; €3e\ 4N6T\ ) GSEM 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
invention relates to a sem conductor device, a nethod of manufacturing the
sane, and a nethod of processing a sem conductor surface. Anbng vari ous

sem conduct or devices, there is a field geffect transistor that will be

mai nly considered as a netal -insul ator-sem conductor (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 conduct or
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field effect transistor (will be sinply called a p-type transistor). It

of ten 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 substance, such as a

si licon substrat éThis applicationf dlhimepeidritg t@lﬁm@lofhpﬁkl@% Qﬁ?ﬁc&ﬁé‘ﬁ’é Jp. 2 has
a surface with a (100) cry stalaﬁgane orientation. "Such i con substance

and such a iX-3é 1%7;@@9@3(2 6@ apd IR 202322870 etiteadiscloseys bf 1 ef erred
to as a (100), silicon substance (or sinply a (110) silicon) and a (100)
surface, re¥ g‘(btar@elmorp(@rmt@i hereis yoredaraneeoughout t he i nst ant
specification that the (100) surface with the (100) crystal plane
orientation collectively inplies not only (100) surface but also its

equi val ent surfa S chd 010 001), and so on. Herein, when the
n-type transi stoﬁ?ﬁ%ﬁ@ﬁéﬂ&myor are manuf actured by the use of
th 100 il
tr Sngi st Z)r s: sI ggn{%\quggéﬂﬁgﬂtré%&}s tdﬁgg@lgg?@%‘go?gg}%&a%d?%ﬁ%p for mance
(or drivabihhhifactstifp tBe sERR hhH m Fﬁbﬁ'%f??béeésﬁﬁﬁa%%ﬂﬁbgﬁﬁﬁéﬂo?
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usual that the p-type transistor is si ghe
size as compafaed. Wi th the n-type transistor. However, such designing
beconmes a bar to mniaturization of a sem conductor devi ce.

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-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 substance,

such as a silicon substrate, a silicon film and the silicon substance usually



Referring to Fig. 1, description will be nmade for a better understandi ng of
this invention about  a conventional nethod for manufacturing a

sem conductor device. In the illustrated exanple, an ntype transistor of a
lightly doped drain (LDD) structure is fgrmed in a sem conductor 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 sinply

[l ed -1 0 Jli bst . As shown in Fig. 1 , th -t
(100 st P tPS stk owith s 05 eevesal pising arientabant 1 ik sisiobar | on (ST "
thod to isql at I t devi ce. i f t . As a, lt, th
fovi e rogi SPTATea A Sich A SafAc Y BhARCIAE) CREHITGPE rcmadon e ptype

(1OQ) silic]%?r%%bst nce. ZT@ si.hiacon quta e my, be, exanmpl e, a
duct 005 a Qs liRA SebsrnCEGF sEbIY Rl o) siiicon) gnd &
:gm ggzdﬂgt If lél&?f c%t . Q}i oned before. Next, the (100) surface of
the p-type @‘P(.(fg) SIE{I (‘:g%spggggg hce, especially, the device region 102 is
bj ected to RCA gl: i E20. (S -H2O2
P00 (S0) a5 shoas B bhdi HitniitbuP b he Bid e brpt AR PR

or gani ¢ mat L ihel } i : . whol e
surface. Su%fgﬁcueeﬁﬂhygh%aﬁgg? e@@y é%?ﬁ?%ﬂ(ﬁ%%ﬂ?{?tﬁ%%{l 3@5‘@%&&?@@ g}n %d on the
surface (Figalyl(100)surfsedinwlsd fts feiqai i(910900TY) & ed on
t he whol e sur ;(ce 2f the silicon s?gstg%lggﬂ%%rfbgﬁg@}lgﬁhsrggllgﬂ’{(eogqg’o@gﬁn
serves to csmonol a threshold voltage. After the ion inplantation, a
poly-crystalline silicon (poly-silicon) filmis deposited on the whole
surface of the sillprdn, wiisstthagety@ltransistar guat ther péyipe aransister are

poly-crystalline silicon electrqgde 105 on_the gate insulation film 103 of
t he” devi ce W&Pgﬁmctﬂtﬁzi,cbﬁéhﬁ: e of the €00 hsiticgn substancesiftis kposm iy the
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ci rcunstances, ion inplantation of an n-type I t such as arsehic, is

carried outsushtdesighinghbebomaéd ¥ bae td eninisaieicanst £samicsfiic?ps déP@eof n+
type, as shown in Fig. 1 (g_. Thus, the n-type transistor is manufactured
by using the p typefefrog)todrigi ¢ pdesuriptiomedll be madefertartsstirst or can be
manufactured |{n a manner, sinilar .to the n-type transistor by the use of a
(100) si|i cHgsading ef thisinyemtionsbovhewonventogal methoddorr, it is to be
noted that the p-type transistar is i.nferior to the n-type transistor in
mobi lity vwf’élﬁnilff’éﬁtﬁﬁflgﬁeseéﬂkf cipndeydce alBithe slustzated examples ar 8d by t he
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subst ance wWhingioBasc surface with a (110) crystal plane orientation.
Practically, it Eascg)ereljﬁé@enﬁorted that using the (110) silicon substance

mekes it possi bl qntl’bigf. gi @ ,S%E-[f%??hﬂ bh ish%st%\fl\lﬁé h@lﬁﬁﬁ?ﬁ%ﬁa&gﬂcﬁ Ris 4°

about 2.5 tinmes in conpa t he case ere 1 con

subst ance (@003 sdrfadeweiBra, (100) kagstabphnechnéediontarl Gai Lng the
(110) sili c(or{IIDZubst ance bri(ngs)ab%ut rPeduci ng thle n%bi | tl(g/ﬁ]géat ée n-type

transi stor simppealled.spitype (100)sitican substanded tAeshewa inRige 1t(ay, $Hh200)

silicon substance is used. Under the circunstances, it has been ctonsidered
that the (Ptyps(10@milisonsubsizachdssubjected to g shaflovi wetcimidcdatioh, if it
i s possible tﬁ sup%ress the reduction of the nobility in the n-type
transi st or .(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. The silicon substance may be, for example,

a semiconductor substrate, a semiconductor layer or film on the



Nei t her suggestion nor proposal has been nmade at all at the present about a
nmet hod of avoiding a reduction of the nobility in the n-type transistor
formed by the (110) silicon substance. Various apparatus and net hods that

m ght be applied to the (110) silicon supstance are disclosed in

I nternational Patent Publication No. W98/33362 (w |l be called Reference
1) and Japanese Unexam ned Publication No. Hei 11-57636 (will be called

Ref erence 2). However, experinents of, Reference 1 have been made only about
(100) si | i.cEAnKepgugHIsUbSiraleasmeatiensd&efore110) silicon subst ance.
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(100) silicon substance par Irection . According to

i nventors' ﬁlrw(se@)l@sfae@f&@ﬁéﬂbﬂ%@mfadcr(ﬁ%, W(@;)g a field effect
transistor is manu?actured by the nethod illustrat in Fig. 1, a surface

of the device reghAemshowi ieFig. db(d), borgh€Beds thu-implanedionathe wholeessi ng -
step in the RCA cleaning, a rinsing step by pure water, and the Iike.
Herein, a mubiface of tife silicanisubstanced (1 and ieffimplanteddmironserves tone of
factors showing the drjvability of the transistor. As well _known jn the
art, a hol omToha thigsholsvoliagsme Hlieyihe dorimplantation; p pely-srystalling e an

necessary tylifaRdBousSHGBNifne I Fbasited pr. é%{hqléggd n%ﬁﬁ?@i&hﬁ@b h
hr oy Co i i r il ¢
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region of the silic substance to a surface roug SS = 0. 0o 1.5nm

where Ra isinrpg_qs tative of an arithnetical nean deviation of surface
(i.e., acenter I|i aver age roughness) and that the gate insulation film

i s deposited on sSghsequeatighphesblsorikardfer 1dw dedsity ioion-ifglaaed ansul ation
filmis often a silicon dioxide filmthat is deposited by using dry Oz. In
thi s event,shawhas Higeh (6héeford somwace ant) aradaregitmet 186 oftamen-gypé,duwth
surface and the _gate insulation filmof SiO2 is further roughened. This
woul d resul @f whieh ereeffgetive kamitigaée attigh ¢lsctoc fieddus skhereaftexiadat i on,
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the surface of the silicon substance 101 and on the gate electrode 105 and is
selectively etched by anisotropic 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 (k). Thus, the n-type transistor
is manufactured by using the p type (100) silicon substance.

A p-type transistor can be manufactured in a manner similar to the
n-type transistor by the use of a (100) silicon substance, although not

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



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 effect transistor is reduced. In addition, when an electric
voltage is applied on the gate el ectrodeg, an electric field is
eccentrically concentrated on m nute projections and such concentration of
the electric field is liable to bring about breakdown of the gate

i nsul ation fi.lm E5§F0|all when the silicon sugﬁtance whi has a surface
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It is another object i s“1nv ntlon to provi a se ‘con uct or device of

‘the type degpbifeddhaisiab tﬁér(llﬁ?éﬂi&ntd%sﬁdiﬁ:lé&ﬁhﬁéé, § bpcs‘ssnﬂeftb%is@mwg a

surface of a silicon substance t is still another object of this

i nvention tthepnobilite of thernp- t)q:miuanszstcﬂewgb@ut@tﬁ cﬂmemnscds ?tanssﬂ vpith a
silicon substance i ch has (110) surface with a substantial (110)

crystal pl dhe aase avhereitbe (aaa) siti compaubstancerianaeder ibowevet, tit has bedn anot her
object of this invention to provide a nethod of manufacturing a

seni conductmlneﬁed/o@teal(seéb@fcuﬁngghe&ﬂulﬂ) sijigentsulstancedmngs about hi gh
Cubstant | alIoERERE @%y@pih' S isech T feotor o100 GAShe oo, cct of thi <
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provide a met hod YRa&NHArcumstances, 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.
WO098/33362 (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



flatten or keep a surface roughness of a sem conductor surface subjected to
cl eaning. According to an aspect of this invention, a sem conductor device
has a silicon surface of a predeterm ned crystal plane orientation. The
silicon surface has a prescribed arithmgical nmean deviation of surface Ra
that is not greater than 0.09nm In this event, the predeterm ned crystal
pl ane orientation may include a substantial (100) crystal plane
orientation. According to another aspect of this invention, the

pr edet er m rfeegragation ofi aheundianeninterace snalikity,avhighsmaght be cauwa) to
crystal plane orjentation. According to still another aspect of this

i nventi on, %@éﬁi"@&ﬁo@@?@?néﬁft@’énﬁ 3 Giteriask bebwesr @ SHleAN SUEESSt ant i al
(110)

ari thet :yié%ari ISR o bt Bves RN i %&e@ff@f&%ﬁ%%@fﬂlﬁnm
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not greate?érﬁﬂ@l@ri@?aﬂﬁecﬁbnﬂfiyaét% e, the substantial (110) crystal plane
I f

orientation 1s selected froma group consisting of (110), (551), (311),

(221), (553), (33Accdrdlid to {rventors diklics, (LB beéP¥dund 0A2HHat, (3dR)a

(111), and (320) crystal plane orientations. Preferably, the surface of the
subst ant i alfi¢lllgffeattyaisistopisnmnufactred byrthe snethed ilustrated &i Fierl,@110) or
(551)crystal plane orientation.  According to another aspect of this

i nventi on, Al | gloth¢udaviee degiondsdoeyitablysoaghened dufingran alealsi st or

havi ng a source region,, a._drain rfgi on, a channel region, a gate insulation
filmon thePIOREMHBE Stayimpthe ﬁﬁ%ﬁé} GaRE .1 BasHgseprby pereyweter, asdithe i on
film The annel region is formed at a sem conductor silicon surface which
has a pred 'm ned crystal plane orientation. The silicon surface having a
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factors showing the drivability of the transistor. As well known in the art,
a hole is the carrier in the p-type field effect transistor while an electron is
the carrier in the p-type transistor. In general, it is necessary to raise up a
mobility of a carrier by lessening a surface 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,

is used for oxidation, species or seeds for oxidation are invaded from (111)



The predeterm ned crystal plane orientation may include a substantial (100)

crystal plane orientation. According to still another aspect of this
i nvention, a sem conductor device conprises a field effect transistor
having a source region, a drain region, channel region, a gate insulation

filmon the channel region, and a gate el ectrode on the gate insul ation
film The channel region is formed at a sem conductor silicon surface which
has a substantial (110) crystal plane orientation. The silicon surface has
a prescrib Cﬁﬁsiﬁl}é@ﬂ 10 ergatiadly pioceeds alomgctherfacetsat i s not greater

than 0. 15nm The escri bedq arithgetical nean deyiation of surface of the

silicon surface r%é%‘é%rs %ileﬁf‘ﬂgét H@PSléF@aﬁséF?ﬂH t‘éf.eﬂtl%Bh cuse
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of a silicon oxide film a sili mand a silrcon oxynitride
film s Helddstiablesebaingoibdut tReaRbo%enéRilie sherasilafiondigngas el ement.
Specifically, the gate insulation filmof the field effect transistor
includes a di el edispecidlly,whén thdsiliconmsbistircedwhidchas g soefage{nt0pnd/ or
the dielectric filmmay include at |east one material selected froma group
consi st i ng Withritbe4[116) crystaleplanetaricrdaiice oarits equisblents is deandhbyrtheal
silicate caon 'sgﬂs of Si_tgnd at | east one selected froma group consisting
of H, zr, K&A qleanng, itpas begndopnd oub thatethet(dP) surace ihgrenstyal oxi de

consists of at,l|least one sel ect.ed froma gr consj.sti o) ides of Si,
oo S S rodigheRed \yhigh Pkl iRy o ToiCp OhiHe BpBiliy woen The Mok Teo

Dy, Er, Sr ve- iopned qygt al . nitri.de consists .of N and at

| east one s‘%?éejc 5@%‘%@%@9&?’6@%&@%@ y sﬁqﬁﬁn{ﬁ‘h %’ie, agve-pentipgedr; vy,

Na, Co, Al, ; ' :  +P S| . : Ba.
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sel ected fraoAseilitiiudst devidekuch &4 TFIDCODL 1GIT. fdddThediRd.! | con
oxynitride filmand a dielectric filmof a high épecific dielectric
constant. Accordifigntiarg fixheifnventispect of this invention, a method is for
use in manufacturing a sem conductor device. The nethod conprises the steps
of preparing a siltisen obgedtadritiis irvwendiorf tacproside b seasicangueidetdevidgened
crystal plane orientation and flattening the sem conductor surface to
acconpl i sh Whisitiekay am éerpapved eharasieristiaar pevioamageeof surface Ra which is

not greater than . 0.09nm. The.pre erm ned, crystal ,plane arientation may
i ncl ude a substarﬁ F%Pn?ti’@é)‘)%&%}s‘%g 1 IHERLON ©PIaVien 2 SKREHEPBAREOT 0 anot her

ifi fdhis | ion, A hod is f ' mnuf [
sem conductar geor ¢ Wi SNEHRAL R Glllrondr i s BBracle 8GRI o' 11 con
sem conduct@icithbar &bt Be 13RidoR WBLERLL 3! (110) crystal plane

orientation

It is still another object of this invention to 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.

