

portions.  Specifically, in the SCI procedure, oxidation of the silicon surface due to the
hydrogen




cleaning in an ability of renoving particles, organic contam nation, and
metal contam nation. Specifically, the cleaning nethod disclosed in the
above-nmentioned publication has a first step of doing cleaning by the use
of pure water including ozone, a second4step of doing cleaning by a

cl eaning solution including HF, H20 and a surface-active agent, providing
a vibration of a frequency of 500kHz or nore, a third step of doing
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cleaning in an ability of removing particles, organic contamination, and

metal contamination.

Specifically, the cleaning method disclosed in the above-mentioned
publication has a first step of doing cleaning by the use of pure water
including ozone, a second step of doing cleaning by a cleaning solution
including HF, H,0, and a surface-active agent, providing a vibration of a
frequency of 500kHz or more, a third step of doing cleaning pure water
including ozone, a fourth step of doing cleaning by a cleaning solution
including HF and H,0 effective for removing a silicon oxide film, and a

fifth step of doing cleaning by pure water.

As mentioned above, the cleaning method described in the J apaneée
Unexamined Patent Publication No. 057636/1999 includes no alkaline
process. However, the above-mentioned publication never teaches the
silicon surface is roughened due to the cleaning. In fact, an example is
shown wherein an arithmetical mean deviation of surface Ra is kept
unchanged before and after the cleaning method. This means that no
consideration is made at all in the above-referenced publication about the

fact that the silicon surface is changed before and after the cleaning. In




obtain the (110) silicon substance that is not greater than 0.15 nmin
arithmetical nmean deviation of surface. Under the circunstances, the

i nventors have found out that the silicon surface of the (110) silicon
substance is kept flat by reducing an &fount of dissolved oxygen in the
second and the fourth steps by carrying out deaeration fromH20. In the
nmet hod according to the fourth enbodi nent of this invention, the second

step i s caradditionythet experimeststientivhed 9 (e pdBlitation haveeeatmhdebyf i r st
step to elimnate particles while the fourth step is done to renove’the
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si nul t aneous pr oceeds, e surface_roughness becones |arge. Taking this
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reduced from.ppmorder tqg | ess than, 100ppb referably, |ess than 10 ppb).
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roughness cou neY 36 Mre specifically, the nmethod according
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Under the circumstances, the inventors have found out that the
silicon surface of the (110) silicon substance is kept flat by reducing an
amount of dissolved oxygen in the second and the fourth steps by cafr_ying
out deaeration from I4,0.

In the method according to the fourth embodiment of this invention,
the second step is carried out to remove the silicon oxide film formed at the
first step to eliminate particles while the fourth Stcp is done to remove the
silicon oxide film formed at the third step and to eliminate the metal
contamination. More specifically, when the dissolved oxygen is present
in the medical solution used in the second and the fourth steps, the silicon
surface removed by HF is selectively re-oxidized at weak portions of Si-Si
bonds. In this situation, when removing the silicon due to HF
simultaneously proceeds, the surface roughness becomes large. Taking
this into account, the dissolved oxygen in the second and the fourth steps is
reduced from ppm order to less than 100ppb (preferably, less than 10 ppb).
The (110) silicon substance has been processed by the use of the deaerated
medical solution and, as a result, it has been found out that the surface

roughness could be maintained.




vi bration of a frequency of 950 kHz. After the second step, the cleaning is
done at the third step for five mnutes by the use of pure water including
5ppm of the ozone. Thereafter, the cleaning of the fourth step is also
carried out for one mnute by a cleani néGSOI ution including 0.5% HF and
deaerated H2ZO to renove the oxide filmand the cleaning of the fifth step
Is carried out for 10 mnutes in ultrapure water wherein 0.1 to 50 ppm of

His added to dM@E@EpelciER@lltyl theagidiiddgccdridng i Rarirembedimeat i ed
out by dipping or immersing he silicon substance in the cl eani ng

sol ution. Aiftthis inventionekas adirbtastep e€reldaning kel (11Mesilivoh 3abstaauglioess of
the (110) silicon surface has been nmeasured. The results of the

measur enentfive (Shuximuties inFiuge wWater inctodingr 5pspm of ozordwnd asocosd sfept he
conventional RCA cleaning. As shown in Fig. 11, when the silicon surface
whi ch has tdfedaingtdleaningaor fineaminates hyithe use ofia theeaingeolutiono. 08 nm pri or
to the cl eani .is subjected to the conventional RCA cleaning, the
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of H2O in the second and the fourth stepS. Furthernore,

. deaerated H,O to remove the oxide film and the cleaning of the fifth step is
carried out for 10 minutes in ultrapure water wherein 0.1 to 50 ppm of H is
added to deaerated H,O.

In addition, the cleaning has been carried out by dipping or
immersing the silicon substance in the cleaning solution. After the
cleaning has been finished, the surface roughness of the (110) silicon
surface has been measured. ‘The results of the measurement is shown in
Fig. 11 in comparison with the results of the conventional RCA cleaning.
As shown in Fig. 11, when the silicon surface which has the arithmetical
mean deviation of surface (Ra) of 0.08 nm prior to the cleaning is subj'ected
to the conventional RCA cleaning, the arithmetical mean deviation of
surface Ra is roughened to 0.13nm.  On the other hand, the silicon surface
which is subjected to the above-mentioned cleaning can mitigate the |
roughness (Ra) to about 0.10 nm, as pointed out by dots.

‘The above-mentioned method or technique of mitigating the surface
roughness of the (110) silicon surface by using the cleaning solution of HF
and H,O deaerated to the dissolved oxygen less than 100ppb is applicable

not only to the (110) silicon substance but also to surfaces having various




attenpts has been made about adding 0.5 to 50 ppmof hydrogen to decrease
the di ssol ved oxygen and to | ower density of OHions. In Fig. 11, the
results of adding the hydrogen are also illustrated by dots in conparison
with those of the RCA cleaning. Using s#€h hydrogen-added H2O brings about
somewhat roughening the initial surface of 0.08 nmby about 0.01 nmbut is
effective to mtigate the roughness in conparison with the RCA cl eaning.

. the roughness in th the RCA ol eaning.
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comparison with the RCA cleaning. Especially, when the vibration higher

than 500 kHz is given in the second step, it has been observed that H,O is
dissociated into H and OH and, as a result, the density of OH is increased.
As mentioned before, the arithmetical mean deviation of surface (Ra ) is
substantially kept unchanged by cleaning by the use of a cleaning solution
that includes HF, surface-active agent, and H,O to which hydrogen is added
by 50ppm after reducing the dissolved oxygen to less than 100ppb. This
shows that ultrasonic cleaning is carried out at the second step with
occurrence of OH suppressed. In this event, the dissolved oxygen is
preferably less than 10ppb.

Alternatively, the first through the fifth steps have been made
within an apparatus without exposing the silicon surface and the cleaning
solution to an atmosphere. In this event, the medical solution which
includes deaerated H,O together with 0.1 to 50 ppm of hydrogen added
has been used in the second and the fourth steps. This method serves to
prevent oxygen from being dissolved from the atmosphere. The results of
the above-mentioned cleaning method are illustrated in Fig. 11 by

rightmost dots. ~As shown in Fig. 11, the surface roughness (Ra=0.08nm)




The above-nenti oned processing and cl eaning of the sem conductor may be
done by the use of only a non-alkaline solution that is less than 7 in pH
In this case, the ultrasonic cleaning may be carried out with occurrence of
OH suppressed by adding H2. According t88this invention, it is possible to
reduce the arithnetical nean deviation of surface (Ra) of the silicon
surface to less than 0.05 nm and, as a result, to acconplish 0.02nm
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1.6 times that of the conventional transistor and is equivalent with the

carrier mobility of the (100). In addition, it is possible to improve

reliability of the gate insulation film because the interface between the

silicon surface and the gate insulation film is atomically flat,

In the above embodiments, it has been pointed out that the self-

sacrifice oxide film is effective to flatten the silicon surface, such as (100),

(110), (111), when the self-sacrifice oxide film is formed by radical

oxidation. However, no improvement has been accomplished when the self-

sacrifice oxide film is formed by dry oxidation. However, no reasons

‘have been clarified in the above description. The inventors' studies have

found out that the improvement of the flatness results from whether or not

isotropic oxidation is carried out. To this end, description will be made

with reference to Fig. 12. In Fig. 12, oxidation times and film thickness

are shown along the abscissa and the ordinate, respectively, and dry

oxidation is carried out in connection with (100), (110), and (111) silicon

surfaces, as depicted by a group A of curves while radical oxidation is also

carried out in connection with (100), (110), and (111) silicon surfaces, as




shown by a group B of curves. The group A of the curves is greatly varied

I n dependency upon the plane orientations (110), (111), and (100) while the
group B of the curves are kept substantially constant in an oxidation rate,
regardl ess of the plane orientations (169), (110), and (111). Fromthis
fact, it has been concluded that the radical oxidation is advanced in an

I sotropic manner and nay be referred to as isotropic oxidation while the
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assumed to be carried out on a surface having irregularities depicted by real
lines. In this case, the isotropic oxidation is isotropically advanced even
in the presence of the irregularities and such fine irregularities are
efficiently removed by a dotted line in Fig. 13A to be flattened. On the
other hand, the anisotropic oxidation is carried out on a surface of the (110)
plane orientation which has a bulk micro defect (BMD) and an atomic step.
In this event, the anisotropic oxidation is selectively progressive only on a
- specific plane triggered by the BMD and the atomic step. As a result, the
silicon surface is roughened as shown in a lower part of Fig. 13B.
From this fact, it is understood that the isotropic oxidation is very
~ important so as to flatten a surface of a crystal, such as silicon, by oxidation,
irrespective of the plane orientations.
According to the inventors' experimental studies, it has been found
out that the isotropic oxidation can be realized by the use of ozone solution
(ozone water) and hydrogen peroxide. In this event, a silicon surface is
brought into contact with the ozone water by dipping the silicon surface

into the ozone solution or by causing the ozone solution to flow or by being




into the ozone solution or by causing the ozone solution to flow or by
being 40 sprayed on the silicon surface. Referring to Fig. 14, treatnent
time (mnute) and thickness (angstrom of an oxide filmare taken al ong

t he abscissa and the ordinate, respectively, so as to show a rel ationship
between the treatnment tinme and the thickness in the case where the silicon
surface is contacted wth the ozone solution. In the experinent, ozone

di ssolved by 5 ppmin ultrapure water has been used as the ozone water and
processi ng has been carried out in a rQomtenperature (23C) in connection
with the (100), (110), and (111) siliégn substances, like in Fig. 12. The

r esul t s spifayqat @cths silingn surface.(100), (110), and (111) silicon substances are

depi cted by dots,..black dots, ..an ' LV are
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“Fig. 14 that the thickness of each oxide film has been substantially saturated or reached to
about 18 angstroms after the ozone processing has been carried out only for thirty seconds.
Thereafter, the thickness of each oxide film is kept unchanged. |

This implies that the treatment time of the self-sacrifice film may be as short as thirty
seconds or so and the flattening processing can be finished within a very short time.
Moreover, the above-mentioned method makes it possible to process each silicon substance
one by one.

Similar processing is possible by the use of hydrogen peroxide solution, as will be
described later in detail.

Herein, description will be made about the (110) silicon substance, as an example. At
first, let the (110) silicon substance be subjected to anisotropic oxidation. In this event, it is
known in the art that the (111) plane is preferentially oxidized and, as a result, grooves are
liable to occur along a direction of <-110>.

On the other hand, such occurrence of the grooves can be avoided by the isotropic
oxidation, as mentioned above. Specifically, a flattening method is carried out by forming a
self-sacrifice oxide film by isotropic oxidation using radical oxidation, ozone walter, hydrogen
peroxide solution and by removing the self-sacrifice oxide film. The flattening method is

very effective to flatten the silicon surface having the substantial plane orientation of (110).



On the other hand, such occurrence of the grooves can be avoi ded by the

I sotropic oxidation, as nentioned above. Specifically, a flattening nethod
is carried out by formng a self-sacrifice oxide filmby isotropic

oxi dation using radi cal oxidation, ozonr& water, hydrogen peroxide solution
and by renoving the self-sacrifice oxide film The flattening nmethod is
very effective to flatten the silicon surface having the substantial plane
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device region is carried out by dipping the silicon surface into the ozone
water to form a self-sacrifice oxide film 503 at a first step, as shown in Fig.
15 (c). Thereafter, the self-sacrifice oxide film 503 is removed at a second
step by the use of 0.5% HF solution diluted by hydrogen-added water, as
illustrated in Fig. 15 (d). The first and the second steps are repeated five
times. The first sep is carried out by dipping the silicon surface into the
ozone water only for 30 seconds while the second step is carried out for 30

“seconds. Only five minutes are needed to repeat the first and the second
steps five times. As a result, the arithmetical mean deviation of surface
Ra of the silicon surface is reduced to 0.05 nm. From this fact, it is to be
noted that the above-mentioned flattening process can be finished within a
-very short time.
Referring to Fig. 16, a relationship between repeat times of the first
and the second steps and the flatness has been investigated. In Fig. 16, the
abscissa and the ordinate represent the repeat times and the arithmetical

mean deviation of surface Ra, respectively. 'When the repeat times exceed

three, Ra is substantially kept unchanged. Therefore, the repeat times are




noted that the above-nentioned flattening process can be finished within a
very short tinme. Referring to Fig. 16, a relationship between repeat tines
of the first and the second steps and the fl atness has been investi gated.
In Fig. 16, the abscissa and the ordindte represent.the repeat tines and
the arithnmetical mean deviation of surface Ra, respectively. Wen the

repeat tines exceed three, Ra is substantially kept unchanged. Therefore,

t he repeat é’?‘éf@@g’e&t@%‘% gﬁ%&;?iﬁ'ﬁl?lln AL into an optimum value. According to

t he i nvent ri as been found out that the isotropic

oxi dation can be gl& LEUMRIIRE s Wk pRrTTh¥ed, BOld beeh fundsoutfthai ¢ aci d
and hydr ogen pero[%c?gdaﬁgﬁ may be abbrevi ated fo SPM Referri ng to Fig.

17, the isqheQsitfopixi GidHhAON kas Heedso Aebfevey Byhasingsendket sohaiod of i ¢ aci d
and the hydrogen peroxide mxed at a ratio of '1:4. ~ In Fig. 17, a treatnent

time of theulfigid sgdamikhydidgen purdxidd whiismayrise abbienatelddo$RMe absci ssa
and the ordinate, respectively. Self-sacrifice oxide filnms have been
formed on (100), Reféfing soFig117)thsiibotropicsaxitiation hasltidea madeby.the2. As
shown in Fig. 17, the self-sacrifice oxide filmhas_ been formed__o

deposi ted tuseaftthesulBaic atideislthelsydrogen perexise mixwbaka fefie gE 1's4r>-| i con
surface in_the SPM for about 30 seconds. There%;ter, t&ﬁél gi ckness of the
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Referring tlﬁ(f:':fngFig%%Q. a relationship between the repeat tines and the
| As shown in Fig. 17, the self-sacrifiée oxide film has been formed

or deposited to a thickness of about 13 angstroms by processing the silicon

surface in the SPM for about 30 seconds. Thereafter, the thickness of the

self-sacrifice oxide film has been kept substantially unchanged. This

shows that the treatment time of forming the self-sacrifice oxide film is as

long as 30 seconds and the surface flattening can be achieved within a very

short time.  Furthermore, the isotropic oxidation makes it possible to

realize an apparatus for processing the silicon surface one by one.

Referring to Fig. 18, a relationship between the repeat times and the
flatness is illustrated wherein the first step is carried out by the use of SPM
solution while the second step is carried out by the use of 0.5% HF solution
diluted. In Fig. 18, the abscissa and the ordinate represent the repeat

| times and the arithmetical mean deviation of surface (Ra), respectively.
Like in Fig. 16, the repeat times are preferably set to an optimum value.

At the second step of removing the self-sacrifice oxide film, a
ﬂattening effect would be improved by using a low OH density solution,
for example, a mixed solution of HF and HCl because the surface etching

due to OH is suppressed. The above-mentioned flattening process based




flatness is illustrated wherein the first step is carried out by the use of
SPM solution while the second step is carried out by the use of 0.5% HF
solution diluted. In Fig. 18, the abscissa and the ordinate represent the
repeat tines and the arithmetical nean4@evi ati on of surface (Ra),
respectively. Like in Fig. 16, the repeat tines are preferably set to an
opti mum val ue. At the second step of renoving the self-sacrifice oxide
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sol uti on, m Xed so lon of HF because the surface
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based 45 on the 1sotropic oxidation technique is not only restricted to

t he pl ane @f'@ﬂk@tﬁrgae@@gahﬂﬂe&mﬁic sem conduct or devi ce but al so can
be applied t any ot her processes and devices. Now, referring back to Fig.

15, the silicon 99¢ @@fe@nfin%hacﬁeaifﬁg. 15 ethiecsilicen suifdte o the devios a gat e
insulation film(Si Q) 504 to a thickness of 5nm.gi % 15 (e)). The

above- ment iregiah B ORidiz¢dtofymba gate il ation dilmeSiOh¢ 504 tora thiekrgssi con
surface and nay be covered with any other insulation filnms of, for

exanpl e, oxifdmmr(Rigi 45 (eYxy Aiter aloawe-santinnes SiQydilmpaay heibropght IMp| ant ed
on a whol e surface, of the, silicon suhstance 501, as.shown in Fig. 15 (f).
On t he wholGondegtraite the sikeon syrtaeeand gpay ﬁ&@vst.‘%f Waa'p@fPX/QﬂF‘?fcon filmis
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silicon substance 501, a polysilicon film is deposited and patterned into a
polysilicon electrode 505 left on the gate insulation film 504 of the device
region 502, as illustrated in Fig. 15 (g).
Furthermore, a low density of phosphorus is ion-implanted to form
n- source and n- drain regions 506 both of which serve to mitigate a high
electric field, as shown in Fig. 15 (h). Thereafter, a silicon oxide film is
deposited so as to cover the gate electrode 505 and is removed by
anisotropic etching to leave a side wall insulation film 507 on a side wall of
the gate electrode 505 (Fig. 15 (i)). Finally, an n-type impurity, such as
arsenic, is ion-implanted with a high density to form n+ source and n+
drain regions 508, as shown in Fig. 15 (j).
In the above-description, when cleaning has been carried out
through the first through the fifth steps, it is pointed out that the flatness has
been improved by reducing dissolved oxygen in H,0, namely, deaerated
water. This is because re-oxidation of weak Si-Si bonds can be avoided
by a reduction of the dissolved oxygen.
On the other hand, no consideration has thus far been made at all