It is yet another object of this invention to 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.



10 and flattening the silicon surface to acconplish a prescribed
arithnetical nmean deviation of surface Ra which is not greater than 0.15nm
Specifically, the flattening step conprises the steps of cleaning the
silicon surface with an RCA SC-1 cleaning liquid with a reduced OH
concentration and form ng an oxide filmon the cleaned surface by oxidizing
the cleaned silicon surface in an atnosphere containing oxygen radicals.
Alternatively, the flattening St%? may conprise the steps of isotropically
oxi di zi ng the si llitdbanaiher abgectotf thisinventiost tooxioyedes almethod whidi taon
surface to flatten the silicon surface into the prescribed arithnetical
mean devi at’P8ke & SWigeamghnesn ot assemicagdus@riegion Hal.de film In this

event, the isotrapi.cally oxidizi step and the renpving step are repeated
a plurality of tﬁﬁé%aﬁﬂﬁlep' M%ct&r}g@m%@tmmw =12 Tﬁ@é&?‘ﬁ‘é’hi@?@h of

surface Ra 4 chieved. According.to angther .aspect, of this invention, the
oxi de 111 m iR g KEEp 2 qyiffac Tl ot ppanicaRductor sysrace sibgCled Gait o
i nsul ati on él@%ﬁfn The nethod further conprises the step of formng a gate
el ectrode on sai &'gate i nsul ation | ayer. The above-nenti oned net hod may

further conprise : ] ' | L.he
flattened sili conAgﬁ?lﬁgﬁg%%%h 4%%211 ﬁgﬂgs 3@%‘?’% e?::% ?%rggdbﬁrﬁgérd@%ékg

i nsul ati on ili ' ' el Zi t IeAGskh ab may
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oxidizing step is carried out by contacting the silicon surface with ozone
wat er. | n tthiat icnekgreater thanr:09ate dnithissters; ther predeteaminet ferpstdD1ppm t o
100ppm of ozone bei ng dissolved therein. The ozone nmay be included within a
range bet wedlane ofianipiion maaBopPude a substantial 190) eryssaleplane orientation.

According to another aspect of this invention, the predetermined

crystal plane orientation includes a substantial (100) crystal plane
orientation.

According to still another aspect of this invention, a semiconductor
device has a silicon surface with a substantial (110) crystal plane
orientation. 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, 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 plahe
orientations.

Preferably, the surface of the substantial (110) crystal plane

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



In addition, the isotropically oxidizing step may be carried out by
contacting the silicon surface with hydrogen peroxide solution. The

hydr ogen peroxi de sol ution includes, by weight, 30 to 100% of hydrogen
peroxi de. Furthernore, the isotropically,oxidizing step may be carried out
for nore than 10 seconds at a tenperature between 10 and 30C. The
above-nentioned renoving step may be carried out by the use of a solution
i ncluding hydrogen fluoride (HF). The solution is preferably a m xed

sol uti on of HF anfcemdingie agpothser aspentof this iudentitn,emsemitOnduchordi ssol ved
oxygen of |ess than 1Q0ppb., At any rate, the above-nentioned substanti al

(110) cryst@ViEE Leanpiisesn bicldalieatiragsistqrien)ing @swurce gegion, adram) , (553),
Crystal \pi AFEIOR ERDRUAONEEI e s S HBHONIAEY o die iG] SAgipm and a
hccor di ng’ « ERGUEFIERTS BEChE Eate SREERHGH tR < *The Chnae] reiien it &5Ted por mi ng
2 rare gas & aPielflodl MitoRutPAGRu T BrfE R SRR sl dinenaan ©
aapact of 1A e YOO ot facs AT HisEripell ar B GR] aRBin | <

performed byewisting SRRl IRt §Fehfer Al HEFOHRS of a rare gas

selected fromat |east one of argon, elg}ypton and Xenon and an oxygen gas by

m crowave excitatThe prédaterding &8st Pihee onepesio® mdyhintlidwgntion, the
flattening step includes oxidizing the silicon surfacé by using gas plasm

gener at ed isubstantial (100) crystal plane orientation.

According to still another aspect of this invention, a semiconductor
device comprises 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. The channel region is formed at
a semiconductor silicon surface which has a substantial (110} crystal plane

“orientation. The silicon surface has 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, 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 this event, the gate insulation film may comprise at least one
selected from a group consisting of a silicon oxide film, a silicon nitride

film and a silicon oxynitride film.



m xed gas of a rare gas selected fromat |east one of argon, krypton and

12 xenon and an oxygen gas by m crowave excitation. The prescribed
arithmetical nmean deviation of surface is preferably not greater than
0.09nm According to still another aspegf of this invention, the nmethod may
further conprise the step of formng a gate insulation filmon the silicon
surface. The gate insulation filmformng step includes a sel ected one of
the steps of: carpying out _ox' ation process of the silicon surface in
an at mosphere whi B¢ BA } %E %1 |m@y3¢@aﬁﬁmpt§@teé§§urﬁ@egn&ekamcnbn surface

procesei %SPES%”“ ﬂcgﬁ nga Ao e fielfes C%‘d @%“ésﬁoi@?cal
. oxygen and .at ast e of di tro radi cal The ate

i nsul ?t i on 1[”1 e%ﬁ'ﬂéﬁaclyﬁb g:ef?@]glélpgggz ((‘)qnst /OR dea nm xed
2nd an | nsutHl %"C@ﬁciﬁp&w}ﬁﬂﬁ%ﬁéleﬁé@? 212&%?18%?@?8{@&%9@%%?8&”%?52?2
oxygen, nitigae n%‘@f ?ﬁ@l@l\@ﬁ’rca a4k e %&gqﬂjlélﬁmthﬁet heryy dfh%‘ﬁ'algas by

m cr owave EXCIta orn1t gate 1 nsu Accor ng to yet

anot her as pﬁﬁba&fcdﬂ&hﬁs 'df"&ﬁrﬁﬂdoﬂ Ieﬁﬁeoﬁé %Iééﬁﬂrﬂoﬁf §Er&§g€@6h§1@ﬁn J‘ﬂ rst

step of forn1ng on the silicon surface, an oxid carryi g out

oxi dati on PHECESSID)i} ha, CoeYindAD vaethe @tlﬁa@m@l@ §Ii@fhe%l oEievi ng a
portion of the entire thickness of the oxide filmto | eave a thi ckness

bet ween 10 corgssts afstdeast Hiesecdeded from afraupeconsisting of oxides dG£SEiHf,con
surface, the first and the second steps being perforned at |east once,
respect i vel 41, TandiaYs Mb;, Nastep, Al, Zmﬂﬁ? vig, Piy bapUenlrt $m, &Bu, dedfPym by an
aqueous solﬁ},l ranc{%l udi ng HF.
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.
According to a specific aspect of this invention, a method is for use
in manufacturing a semiconductor device. 'The method comprises 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.
According to another specific aspect of this invention, a
method is for use in manufacturing a semiconductor device. The

method comprises the steps of preparing a silicon semiconductor

surface which has a substantial (110) crystal plane orientation



13 According to still another aspect of this invention, the flattening step
conprises a cleaning step of cleaning the silicon surface. In this case,
the cl eaning step conprises the step of cleaning the silicon surface in
accordance with the RCA cl eaning procedyge wherein an OH concentration is
reduced. Alternatively, the cleaning step conprises the step of cleaning
the silicon surface with cleaning liquid having a pH value of not nore than

7. Furthernore,.the.cleaning step.may conprisg a first step of rinsing the
si1icon sudhdSlas{Ening ﬁ@e ﬁﬁ@mﬁ%réﬁlcq tcneramplish siueseribed arithmetipalo

cl eaning the sil;con. suréac% b% t he. use., of a cl ean ution which

i ncl uges Hg{l@@%gewattwnd? Wi R@x‘ya ]rse‘bec%Il &?teﬁﬁhgg@?fk act i \ée Sgent,
ud . e ' 200 h

b F st gt he s SHECHCULE that S THe Ship.c G Prist® ik plcas g ol thEr our

el udi no, o shiffcs Wittt ah R S6¢1 Weddifie 18648 it S ERREET AL ' 10" i e

L g PSS get f
hyclr bgen. agongepfigibfRet forlaknh el SHURELATH MAOPHYC) St ng
sol ution ofpxaHiAigashe enaneli silicos 868MAee $h R Afbspherd eﬁﬁﬁaﬁhﬁg@(&é&cordi ng

to another aspect of this invention, the cleaning step may I

processi ng ralicads.l i con surface by the use of a cleaning solution containing
HF and H20 with di ssol ved oxygen of |ess than 100 ppb. The cl eaning step
may al so conpri sélt¢rsativepbs tﬁé flatlepsng stppemalyaamprss deisteps ofhi ch i ncl udes
HF, H20 wi th dissol ved oxygen of |ess than 100ppb and hydrogen of O.lppmto
| . 6ppm and ipREopifialy axidiangdhe syjican suifaee o forna avitst mm%ihm an theequency

not | ower than 500 3 T%;édefgni ng stepfrray_be arried,out wthout
exposi ng t FEUCOR SEHACE i tlatienitge suligen surfagg intedthe praperibed aspthmatical so be

carried out antacting the silicon surface.with cleaning liquid with
app! yi ng u@%%%gﬁ?’@%kﬂ%?gﬂfgﬂcq B%%{@E‘?@Qﬂ}%theﬁ %{ﬁt@x\hﬁ‘? f‘i‘%en@r%? on of OH
in the cleaRj Lqud.d ] : : i ect of this
nvent i on, et HsdsbiopayRBHAEARY s A 08 thERe By 3RRGHkBhetEI e and
conpri ses tHRraAlteRT Hhep LSRR the idd i { BG€ Which has
a predeterr?ilnred grystale p?‘ane o?f%ﬁgéﬁﬁrﬁﬁéﬁ%gﬂﬁgﬁtﬂﬁgﬁgﬁl con surface
by the use spifaddRaddechiet/edd, hydr ogen or deuterium and by appl yi ng high
frequency vibration to said H20 to termnate silicon at the silicon surface
by hydrogen or dédcerding tor msgthet aspdat.of thés hivglntibne theeogide fimas ukeds t han
- 500kHz and the ;ﬁon.cegfa;_atih%g of said hy_drogfen or ggu'i;ri utr;; n said H20 is
0.1 ppm t o BSGpgatc mRwiationt layar oy as agportompdl 8 gata insukdtegn Hyeri ndiheg t he
silicon surfage t he use qf Hé% added wi th hydrogen or deuterjum and by
appl yi ng hiTgét B\ COmPpriSes B¢ step odifarmimg agate elaotends en saidgatat t he
silicon surf a\gc)l]% .béflh%/drogen or deuterium respectively. The rinsing step
may conpri SBSYAHORHAYHE st eps of dipping or imersing the silicon surface

i1 Dcon sur ace, 0t st el Fy R, GRS E e REh8 ek (e

hi gh frequ s : : i j
nydrogen or i A tgle ISRl e BuEhed SARKEE LR B toiflrk | onea
flatteni ng sSige dlBotr6dEBhIsaed gafei sulati@P]Rfercl eaning the silicon surface
by the use of H20 including oZone, a second step of carrying out cleaning
by a cl eani ng solEhd otiopidalti OgidiEingﬂ@F&ndnﬁoﬁw hBoee aedy &@nﬁgﬁet’[he
providing vibrations of a frequency not |ower than 500kHz,” a third step of
carryi ng owtebégaimyingyutealicacoxidatignoithe, siicéwsutfacs hep tefnpeeatuys ng out
cleaning to renove an oxide filmby the use of a cleaning solution
i ncl udi ng Iﬂntﬁﬂhw@aﬂaiﬁﬂé-fi fth step of carrying out 15 cl eani ng by
usi ng hydrogen or, deuteri ijm dded H20O . providing vibratiagns

Alternatively, 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 0.001ppm to 100ppm of ozone being

dissolved therein. The ozone may be included within a range between



of a frequency not |ower than 500 kHz, so as to termnate the silicon
surface by hydrogen or deuterium respectively. In the above second and
fourth steps, oxygen is renoved fromthe H20 and hydrogen is added thereto.
The rinsing step nmay be carried out with,the silicon surface being kept

I solated fromthe air. Furthernore, the %irst to fifth steps may be carried
out with the silicon surface being kept not exposed to the air. On the

ot her hand, the rinsing step may be carried out in an atnosphere of
nitrogen, hippegad 30ppimdni thmwirarpuwewwatesf hydr ogen and deuterium The
silicon surface prefer.gbly has a substantjal, (110) crystal plane
orientation. Bri ﬂ@@ﬁﬁ&pnpthedﬁoapm hyopzidizge steg may besastied @8hPENt i onal
met hod of mam% a sem ga({)Fnduc r device in the prqocess, Qrder; Fig. 2

facturing.
shows a gr dph %%ﬁ?ngi%gg@&waw Wit PEENRETAX WEEB. andi®a roughness
t b d bet . ' t d l,nsul ati on
PPim By o ghE B ARTERoR RRdER oY etk A 6 Fodk of hudtinte™

accordi ng ;tléergxiié st enbodi ment of this invention in the process order;
Fig. 4 sho sectional view for describing an apparatus for use in the
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more than 10 seconds at a temperature between 10 and 30°C.

The above-mentioned removing step may be carried out by the use
of a solution including hydrogen fluoride (HF). The solution is preferably
a mixed solution of HF and HCl.

The solution may include HF and H,O with dissolved oxygen of
less than 100ppb.

At any rate, 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.

According to another specific aspect of this invention, 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.

According to still another specific aspect of this invention, 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,

According to another aspect of this invention, 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



Fig. 6 shows a graphical representation for use in describing a

rel ati onshi p between roughness and nobility; 16 Fig. 7 shows a nmethod of
manuf acturing a seniconductor device according to a second embodi ment of
this invention; Fig. 8 shows a state of 3 (551) surface when the surface is
used in the method illustrated in Fig. %; Fig. 9 shows a graphical
representation for use in describing a relationship between a roughness and
a remaining filmleft by an etched back process; Fig. 10 shows a graphi cal
representatK@%DHénduﬁboxygwmgasbpﬂngmam%sbwubdahgnphbetmeen reﬁeatltlnes of
first and second eps ang the roughness; Fig. 11 shows a graphica
representation f ofﬁ?:l @@S%M@ﬂﬁhﬂl@i@cad mean e viagionpo beutrfaceni svareferably

cl eanin rocesse dt roughness; Fig. 12 shows a graphical
repr ese%t gt?Bhg’fe@?erﬁg‘éni(ﬂSaB%ri bing a variation of oxide filmthickness

ent a s AR f
L RS A RS R sta,
dasert bi ng. LopytkarAuie MG Rl it 4 SBR T EAB05 e 8 e il

oxi dation pEHAGESS affe %aw%ﬁéltlz?&& ?iﬁrlnafbrﬁﬁhgestéﬂ i da sdRcROP¥Re 3t MO

of manufacturing a sem-con or "device,
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 radjcal nitrogen and radical NH,.

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.