about a relationship between flatness of a silicon surface and surface




ani sotropic etching to |l eave a side wall insulation film507 on a side wall
of the gate electrode 505 (Fig. 15 (i)). Finally, an n-type inpurity, such
as arsenic, is ion-inplanted with a high density to formn+ source and n+
drain regions 508, as shown in Fig. 15 {4§). In the above-description, when
cl eaning has been carried out through the first through the fifth steps,

it is pointed out that the flatness has been inproved by reducing
dlsso!ved_ox%gen in H2O, nanely, deaerated water. This is because
re-oxi dat i o BNk Si-Si bonds can be avoided by a reduction of the

di | ved : . ' i . §ap
e ot al | abodt SR ft SRS B (EaR PRLERAEH OFa TRRVRPUIOTHIREED o

surface 46 cah?%é*}l{fﬁﬁrlieg&d bg (S5 e th %ﬁcﬂfﬂ@ﬁﬁab@ﬁggﬁﬁghﬁi@geﬁ! owth of

a natural oXi can be suppreSsed by term nati silicCon surface
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i s poi nt ed pylicdtitai NoMiRA 101835289 Grmely] B3S2894 998)ntispeihtbyl dite heavy

hydr ogen, such as deuterium tritium bonding strength between silicon

atons and tthat hebay thdwillicoasurfaess temgarateday thedteaveythysrogenssuah ason
atons and hydrogen atons and, therefore, a good termnation effect is

acconpl i shedeutgrians iritiunsi bomting strengthe betwesmailis@nptonmscanth g/ hedt ogen
and lasts for a long tinme. However, the above-referenced publication
teaches onllydibgen isstronges Hewi that befween %S@@W@Oﬂﬁaﬁ)ﬁ H%I‘FQﬂfé’n but is
never directed to cf he relati onscri p hetween the.surface.rpughness.,o
flatness arfdOBISSA ;dberedore, 22004 trmipatien e@tﬁﬁﬁ%aﬁﬁmlﬁﬁﬁ‘?%’ﬂdﬁ%e
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However, the above-referenced publication teaches only about a
‘termination effect due to the heavy hydrogen but is never directed to the
relationship between the surface roughness or flatness and a silicon surface
terminated by the heavy hydrogen.
The inventors have found out that the surface termination is closely
concerned with the surface roughness.  Specifically, when the silicon
surface is roughened, a natural oxide film quickly grows on the silicon
surface even when the silicon surface is terminated by hydrogen or heavy
hydrogen. From this fact, it is understood that, in order to stabilize the

surface termination, the silicon surface should be ﬂattqggq and, otherwise,-
the natural oxide film is undesirably grownonthégﬁ1con surface.
~ In other words, when the silicon surface is desirably flattened, the

surface termination can be stabilized. Moreover, it is possible to evaluate
growth of the natural oxide film by monitoring a variation of the surface
roughness with time. |

In addition, it is to be noted that desirably terminating a silicon
surface by hydrogen, deuterium, or tritium is also effective to reduce a

surface roughness, as will later be described.




concerned with the surface roughness. Specifically, when the silicon
surface is roughened, a natural oxide filmquickly grows on the silicon
surface even when the silicon surface is term nated by hydrogen or heavy
hydrogen. Fromthis fact, it is understg¢pd that, in order to stabilize the
surface term nation, the silicon surface should be flattened and, ot herw se,
the natural oxide filmis undesirably grown on the silicon surface. In
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surface, acco to anot ment of this invention, taking the

above into @geRWYoudtRES Bf the sitleoul shrivweep especiallpul 10hailicomesurfacs essi ng
met hod aCCOSI‘qu ng togiﬂﬁi s enbodi nent al so serp\jlﬁes to reduce the surface

roughness diké hetlsd bihepenshodiasmts esqetomdd hefofel0) silicon surface, like
in the other enbodi nents nentioned before. The processing nethod accordi ng

to this enbodi merFhé pradessingrmethod heconding to thiseomedimentiis fuBilaf M f act
that the (110) silicon surface is _cleaned throu I r.st throaugh. fifth
steps, |i kethercleangngimethoshisovieveaf the Bissahat s ﬁﬁ,ﬂs FHQO&%’JE% ¥g net hod
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first step of cleaning the (110) silicon surface by the use of H,0 including
‘ozone. The first step serves to effectively remove contamination of
organic matters and to form a chemical oxide film on the (110) silicon
surface.
The sécond step according to this embodiment is carried out by
providing a vibration of a frequency of 500 kHz or more in a cleaning
- solution which includes HF, hydrogen-added H,O that is deaerated, and
surface-active agent. During the second step, the chemical oxide film is
removed together with contaminators, such as particles, metals on or in the
chemical oxide film. The surface-active agent serves to avoid re-
attachment of such contaminators. To the above-mentioned H,O used in
the cleaning solution, deuterium may be added except for the hydrogen.
Alternatively, both hydrogen and deuterium may not be added to the H,0
deaerated. At any rate, it is important to suppress an amount of dissolved
oxygen in H,O to 100ppb or less. Otherwise, the surface roughness is
undesirably large, as mentioned before.

The above-mentioned second step is followed by the third step that

carries out cleaning by H,0 including ozone, providing a vibration ofa




surface. The second step according to this enbodinment is carried out by
providing a vibration of a frequency of 500 kHz or nore in a cleaning

sol ution which includes HF, hydrogen-added H20 that is deaerated, and
surface-active agent. During the secondi®tep, the chenical oxide filmis
renoved together with contam nators, such as particles, netals on or in the
chem cal oxide film The surface-active agent serves to avoid re-
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step serves to keep surface flatness of the (110) silicon surface.

Finally, the fifth step serves as a rinse process and is carried out in |
hydrogen-added H,O by providing a vibration of a frequency of 500 kHz or
more. In this embodiment, the (110) silicon surface is dipped within the
above-mentioned H,O and cleaned. Thus, it is to be noted that the fifth
step according to this embodiment rinses the (110) silicon surface in the
deaerated and hydrogen-added H,O and a high frequency vibration is given
to the H,0. _

According to the inventors' experiments, it has been found out that
such a high frequency vibration of the deaerated and hydrogen-added H,0

- is very effective to improve a hydrogen termination characteristic and also
to lower the arithmetical mean deviation of rsurface Ra.

To this énd, a water drop is dripped on the silicon surface and is left
on it in an atmosphere. In this event, it has been confirmed that the water
drop is spread with time on the silicon surface in dependency upon the .
surface roughness of the silicon surface, when the silicon surface is
terminated by hydrogen or deuterium. Specifically, when the silicon

surface is roughened, the water drop is quickly spread on the silicon surface




Finally, the fifth step serves as a rinse process and is carried out in
hydr ogen- added H2O by providing a vibration of a frequency of 500 kHz or
more. In this enbodinent, the (110) silicon surface is dipped within the
above- nenti oned H20O and cl eaned. Thus, 4% is to be noted that the fifth
step according to this enbodi ment rinses the (110) silicon surface in the
deaer at ed and hydrogen-added H20 and a high frequency vibration is given

to the H20b§8§€%%{@%8%%§§dilsﬂg@dﬁ %ﬁlacfﬁfﬁﬁgi k§ydﬂo hildsitReeThipund out

that such n i'bratron o eaer-at ed and "hydr ogen- added
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also to | ower ttﬁe arit al mean devi ation of surface Ra. To this end,
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at nosphere. this event, it has been confirmed that the water drop is
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pref erabl e %@ai %ﬂﬁn concentration of hydrogen or deuteriumin H2O falls
within a r&fge Wween 0.1 and 1.6 ppmand nore preferably within a range

bet ween 1.2 Under the circumstances, it is concluded that the surface roughness
can be evaluated by measuring a variation of an angle of a water drop
- dripped on the silicon surface with time. The angle of the water drop may
be a contact angle between the water drop and the silicon surface. In
addition, the termination characteristic can be also evaluated by observing
the variation of the contact angle.

According to this embodiment, the contact angle of the water drop
has been measured before and after the fifth step of rinsing the (110) silicon
surface by providing the vibration of 500kHz or more in order to evaluate
the above-mentioned fifth step.

Sixth Embodiment:

Referring to Fig; 19, a relationship between the surface roughness
and the surface hydrogen termination characteristic is illustrated. In Fig.
19, the abscissa and the ordinate represent exposure time (minutes) and the
contact angle (degrees) measured in a clean room (CR) before and after the
fifth step, respectively. The silicon surface is 0.15 nm in arithmetical
mean deviation of surface before the fifth step is carried out. In this case,

the contact angle is gradually decreased with time, as depicted by a curve |




and 1.4 ppm Under the circunstances, it is concluded that the surface
roughness can be eval uated by neasuring a variation of an angle of a water
drop dripped on the silicon surface with time. The angle of the water drop
may be a contact angl e between the wat &t drop and the silicon surface. In
addition, the termnation characteristic can be al so eval uated by observing
the variation of the contact angle. According to this enbodi nent, the

cont act ang(DVlthigew/ater drop has been neasured before and after the
fifth step of rinsing the (110) silicon surface by providing the vibration
of 500kHz or nor ©n theoother Handete satfece tdugiatesy of tke silmoadsrtddenisst ep.

Si xth Enbodinment: Referring to Fig. 19, a relationship between the surface
roughness raddcechto €072 smeintardthagetical eneamdeviatioohal surfaee aftércthiesfifth
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substantia change th tinme, as shown by a curve CV2 in Fig.
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a high frequency vibration and status of Si-H bonds has been investigated
by FTIR-ATR and its results have been illustrated. In Fig. 20, the result of
the hydrogen-added H,O is depicted by a dotted line peak while the result
of using the hydrogen-added H,O and the high frequency vibration is
depicted by a real line peak. From this fact, it is readily understood that
the peak of Si-H bonds becomes sharp by providing the high frequency
vibration. This is because such a high frequency vibration causes the H
radicals to occur in the hydrogen-added H,O and the H radicals serves to
effectively terminate the silicon surface by hydrogen.
In addition, it has been confirmed that using the hydrogen-added
H,0 and the high frequency vibration in the fifth step results in the
reduction of the surface roughness, as compared with using only the
hydrogen-added H,O. Specifically, the arithmetical mean deviation of
surface Ra is 0.15 nm when no high frequency vibration is provided while
the arithmetical mean deviation of surface Ra is reduced to 0.12 or 0.13 nm
by impressing the high frequency vibration. Thus, the fifth step of
providing the high frequency vibration is also helpful to reduce the surface

roughness. This implies that the H radicals are caused to occur in H,O

due to the high frequency vibration and provide strong hydrogen




hydrogen termi nation. Referring to Fig. 20, a relationship between absence
or presence of a high frequency vibration and status of Si-H bonds has
been investigated by FTIR-ATR and its results have been illustrated. In
Fig. 20, the result of the hydrogen-ad@éd H20 is depicted by a dotted |ine
peak while the result of using the hydrogen-added H20 and the high
frequency vibration is depicted by a real line peak. Fromthis fact, it is
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H radicals serves to effectively termnate the silicon surface by

hydrogen. In addilnithe abovehagntioasd emibodimeht} dedcrijticighadebydr ogen- added
H2O and the high frequency vibration in the fifth step results in the
reducti on ofestheted do fthe fifthostgprofassing she higlafreduench vilsiatipron| Howeser,

hydr ogen-added H2O. Specifically, the arithnmetical nmean deviation of
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H,0 may be sprayed onto the silicon surface.

- Alternatively, the heavy hydfogen, such as deuterium, of 1.2 to 1.4
ppm is added to deaerated H,O in lieu of hydrogen and a high frequency
vibration may be provided to deuterium-added and deaerated H,O. In this
event, heavy hydrogen radicals are caused to occur in the deuterium-added
H,0 by providing the high'frequency vibration and serve to effectively
terminate the silicon surface by the deuterium. Preferably, the
concentration of the deuterium falls within a range between 0.1and 1.6 ppm. |
This method is advantageous in that the deuterium can be readily added to
the deaerated H,O and a specific solution is not needed, differing from
Japanese Unexamined Patent Publication No. Hei 10-335289 (namely,
335289/1998). Herein, it is to be noted that the referenced publication

needs a specific solution which includes deuterium fluoride or tritium
fluoride dissolved in deuterium water or tritiated water.

Under the circumstances, it is readily understood that the method
according to this invention is suitable for mass production because no

specific solution is needed.




t he hydrogen-added H20 is applicable to the RCA cleaning and processing a
silicon surface after renoving an oxide film The fifth step nentioned
above is carried out by providing the high frequency vibration to the
deaerated and hydrogen-added H20 and by imersing the silicon surface
within the vibrated H2O However, such H2O0 nmay be sprayed onto the silicon
surface. Alternatively, the heavy hydrogen, such as deuterium of 1.2 to
1.4 ppmis added to deaerated H2O in lieu of hydrogen and a high frequency
vi bration may be provided to deuterium added and deaerated H2O. In this
event, heavy hydrogen radicals are caus®d to occur in the deuterium added
H20 by @iteny steghe ith siegmentietpdaboye igihsiniul itonnserahdgemoee impuefyf schiasd,y
ter m natgnbfg téyeltsﬂfg,e SifdRGH chy.ghm& gaH Rt Ted " eferably, the
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invention is suitable for nmass production beCause no specific solution is
needed. impurity; fromythe otikicont pstace fand tot tepminstst thensiticerb ewdace sbyhdlydrbgén o ri nse
and renqgﬁeliil?m_urity, such as F, adhered to the silicon surface on
conpletion of the fourth step. Wien the first through the fifth steps were
fini shed w t Rurtigerimog) tHerabouemeytiotied ctniog prqees\frahe thel firstt doep thitlid firtisbtep, t he

contact ;angl e was negsured by dripping a water dro n the
_ has geen con muouseiy carried 0¥1t ina Bl?roge% atmosphere. I’In Ed(ﬁtlon, a transport process

from one step to another step has also been carried out in the nitrogen atmosphere. In other

words, the cl.eaning process has been carried out with the processing medical solutions and
- semiconductor surface unexposed to the atmosphere.  This cleaning process serves to
- suppress the dissolved oxygen in H,O.  Similar results may be accomplished by preventing
the medical solutions and the semiconductor surface from being contacted with air or by
carrying out the process within heavy hydrogen atmosphere.

After the first through the fifth steps are finished, the silicon surface is dried and
thereafter the gate insulation film is formed by oxidizing the silicon surface on the device
region within an atmosphere including dry oxygen.

The above description has been described in conjunction with (110) silicon surface
alone, this invention may be applied to (551), (311), (221), (553), (335), (112), (113), (115),
(117), (331), (221), (332), (111), and (320) |




silicon surface and was equal to 76.4. However, when the first through the
fifth steps were finished with the high frequency vibration provided in
the fifth step, the contact angle was equal to 85.0. The results show t hat
the high frequency vibration is effecti$é to renove the inpurity fromthe
silicon surface and to termnate the silicon surface by hydrogen or
deuterium Furthernore, the above-nentioned cleaning process fromthe first

step to thesiiiht)hgkél?fa%s alds PRRReGPEL hﬁ's',%%ﬂmgﬂﬁé hRe idaBl@tdﬁg]mggen

atnosphere. I'n addition, a transporf’process fromone’step to anhother step

has al so beﬁﬁc@ﬁrs'iﬁﬁﬂze?ﬁt?dl?siliﬁén @h%fa%,eﬁh@hg‘ﬁﬂ(ﬁhgj%us!s’ﬂliéﬁrh@ﬁrfawﬁﬁé, the

cl eani ng process has beeri carried out wth the prdocessing nedi cal solutions

and sem comdydBoapplied &6 anyrekaosaficoadub®raiufirehench ad Sii@;afSia@pi ng
process serveS to " suppress the dissolved oxygen in H2O. Simlar results

may be accoesdepstike siycor swdndd.ng  the nedi cal sol utions and the

sem conduct or surface from being contacted with air or by carrying out the
process within heBragticalyphEDS HED Sphavebeei mmmufhetuired sn thdfauglofphe fifth
steps are finished, the silicon surface is dried and thereafter, the gate

i nsul ati on MQhans ndvifsony(18Q) silicongurfacesiflatieneddey theceswal thie devi ce
region within an atnosphere including dry oxygen. The ove description has
been descri%&ntlﬁn&ﬂﬂf E@l‘(ﬁ %@PW@INateﬂl@mﬂ%llﬁ on %&W‘ﬂggﬂo‘é’l hedtt,g

(113), (12336 mBbiy ofbe'sy N@3abjspeeddd by fola ymontiy vl eobifc.o.
i1 con surabe PO ugrediled BY RO sl TBF EIETALE, HRAGR ¢ ace
axcept 1 ho BOPTLYOL iR EMON SRR OO B 1T R B0 ot ured

1, o 0 T el o g or 10 sty |
in the art surface is shown by a curve (100). The p-MOS according to this
invention has the hole mobility remarkably improved as compared with the
conventional p-MOS. Likewise, the electron mobility of the n-MOS
according to this invention is illustrated by a curve (110) in Fig. 21B while
that of a conventional n-MOS manufactured on the (100) silicon surface is
illustrated by a curve (100) in Fig. 21B. The n-MOS according to this
invention exhibits the electron mobility improved in comparison with a
conventional n-MOS manufactured on a (110) silicon surface that has not
been flattened.
At any rate, it has bech found out that both of the p-MOS and the n-
MOS according to this invention have the hole and the electron mobility
improved by about 20% in comparison with the conventional p-MOS and
n-MOS which have been manufactured on the non-flattened (110) silicon
surfaces, respectively.
In Fig. 22, (1/f) noise has been measured in connection with the