According to yet another aspect of this invention, 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.



according to a third enbodi ment of this invention; Fig. 16 shows a
graphi cal representation for use in describing a relationship between
repeat tines of the first and the second processes and the thickness; Fig.
17 shows a graphical representation forlgse in describing a relationship
between the treatnment tinme and the thickness; Fig. 18 shows a graphi cal
representation for use in describing a relationship between the repeat
times of the first and the second processes 17 and the roughness; Fig. 19
shows a graphi caIAﬁéqmd@Bgrﬁ@atlﬂlofmthcr aspect of deisdnvbitign atheefl atémnghi p
between a degree of oxidation and a contact angle of a water droplet; Fig.
20 shows a YERFEIRPAISSSchHEBsamZsicproT deagiagdhesihgonsusiatect Inthis case,

vi bration. Figs. 21A and 21B show, graphi ai representations for, use in
descri bi ng WSTACaRER Step Caﬁmré?eéctbﬁéiﬁ%gc eapilipHthesiliognamataceNns accor di ng

to this inventiqgn, respecti c.and Fig. shows a gr i cal .
represent at ‘i“&ﬁ?faalﬁcwé&! edégé%/ Flﬁaﬁgh%l)’?ﬂﬁ@f% Pi@}%r@%rbgn Zgﬁ&weﬂumﬂan d

n- MOS accorgiljég ét?dthi s invention: Description of the Preferred

Enbodi nent s® FEPFSYY Enbodi nent: Referri ng to Fig. 3, a nethod according to a

first enbodi ment S d tion Wil ' d will b dt
mnuf act ore. a seriHRtE P G810 HE ster? BafBHes 1RE SEEH olibtennifs 3"
el a e . !
(120) “surt SR ueRicsSEiRIQESAe ARUDNAGH: 1 1H VLR BPA6ERAIRI IT0 2t e
to isolation to defitherndrestiedreani®osep Iﬁhy%o‘i‘ﬂfyﬁwa Pfﬂgﬂ;jﬁe%)%%in%ﬁ%s hown
ral n,

in Fig. 3 (a). The device region serves to form’source, an hannel
regi ons. Sutheesjlicon byrfack bysiding purs wateniimdudmgsobires testcdoadRESp ef eani ng

procedure to renove organic matters, particles, and netals from'the device
regi on 302, clganing thetsibicen surfage Py the(use.ofascleaning solutiom which t he RCA

ot ocodure” sETISSR HFabubl WA Gssol o ABDEER 3 ARG doATBLRY ppr6atiue gent,
D e BR85S Mot b A3 BOED BEE S e
1, BT HRHERLUSTRch Sl Byl D ISR TR o AR
et e L AR 0 5 A0S RSV B el ouF
that are noHF&iO¥EO With! digsSletdriggeaUetuced so as to remove an oxide film,
and a fifth step of rinsing the silicon surface by the use of hydrogen-added
Ho. _ _
In this case, hydrogen may be added to the cleaning solution of at
least one of the second step and the fourth step.
According to another aspect of this invention, 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 0.1ppm 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.



In Fig. 3 (b), the SC1 is used to clean the silicon substance 301. In this
case, it has been found out that the silicon substance 301 is

m croscopi cal |y roughened during the SCL procedure. In other words, a
surface roughness of the silicon substange 301 is mnutely increased even
by the SCl procedure for cleaning the surface of the silicon substance 301.
Practically, it has been confirnmed that the surface of the silicon
substance 301 is etched during the SC procedure in dependency upon a
concentration of Ihe¢ eleaningstgprraayiaiso beearrieth onhby s@néarting iensidicon under
the circunstanpces, ,{he SQ procedure is carried ouf with the concentration
of OH |ower5é1a.acmwbwgﬁamﬁg hqu@mtgmmlmgi ultiasoalq yibsadente the

i . Sd d h th ' i 0.0f 1. : i
connt s LR S LR e BRI et 2
in Fig. 3 (b t hat ixed rati f.N L H2C2: H20, b . |t
0705: 1 5 Tt s sroweoiohed td al SpkSo L psrIon @ petfoy BTRIRE RIS 17

trati . j in.: i | SC1
or ocedur o. TAGMmsRIiAR - RREFCERNdn IRt R EOmAT BN GO0 U)o

defects, s r - -} g i observed
that the sHﬁ?ggéngo%%lggggepgbpggﬁgﬁog%iﬁ?]fgr%é?é%%%arsi %Brf?ﬁ%""%@?&él rocedure.
Fur t her nor e d8HBnAtiM Qxﬂi‘ii;cn%lfi@tﬂéﬁlic@n%h?ﬁa%éfﬁﬂ thebigabAYO vol tage

5fal YO
i s reduced | K the gate insulation film nanely, oxide filmafter the SC1
procedure. flid withegypdroicen @fdddteridirehed byi apphyeakdghfreqhiémge results

frommcro pits caused to occur on the surtace due to the defects.

Speci fi cal I'yibration o kaicWH,Ortotteemimate tsilicon aktheesiicon suffacoblepdimesnhi gh
in 19 a CZ wafer. At any rate, an_increase of the surface roughness

shoul d be sUpRWeEEELAGFPEYIvElE. SCThsrivgkduequensy nsmtﬂ@&ﬁeﬁlame‘i(?ﬁldiz To this

end, it is preferable to use si l,i con substance.that is jected to

yr ogen arfEBE PIGRABICIn LS iy T0EeH Re denie A td Hadh f D Pogmant
oxygen to the]rgxtent of SE 16/cnB or to use a silicon wafer on which a
silicon filtrcr‘\ : PHijosited by epitaxial growth and which may be referred to

wih the epr e ot TR SEtdbrcts e SEPRIhERelhy SR QfRE 10"
e | T -
efore. 1t BAMORANOENG hIR WIF hy ot 0 Qe RHbAGAANOEGIVESE il he

procedure reduced 1 n tlHe OH concentfration has the surfac Ra of

0. 15nm wherfedigency viRaasanbaaid €1,0f toateraninitersliconlat irasilen sirfave of
surface. As a'result, it has been found out that the nmobility of the n-type
transi st or phyldeogerpopdedternmprgsaectvelywi tThe hiasingf stehenzypcomprisenal
n-type transistor. Practically, the silicon surface with t_hegiélO) crystal
pl ane ori ereig Phthehsiepb @3 flippijger vumessingdhgisiheomentiron dato cedure

and had the ic{h' tical nmean deviation gf surface Ra_.of .Q.15 n Under the
ci r cunst anc"@ﬁe Wgt%nhl’ e IrdsWesh aad SRERY IRENnOR M GrSAHCOR SPH@Csi | i con

f f 0), 4 . il to th i . f 00). In thi
s e o e SR sl Rk B ff i ettt FBbatd,
f d by t iqLd i 4t | Sye: i f th
Lot et ] e DI ARstaRaz Md de ciRbataubfitiiseia BRdRialof 258 O | 02

than 0.15n abkyi CHldn. '\ BBonhd, IS difficult to obtain a
pr ef er abl eﬁ?@gggﬁ%rarklésﬁi st%)(? \%1/(9 chis forﬁgic-iri by the use of the (110)

Si 11 con and whi chreabeveahbhibted Fliching Qcbhiaky ebniiiesd 4 BB abpiogon. From

this fact, it is readily understood that e (110) silicon surface should
be fl attenecleaning thedkilicoe suofazs Hyotheawde aeHaOsineluding wzomel hyseosnd 20
mobility to the (100) silicon surface. In Fig. 3 (c), a self-sacrifice film
303 is at fsteptoffcarnpdgmntateatingray @ cbeasumg sohtuin inodudieng e, He@i and wi t hi n
an at nosphere includi ng oxygen radjcals. Wen the self-sacrifice oxide film
303 i s fornkSudAceiagtiveagsygeiovidimgabrationsphe frequenciawtdewer doart i r med

that th L£ - if] . . . .
2 © SeS(SOl?ﬁ%,r a third step of carrying out cleaning by H,O 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




oxide film 303 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 (appar at us is exenplified which is
used in a radical oxidation process accordlng to this invention and which
uses a radial line slot antenna. The illustrated apparatus is simlar in
structure to a plasm appar atus nentioned in Japanese Patent Publication
No. Hei 10-cdemsng(ansing hwbegen @auterinm-ndded Méhtpronidingevibraticny at ed
apparatus is ugred for formng the silicon oxide film Specifically, the
appar at us i0flabrequendy npt ﬁ'ﬁ"@{ef thanea0Q ke sonascieaieselinaiethe siliermdi ng a
hol | ow space { her.ei a shower, pl ate 402 placed on the vacuum chanber 401
and faced t97Ha¢€ HH BV@W&%’a@’éde‘éﬁ?@u@sWﬁB@?tﬂV%b’ pedestal nember 404. On the

ZEE enna’ 406, and 13 thF aPBLEECop 2P0 T @@?t'h%f @d%i%?f?@@%ﬁg@a r'g%'&gl{é QEnS' >
[ 404

shover ot ad Qe REREeRds BBGTIRERIO ™I T st Tt ad support menber 404 has

a heater mechani ﬂﬁElng‘é}}éﬁ)Tﬁ’ﬂ%etéﬁné ldu‘f%tﬁ'f@étsﬁace ﬂﬁa&aﬁelﬁg(llo)

surface of the (I Ccry e orlen tion an as a Speei men on

t he supportkémqgg@t&pﬁoryﬂql@gmt he circumstances, the silicon substance 403
is heated to about 4000C by the heater mechani smwhile the vacuum chanber

401 is 21 evacUafrgibrnidie, ehe figstum fHithiseeps Rt eairicd diewaknfei ments,
when the silicon substance 403 is kept at "a tenhperature between 200 and

5500C si i |salicoesutfase theveg kephnobesposed toShlesedquent |y, Kr gas and OZ gas
are introduced into the holl ow

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.

Description of th

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;



space through the shower plate 402 to a pressure of about 1 Torr. A

m crowave of 2.45CGHz is supplied to the vacuum chanmber 401 t hrough the
coaxi al wave guide 405, the radial line slot antenna 406, and the
dielectric plate 407 to generate high depsity plasma within the vacuum
chanber 401. Although the mcrowave with the frequency of 2.45 GHz is used
inthe illustrated exanple, simlar results can be achi eved when the
frequency of the nmicrowave may fall within a range between 900 M4z and 10
GHz. A gap bet wedfig: Hshonaswe meshad @fananufegtutieg @i semiconduptor aleyéces03 i s
equal to 6 cmin the illustrated exanple. A high speed oxidation can be
acconpl i sheafCaEdingnie {secant abediment RbikS ipVeRIEOM02 and the silicon

subst ance 403 becqnes narrow. | nste the radial |ine_slof antenna, any
ot her met hods ma 1Be§u9§’é’éf"st%staﬁ?ﬁ’%éﬁg§(ﬁsm P%\M(&gh/’élﬂ}ﬁ@}lflfw BAEedicharber
401. In the,case,of i dizi he silicon surface within an atnosphere

i ncl udi ng ﬁh& fﬂﬁﬁ}wﬁﬁlégﬁﬂi%d@ F%J;s or species for oxidation is |liable to
be adhered to prggechi . oughnes n_the silicon
surface. Further %‘%eb %&yﬁc?mgﬁggﬁkgﬁﬁﬁpﬂ?ﬁ@i%ﬁpg@{rhge%qjgflggtq ons, the
proj ection L L [.Gi iple to
Bt act oxybuforichh 46wpth 4 EBhENCaR ASkhidthink ARE PR BPHI SR

oxi dati on dfg, dre@f:ections. In consequence, a flattened silicon oxide
filmis assuned to be formed on the silicon surface. Referring to Fig. 5,
flatness states dfig. il0lgheiwsd gdaphicebrapresdigaion #of asein dugditsiag A Ra)
before and after oxidation. The surface roughness (Ra) before oXidation is
shown in Fimglatborship besween aepéatitimes of faseandsteoiichsteps 2ndghef ace
roughness (Ra) after oxidation is neasured both after dry OZ oxidation and
after radi d@ugbaessiti on and is shown by two sets of three dots in Fig. 5.
Herein, it is tohp,e ri%tqd that the initial state _is a state after the SCl1
procedure of the 8w 2 BLaphicalrepresepiaion AanusfeibAescritagie surface
roughness i the arit hnetical nean

d Db iati f f
I Bo s, R PeHod absul iR groseSeRand e dobeRofhnoss (Re)
bef i dati ] | Lt i -2l | ol d 0.16
m i ¢ the cur PEe T2 o€ P AL e iy f@&?ﬁ%ﬁ@ﬁﬁ%&%ﬁfg@ 0. 160
oughness (FLTah of KRR A0A) Qe S G B er e duced 1o

ation 1s extre y réduced to |ess

than 0.08 nm and Figk! $3AcinEBBAHY Sohendtie vadws Tor T8¢ $n dBgwsbinpat t he
radi cal oxidation is helpful to inprove flatness of the silicon Surface of

the plane asotopit oridatithind enisbtmipyc baidditor procesbes, rédpecsivelgee
roughness (Ra) Is roughened after the dry oxidation. Thus, an oxide filmis
formed by the radfigall4mhiores s graphicahrepreséndation fof use i deserébingya t he RCA
SC-1 cleaning liqui.d with a reduced OH concentration and as a result of the
formati on olAPRSIHRbeEvern @ treatment|tiag widhe Aseieopic ayidation paoeasstane

surface roug%ggﬁﬁéssge%}géﬁ%gg%nor so. Therefore, this oxide filmmy not

be renoved *insulation filmcovering the flattened

Transistor.  The dutnd Ty RRYTebORaRaBEii A FaIRaRa RS it oser 1 o

conbi ned Wé&&&}]@jﬁﬂ gitmqal?%mﬁ%qﬁ ﬂl?é Mvehfgnsur f ace roughness (Ra)

after oxidation measur ed e silicon oxi dga filmis renoved by.
and HOL (vol ume Fa 6 oo N B O D e LTon of
HF and HCl tedatiovishipdetween Gepeat 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



23 ions as low as possible to prevent the silicon surface from being etched
on renoving the silicon oxide film This nakes it possible to precisely
investigate an interface or a boundary between the silicon and the gate
insulation film In order to observe anl%nfluence of the m xed sol ution of
HF and HCl, the surface roughness (Ra) of the surface of the (110) silicon
substance is neasured before the (110) silicon substance is i mersed or

di pped into the m xed solution of HF and HO and is al so neasured after it
is dipped iandthenwughoess;sol ution for ten mnutes. In consequence, it has
been found out that no variation of the surface roughness (Ra). has been
observed on the (Higo)9shomwson gsamycakiepreswnsateon for ase By desgling.a Thi s
shows that n etc?ﬁg%)is caused to ?ccgé pon the (110) silic%& due to the
m xed sol utiCRHS sheeprr degres of oxadaiin andarpandaeiangle K5@ yater
reasonabl e é&ﬁﬂeyaluating the silicon surface. At any rate, the surface
roughness ( % the silicon surface laid under the insulation filmis

defined by a val Sur fter . i | af . i 8.0 v i ppi n
the. m xed sol uti driZoPORboA EbhbH Tohe RGN L RRaclhibE R et Fhuc
the surface, {11gbpess can be inproved by radical oxidation procedure. This
flattening technique of using the radical oxidation procedure is not

restricted to thq?igé.l@iAommﬁB %‘o@sﬂgﬁ@eﬂi@ﬂtﬁ?r%n%ﬁsﬁﬁ \ggamduct or

device using the (I10) silicon subst but Ccan be applied to any ot her
sen conduct desceibéng hiote nNﬂ)‘i/li?f @ﬁ@rellédiﬂ)lbﬁﬁibili?f 6f -MOD$ éhd 4-MOS
self-sacrifice oxide film303 fornmed in Fig. (c) is renoved fromthe

si | i con submcardmg3ithi$ mvdnian, respoctivetly;earahpl e, the sel f-sacrifice oxide
film303 is renmoved by the use of the m xed solution of HF and HCI m xed at
the vol une ratio Big. 22 shewsragraphical mpresandation fonusgiredesaribinga 1 in pH.