~ conventional n-MOS manufactured on the (100) silicon surface and the p-
MOS and the n-MOS according to this invention. The p-MOS and the n-
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the mobility of the p-MXS is specified by hole nobility while the nmobility
of the n-MOS is specified by electron nobility. In Fig. 21A the hole
nobility of the p-MOS according to this invention is shown by a curve
(110) while that of a conventional p-MX4manufactured on a (100) silicon
surface is shown by a curve (100). The p-MOS according to this invention
has the hole nobility remarkably inproved as conpared with the

convent | ek s R A Brn R (O R PP R Ky Bl SnghghBRipacery 4 no
1 T Sl 68 Mg 83 iy MR pacAq v e 2oricy

i nvention BRI i SR dike a
conventi onaﬁg&tb‘l&‘)’l\§§1 %ﬁ?}gct ure rﬂﬁ%{d E%B)lﬂgélﬁlcggﬁalgar face Itcﬁ(gtm\#a; not
been flattegpe Mgmlﬁta Yiré 8b%n bhe bPa%ebé%eébﬁl s ith fhieadonventionhl hhe p- MOS

and the n- accor ing to this i nvention have the hole and the el ectron

mobi lity i FROSUfenifackRdt o 86 (100)wiliesh saifaset h the conventional p- MOS
and n-MOS which have been manufactured on the non-flattened (110) silicon

surfaces, respectAlboyghlthefpresei? anvéition hasibeenishowmeand descrubediin n
connection with the conventional n-MOXS manufactured on the (100) silicon
sur f ace andcmh]unptlomthrthe prefenradasnbodimantsgheteathitshomldbei on. The p- MOS
and the n 54 MOS have been manufactured on the (110) si Ilcon surfaces

flattened i wnderstandibyidcboss skillediin thawshthasthe pecscah#vant lﬂm@r%‘?tood from
Fig. 22, t th d
the  (171) remaied ColenoueEaing dR3CE PUOR DUEa e BT LR L he
conventi onay, BoudGhel malgl?grtsuv%ﬁﬂoup déf)]z?rtl(nloﬁzmﬂﬂe syt aHa’ s¢bpe of the

present invention as set forth in the appended claims.




Al t hough the present invention has been shown and described in conjunction
with the preferred enbodi nents thereof, it should be understood by those
skilled in the art that the present invention is not I|imted to the

f oregoi ng description but may be changedband nodified in various other
manners w thout departing fromthe spirit and scope of the present

I nvention as set forth in the appended clains. 55 WHAT IS CLAIMED IS: 1. A
sem conductor device having a silicon surface of a predeterm ned crysta

pl ane orientation, wherein: the silicon surface has a prescribed

arithneti calWHagNIS e AINED 9§: surface Ra that is not greater than 0.09nm
2. A sem conductor device as clainmed in claiml, wherein the predeterm ned

crystal plane oriEnt Atdemnicondhioresdevics Ravimt 4 allidolOfnfsdeysfal  pl ane
orientation. 3. A sem conductor device having a silicon surface with a

subst ant i al pretie@rmuingdtcaystal plameasiientatibbpwhetbirei n: the silicon surface
has a prescribed arithnetical nean deviation of surface Ra that is not

greater than 0.13hmsilidon sufeed basdyrescribed adéhmsticalinerd deviation wf 3,
wherein: the prescribed arithnetical nmean deviation of surface of the
silicon suiurhace Radhahissotgreater than §:@nmer than 0.11 nm 5. A

sem conduct or devjce.,as clained in claim3, wherein:, the prescrjbed
arithmetical meart-dedhs&brigangRCton deyice as claimegkin ¢Jrbntlewhergin thoo nm 6.
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plane orientation.

3. Asemiconductor device having a silicon surface with a
substantial (110) crystal plane orientation, wherein: |

the silicon surface has a prescribed arithmetical mean deviation of
surface Ra that is not greater than 0.15nm.

4. A semiconductor device as claimed in claim 3, wherein:

the prescribed arithmetical mean deviation of surface of the silicon
surface roughness Ra is not greater than 0.11 nm.

5. A semiconductor device as claimed in claim 3, wherein:

the prescribed arithmetical mean deviation of surface Ra is not
greater than 0.09 nm.,

6. A semiconductor device as claimed in claim 3, wherein:

the prescribed arithmetical mean deviation of surface Ra is not
greater than 0.07 nm.

7. A semiconductor device as claimed in claim 3, wherein:

the prescribed arithmetical mean deviation of surface Ra is 0.02 nm
Or more. |

8. A semiconductor device as claimed in claim 3, wherein the

- substantial (110) crystal plane orientation is selected from a group




greater than 0.07 nm 7. A sem conductor device as clained in claimS3,
wherein: the prescribed arithnetical nean deviation of surface Ra is 0.02
nm or nore. 8. A semi conductor device as clainmed in claim3, wherein the
substantial (110) crystal plane orienta% on is selected froma group 56
consi sting of (110), (551), (311), (221), (553), (335, (112), (113),
(115), (117), (331), (221), (332), (111) and (320) crystal pl ane

S 1 Foon surepsb i SEMRR L0 (ER S BRREP I D SRR AP 1o "

sem conduct @Tg | ng a source
regi on, 26@ ?o E%Qh@ﬂlpeglddﬁﬁ@%g st Lh?&%lf{i’%%t%ﬁ@}ﬁ?l m on t he
channel reg' 0“ @“d As@ﬁh@oﬁ&l@&bfﬂéel&mé dflmméﬂ%ldlﬁm 3 indieréid the wher ei n:
t he channel region is formed at a sem conductor silicon surface which has
a predet er rgiliegh Sipfatahabledther (11®EG5A) criybtal pldrecorierstatibace having a
prescribed arithnetical nmean deviation of surface Ra that is not greater
than 0.09nm 11.10A sAmeatiodndacior devicecamprisaige field effeat tmansistwiher ei n
the predeterm ned crystal plane orientation includes a substantial (100)
crystal  plhavinguaisentra¢ region] 2 dréinsregicn aichawneldegions acgatprlnsmhagoa field
effect transistor having a source_region, a drain region, I

regi on, a d#neonrtbelchanasl rergwmzmdﬂrg@t@ﬁmm @r%mﬁ‘ngat&ﬂﬂs UetnET‘ect rode
on the gate insulatiop film wherein: the channel region is forrred at a
seni conduct or si W¥dRlEur f ace

the channel region is formed at a semiconductor silicon surface

which has a predetermined crystal plane orientation;

the silicon surface having a prescribed arithmetical mean deviation
of surface Ra that is not greater than 0.09nm.

11. A semiconductor device as claimed in claim 10, wherein the
predetermined crystal plane orientation includes a substantial (100) crystal
plane orientation. |

12. A semiconductor device comprising a field effect _transistor
having a source region, a drain region, a channel region, a gate insulation
film on the channel region, and a gate electrode on the gate insulation film,

wherein:

the channel region is formed at a semiconductor silicon surface

which has a substantial (110) crystal plane orientation;

the silicon surface having a prescribed arithmetical mean deviation
of surface Ra that is not greater than 0.15nm.

13. A semiconductor device as claimed in claim 12, wherein the
prescribed arithmetical mean deviation of surface of the silicon surface

roughness Ra is not greater than 0.11 nm.




whi ch has a substantial (110) crystal plane orientation; the silicon
surface having a prescribed arithnetical nean deviation of surface Ra that
is not greater than 0.15nm 13. A seniconductor device as clainmed in claim
12, wherein the prescribed arithneticab7mean deviation of surface of the
silicon surface roughness Ra is not greater than 0.11 nm 57 14. A

sem conduct or device as clained in claim12, wherein: the prescribed

arithmeti cal mamﬁevAageh@l@ogﬁuggﬁf%@gs bﬁléﬁ'l%ﬁ meIEﬁﬁ B .07 nm 15.

A sem conduct or device as claine aim1 wher el n t ‘anti al

110) crystal pl ahe pres@itheai I ng of
'gllog (éSl) F311) Iﬁ(ﬂ;221) ?Fggh%létl?g?,lg)@ﬁﬁ‘élﬂ/%lmrﬁ(ﬁ%’fﬁ% R%q%lrﬁiglll%,

(331), (221grea(633h}1n(1(11h)nand (320) crystal plane orientations. 16. A
sem conductor device as clained in claim 12, wherein the silicon surface

has either (110) k. (A%¢micopduetormleaie ay thietiiinrclaiki 12Avelssrenipth@uct or
device as clained, in claim12, wherein the gate insul ation fil m conpri ses
at |east oribstaniial {419} eryistalqlene ociensitian nsgselecﬁted fsoii xgrowxi de film a

silicon nitride fil i con oxynitride fi 18. A sem conduct or

devi ce as GODSHEHIG &@fﬁl)n(iil), hEbei 1hé55§bt(é35};s(llllaﬂ; @A 3);j (IS9pnt ai ns

th t t d | d |

1o whor oi kﬁﬁﬁéﬁﬁﬁ&@ﬁﬁ (DR Erysial plara agenionsi stor
| ud di el h. | at | t t 20. A

e aoee et or Cedt, oA Skl Shdu ol bBide3yal e 18 it 15, Sherelubee 11 1

| ncl udes akili@nrbudag. KRS efthet (PRI E%1) PR HlafdoriGRation | N9 of metal

silicate, oXi e and nme tr|
17. A semiconductor device as claimed in claim 12, wherein the

gate insulation film comprises at least one selected from a group consisting
of a silicon oxide film, a silicon nitride film and a silicon oxynitride film.

18. A semiconductor device as claimed in claim 12, wherein the
gate insulation film contains therein a rare gas element.

19. A semiconductor device as claimed in claim 12, wherein the
gate insulation film of the field effect transistor includes a dielectric film of
a high relative dielectric constant.