24 As shown in Fig. 3 (e), th iL].icon rface of . the device region is
oxi di zed wiROISH chAastorsic pﬁamgm%ﬁgiawrfimﬁw SHBVEHEN at i on film
(SiQZ) 304 which Kk hi ¢ 5. 0f S n Lhis situation, the silicon
substance 301 wi tH2tHe g i S EIORCABENS ¢ enpved to eval uate an
interface or a bWss between the silicon surface and the gate
insulation film . a mxed solution is used which m xes HF and

rie 2t a volue IRLFrk 1 e, ggg WEn6R Resrding B AN SHiBgiRRedn 1. The

gate insulation film 304 | hin t xed solutron for one mnute
to remove tgs frfentiorswilbedesttibau 3o wits ba dsedubimahifleaseheen confirmed
that the silicon surface has the arithmetical nmean deviation of surface
(Ra) of 0. (Os&emivondectordevite.i sAbdirst] & praype (E16) dilicon sabsdacti(bimglsi Oz) my
be formed at |east at a portion contacted with the silicon surface and an
addi ti onal ¢alkad silicon subStancay 30¢ is ppepireddvhich: es a{11Q@xuradedwithid m  Such
an additional insula ifagl filmmy be forned, by materials different from
silicon oxi@éoéﬁéYﬁa plane grigntalgnrmng whiclis abectedhtodsolationde defing  an

oxynitride fil or, a silicate film af a-Jid;;;llin eart h_net { , kLare earth
redal s, andt P%?@ﬁﬁglﬁpaﬁﬁvm%eﬁ 26 SHRBM W Fidn 5 (@m he
Striotur e BB BRI A S, bl ng bRt oLy, i
11 ms. P ef er abl yo e TGSy 1 Aichh sisiece 1S bR bidiriie ™ O

diel ectric seuretand td féxﬂbv%&%aﬂielrﬁauégg aftidles fHdmefdIgfRShIthe deonsd ant
filmare exenplified and may be, for exagpl e, netal silicate forned by one
or nore el erspivs 362 esiléastiatodiiiBigZ8 (b).a, Akikndwn i the ¥it, idRAA et al
oxide fornmed by one or nore el enents selected fromSi, H, Zr, Ta, Ti, Y,

Nb, Na, Co,clabningnpraesdutdymasi inviodve B ARStan&md-€Elganct (abyreviated$o, and Ba;
metal nitride formed by one or nore el enments selected fromSi, H, Zr, Ta,
SC1) procedure and RCA Standard-Clean-2 (abbreviated to SC2) procedure.

Specifically, the SC1 procedure uses a mixture of hydrogen peroxide,

ammonium hydroxide, and water heated to a temperature of about 700C

while the SC2 procedure uses a mixture of hydrogen peroxide,



25 Ti, Y, Nb, Na, Co, A, Zn, Pb, My, Bi, La, Ce, Pr, Sm Eu, &, Dy, Er,
Sr, and Ba; or nmetal oxynitride fornmed by one or nore el enents sel ected
fromSi, H, Zr, Ta, Ti, Y, Nb, Na, Co, A, Zn, Pb, My, Bi, La, Ce, Pr, Sm
Eu, &d, Dy, Er, Sr, and Ba. Turning bacg to Fig. 3 (f), boron (B) is
ion-inmplanted on the whole of the silic R 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 301 and is thereafter
patterned thydremhdorc poids-anid wetem helatart tooaléeraperadtse, obabpeuts7@0€Ect fldue) 305
on the gate_ insulation film 304 |ocated on the device or el enent regions
302. Next, dhdspesedurais effeasivediondissglviediianandpo semewet@raup b an nsource
region and an n- drain region (collectively designated by 306 in Fig. 3
(h)). Such &araémﬁ ANg{argip Hré)rr&amégﬁubﬁ@n@eé whilpdhe SGE proegdurs isi gh

S e o

i J . 305, i
S B L SRS I SR M
subl ected g0 501 081 6ot SAPOLPUATNE BigheSaLlc) Sgpiet on 111 m 307
such 25 21 SAI sl BiC ITBARRLAS R SCOEERAY (1 dEmilgnta Sour e

n-type trangiFacd reghiess SHMNE silicoreshbshamiedt0l benihenty iRdtechd@dyven

processes. Now, an investigation has been nmade about a Telationship between
t he surfaceby chig Sk prddeauraforecleahngXiR airfae oigthesibvon isnbkiagce 30(1h) ) and
the mobility. Specifically, the arithnetical mean deviation of surface Ra
has been chBrapéitably; itdes t@eoStonfamoed 18 thensbyfacaofithg sdicorpsubsianent r at i on
of aqueousegﬁnpnia (NH40H) and _the nobility has been neasured to

i nvesti gat 1 rl%ﬁﬁ?cheér@%ﬂrﬁg bra wednprogsdushin depensdeacy ipasuaf ace roughness

Ra. This investigation es .to know cattered co nent, of a carrier
whi ch occur SOMETRASQI,PF QIEL 3Pdy 3 AASSI R, SPOREY & TRCHEASROhEIENIESSob | | ty.

Coghnend (Pay  +<Ufiel 0 EELRLAPRRLPURSSCT SRk A 3R et B e i 2o
above- Went'e&ﬁ%dtfh%gg{n bgp{%ggyeﬁu.ﬁ mthﬁugmgeﬁfééeggglggggﬁgﬁéaaﬁ ) and

the mobility are ta he absci ssa®an respectively,

and lines Lis@lth &€opbemtibhsl SCiobBdiieiRY that 8 rhiXxRdYapD dNMNIPIBCti on
with the (100) and the (110) sili‘con substances, respectively. As readily

under st ood HrOm:tHUO lis bquall to 1065 mohiiked ¥olusicuizsisedtinahk)S®Eprosediranged
even when the surface roughness becones |arge. On the other hand, the
mobi | i ty bedhstsmtedin&ighid(b) suchsthat acsixedl mpticesSNRE, O ddsesHhl || as
shown by the line L2. Mre specifically, the (110) silicon, substance shows
a nobility Becagnes ﬁqudztc:(Q-u%ﬁhéec)’l‘mw%lowséhgathfamxed)aghﬁmlmﬁg.é as

I 0. t hat | bt ai ned hy t - ti RCA cl [
procedar e, (RaspBErTd jn Brcomsenraton of OPCe Campatehvah Giat 45¢an Bhcr cased
wh th ' |1 th 0. 09 h by the Ii
2. " Vor eoveroR IO S EE Bréfiahietgnneas ra i equal fo 0.07nm the
that of the (100)lbrtsilis SR HRSHRCR suBsRHEE HARH Hph ANy feck '
under st 000 &g ad Bey <TGkt phfifelé TEDPE I hEOPectHGBIAIER thar Gt | ¥

i nproved when t an deviation of surface Ra Is reduced to
O OSnm  Suckurfasd!ddsitndsevg hasidhy Mecreadedoduiss P SGIhgebdeviut®r M ng the

self-sacrifice oxide filmby thé radical oxidation and by renoving the

sel f - sacri f Faghexindee,fit has been ahicsceniéntied that a diRTecteictbreakdowinceoleadede
filmmay not always be renoved but can be used as the gate insulation film
or a part ofs redacgdtie thegateainsulation filmAsamedhy,ioxide filaf after thehB8Cdur f ace
roughness Ra of O OSnm has been achieved in the first enbodi ment. This
shows that PHEeuBe! i Sychfa redaction 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




type transistor 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 insulation &i Imis flat. The inprovenent of
the carrier nobility on the (100) silicdh substance can be utilized not
only in the field effect transistor but also is available to any other

sem conduct or devi ces, such as TFT (Thin Film Transistor), CCD (Charged
Coupl ed Devd €&)wafe@BT (1 nsul ated Gate Bipolar Transistor), and so on.
Second Enbodi nent: Referring . to Fig. 7, description wll be nade about a
met hod of nmanuf adMuannipts, aeineisase of the derfiace roughmesdishguidba second
enbodi nent of this ipvention, lInstead of the (110) silicon surface which is
used in thé@i{)ﬁ%&seér&ﬁm&ﬁm Seddpisednre, asioendaned befereepi Tatliisendy swt h, a
silicon surface.obtained by inclining the (110) silicon surface by 8o in a
direction df péﬁf%gb]iestot}ﬁo&/ SHkiCOResubs thabsusuhiaeteddpdhyarpgea said as

(551) silicaon suyrface. In adéﬁition, ia.is t b? noted that a silicon

oxyni t 11 de HICAINS AR ATGHHng, o the Jika 3 Bl reeicesrenmeantasergen to
enbodi nment . { i, Q. 3 watNgSiLi subst ance 701 of.,the p-type
i s prepar ec}h\;é\/r%ﬁx zﬂﬁ\r’]g;f;% 1?6‘?‘}%@5%%%9)& ﬁ}lﬁﬂnéﬁ %Ofé?)i))n ‘é’hﬂ’t %ﬁllm%félm 18
orientatio WA P18 Sl i} In this
connect i onfaeﬁj%glﬂge r%%%@?ﬁ?%ﬁg#ﬁg@gﬁ?@ﬁ g% IJ{: E@??d F?Fg?§ tﬁgqﬁgq%r red to
as (551) siwhfeoRvishE : .(Qﬁﬁe)c' BT : i sol ation
region is forned, fg?a%g?rrxﬁlef,mgy a shéﬁ?@%f’?ﬁgﬁgﬁéﬁﬁ’iﬁﬁ% (STI)

techni que apitaxésl filmésubéd imtiteilhetratedienamffle. i sol ated by the trench
isolation region is left on the 28 (551) silicon surface and serves to
form source and dxailesardyidbefaregithasrbesintdordirmethtiedt the gilicomo§uréadd el d

effect transistor: Next, the device region 702 is subjected to the RCA
cl eani ng i PIACHBEADY HendCdriv@cedurergdivediinithaiQH eoneentnationdrsatienent ( as

shown in Fig..7 (b SO As t nove .contanj nati on due to_organic natters,
particles, Sgﬁﬁfcﬁépé)ggpeﬁ qffp-ﬁﬁam prhere deREGSeniathe ﬂfﬁ%g sol ution has
a reduced i of, CH..and the.ratio,of N H HZOz: HzO i § 0.05:1:5.
Thus, suc hcagﬁﬁﬁg%{]c%i 8?% %%Vliagogqutes(ﬂr fage- 1 S &ﬁﬁg“g@’sﬂ dgs %@@P Qgga St he

f i | - ifi
o de 111 migo oGP LAR RO pEL RS G BTSNl eBaisR con
surface at @ithqm%r@%@mlﬁ%%qrﬁ§t%§gc in an oxygen radi cal

e -

at nosphere, as shown in Fig. 7 (c). rifice oxide film703 is
renoved in a pro@rastisalbpnheyiliéan strfaed wilbotte Gl*l@?@fr 8FpRmel | ustrated in
Figs. 7 (c) and (d) may be collectively called a flattenihg process of
f1atteni ng arkentsiion has beanfsabgeded toehe abbee-megiioned B opicwedufeand
self-sacrifice oxide film703 is done by the use of a m xed solution in

whi ch HF adtrdHbe agithmaticed ragan Aeviasionnef surface Ba of:0.18 rand Whider the not

hi gher than.l in gH. Tenporarily referring to Fig. 8 a surface state of

the silicorflEHRS{ARCES, dhe, BatypsHEaRsIsier dras lenﬁaa%@fafctlsr@dron thr*];esi%i@ue ]ti | m

703 i . hin Fig. 8 .(110 i

telr ][ :alilegeﬁ?@%@pﬁﬁ@i@%éﬁpf"bﬂ?rﬁwrﬁ%@géﬁ%ﬁ%g égéiiﬁo)ttj: rGec? |r g]noi n a
aces g . . tior

Ponge berwean o 15 thist kol Hlobedn fould St oL REGEof e aubé 6 04%m

Govl at 1 o’ SHRESOE SUHAEBY the ARESEEMAEL with [TR)ISLARE B8un TrllEase
surface on gffthe deitharticabhfian @eﬂéii@h?cﬁ%u\i\fédléi Ra %gd\%ﬁpgﬁd‘b%%t%’ted to

at nosphere to forma gate 29 insulation filmyY7 I'S conpose

oxyni tri de less thans).@5anm/peeferablyedililaned OrRhefwise] 1t it Wiffi&ilt Pdb@Mh aan
interface roughness bet ween the (551) silicon surface and the gate

i nsul at i on preferablesntpps transistert witich isdorived by the use oé ko @ 1Hilicd® t hi s
end, the gate insulation film 704 has been renoved by dippingwithin a

m xed sol utangrwiigichasi xeebibty simbar@ that of thel(166) sdidom. of 1: 19 and whi ch
was not higher than.1.in pH ,As a result, it has been confirmed that the

i nterface roughnd38m thisagteif 15geadidy mrderstond thati ther@ 10} siliconaurfieei at i on
of surface Rainng.‘[ {:o arison, .t he (551%ﬁt sili,con surface subjected to no
formation SROHHE bEdlattenigd more and mene 9 phikeplzechSimiaispiopstigdand had
the arithnetical nean deviation of surface Ra of 0.15nm The gate
insulation filmof silicon oxynitride can be fornmed by the use of the

m crowave excitation plasma apparatus illustrated in Fig. 4. Specifically,
such a silicon oxynitride filmcan be formed in a manner to be nentioned
" below. At first, the vacuum chanber 401 illustrated in Fig. 4 is evacuated

and Kr gasI (04 gasI and NH3 gas are filled through t he shower gl ate 402



fromthe coaxial wave guide 405 through the radial line slot antenna 406
and the dielectric plate 407 to the vacuum chanber 401. In consequence,

hi gh density plasma is generated within the vacuum chanber 401. In the
illustrated exanple, a gap between the g&omer pl ate 402 and the silicon
substance 403 is set to 6 cm Such a m Cfowave can be introduced into the .
vacuum chanber 401 in any other nethods different fromthe illustrated 30
met hod. Herein, it is to be noted that existence of hydrogen is a very

i nport ant fraebdityde the(kDAY stlieonssurifaem oxynitride according to this

i nvention. Mre sp Qificably, when hydrogen is present in the plasma,

dangl i ng bonds i AntHg. 3i(c).coseldsparificeddn B0misnd first formedchby okadieing e
term nated Bg fo nin% ﬁikgibonds,and N-H bonds and bring about extinction
of el ectrort rSHbﬁaCPrﬁ’ tthe deVice BreieR yithin akatmpsphere inphidingextygen. Such