20. Asemiconductor device as claimed in claim 19, wherein the
dielectric film includes at least one material selected from a group
consisting of metal silicate, metal oxide and metal nitride.

21. Asemiconductor device as claimed in claim 20, wherein the
metal silicate consists of Si and at least one selected from a group
consisting of Hf, Zr, Ta, Tj, La, Co, Y and Al.

22. Asemiconductor device as claimed in claim 20, wherein the
metal oxide consists of at least one selected from a group consisting of
oxides of Si, Hf, Zr, Ta, Ti, Y, Nb, Na, Co, Al, Zn, Pb, Mg, Bi, La, Ce, Pr,

Sm, Eu, Gd, Dy, Er, Sr and Ba.




21. A sem conductor device as clained in claim?20, wherein the netal
silicate consists of Si and at | east one selected froma group consisting
of H, Zr, Ta, Ti, La, Co, Y and Al. 22. A seniconductor device as clained
in claim?20, wherein the metal oxide consists of at |east one selected
froma group consisting of oxides of Si, H, Zr, Ta, Ti, Y, Nb, Na, Co,
A, Zn, Pb, My, Bi, La, Ce, Pr, Sm Eu, &, Dy, Er, Sr and Ba. 58 23. A
sem conductor device as clainmed in claim?20, wherein the netal nitride
consists of N and at |east one selected ggoma group consisting of Si, Hf,
Zr, Ta, Ti, Y, Nb, Na, Co, A, Zn, Pb, My, Bi, La, Ce, Pr, Sm Eu, &, Dy,
Er, Sr and Bas 24 sénRGiiucRRAMei0rasd8Yiiicd iﬁsclﬁhii'zﬁ}egfhl?ﬂa'nché' AP ninffier el n
the gate insulation film conprises a conbination o |1m; selected froma
si | i concepdisieof Niangd ahlesst| angealented iodea gidumconsistizigl fdnHEErnTa,rTid¥, Nb) m and
a dielegtrj i f J- | @t Lvedi tei G .constant. 25. A nethod of
manuf ac l?fpﬁ’gg‘%kg]e}%’%?ﬂfg?aopgd%vﬁr@é?u’c%#fp%ci’ i’salr’cnsgliaP %a‘steps of preparing a
silicon sem 2énducdenficaidndtacd:viddias blahasl ia chiradef ehereinghe gy Bikalbtigy flae
orientation; and fl att.eni nﬁ t he senmi conductor surface to accon,RI |gfnr11 a

prescri GEYPHESS Ariembinaten o Hhns srlsred; frn astlicen origled il 2 ilicen nitads §im. g eat er

than 0. Q9en oxydlirid\iRR bitP4l diefechiR Tithnadh WidhN g1 ve i &aiditeli@he. devi ce as
clainmed in claim25, wherein the predeterm ned crystal plane orientation

includes a s@bst annfthed efimagulestyring sepliconductarrdeziveaeanumising the sepsofhod of
et ectu | B, SRS RPN o DRl PRy 1 @
ori ent abiiemationaadl fl attening the silicon surface to acconplish a prescribed
g.r |1t52m3t I cal ﬂ%e%?ngd&\él s%}rfi(%?ldt?gtor ssulil' a]::ea (%oe agg)mvgffsﬁg f)r%scrﬁ Eed %Jr-iﬁ%[xe%i:alt nqgarﬁ
- deviation of surface Ra which is not greater than 0.09nm.
26. A method of manufacturing a semiconductor device as claimed in claim 25,
wherein the predetermined crystal plane orientation includes a substantial (100) crystal plane
orientation.
27. A method of manufacturing a semiconductor device, comprising the steps of:
preparing a silicon semiconductor surface which has a substantial (110) crystal plane
orientation ; and
flattening the silicon surface to accomplish a prescribed arithmetical mean deviation of
surface Ra which is not greater than 0.15nm.
28. A method of manufacturing a semiconductor device, compriéing the steps of:

preparing a silicon semiconductor surface which has a predetermined crystal plane

orientation;




28. A nmethod of manufacturing a sem conductor device, conprising the steps
of preparing a silicon sem conductor surface which has a predeterm ned
crystal plane orientation; 59 <cleaning the silicon surface with a

nodi fied RCA SCI cleaning liquid with a reduced OH concentration as
conpared with a conventional RCA SC 1 cleaning liquid and form ng an oxide
filmon the cleaned surface by oxidizing the cleaned silicon surface in an
at nospher e cont ai ni ng oxygen radicals, 29. A nethod of manufacturing a

sem conduct or device, conprising the sgeps of: preparing a silicon

sem conductor surface which has a predeterm ned crystal plane orientation;

i-sotropical | ylegahgl il siibohharfadel wiR ndiffadeC A G100 8ndhef liqusd wilk laGeadckd m on
the silicon surface to flatten the silicon surface into the prescribed

ari t hmefQRe sgncqsntion ay pampased with 8 gprvgationaRRC Aghigl Plém% hf@u@ med first oxide
film 30. A Tfﬁ-hak}fgda:ﬁém&é iRl thdlc16dndl Tt b gf&g&ﬁk IéaiQ({l Efﬁ@&?;drfaxe

oxidizing step and the renoving step are r 1 Gra |ty of tInes
unti | tmamatmmhemmmlnﬂmgenaddan devi at i on of surface

achi eved. 31 A g qg{f e n?“ Q ein said OXIde %

used as a gaf& i nsu \y %ﬁnflﬂé VETBE aaf‘gmécoﬂg‘?‘i ot 8’(3 anﬁ’gflggldﬁssu‘fpﬁto

| ayer, said prbliig uiliche rseﬁ%ﬁddddr%rfa&&wh%e}mscﬁ prefi@Emingl arygal plane

el ectrode on said gate insulation |layer. 32. A nethod as clainmed In claim
29, furPﬁ@FmHthr|S|ng step of formng a gate insulation |ayer on the

flattened si isbﬁ@ﬁica‘llgrf 6:888ingoRd sitfcBh MLitteAodRHE £RE LxRACHIAN of 3hd siBiRdS

i nsul ati on | ayer ) method as clained in claim?29, wherein the
i sotr opﬁ%réﬁlcwo Badtanithe ﬁ@cm spfaceivigpihe peescrilied asithepetiohl mean deviation of surface

Ra; and

removing the first oxide film.

30. A method as claimed in claim 29, wherein the isotropically oxidizing step and
the removing step are repeated a plurality of times until the prescribed arithmetical mean
deviation of surface Ra is achieved.

31. A method as claimed in claim 28, wherein said oxide film is used as a gate
insulation layer or as a portion of a gate insulation layer, said method further comprising the
step of;

forming a gate electrode on said gate insulation layer.

32. A method as claimed in claim 29, further comprising step of:

forming a gate insulation layer on the flattened silicon surface; and

forming a gate electrode on said gate insulation layer.

33. A method as claimed in claim 29, wherein the isotropically oxidizing step
comprises the step of:

carrying out radical oxidation of the silicon surface at a temperature not higher than

550°C. |

34. - A method as claimed in claim 29, wherein the isotropically oxidizing step is

carried out by contacting the silicon surface with ozone




carrying out radical oxidation of the silicon surface at a tenperature not
hi gher than 550C. 34. A nethod as clained in claim?29, wherein the

i sotropically oxidizing step is carried out by contacting the silicon
surface with ozone 60 water. 35. A netb®d as clained in claim34, wherein
the ozone water is wultra-pure water with 0.00lppmto 100ppm of ozone bei ng
di ssolved therein. 36. A nethod as clainmed in claim35, wherein the ozone
S includgga%ﬁthin a range between lppm and 30ppmin the ultra-pure water.
37. A nethod a@s clained in claim?29, wherein the isotropically oxidizing

step is carried %,33&@%5@%%&%@1@? iﬁﬂ%}ﬁ?@ﬁWH@%ﬁ’kt 05%%9{93223

peroxi de sol ution. net’ho armed 1 n tlal ) erein

hydrogen pgpaxheiR watett iR 0. Yo ?ﬁﬁ‘h 9Hlozode Bein ngsébﬁlkfr" edlydrogen
peroxi de. 39. I,IJA met hoég as cl(g[?jr%gﬂi n ltho I'm 34, \@er el nét e isotropically
oxi di zing ghefeihs carried out for nore than 10 seconds at a tenperature
bet ween 10 and 30C. 40. A nethod as clained in claim29, wherein the