%Léh??ﬁéfﬁ%ﬁ%ﬁ“ﬁﬁ r%“%&?ﬂaé?@%%%%i&é‘m_” W ieda “:ﬁﬁﬁ%éé’ﬁ er‘d »

densi y Ee@%g@e?ﬁ%@?édlﬁt@aﬁb%ﬁﬂﬁéiﬁéﬁéEé%ﬁ%@%ﬂﬁaéﬁt@ﬁf%ﬁé‘rﬁﬁ% Imto 3
10' ; kit ' . : ili

xyni 11 de Phf g HEF 03 My o et BRBEL@I CoRifertsd® withPr-8Sigike (A or

Kr). @B Nbridii fHe fokfblontht leoelif SR iARL IR ERLIMAqIe fi1 M can be

drastically decreased by setting a partial pressurée ‘hydrogen to 0.5 % or
more. With the afberohd,oschiptitin wilteidirdited 16 the faditaPoRilaof ddfigr m @
silicon nitride filmalso by changing the gas introduced 1 nto the vacuum
chanber, fdfigeRdppmdth refelenapato Bigd 4NH3 gas. The silicon oxynitride filmor
the silicon nitride filmmy be formed only on a portion contacted with the
silicon surface. InFigef: anapparatus impxewplifiedwvhiclt iseudeidrista endiosdi nent, an
upper filmon.the silicon oxynitride filmor the silicon nitride film my
be singl e OXIAlIPRPEPESSS ascording tar thiminventions andrithiely uses deadial linede,

oxynitride, }(it'n i,cate c ed. o | kal i pe earth netals, rare earth netals,

and transi trorPHERAs ?1 USHFalat /PR ARISYS Symikss A stysfuredo; Hplasma ant ed

he whol il l..af h I | ati
Tl m 204 " Ppdratuy nemided i yapheY rﬁf"%%f‘)ﬁ‘?ﬁ’lﬂf%ﬁqeqﬁoniiﬁﬁfi@fggﬁgogf ment
31 S ] o6 is i Lt . 551
o1 Toon ausately BIRAH1998) " PIh S Bl e AR SRl PRk M RteB 1§ 4s885 worch

is left onfbohéomaim thesdiliabh @xiflé fimpf the device region 702 and which is
operabl e as the gate electrode, as shown in Fig. 7 (g). As illustrated in

Fig. 7 (h), phos@dpecifically,dahé appdenss ifustfate@in Fipl 4Ma8S vof@ggm a n-

source region and a n- drain region 706 to mtigafte a high electric field.
A silicon chrmbargizsurrounding albpsint sphcerthersinyhshewar plhte 4B51) silicon
surface 701._and. is anisotropical|y etched to | eave a side wall insulation
fi1m 707 | SMCESHOR Kae yAquuREEhaTBhex #Q1 gadaced ¢o tleiboi08; spaceshndm i n Fi g.
7 (i). Thereaft ch as ar eréifé;Q%of a high density

is ion-i m|SHRP8ﬁeroé$‘£eﬁﬁlhﬁg§ﬁﬁrnp 42@8&‘45@80%?51& gireIranged.a t he
pecn oval uspeataave EldATEh Fdlabliot b anfgiteh 4D, 634 bificleciaplat, has
o e A 0B BTN s SOSYEPIAE HeTe

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 4000C by the heater mechanism while the vacuum chamber 401 is



simlar to those in the first enbodi nent. Third Enbodi nent: A nethod of
inmproving flatness will be described as a third enbodi nent and is specified
by the use of wet oxidation. At first, a (110) silicon substance is
prepared which has a silicon surface of 2? conparatively |arge roughness.
The silicon substance is subjected at a™first step to wet oxidation under
the conditions of a tenperature of 10000C and flow rates of HZ=l sl m and
QZ=l sl mand, as a result, a silicon oxide filmis deposited to a thickness
of 3000 angeMacwatecbinto levaidum statsuAtaorling e thé Ekperinentsievhen the s et ched
back to a thickness of 0 to 2500 angstronms by the use of HzO sol ution

i ncl udi ng HeEligon subsiaacd 49368 keph et edemperatuie between 200 andeS324Gnd st eps
are repeated twice and finally the silicon oxide filmis 32 conpletely
renoved by Selm#\n%(er@sg $ havekeeh obtaingd. HO which is mixed with a mxed rate

O kS ok ek bl BBt B homhes o
dft’ttht a.rﬁﬁﬁ'gc?; ﬁaﬁ%&@?ﬁla&%@@iﬁtr@%ﬁ éﬁﬁ@téﬁa§?¢¢§i§¥49ié: | en{;a'ni"ed
wherein a g‘ﬁ%&%\%x? d%@ﬁ?ﬂ%gﬁéﬁgg‘??‘g@@a@wéﬁﬁ%@? %@fg}f@&}éﬁﬁbgt r ons
i th e rati ooyl gECTRIRCARS, Tt A o oG i He MR, once.
the arit h”Bpliat?@ﬂOTm@rgteﬁ@Ydtét}ﬁ%H dgm?% Eﬂﬁ’éiﬁa Whidlin thegfcuns BHafkbet 401.

remai ni ng thickness etched back second step becones thin and when

t he remai ni Athohighkhessicrewakesyitl@he frgpienoysf 2.48 GHiztibweéd ¢@kherean

devi ation of surface (Ra) is substanti al saturated. However, the silicon
oxi de fil milkistrabgd exaiople, ssimikad rasldtstmlf\;emahrﬁwd whemthe freguedrceofi nto 0,
the flatness becones bad. Thi.s mght be anticipated due to the fact that,
when the sithedBicrowavecaay fallypibiya yngsmbetwean o0 Mbscand 10tGHzsi | i con
surface is rougheped the solution itsel ecause t.he sol ution acks
the silicon surfa‘géaé’ tBteendae meréﬂﬁ@r@iénaftﬁ%ﬂ%@ o ation

st and OnedRLERR EhdRenilnSREStatmie, £ MR o RUAHERG <15,

i s adapt ed ' e i
W th the o CoRpRRIRES fiftap beLyEEHR fhovh O pRAO SRR (elifioR n st roms
at one ti mgitance 4G9BLESMmedRRFRRS TRGcREOR thRdsdiabParE 390%% sm of

i mprovenent of a flatness effect due to the oxidation and the etchH back

process at dmeotheransthodstmindeherd tonint@doet edmid@ivaasintd ehé OaBhwNMNG film
beconmes thin due to the 33 etch back process, species or seeds for

oxi dati on wthdmbérd40iable to be uniformy reached to adjacent regions to
the interface between the silicon substance and the silicon oxide film
Referring to Fi g.Imibe caseafapiidiring phestlicearsuréarsawithines asmosphefe r st and
t he second st and flatness . is. .investigated and illuysirated. In Fig. 10,
the absci sS®¢ ngﬂﬁﬁ%&@&tréd&iaés,ra@sawéﬁpa@uw Obpxiq%’élqﬂeﬁéﬁblﬁit%@ and

R L T
B e T S
surf ace capicdald shabate VIRERNE DALy S hisanutioce by

oxi de fil matrachex9e6RensseRhiad @+dndCOILsS MRiveam1kGnaitesdrential to 1000
angstrons w thout réenoving the oxide film by repeating the first and the

second st epsxidetionesf thermejecaivthsby Thi cuistyuencd,izaflhittensd sidikphesdty renmovi ng
the oxide filmby the use of an aqueous
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



solution including HF. Fourth Enbodi nent: Next, a nethod of maintaining and
inproving flatness by the use of a nedical solution or fluid will be
described as a fourth enbodi ment of this invention. As nentioned before,

t he RCA cl eaning has been very often us to clean the silicon surface. In
addition, it has been also found out that a silicon surface is roughened
during the SCl procedure of the RCA cleaning. This is because the SCl
procedure is carried out hy the m xture of hydrogen peroxi de, anmoni um

hydr oxi de, Sawathogarovghness dia) after evidptioatia measured both sfiecdsn, as a

[o7h i e amgronand sanied B oheBis it B 6 BLIGRE o 57 e
oS iR S G 162 e P T B B S SR
'o?‘g"a'n?i Lgﬁgiq%ﬁg?% i A %%{xé&itﬁt’f%%%séﬁ%ﬁﬁﬁa%@?e Bis, agoBhecct. 1n
pr ocedur e, TS TSPBEPRE REre el lpE bR AR RS b Blitfe™ i ng e
above into ﬁ%ﬁﬂ%ﬁfl@% g cleaning nmethod is disclosed in Japanese

Unexam ned Ion No. Hei 11-057635 (nanely, 057636/1999) and

. includes no al kal A@gefdiRpih88rstddd fon Fi .es,nﬁb%@rfd@etrohgﬁnééssgt@sed ,
cl eaning method has five stages and is not less than the RCA ¢l €aning in an

ability of beforyoriatar %mimsl,y, titegimifial stotel) dailodetween Orid} net ahd 0.16
contam nation. Specifically, the cleaning nethod disclosed in the

above- ment inmexhyethe satface ronghressi(Rst) adtesf).pdr ok dgtionezxdesds Byl im use
of pure water_including ozone, a second step of dai ng1 cl eaning by a

cl eani ng scing fadls betwresa v 7nm and0,1%my. a Quiheothcaidiands theswetacor ovi di ng

Cl oani g pdedehaest (RACHIR: th sl oxadaton e uemies retiorg o eI by a
| eani ion i ing. HF H20 ef.fegtive fas . i il

oxt e 101 mOdRgH A talf iy Ben Uile HET afi PR S, | Hid SR MR, it T one
b , th i j i I 4 j t

- above, e RN RIS AOUERGI [ il HAndSoaReRE HREKAES SRHED!

above- ment SR okt { 101 RArak £ 85 ARS Akt theCARE AU TDARANES (RAEened

due to the “cl eani ng. an exanple 1's shown wherein afm arit i cal

nmean devi atilsQGugheﬁ&d ﬁﬂeﬁt@dfpokﬁﬁﬁo@nchanged before and after the
cl eaning method. This nmeans t-hat no consideration is nade at all in the

above-r ef er enced Tuld,ianavxide falnoix farneed by the badicahexisiationon the §ibiceni s

changed befScl)lrri(:?acaen((:]ieglrflet:c(la %yttgg lf(ljgasnb?f] i:lelarllling 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



35 addition, the experinents nentioned in the publication have been nmade by
the instant inventors and have been restricted to the (100) silicon
substance which is 0.11 nmin the arithnetical nmean deviation of surface.

I n other words, no experinments have beeg done in connection wth the (110)
silicon substance at all. Therefore, no di scl osure has been made about the
(110) silicon substance that has the arithnmetical nean deviation of surface
(Ra) not greater than 0.15 nm It has been found out that the

above- ment iiongds fewhasdpessibledd prbvennthehsli¢ad )rface ifowm tsihgteciosl ohat i s
not greater than 0.15 nmin arithnetical nean deviation of surface. Under

t he ci r cumgeaodng thasilicoreaxistestiimy e Thosimiekestit phssiblchto pracissdy surface of
the (110) silicon substance is kept flat by reducing an anmpunt of dissol ved
oxygen in tinEesfegalp @ndnteriaes onahqundﬂébbeéye@hth% osunddidgegaiei on from
H20. In the nethod according to the fourth enbodi ment of this invention,
the second 185@l3tion ried out to renove the silicon oxide filmformed at

L T A
T TR R (B B PR e,
e 111 CONBLIRES, TP BTE b (TLESHI XrERU S iRkt

to HF si W'digg@@‘iﬁﬂd’th‘éﬁ%}?&%@luﬁ% SUHFAR] HUGHERSa]06 $0ER%redafer itTaki ng

this into actount, the dissolved oxygen in the second and the fourth steps
i s reduced ikidippedintortiermixed ssatibhdor i@9aihutal eflerahisgqubrss it hag 10
-ppb). The (110) silicon substance has been processed by the use of the
deaer at ed reatincfdunsodutt thah nandiriatiomeof teudurfade rdvghnese (Réphasibeett t hat t he
surface roughness_coul d be maintai ned. 36 More specifically, the nethod
accor di ng tabsereed onrthe (éh@psilieentsubstangedafprannd aftendippingi r sthist ep of

e SR H BB o et o bt B
T 5 SO e LA VAL b TR A T
pem e Seagghis B NS leL o of 2 Lreueroy, of e
o T, D RESP RS Sy T PO R

m nute by aisderahéngswativhifdin indedded®yta Sdbudrmeashredagicrttd ilktationr enove
the oxide filmand the cleaning of the fifth step is carried out for 10

m nut es i n filmispemevedtsr dippingthe hiked soh@tigpof $IF knd HEHfmdone deaer at ed
H20. In addition, the cleaning has been carried out by dipping or imersing
the silicormsugss anoeentiondsdebefosaini ng sol ution. After the cleaning has been
finished, the surface youghness of the (110) silig¢on syrface, has been
measured. The restls the s Cﬁé@ﬁ@@n@ﬂ%ém@ﬁ%\’/ﬁfgﬁ fﬁa’é:a?ﬂ?a’?ldaﬁl%rrpari son

i he el s MR LR e ARl B o
sunt 20, (gl PR A Bl 08 (| SRR oA AARS, o o 1«
roughened tQ 'céﬁggbtcm:léd?@e 9&@? tgfég(gﬁioplfsﬂf‘co?i édlfs%h&“ﬁﬁtﬂ&% B‘@'aﬁﬁlib&

subj ected to t ove-mentlon g can mtigate the roughhess (Ra)

to about O.th0xfbtiRs sefibbfduer chmeffiss. The above-nentioned nethod or
techni que of m'tigating the surface

Now, referring back to Fig. 3 (d), the seif-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.



roughness of the (110) silicon surface by using the cleaning solution of HF
and H20 deaerated to the dissol ved oxygen | ess than 100ppb is applicable
not only to the (110) silicon substance but also to surfaces having various
37 plane orientations. In addition, thig i nvention can be used to renove
either one of the silicon nitride film&fhd/or the silicon oxynitride film
The above-description has been made mai nly about carrying out deaeration of
H20 in the second and the fourth steps. Furthernore, attenpts has been nade
about addi ng 0.5 Asshowppm Iag. Bye) odersitioon surfaas eftthe déivisoiepdon éxygen and
to lower density of OHdions. In Fig. 11, the results of adding the hydrogen
are al so i |oxidizest withily ad axxygen radnged ratamspherehta foosea giate bresuRitdor| eani ng.
Usi ng such hydrogen-added H20 bri ngs about somewhat roughening the initial
surface of TIMESHALIOApRIch basa thagknassiof Bfmective to nitigate the
roughness in conqg '

T AR R S G M il
ot ot M AR UATF Bt t Vodhdllnss mn
the use of e.t lggﬁt{ﬁﬁgs @@%F‘ﬂ@ﬂ&%ﬁﬁ{ﬁﬁ%&%ﬁ&“ﬁi&(’%ﬁ cgﬁaéﬁ%\ﬁ@cgaent, and
Fo I eos t naikybS R 8 REHSEh mEREIHE 484 HICCHT DOLIHE (A GRE LTS 01V 30"
the second siEivhieh ha@@ﬁypfﬁﬂ@te%&faté?ilﬁﬁpggggg%até {héiﬂéﬁoﬁ‘[fglm 304 *ifi .

di ssol ved oxygen is preferably Tess than Al'ternative

t hrough t hedipptiwithapthehmaveedsslutivadforvédduninge tanesicid/thergdtaout exposi ng
the silicon surface and the cleaning solution to an atnosphere. In this

event, the imsdlatain fith#04on Akiaciesiilicitutssh cteneoHimne dififattthgailiesn Wi th 0. 1
to 50 ppm of hydrogen added has been used in the second and the fourth

steps. Thi ssurEageokasdearithimetined yacan dryipsion elosnbecen@Ra) e£0106eaimi r om t he
st rated i n FIBStoN, 15 Apifit 6 HreSULCoh@xichien (onPh)gay b Kigeshr 1 ace
roughness (feast ﬁ'aoggrrﬁon contacted with the silicon surface and an additional
insulation film may be deposited on the silicon oxide film. Such an
additional insulation film mély 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, silicon 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 exémple, 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, Tj, 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,



38 of the initial surface is kept substantially unchanged after the above
nment i oned cl eani ng. The above-nentioned processing and cl eani ng of the

sem conductor nay be done by the use of only a non-al kaline solution that
is less than 7 in pH 1In this case, the ultrasonic cleaning nay be carried
out with occurrence of OH suppressed byzédding Hz. According to this
invention, it is possible to reduce the arithnetical nean deviation of
surface (Ra) of the silicon surface to less than 0.05 nmand, as a result,

to acconpl i '$h ). Nenha, Tugrdf Zng Pbybdg, BiidLs) Cécbn SiupBhacGek DY, tHy, Sie (110)
crystal plane orientation is used to manufacture a field effedt transistor,
the field einé8a;woranstadoaynitasletfoemedryy ene mobnoie sleafents 6electmbfrohat  of
the conventjonal transistor and is equivalent with the carrier mobility of
the (100). »h Badis ilanTi,iY, Nb, Des SichlAd, m, PopNgeBi.cladBe) Pt,\Smf Buh&dgat e
insulation filmbecause the interface between the silicon surface and the
gat e i nsul atYoR!f I, #0dsBas oni cal | y flat. In the above enbodinents, it has

been pointed out that. the self sagrifice oxide filmis effective to flatten
the silicon surfac®E§ CEStO(ELl@O (£ M?P?bﬂiﬁ_}(?n ntgd aseihewheld fi ce

oxide film | s f oL radic oxi dat i on. ver i Jypr overnent .has been
acconpl i she@%e%%ﬁg%gﬁﬁnggﬁrq]f $Q.88 F‘afétfsf \ﬁﬁhfeéhpgf Wégg%?f d@t%ﬂpﬁati on.
However, no; Lfq 1.t ription.. JThe
ventor s EERRRT oY BRIk BOR-MIER iR e BRE DR IRE Mo B the <
results fr t } J i i i J . this
nd. desor | pLr O SHPS{Aice™U1 ARl RierCafil SAIREA IS 168 A BRI Rllcolf,

oxi dati on telemodednhinely,ihpsiensecirods) 305 vh Bkt ikl abes fRAA3QPd the
ordi nate, respectively, and dry oxidation is carried out 1 n connection with
(100), (11Obocatedtionlthd Hevide eosiementacgimnsa02iepi cted by a group A of
curves while radical oxidation is also carried out in connection with
(100), (110), andNektphasphprumofaléwodensitysis iogdnyientedoy forgr anp-B of

curves. The group A of the curyves is greatly varied in dependency upon the
pl ane ori en¥BHCEASSIOM Y ap fir draiyregien doollopiively desi bg 316 tmEigur ves

are kept s ntial l.y constant jn an.oxidati ate, regardl ess .of the

pl ane ori eﬁ?ﬁ’ﬁon ‘fcﬂv)ﬂj ,SO‘Crff(ﬂn,d %‘nam(lﬁf?@l.onlsﬁhﬁr $HVE tpa%{t}gqt@a 8hpeen
concl uded that: it?ﬁeicf‘di cal oxidation is advanced in an isotropic manner and
may be ref eFred o as i sotropic oxidation while the dry oxidation is
progressive in a i i 2 { | Sotropic
oxi dat i on. Referwﬁgbﬁgééé??gg“gﬁpgg%ﬁ@ﬁgﬁg gﬁe?n@% So%g:%sav\séhecﬁ)%;rg pl ane
ori entati onFaNa fib.at eslsisHreceds. diliéds i theqt ' iation and
t he ani sotr o%qc (o?(i dat i on?j r espécti vg‘? yéxﬁﬁpﬁlgzw%%?gh%ﬁ&%e?? I %

oxi dati on i €Vd3methodtor the liles s eltataht gate alevtrddec30hvedered elghklgs i ti es
depicted by real lines., In this case, the isotropic oxidation is

i sot ropi cal $ijicanvamde dilpyenThereafiterpthesslicen okiddfilinris sgbjeoted t@s and such
fine irregularities are,efficiently renoved by a dotted line in Fig. 13A to
be fl att enctIS@HOPHeClNHEE thigaTe & fideawald srswption 307 @m & sideawallaaf out
on a surfacg of th él%%z ﬁﬁane orientation which has a bulk mcro defect
(BMD) and aCHAHeiE 3¥% this event, the anisotropic oxidation is

fﬁ%fi% ‘oxfl;ysP2§9r_%iﬁé;e\ﬁﬁsﬁﬂw?ﬂﬁ@_p%pﬁé@aﬁg Spfhas s uS emanlentiiomn | n
sotropi b oyithia high ddadity S R At d 8Gtrag deglch HFERM CBEPAREIST
crystal, SL(?@BZ;Sa%lhbﬁﬁrinFi hqui)qat"rﬁﬂs, dﬂﬁggggﬁggﬁgﬁcm ehl ane

orientation ccording to nventors’' e studres, it has been -

found out timanhufdstutebthirongh thyhbatvtaficaBond® pie@skged by the use of ozone
solution (ozone water) and hydrogen peroxide. In this event, a silicon
surface i s broughNoiwmta investigdtion hhs bben ezadeeabmites radatihshipngtiveensi | i con
surface into the ozone solution or by causing the ozone solution to flow or
by being the surface roughness (Ra) after the RCA cleaning (shown 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



40 sprayed on the silicon surface. Referring to Fig. 14, treatnment tinme
(m nute) and thickness (angstron) of an oxide filmare taken along the
absci ssa and the ordinate, respectively, so as to show a rel ationship
between the treatnment tinme and the thickpness in the case where the silicon
surface is contacted with the ozone sol &ion. In the experi nment, ozone

di ssolved by 5 ppmin ultrapure water has been used as the ozone water and
processi ng has been carried out in a roomtenperature (230C) in connection

with the (Ia9)centhtioh, ofeaheolit Bmsidnis (NI OIS ané ehe mobkdity hakbgen12. The
results of processing the (100), (110), and (111) silicon substances are

depi ct ed bymgasiyreddosnvestigate datedatiamshipbitweeotise mobilisctnd ehey suscar e
apparent from Fig. 14, oxidation has proceed, w thout depending on the

pl ane ori erfiodighasss Reoo)This invgstigation( sereys tankinow = beatteret atompen emifc

oxi dation has been g,one by using the_ above-nentioned ozone. In addition, it
i s readily AfMEHIBBEhIOGISDY. thesurfage ronghresscanrdwdhiol indeenaesitie il m
has been subsi) ntially saturated or reached to about 18 angstrons after the
ozone proce"é‘@ Yhas been carried out only for thirty seconds. Thereafter,

h hi ck f h.oxide.fi [ : d. .This ippli h h
Lreat mont 11 e, of CRGEIS Fikefr fiece A imaiap BRca tg%%%tb'lﬁgv o ﬁﬁey:tseioﬁds
Lt . i eBECe tnBia :
e o eovapicer 2o BRERETT R st 88¥its Bpllo ' WFocess
e D ' i 1S pBeiipPRe t
ioe of hych oo RIORRTTy feon. JUIL R URGSATR b0 RES Rl |

Her ei n, de&heimbbﬁﬁr\/ﬁré talm Q¥ clshg ahdfe o%ﬂiﬂa‘i@,rk&%g‘?t‘ie\?l?,gan@s an

exanple. At first, et the (110) silicon substance be su

ani sot r opi dimes BatandrlL2 khowhihe aboartmentionsd kekionishifsia @rindcidh the (111)
plane is preferentially oxidized and, as a result, grooves are liable to
occur 41 vithrige4100) and thm (bE0)silicon substanbes, aespecthedyl, Asabadidgurrence
of the gr ooveqs can bﬁaav i ded by the isqtropic oxidation, as nentioned

above. Spedifdegsiood {6 iLdg themabalitwiscarbstantiadlj ket wachanggda
o0ne. wat ervaRyHE0 She SMBSY ARTEBRCHR HRSORIRS IBIER-emovi ng. the. cel f-sacri {1 ce
aur f ace. havi ng. ¢ 1@ ChE Bt D e HoBSRRY RECHPER 1ijBe Hhey aSiage ="' °°"
orystall ogrSpRTgsRA RGBT 3 HoWR Yy B LR, SH6tort BRbGRE e

L5 LIRS e st 3 1 AT RO
l'i ke. AccorthesgrfagetrbagheesrRadf akéage aSa. 06net thak i gbsenédBY the " Sensors
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 by 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 mean deviation
of surface Ra is reduced to 0.05nm. Such a surface roﬁghncss-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



and Actuators 73 (1999)" (pages 122 to 130), it is pointed out in Fig. 2
that striae which run in a direction of <-110> appear on a surface
configuration when the surface (110) with the crystal plane orientation is
subj ected to al kaline etching. Surface ?pnfi gurations simlar to the plane
orientation of (110) al so appear on surtfaces of plane orientations that are
inclined by a range between 0 and 120 in a direction of <110> from (110)
and that may_be, for exanple, (551) inclined by 80. Such surface

confi gur at iSsHssagspees osideafibnanay ot ehvays be removed Hutaan(tcl03edys the i n a
direction <-110>. In a&ﬂi tion, it iIs possible to select crystal plane

ori ent at i orBiGAmBHatiaRwIm enamastof Higsaiedaswatign fkmsi nilar to (110)
illustrated in Fig. 2. Accardi to the report_of T. Sato et al contributed
to Phys. Rev.. B4 ESiSiQneestore. the supfses ronghnessdiant 4B Samahas basa ¢ hat
has a carrigef.electron ility.,.simlar.,t.o {110). pl ane. Therefore, when

el ectrons " %&eﬁq?gwt?(ﬁilgled]tre tm%ﬁl(“awséh%lé‘ﬁ, mé)igailtl}’a?fo@eéb‘t ron
mobility b i . i usi.n | anes, s as (331),
(21| {aadyD¥ RiRisior eRE v BF Lo BFT 6 PimtE N o BB R hG RS 5571 o

di rection : Lbjon; LOr:: S 1l Can:: al so
at t ai ned e\%o%ﬂv%?tlgg ?'Ingfégﬁlgﬁ'es I n?ﬁ??ﬁ%@ 1{ %@?bﬁ"as%@@ %%? ﬁlg?é@%??l(f%{)hgﬁ angl e

between 0 asftihddmté msulslioR HPALeh th Inef ke bethRenl e sﬂ?(gyrg§ﬁ5?§%0ned

pl anes and their neighboring planes may be sel ected instea ) pl ane,
sinilar carandethengdie ingulation flien &pflai.neBhe Anprdvempheof thY safrfpyention is
applicable to the above-enunerated planes and can flatten each surface of
the respectmobility amethebfd (0rsificon shiestartd esmbeitiltzedoxdidenllyi inrthbfidlg ot r opi ¢
oxi dation dug to ozone water, hydrogen peroxide solution, or radical

oxi dat i on Eeabjransisior hyt alse is avadable toi any otlicdsefiicenductondevimesn

confirmed that t .t Llicon surfac as flatness that is as |ow
as Ra = O G8f aswzmﬁgﬁaﬁf;ﬁawwirfa@gcﬁgr pupled Pewiaeant time and
high in pr Yty intgrface-between the silicon surface and the gate
i nsul at i onqﬁﬁ(hsq?t&ﬁingﬁﬁ 511?9813{ Tgw\,i\sﬁpﬁerag o%PMit is possible to

i nprove a carri erﬁerggghlg Lﬁgﬁgﬁ?ﬁeﬁi‘rel iability of the gate insulation film
Taki ng the above ) ‘met hod according to this invention will be

described with r g{eamse i Tig.i % ddseribtiod Wil bB BAROIHORNE mdthblifbe

Enbodi ment: At first, a p-type silicon substance 5 as a surface of
the plane qnammﬁa@mmﬁ% ékb@ﬂiebﬁdﬁéﬁﬁ@fe@@b@&@cbﬁiiﬁghb%%e%@nﬁ%rﬁbéd(ijingéhtt rench
isolation (STI) to define a device isolation regrfon 502 isolate y a
trench i soloftthoninvenption, dsistdadustt thet(@d0) silicion. sutfadeawhidhi W Bethe
isolation region 502 is cleaned by RCA cleaning technique so as to renove
cont am nat iferst embediment andtwhich, is farmed bystheagpltaxeslbgrovith, Bisilicdd (b). In
the illustrated exanple, SCl procedure is used as the RCA cleaning. In
order to dSUFRSEOBIAMEAyY inclming the (£10) silisen susfacedly 9 dacidireciiendone by

1 100 D QA Nl I ot ST R 1
nioh. - Ter STl SEREL"C T plRAL F L B0k ol i veB5gs T 2° ¢
remant 0xyg68ed gy ehe B! ishidirstfnd hanettbodRribodiyfigpoen annealing or

argon annealing or a con wafer 1s use as a silicon epitaxial

growth filmon tbaesmﬁrﬁqﬁ-lﬁgm;(b,thélsu%dlﬁ&@&stsff@ém@foftm@ Sﬂéﬂﬂegﬁn waf er

subjected to the silicon epiTaxial" growh is used and has a nmeti cal
mean devi atpreparet] whidiehas Rsufacd (351 )with 0 (591} eyefalipignd affentdiryn t he SCL
procedure is done at a |low OH density. Subsequently, a process of :

f 1 att eni ng andewhidh iswinmply featledaf (339 silésorcsubstgncs ik tids coadeetion, by

di pping the silicon surface into the ozone water to forma self-sacrifice
oxi de fi | mtBesueface ofithe planeeprieatationo(®5 1) may be referter to T EBfdikcont he
self-sacrificge oxi (%f film 503 is renoved at a second step by the use of
0.5% HF solSHFiagR- di Iisuﬂé%l&@ﬂﬁxhﬁ@géﬁr@@@e@tmachrlsolatstomrﬁgmrrmf@mmied, Fig. 15

(d). The fixst and tg%eﬂse opd ste are re d five times. The first sep
i s carri ed {BLEXBRPLE, ﬂ&ﬁf“ﬁgwsfrpﬁélbiﬁ %@£Z§n%hﬂ@ @syatestltonl y for
30 seconds i.l.e the s d sten.i.s,carried.out.for 30 seconds. Only five
m nutes ar @V@%Jég%&gg@nfﬁé‘%hﬁﬁ%tﬁ@ By ﬂ]setatr {Sﬁzaté%ﬁffﬁt}ogt1§ ton8et i mes. As
a result, the arithnetical nean deviation of surface Ra of the silicon
surface is reduced to 0.05 nm Fromthis fact, it is to be noted that the

above-nentioned flattening process can be finished wthin a very short
time.