SISNNG 12D s Mg il 03 s ra g 120
is a nixednehidetd withid akngabetiGten 1ppm dnd80ppih s the eltrepuiewalte. m 40,
wherein the solution includes HF and H20 wi th di ssol ved oxygen of |ess
than 100ppb. 43.37aA nAtheihodssatlaimed in glaimnRfh wherginghsiisotropicallyst ant i al
(110) er ystotglclidiozliff;1 E %te%r iisecr.':ltn?iga(ii out ib?rcclzourgtzeusztix(lé %l?% éilfc%?xlglirfécBelvlv%th Ig}ggr%))g’en( °53).
peroxide solution.
38. A method as claimed in claim 37, wherein the hydrogen
- peroxide solution includes, by weight, 30 to 100% of hydrogen peroxide.
39. A method as claimed in claim 34, wherein the isofropically
oxidizing step is carried out for more than 10 seconds at a temperature
between 10 and 30°C,
-40. A method as claimed in claim 29, wherein the removing step
is carried out by the use of a solution including hydrogen fluoride (HF).
41. Amethod as claimed in claim 40, wherein the solution is a
- mixed solution of HF and HCI. |
| 42, A method as claimed in claim 40, wherein the solution
includes HF and H,O with dissolved oxygen of less than 100ppb.
43. A method as claimed in claim 27, wherein the substantial
(110) crystal plane orientation includes (110), (551), (311), (221), (553),
(335), (112), (113), (115), (117), (331), (221), (332), (111) and (320) crystal
plane orientations.
44. A method as claimed in claim 29, wherein the flattening step is
.carried out without exposing the silicon surface to an air.
45. Amethod as claimed in claim 28, wherein the step of forming

the oxide film is performed by using gas plasma generated in a mixed gas




(335, (112), (113), (115), (117), (331), (221), (332), (111) and (320)
crystal plane orientations. 44. A nethod as clainmed in claim?29, wherein
the flattening step is carried out w thout exposing the silicon surface to
an air. 45. A nmethod as clainmed in claigm28, wherein the step of formng
the oxide filmis perfornmed by using gas plasma generated in a m xed gas 61
of a rare gas selected fromat |east one of argon, krypton and xenon and an

et el n’t no T B5E GRS BRSO b ReasfBe O AR S AR B2

gas plasm | D ] : a rare gas selected fromat |east
AIERBLY BiGroPhvebahgia]

one of argon, xenon an oxygen gas by m crowave excitation.

47. A nmethod as gkai 'ﬁ%étﬁoﬂ'a@i)d}ﬁi%ﬁed Yﬁ"'@fa?linr??b I"Whrafe?ﬁttﬁ@ltbfe% ?f; é‘z{a}ryii#gil udes

oxidizing the silicon surface using gas pldshma genera ed gas

of ‘a rare g rtleaPbeRIAfoR s Perlihid BYSship BEOBMsH YBhOMANTh axenon and

an oxygen gas by m crowave excitation. hod a5 clainmed in claim?27,

wherein t h@nimed%’sidI@drar@rg'aTsfy@édtééErd’fﬁ@ﬂ lektiotlel (argbns kff(t68 dng not
greater than 0.09nm 49. A nethod as clainmed in clarm 29,"furt her
conpri si ngxehensindmn oXygen gasbyanidrosuvetexwitationm on the silicon surface;
the insulation filmformng step including a selected one of the steps of:
carrying out an 4Xi dé nmthod asedainndd irhelaginl 2Z,omherein dbe flatteaing stepospher e
whi ch i ncl udes radi cal, oxegger_r, processing the silicon surface in an
at mospher elfndes pxidizingsthersilicen suriace byarsig gasqilasinagenessted in a
mixed gas of a rare gas selected from at least one of argon, krypton and
xenon and an oxygen gas by microwave excitation.
48. A method as claimed in claim 27, wherein the prescribed
arithmetical mean deviation of surface is not greater than 0.09nm.
49. A method as claimed in claim 29, further comprising the step
of forming an insulation film on the silicon surface;
the insulation film forming step including a selected one of the steps
of:
carrying out an oxidation process of the silicon surface in an
atmosphere which includes radical oxygen;
processing the silicon surface in an atmosphere which includes
radical nitrogen or radical NH; and

processing the silicon surface in the atmosphere which includes

radical oxygen and at least one of radical nitrogen and radical NH.

50. A method as claimed in claim 49, wherein the insulation film
forming step comprisés the steps of:

preparing a mixed gas of a rare gas selected from at least one of
argon, krypton and xenon and an insulation film forming gas selected from

at least one of ammonia, oxygen, nitrogen, NO and N,0O; and




processing the silicon surface in the atnosphere which includes radical
oxygen and at | east one of radical nitrogen and radical NH 50. A nethod as
claimed in claimd49, wherein the insulation film formng step conprises
the steps of: preparing a m xed gas of & rare gas selected fromat | east
one of argon, krypton and xenon and an insulation filmformng gas
selected from at |east one of ammoni a, oxygen, nitrogen, NO and N2O and
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flattening f5HaR gqﬁ@%{i%g%ﬂgg first step of formng, on the silicon

surface, an oxi rryi ng out oxidation process by the use of H20

; d i i t i ' f th
P4 et 10 S Se g T e

oxide filmto | eave et ween ngstrons and 1000 roms of
t he oxide fcbhfﬂx%bst: he silicon surface; the first and the second steps being
performed at |'east once, respectively; and a third step of conpletely

renoving the oxi deirkt btepdf frnAapeon she sidicehl suifdoes budizide fHinbBy A met hod
as claimed in claim27, further Conprising the step of cleaning the

silicon suchayéng o3t oridmidivgrazss byithedise wfdl D mapar; wherei n the cl eani ng
step conprises the step of: cleaning the silicon surface in accordance
with the RCA cl earsiengnd steprefitemovhzy & portaon ofithoaotire thickoessiaf theduced.
>4 A hggic?és fi(lzllnatioriggvei: 21 t(lzlliceﬂnrgsg %’etv\sggxg ?i()%ntggtero%segr?(ii 10 ta%%stroms
of the oxide film on the silicon surface; the first and the second steps being
performed at Ieast once, respectively; and
a third step of completely removing the oxide film by an aqueous
solution including HF.
| 52. Amethod as claimed in claim 27, further comprising the step
. of cleaning the silicon surface.
| 53. Amethod as claimed in claim 52, wherein the cleaning step
comprises the step of:
cleaning the silicon surface in accordance with the RCA cleaning
procedure wherein an OH concentration is reduced.
54. A method as claimed in claim 52, wherein the cleaning step
- comprises the step of:
cleaning the silicon surface with cleaning liquid having a pH value
of not more than 7.
55. A method as claimed in claim 52, wherein the cleaning step
comprises: _
a first step of rinsing the silicon surface by using pure water
including ozone;

a second step of cleaning the silicon surface by the use of a cleaning

solution which includes HF, H,0 with dissolved oxygen reduced, and




conprises the step of: cleaning the silicon surface with cleaning liquid
having a pH value of not nore than 7. 55. A nethod as clainmed in claimb52,
wherein the cleaning step conprises: a first step of rinsing the silicon
surface by using pure water including @gone; a second step of cleaning the
silicon surface by the use of a cleaning solution which includes HF, H20
w th di ssol ved oxygen reduced, and 63 surface-active agent, providing a

vi bration o&gﬁ}fre uenc ot | awer thag - 500 ; athird itep of rinsing
the silicor® SHTAREIHAEHY, DEVIGING R FIOTA{N O A drespisaey notdewer that ep of
cleaning.tha%fk . con surface by the use of a cleaning solution including
HF and H20 Pssol ved oxygen reduced so as to renove an oxide film

and a fifth step ofi:fi QSi 3 iLlican surface he us f~ hydr ogen-
added H2O. 56. Aanfehtlido%léggﬁcrﬁlgﬁﬂééhkﬁﬂ&(f% TEH@%C,C %éﬁ%#ﬁeﬁ?ﬁ en i s added
to the cl egpchiifR!osbhen of at least one of the second step and the fourth
step. 57. A nethod as claimed in claimb52, wherein the cleaning step

e B eSS S i L L e
g;ag Bgdo?:s sohutiesl including FbZad M ¥ith R0} RIPM it rSitRicedQPIs (©°S the
remove an oxide film; and

a fifth step of rinsing the silicon surface by the use of hydrogen-
added H,0.

56. Amethod as claimed in claim 55, wherein hydrogen is added
to the cleaning solution of at least one of the second step and the fourth
step.

57. Amethod as claimed in claim 52, wherein the cleaning step
includes processing the silicon surface by the use of a cleaning solution
containing HF and H,0O with dissolved oxygen of less than 100 ppb.

58. A method as claimed in claim 52, wherein the cleaning step
comprises the steps of:

preparing a cleaning solution which includes HE, H,0O with
dissolved oxygen of less than 100ppb and hydrogen of 0.1ppm to 1.6ppm;

and

providing the cleaning solution with a vibration of a frequency not
lower than 500kHz. |

59. A method as claimed in claim 52, wherein the cleaning step is
carried out without exposing the silicon surface to an air.