Referring to Fig. 16, a relationship between repeat tinmes of the first and
the second steps and the flatness has been investigated. In Fig. 16, the
absci ssa and the ordinate represent the repeat tines and the arithnetical
mean devi ation of surface Ra, respectivghky. Wen the repeat tinmes exceed
three, Ra is substantially kept unchangéd. Therefore, the repeat tines are
44 preferably set into an opti mum value. According to the inventors'
experinments, it has been found out that the isotropic oxidation can be also
achi eved by(50d) siicomswiace andsenresdd fount source anidddrain régions degether oxi de
whi ch may be,%bbrevi ated to SPM_ Referring to Fig. 17, the isotropic

oxi dati on H¥iheehanned gegion aba fiedd efech&ragsistoni ¢ acid and the hydrogen

id i d at i f 1:4, | i.g. 7, t t i f th
ot ropi c oxi dat INExAle Qe ieieeion 10 2i8ruRIHGhip (ifoRarh elesmangaa: ne
01000 (1 107AREEmeD e inl caftacHies Sl HiS frtd dRbPaiSant CASHORAVR n Fi g.
17, th [ Wi i j n _f d d ited to.
L cknese’ I 55 e bk B AR BEn B R obhanie RS pisdices. e
SPM f b : g i | f - ifi
SPMLLOT, Poclid AReoIdRe 1A SAL okl BARRE AL SRS Socy T o
treatment tleaBced cbabshRSibADITH aiPid fdtﬁ?%f)NIﬁngvl\n& t@ﬁpﬁﬂﬁé jtong as 30

seconds and the surface flattening can be achi eve a“very short

time. Furti@Osers, tYieud, sathoepmntxaksclationnisreRagivid tokaffpreéLant fdeadd ze an
apparatus for processing the silicon surface one by one. Referring to Fig.

18, a rel atobthetsur{dnet ieghnebe duspgahetSG@e pracetiurbe fl atness is illustrated
wherein-the first step is carried out by the use of SPM solution while the
second step is cavihsgquentlyby seHesagsidicsfoxidsdilar 73| iatformedionuthed. 1 n Fi g.

ari t ot | coHeVIGaACHON 17 65 0o (SUPrSBEoR RHTTace &4 BdemTraRire berecen 360g. L6,
th t th .ef bl t,.t i | ue. . At_.t d st
of  emby; ngd S B o €36 e PRuesnasital AR RSN it FiseeT ik d e
B ving vt T m e . De

of 1 and T SEE et Tec B 703 Ih bR e i BRAES SnpBrtel Bl Fe "
above- ment | @ed Bdhtherrdge e ﬁ&r%ﬁ(’ﬁp]fig%?g?} A (UPRLAPL © OXT dat | on

techni que is“not only stricted to the ent on“and the specific

sem conduct@sllsteiniet chlled al Sattedngfroessy b?ﬁatt@nﬁfg}’tﬁétdiﬁéoﬂ@ﬁﬁﬁéﬁ%ﬁ and
~devices. Now, referring back to FI'g. 15, the silicon surface of the device
region is chiediegde regibarm a gate insulation film(Si02) 504 to a thickness
of 5nm (Fig. 15 (e)). The above-nentioned Si02 filmmay be brought into
contact with the Remoydng ghe self-sagrificemxide fidov@03ds done byrtheatsessf a
insulationfi,ln&s .. for exa oxide, nitride, oxynitride, silicate.

Next, bor (r)]riniﬂée 6&]31“9& %W?é&glﬁ%‘aaﬁ%ﬁ@ l@l@rmé%;@j at ﬂ"ter‘éolﬁlmf? éflﬁho §ﬁﬂsﬂ§nce
501, in.BHg 1 . il

SOL a8 Shouy LB Ao ) g ol s ace of e 1 con subt anco
505, ne i1 ust ot CATPRHPy REGASH Rid 3 4 PARaf of (8 ARKpNGpiEE: "

phosphor us ks bt bBRIBH tdr ¢hé QEMherFRY GRGRM 7038 kBroRHON X906 DOt
t e ig.

of which serve to mtigate a high electric , as shown'in 5 (h).

Ther eaf t er , skweh ki @, @,iggggfﬁléﬁeg a;p;sh%m!theqoﬁﬁ_oﬁefﬁcggxﬁa atﬁgp»gigegal |

el ectrode 505 and isre by ani'sotropic etching to | eave a

i nsul ati on darfipd@fionnappedirsielomyl k-0t Bacotbr ielacslf-gHgné®mdifricg. 15 (i)).
Finally, an n-type inpurity, such as arsenic, is ion-inplanted with a high
density to Preferablystherméghinof eachisteprfallsgvithin 5@®geabetsrennn).i7 fid. 15
(J)-

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 (), the (551) silicon surface on the device

region is oxidized within an oxygen radical atmosphere to form a gate



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
i mproved by reduci ng dissolved oxygen in HZO, nanely, deaerated water. This
i S because re-oxidation of weak Si-Si b&ﬂds can be avoided by a reduction
of the dissolved oxygen. On the other h&nd, no consideration has thus far
been made at all about a relationship between flatness of a silicon surface
and surface 46 term nation. In general, it is known in the art that

growt h of dnsaltatival filwi70d which sacohposetdpf essailride inehiy eadmple, abe silicon
surface by heavy hydrogen, such as deuterium tritium According to
Japanese Umasnfioned bBforent Publication No. Hei 10-335289(nanely,

335289/ 1998), it is pointed out that, when the silicon surface is

term nated by thdnHbmsituattingganintendiace eughnese between the (20M) vibsanng
strength between si]icon atons and the_ heavy hydrogen is_$tronger t han t hat

bet ween t héustacecn! theogaiednsulaliondgleon has begnfvaluatpd, ke ie thediggod

Lhe hoavy aPegaRCEn 68 gy The e eRIRoR-BIBIRK Kt BoamboVed er enced
Pvarogon o ADHEEST TN &erseddo hah Patish TaReh TFHRIIR ehe it
nvacogen: Tauol g ARCa R iRe st fihb Rl FATRART cAs Wit IR, |

closely confemneshifirhdd Trt]ﬁ%ﬁ tgeriﬁtac‘ifade%@ﬂﬁ% i v ia§@.({)§!nm"fﬂ9cﬁet he

silicon surface is roughene a natural “oxide fi qui ckl'y grows on the
silicon surdraenétic) tbaD dbviativnl dEai ey ga@)? | Bott €61MpaALEH, the (Bsdhogen or
heavy hydrogen. Fromthis fact, it is undérstood that, in order to

stabilize tdiiconshafaectsabjsoted tono fommasioni sfoamys selfaaerifice wxddoéilid at t ened
and, otherw se, the natural oxide filmis undesirably grown on the silicon
surface. | rhastteen nvedtigatgideand had $he Hnﬂmstlcalamfeange&efsﬁwmbf guffaaet ened,
the surface_term nation can be stabilized. Moreover, it is possible to
eval uat e gridMOf (b15EWe natural oxide filmby nonitoring a variation of the

L A
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surface, a cqﬁ%?l_l&o R4 Eﬂfco%’%i?i@% ffgfn I:{He gc gﬁ%’ﬁ?ﬂgﬁ% %faﬂhbf‘ﬂa hoe

above into accoun rein, 1t's ol n e processing
met hod accagq@hfienk@ Hellow. €70 sTEMHe Plciing @hifber A0ISINGEat PSP, 2°R
roughness of the silicon surface, especially, (110) silicon surface, |ike

in the othegvavmacet apd @& gy 0 opey] abdfNEE gakhee filtabgsbnghnké khdwaecor di ng
to this enbodinment is simlar to the cleaning nethod in view of the fact

t hat the (Iglaje 40Riintntheuvdcamen ichaoibearddd toha poegsufé ol Tdmoudn thef t h
steps, like in the fifth enbodi nent. Specifically, the processing nethod
accor di ng tPPeTE sEBben Ak vikh thaheates member, dhe (H2hhsiligonubstangy isi | i con

o1 1 oct vol ylORSIRSANG EnhSHeHAD ol mareraRgR AL AT r I arlaTIRSTHORRTBA Y heri cal
emboai ment 0. WATHR aabet Hs % BPe AR Tad o3B0%ET on of o't requency of 500
that i s deaer at oo PSRAR P RaRlRRteb RlckiveHiSE 2% AMELCARIREL . [he
par i ol es, oy fie CobBal FIRILUpATSobkh e PRIATARSRI I EHER A5, o
agent servegnd thedfléctiR plate 407 to the vacuum chamber 401.  In consequence,
high density plasma is generated within the vacuum chamber 401, In the
illustrated example, a gap between the shower plate 402 and the silicon
substance 403 is set to 6 cm. Such a microwave can be introduced into

the vacuum chamber 401 in any other methods different from the illustrated



attachnent of such contam nators. To the above-nentioned H20 used in the
cl eani ng solution, deuterium nmay be added except for the hydrogen.

Al ternatively, both hydrogen and deuterium nmay not be added to the H20
deaerated. At any rate, it is inportant 50 suppress an anount of dissol ved
oxygen in H20 to 100ppb or less. O herwi'se, the surface roughness is
undesirably |l arge, as nentioned before. The above-nentioned second step is
followed by the third step that carries out cleaning by H20 i ncl udi ng
ozone, provmﬂi}@da vibration of a 48 frequency of 500 kHz or nore. The

third step is for_renoving organic contaminators resulting fromthe
surface-active ageffeilsHds te bemoted depfexasiepcand hysirogen is agesy cl ean

chem cal oxide fil he vi.bration naf. | ower thap 500 kHz is _provided so as
to incr easeuﬁ?@ft@?&?&;{{o’iﬁn if‘é%mgqg"etiﬂ C@Br‘i’txé’ﬁ‘i“ﬂi’éfeo@@% tng@ﬂfﬁ%t be al ways
rovi ded. S ent ly, the f.ouri,h step . s,carri.ed out so.as o renove the
(F:)he\r?: cal O%’n&gﬁﬁ%pm Motrﬂépﬁ%l Cahyawilleg‘mq{ag%llﬁpf%ﬁ?nfH@:F%P e aer at ed
and hydroge&é@gﬁébgﬁg ilg’lgfe Hﬁa%%%)ﬁﬁﬁg‘?é@ ude g]e( ter it-u:f or may not

i ncl ude hydrogen and dedt &1 f 5 glll\/aglfl yb%w H¢%H8% 20 can be
reduced, f 0] | ty,.: rth ste
ser\ljes to E@gﬁﬁ@ﬂﬂ@? gjgefﬁpi@%e%gﬁ ol?)él%#iélaﬂ)?{ Q?W%‘gﬁag}r{%@ﬂ; nal |l y, IOt he
fifth step é}@tﬁﬂﬁﬁo@éfélédtfb?ﬁtrg?s)ﬁﬁﬁi% ﬁﬁ@oh%@?ﬁ%%%@fiﬁﬂtaﬂd‘tﬂmﬁ% - added

H20 by providing a vibration a frequency kHz or nore. In this

enbodi ment , Stéle ekistcesot prozense bf dee Si-H Bords dndi NI HdHs laRB&nT™Nt | oned
H20 and cl eaned. Thus, it is to be noted that the fifth step according to

thi s enbodi eemfirmedbysmeasur{ng 1R and XPSur Imaddition, existeneg af ed and

hydr ogen-addeéi H20 and a high frequency vibration is given to the H20.
Accor di ng tByqiegensesvesisextingdsh sdnysterasis obs G ehafagiedstivandtat such a
hi gh frequency vibration of, the deaerated and hydrogen-added H20 is very
effective t]@q%ﬁﬁra&/]@tt%ﬁﬂ%g%@‘éw g%‘?ﬂﬁ?%ﬁ?@oﬁ’rﬂ@ﬁﬁﬁg §%ﬂp§taiﬂéltaﬁéﬂé¢(§b to

| ower the arj | ¢al n Mi atieon of surface Ra. To this end, a water
drop is dri%@@ﬁﬁégﬁggs%gﬁl _§Qr“?ace and is left on it in an atnosphere.
0 this event, | mhakiBBADIPRSIAPAIRAN! BBt BhER i b SRIAATY {1

time on the silicon surfate 1'n dependency upon Tt % of the

Geut or i um - Somer Fraaeg WIAE e RikbagRs O 4 ST AR BRAOTHE vat e
drop is quiakd ¥,snapsdfeledtienssaid holessurthadiims déh be drastically
decreased by setting 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
alkaline 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.



because the roughened silicon surface has a good hydrophilicity. This shows
that the hydrogen termnated on the silicon surface is exchanged by oxygen
included in the water drop left in the atnosphere and, as a result, a
natural oxide filmis grown by the water,;drop on the silicon surface. On
the other hand, when the silicon surface’is flat and preferably term nated
by hydrogen and/or deuterium a contour of the water drop is kept unchanged
for a long time on the silicon surface. Practically, it is preferable that
the concentrati onS@psagyentyen poty-adican filimis depesit¢dbndhaiwhole of thange
between 0.1 .6 ppm and re preferably within a_range between 1.2 and
1.4 ppm Unﬁﬁgﬁtﬂbé%m seifase aﬁié@ Jbei patteyned st paly-sicamelestrotla s

(o ar 1 pocR DI ISTECLOR Ko gateuPaAlon Ao dbe SrNiceaiegian 03 el WGk or op

i Cron, - CoteapARea i el Efertile, 36 Rhoblanin B deval uat ed by abservi ng
cont act angl o of *RelaTaFap e, TanaBRTARy 8 A RoP FIRIELs (e

of Sockry o RIanER) RORIEaE Pl LA 114 A Buclh BRI 08 Te iicthep™ ' "

Si xt h Embodhigprdlecred geld.ng to Fig.19, a relationship between the surface
roughness and the surface hydrogen term nation characteristic is

illustrated. |n FAgilidsh okite (@i6)) $itm @nikpokited ol thatwwhoRPGLERS5TPOSUT €
time (mnutes) and the contact angle (degrees) neasured in a clean’room

(CR) bef or esilindnstwfacetMd dnd isamisepopicadiyestthed by ledteea sideiwall surface is
0.15 nmin arijfhpetical_nean devjiatjon of surface before the fifth step is
carried outinsplation SlmaAY lefhen doe side walgifshe gate ateehiade % rasashedvmi t h
(el CREEY B BBt orsfhs gnes ghesi b
AT A T A P TA ER TE RARR
onchanges bl TRt SRR BHARIRCTAN, 8, L0, S et
i mprovenent of t MWHenAhRR%FritPIndIHENAES BeeBYakufed YFAIBB:A REATIRAEHON-

that the field effect transistor has a mobility of 1.6 times, as compared with

the conventional transistor and that the second embodiment 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 10000C and flow rates

of H,=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



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

t he hydrogen-added H20 is depicted by aaﬂotted line peak while the result
of using the hydrogen-added H20 and the™hi gh frequency vibration is
depicted by a real line peak. Fromthis fact, it is readily understood that
t he peak of Si-H bonds beconmes sharp by providing the high frequency

vi brati on. Cmnplatslybemmml byammaxdd gilutioapfeHEyand HiGtwhithcauaesed he H
radicals to occur in the dr ogen- added H20 and the H radicals serves to

ef fectivel thhramma@éraﬂa@él 1P whiclatsenoihigpdr thpn] inpkddi tion, it has
been confirmed that_ using the hydrogen-added HzO and t he high frequency
vibration in the R¢ﬁemng3@®ge%uﬂhesreshlts oé the abeve-srensionatemethodbas
roughness, ared with us only the hydrogen; added, H20.