60. A method as claimed in claim 52, wherein the cleaning step is
carried out by contacting the silicon surface with cleaning liquid with
applying ultrasonic vibration to the cleaning liquid while generation of OH

in the cleaning liquid is suppressed.




preparing a cleaning solution which includes HF, H2O with di ssol ved oxygen
of less than 100ppb and hydrogen of O.l1ppmto 1.6ppm and providing the
cl eaning solution with a vibration of a frequency not |ower than 500kHz.
59. A nethod as clainmed in claimb52, whgfein the cleaning step is carried
out wi thout exposing the silicon surface to an air. 60. A nethod as cl ai ned
in claimb52, wherein the cleaning step is carried out by contacting the

The. ol eaning |1 quld uhTaNGeHE BN itg R RB B R AN qui d |5
d.. 64 .61 h f f [ ' d devi ce,
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urface by the uSasrg R iSRRG i act WRth B B and by appl vi ng

hi gh freq“‘iﬂgﬁéfe%hﬁh?éd Sttéle@?;i}%]olﬁ%gtét?on'ta’?fdﬁ ;at e silicon at the silicon

surface by “hydrogen or deu respecti vel 62. A nmethod as clained in

claim®6l, whereig ' ' I ' t t he
PinSRigtHY flicoh 8RR DY ihe 1l of Hg@. 3 O@?@%%g%n

concentration of sald hydrogen or dedteriumin Sai to

1.6ppm  6%r d%ut@ﬁlhﬁchlﬁ‘ﬁby|a@bmﬁﬁﬁgm§ﬁ|ﬁéqoﬂe3ﬁgr%%ﬁ6ﬁ‘ t& B&idf HZ@tt%ni ng step

conprises the step of: rinsing t Ilicon surface by the usé of H20 added
wi th hydr ogemminate sidicoardtthe aildcdy safatey by diydrghen o dieateriumi br ati on to
sard Feot ?espectively. | | |

62. A method as claimed in claim 61, wherein said high

frequency is not less than S00kHz and the concentration of said hydrogen
or deuterium in said H,0 is 0.1ppm to 1.6ppm.

63. Amethod as claimed in claim 27, wherein the ﬂattenihg step
comprises the step of:

rinsing the silicon surface by the use of H,0 added with hydrogen
or deuterium and by applying high frequency vibration to said H,O to
terminate silicon at the silicon surface by hydrogen or deuterium,
respectively. N

64. A method as claimed in claim 63, wherein the rinsing step

~ comprises one of the steps of:

dipping or immersing the silicon surface into the H,O added with
hydrogen or deuterium; and

spraying, onto the silicon surface, H,0 added with hydrogen or
deuterium.

65. Amethod as claimed in claim 63, wherein said high frequency
is not less than S500kHz and the concentration of said hydrogen or
deuterium in said H,0 is 0.1ppm to 1.6ppm.

66. A method as claimed in claim 27, wherein the flattening step

comprises:




termnate silicon at the silicon surface by hydrogen or deuterium
respectively. 64. A nmethod as clainmed in claim®63, wherein the rinsing step
conprises one of the steps of. dipping or imrersing the silicon surface
into the H2O added with hydrogen or deggerium and spraying, onto the
silicon surface, H20 added with hydrogen or deuterium 65. A nmethod as
claimed in claim63, wherein said high frequency is not |ess than 500kHz

and the concentratg. f | dr gaen,:Qr_ deut eni um i n sai 20 is 0.1ppm
to 1. 6ppm 66. fr@?ﬁge(? iﬁbgﬁﬁﬁ%@%ﬁhﬁ?ﬁﬁm ?%@ﬂe“fs}’?? 2¥1 att eni ng
step conprj [ first step of cleaning the silicon surface by the
use of Hzolhﬁﬁl?lllsg?)%(g)ﬁ%’zone; a second step of carrying out cleaning by a

cl eaning solutio ' | € | , providing
vi br atigns of a lafsrcgggglﬁ%ﬁ%ﬁﬁ%ﬁé&?ﬂ?ﬁ%%&&% Clggl?fﬁlvrg‘resdﬁgﬁgfﬁ of carrying
out cl eani { g ffgTer -8t : ' cl eani ng
to renove ggcwilﬂg%gfyi?’lr%’f(g%hﬂ% hgﬁggge gfétlgeggggﬁﬁﬁgplsdgfl%ﬁ{?ﬁl&n%l udi ng HF and

H2O, and a ftédudncytivn 16tveahan 509kPBE cl eani ng by using hydrogen or
deuteri um added H2O, providing vibrations of a frequency not |ower than

500 kHz, so as ta thadnstepof cahgisg but eleaning dyeHHD ihyhiidingvzenedeut eri um
respectively. 67. A nmethod as clainmed in claim®6b6b, wherein oxygen is
renoved a fourth step of carrying out cleaning to remove an oxide film by

the use of a cleaning solution ihcluding HF and H,0; and

a fifth step of carrying out cleaning by using hydrogen or
deuterium-added H,O, providing vibrations of a frequency not lower than
500 kHz, so as to terminate the silicon surface by hydrogen or deuterium,
respectively.

67. Amethod as clatmed in claim 66, wherein oxygen is removed
from the H,O in the second and the fourth steps and hydrogen is added
thereto.

68. A method as claimed in claim 61, wherein the rinsing step is
carried out with the silicon surface being kept isolated from the air.

69. A method as claimed in claim 66, wherein the first to fifth
steps are carried out with the silicon surface being kept not exposed to the

- air.

70. Amethod as claimed in claim 61, wherein the rinsing step is
carried out in an atmosphere of nitrogen, hydrogen, deuterium or mixture
of hydrogen and deuterium. |

71. A method as claimed in claim 61, wherein the silicon surface

has a substantial (110) crystal plane orientation._

72. A method of manufacturing a semiconductor device,

comprising the steps of:




fromthe H2O in the second and the fourth steps and hydrogen is added
thereto. 68. A nethod as clainmed in claim®6l, wherein the rinsing step is
carried out with the silicon surface being kept isolated fromthe air. 69.
A nmethod as clainmed in claim66, whereiggthe first to fifth steps are
carried out with the silicon surface being kept not exposed to the air.
70. A method as clainmed in claim®6l, wherein the rinsing step is carried

out in an atnosphere of nitsogen, hydr n, deuterku r mxture of
hydrogen and deubLraIing # sUICOH Semionidieior surface whith Ras €5 wher ein ¢ he
silicon su t L al.. .crystal plane orientation. 72. A
nmet hod of ?&%ﬁ%@@?ﬁ%ﬁ%@éﬂ?é%ﬁ%%@% ce, conprising the steps of:
66 preparing a sjdqint ' surface which has a predeterm ned
crystal plane or?leér??)gl?g(t)}%g%%gﬂ%ﬁggﬁf ng the silicon surface, wherein the
cl eaning step cow}{érgilqls%headgéﬁiﬁ%eﬁégegg{gg%}@s| ng the silicon surface by

using pure water 1 ncluding ozo step of cleaning the silicon

surface by the ugqigf sepcdfeanéing thé%il%drpmx\mwbyidyiﬁ%gaﬁe_ Water 20 Wi th
di ssol ved oxygen reduced, and Surface-active agent, oviding a vibration

of a frequémgyuditgt okomer than 500 kHz; a third step of rinsing the silicon
surface by the use of H2O i ncludi ng ozone;

a second step of cleaning the silicon surface by the use of a cleaning
solution which includes HF, H,O with dissolved oxygen reduced, and
surface-active agent, providing a vibration of a frequency not lower than
500 kHz;

a third step of rinsing the silicon surface by the use of H,O
including ozone; _

.a fourth step of cleaning the silicon surface by the use of a cleaning
solution including HF and H,O with dissolved oxygen reduced so as to
remove an oxide film; and

a fifth step of rinsing the silicon surface by the use of hydrogen or
heavy hydrogen-added H,O.

73. A method of manufacturing a semiconductor device,
comprising the steps of:

preparing a silicon semiconductor surface which has a
predetermined crystal plane orientation; and

cleaning the silicon surface,

wherein the cleaning step comprises:

processing the silicon surface by the use of a cleaning solution
containing HF and H,0 with dissolved oxygen of less than 100 ppb.

74. A method as claimed in claim 73, wherein the cleaning step

comprises the steps of:




a fourth step of cleaning the silicon surface by the use of a cleaning
solution including HF and H2O with di ssol ved oxygen reduced so as to
renove an oxide film and a fifth step of rinsing the silicon surface by
t he use of hydrogen or heavy hydrogen- &dded H2O. 73. A nethod of
manuf acturing a sem conductor device, conprising the steps of: preparing a
silicon sem conductor surface which has a predeterm ned crystal plane
orientation; and i ol d gt Nyt eani ng step
conprises: pr oces@ib ﬁgﬂPE% éllla?{l@ignéés]g?? Qg’gﬁ‘%@% ﬁlem&geﬁg’fnflébgﬁeigni ng sol ution
cont ai ni ng diks@lRed int | p 4. A
nmet hod as cl ai ned :I%@c%@gi%1%?ﬁ\%}%?ﬂ?%ﬁgﬂwfggggﬁzng?p})ﬂl@g(r}gr'?g%é’the
steps of: Ghd preparing a cleaning solution which includes HF, H2O with
di ssol ved oxygen of |ess than 100ppb and hydrogen of O lppmto 1.6ppm and
provi ding the cl qnowicﬁn%ahatolmim'gtsbhﬁioﬂ Qi & eibkion dff £AequeHcPabt | over
than 500kHz. 75. A nethod as clained in claim73, wherein the cleaning
step is cdewesdhan0Rkidmut exposing the silicon surface to an air. 76. A
method as clainmed in claim72, wherein the fifth step is carried out with
vibrations of a fiequanastheskad eaimed finclda078Hwheseindhetcdeaningstemise t he
silicon surface b¥i hy.dﬁ ogen or  heavy hydrogen, respectively.

carried out without exposing the silicon surface to an air.

76. A method as claimed in claim 72, wherein the fifth step is
carried out with vibrations of a frequency not lower than 500 kHz, so as to

texminate the silicon surface by hydrogen or heavy hydrogen, respectively.