Speci fi cal ﬂ:yaent VER W REFEH %I&Iabﬁéé 861813 Ismajningthickaesss 0. 15 nm when

oviat1 on GATERFPES) dalng Slidan Reald a0 Al ofe sedort, #%Bﬁw@s oA e
{1 auency deBreaehSh S aPpBial pedf deyib ool SpflacBRhnce B i ¢

froquency arbParrBld BHEEiBu AR eeﬁﬁ?@%%lﬁﬁﬁ%’f%ﬁnokwéﬂﬁﬂﬁ%%néﬁﬁ%ﬁﬁt#hgh
strong hydrifigaess ofigOm0 ﬁ%ﬁﬂrﬂ@ﬁt bfc %ﬁ@ﬁhﬂ\i@ keﬁneveg%y ahiiged! | 1 con

surface from being etched fons In nment 1 oned

enbodi ment ,sofietion ioftHBandd Cheetichds tmmeﬁadithta tanie 6f 11119 si@pviath@gi ng the
hi gh frequency vibration. However, the above-nentioned technique of using

the hi gh f rmafudgber thaw hin phl.and t he hydr ogen- added H20 is applicable to
the RCA cl eaning _and processing a silicon surface after renoving an oxide
film The fifth slpecmfsﬁqwmﬁee @awlemegcahmaédieomumoﬁ;suvﬁaaenigabma hi gh

| rrer o1 g (RS B OB QHEREREAGHes BRGH 2L H15 SU4OMAAIED such HDO

e s dediSEOTim t“%c‘%“e Pt shisbierOtenshel 20D St tiotna. ou o
and dener aiios AHOpHtCEF RERC o IOR I Y, ARARS BUbME A BBl 7o
and serve Lo or SRy g oK Ge L i Kty 0Pl anid R En

Pref erabl y filnhés eaniesd iato Onthefflithessibet@htsbudal | s WIthl n a range between
Oland 1.6 ppm This nethod is advantageous in that the deuteriumcan be

readi |y added t o Fhie might betadidipatedrdheatcsihecatt thasowhenaheisilicmt needed,
differing from Japanese Unexam ned Patent Publication No. Hei 10-335289
(nanel y, 33%52Bgeisgsposedbyithe solutien p@o@ésnﬂleesihcmwrﬂaee e feughaned

bl i [ ds | h | d fl d
[t um 1 5% SQlUSBI s boraiotithe PalHtign akacks eisilieop auiateandUnder ¢ e
t adi | d t ood t t.t to thi
nvents on I A0 et Bf@é%’&?f.% Pmindiel s ﬁagiﬁ%ﬁﬁ@?ﬁ&?ut Ton i s
ded. hel
"inse and rodeR Y LRy S LbeSt ERRTRERC AR UE B Ard A elind o,
conpl eti on ¢4 %pst @ﬁﬁBQEétrEnﬁ‘iﬂﬂg tm@&ésﬁfinfthé cdiitl Sphs WREpldd ffla Steps vere

finished wt
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



frequency vibration provided in the fifth step, the contact angle was
nmeasured by dripping a water drop on the silicon surface and was equal to
76. 40. However, when the first through the fifth steps were finished with

t he high frequency vibration provided i; the fifth step, the contact angle
was equal to 85.00. The results show th £ the hi gh frequency vibration is
effective to renove the inpurity fromthe silicon surface and to termnate
the silicon surface by hydrogen or deuterium Furthernore, the

above- nent i eitbdaskezneicass, spocies orfseeds forokidastonstvepld betladlé td bB step has
been continuoysly carried out in a nitrogen atnosphere. In addition, a
transport paddessly repeheddoaddacand ragiomsdo the apterfeceddetweeadhe silicdred out
in the nitrogen atnps rheﬁr:e__ I n ot,her_ words, the cleaning process has been
carried out® Sttfﬁanh@lng @l@Pﬁ@ gifd|. sol utions and sem conductor surface
unexposed to the gtposphere.. This cleaning, pfocess serves to suppress the
di ssol ved oxygen ﬁﬁ%gg%gﬁ:ﬁgr Ab, ?é%lﬂtwsgﬂ%/é%f@’%ﬁ‘dbtﬂ?@ﬂt timas on/therfinsént i ng
t he medi cal t.ons d.the i conduct or,.syrface from bej ng contacted
with air oralg@hgea#?'{;)lnﬁlgﬂ%m aPﬂﬁ%PW&é“Wﬁth#eﬂ@é‘a}fﬂWHﬁ nglékﬁigsﬁﬂer e.
After the far [ J.ni d, the silico urface
is dried anﬂ(gl etS%]bestrCit;%? 'lt‘(ll gllra t@ﬁﬁfgg‘i&e@iaﬁgﬁ?s@ﬁ#%rﬂ i OCTEPRUSIEs @?B&ﬁ?i ng the
silicon surd@agen&icdlRGeseHl ' j LN re,inel uding dry
oxygen. The above desc?i pt Fg%@ggbg@g#%@g?ﬁg%@%ﬁ%m uﬁé@&’ﬁ”ﬂr?h (110)
silicon surFacd0avans thehiepehMi BRI cXteBBYhRR BRiRk hﬁug ‘% n%, )
(221), (553),%0.( 335), (112)? (113), (115), (117, g’(g%l§r?t %JL a;l g%izl) :
(111), and dedajion dE3usfacedm tends teces s@tusated VoFa@YE this tHHES ifl kEHddPn | S
al so applicable to (100) silicon surface, a polysilicon surface, and an

anor phous  stanfisned thatdbe repenttimes shapid bedptimiasy. ot her seni conduct or

surface, such as Site, SiC, except the silicon surface. Practically, MOS
FET's have been rﬁmﬁaéh%ﬁ#wn surtagce ean he dlatienvdsisseamparnddswith 4r110)
silicon surf at(r]:r%ls .I.I atte%ds\% t he use of t,gi S | ri)ve tion and have been

eval uat ed iHEETHIFPY SUHACGH LY CATRGRE QW QHeatipn byt ie webgas (thedirst he p- MOS
is specifi i) ] et he bility.of the n- is specified
" by el ect roﬁsq?%iqgﬁtgh%%}égn%ﬂ?e Pﬁ@ q'F(r)Tt?‘E St‘?ﬁﬁﬁfiisg?g?atth%%fﬁm accordi ng
tothis in } ' i hat. .of conyept i onal
MO8 manuraat s b AT s o (R festebh Wil ki ifls e B3NSR o).
The p- MOS dpepsptiatiang! thetfiiss ahd (RO kb&GHA BRI 4] abl'y

i mproved a?j%onlgjar egvvith t he conventi oﬁgpgtﬁ%hqt@g%ds&e?‘y?ﬁ{eﬁﬁectron
mobi | ity ofpartielly-dvid®mapletelyi regndingthe oxide MliOBy ithe uké B$ aécfa@ a curve
(110) in Fig. 21B whi Ilgpt hatgh of a c%nventi onal n-X/DSe'rranuf t:ftlcli:ltu egla%n t he
(100) silicotugonfiaceding HH.ustrated by a curve (100) in Fig. 21B. The

n- MOS according to this invention exhibits the electron nobility inproved
in conparison w Pt Embedimeidi n- MOS nanufactured on a (110) silicon
surface that has I\EOt been.flatfened. . At any rate, .it has been found out

that both of the pefhod %ﬁ%ﬁlqﬂw mapHaiBg Hd weptayingiflatnessdy themuseot t he
hol dt | DI | iV 4 d b t 20%i i ith th
convent + ond) MECREL ST b cti o G BEs P s h Paeh raBiodimencot s
-flatt - id f thyvelsy, «lnEig.. 22, [L1/f i
has beon nodschtidh! AsiEARoRA SR, MERCA ISt i oy dinfteibt br od on
the (100) Sigei ; -t hes s ' t hi
vent o, USedaotIoHl IRCeienn subfach. TR AREGLHCL AHRAHRS POl b8 L0’ U110)
silicon suthacesilidon siafest isvouehensaddeiny the S@ﬁj}rbEH&ﬂ%i Fhe/RCheadi |y

understood fromFig. 22, the p and the n-MOS according to this 1nvention

can reduce déaig/ f ThisisbetausahthetS@l Eircwcﬁlr@qmaﬁﬁ\&i BLEB tRE nSiRFRRr ed
wi th the conventional nMOS manufactured on the (100) silicon surface.

Al t hough t 194 hyidsegen peraxide] ammasiume dydsdxide, and wietee hiebied tom
temperature of about 800C and, as a result, Si-Si bonds are attacked by OH

ions during the SC1 procedure and torn at weak portions. Specifically, in

the SC1 procedure, oxidation of the silicon surface due to the hydrogen



conjunction with the preferred enbodi ments thereof, it should be understood
by those skilled in the art that the present invention is not limted to

t he foregoing description but nay be changed and nodified in various other
manners w t hout departing fromthe spi ré% and scope of the present

I nvention as set forth in the appended ai ns. 55 WHAT IS CLAIMED I S: A
sem conduct or device having a silicon surface of a predeterm ned crystal
plane orientation, wherein: the silicon surface has a prescribed

arit hmet i cepenosade fendeads simultaneotislyevith SirQtetclsingodugteditiodhani 0. 09nm
2. A sem conductor device as claimed in claim1, wherein theﬁ[)reo_leterm ned
crystal pl stehdrckrdug icobi-Shetadng. a Thivémplies shat(thedCt pyseedurplimne
orientation.. 3. .A sem conductor device having a silicon surface with a
subst ant i aleffaaigye i jeynaye thepartitles And organicentaminatiorebst roughensur f ace
has a presc ibelcji arit tical ,nmea devif\tion of surface Ra that is not
great er t hadHePIHSARSURACA a8 dnfld r Iyeidlegdodecaeaseranghaess af thes,

wherei n: the.prescribed; arit i.cal nean devi ati pn of surface of , the
silicon su#gg@“ﬁl}ﬁ%‘ﬁﬁé@? tﬁat?‘lgg‘:itprﬁ?@r& ﬁtlﬁ&’ﬁe%.@llleﬁﬁl élﬁpel}ﬁe_ wit

sem conduct kaﬂﬁ¥ic‘f clainmed in claim3, wherein: the prescribed
arithnetical nean d%HV| 581 on of surface Ra is not greater than 0.09 nm 6. A

o conucLor, SeYTIaRINE KRBl P abiebont St Ed T R ERSGAH,
in Japanese Unexamined Patent Publication No. Hei 11-057635 (namely,
057636/1999) and includes no alkaline cleaning. It is to be noted that the
disclosed cleaning method has five stages and is not less than the RCA
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,O, 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,O 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 Japaneée
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



7. A sem conductor device as clainmed in claim3, wherein: the prescribed
arithmetical nmean deviation of surface Ra is 0.02 nmor nore. 8. A

sem conductor device as clainmed in claim3, wherein the substantial (110)
crystal plane orientation is selected fgoma group 56 consi sting of

(110), (551), (311), (221), (553), (335), (112), (113), (115, (117,

(331), (221), (332), (111) and (320) crystal plane orientations. 9. A

sem conduct oy _.device as claimed in claim3, wherein the silicon surface has
ei t her (110ddiHopste expgrimgnisgngntioned énthe pehlication have vieeormade by devi ce

conprisin f.ield effect transi stor having a soyrce region, a drain
reg}) on, agctﬁlﬁﬁﬁﬁqanﬁ %YQ{HPT%'&“E)CES@V‘?’ E@Wé@ﬁtﬁﬁt@i fond selreginsubstangon, and

I . h ' | at.i fil in: t h I '
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crystal pl aifcdi sAPs@nce thatfas e RIMARILAL a8 BB VIR | ©! d
effect transistor having a source region, a drain region, a channel’ region,
a gate insugttgrentdrithah @15 hen.channel region, and a gate el ectrode on the

gate insulation film wherein: the channel region is forned at a
semi conduct or si |t bas beenffaand whit ¢thaththe abosebsieatiphal méthod caynétal pl ane

orientation; the silicon surface having a prescribed arithnetical nean
devi ati on ofbtgin thecel 1) siliean sebsiancethedtienot geeater timmrd.153mAn
sem conductor _device as claiped in claim112, wherein the prescribed
arit hnet i catlthEgtica ynean davigtion o ywbacs: t he silicon surface roughness Ra
ciai m 19, whor ei 1RARG (5 SERUTSRACS thRBIPRIGFS k6 oW ST DRGhEsur face Ra
'12 n%eggfﬁstiﬁ{%%ﬁ 33PraRe OF tHEn(lfé) sific3f TuBeRde o ﬁ(egF ¥af Eyargdﬁéﬂgne?nd i claim
amount of dissolved oxygen in the second and the fourth steps by carrying
out deaeration from H,O.
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 Step 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.



substantial (110) crystal plane orientation is selected froma group

consi sting of (110), (551), (311), (221), (553), (335, (112), (113),
(115), (117), (331), (221), (332), (111) and (320) crystal plane
orientations. 16. A sem conductor devicggas clainmed in claim12, wherein
the silicon surface has either (110) or ?551) crystal plane orientation.
17. A sem conductor device as clainmed in claim 12, wherein the gate
insulation filmconprises at | east one selected froma group_consisting of

a silicon oxide fMoa¢ speeificallgnthe methrd according tatha faugthembpdimentie fil m
18. A sem conduyctor device as, clained in clai wherein the gate

nsul ation @ ﬂ%m aafﬁnénqxsh%é?aﬁhstappg e@uggé?@ﬁ%@) siigon Aubstanes atict or
devi ce as g.ai din claim12, wherei,n,the Bate ﬁ'nsul ati(ﬁn film o{ t he
field effedivé (ahBiBPES InRYIEJRater includug PRIy of prefe ang\ ASRCPRS 1SR e
dielectric Cﬁ‘ﬁ]SI ant

. 20. ] d devi | ai ' | ai 9,
wherein t he® %qngcqlpfngmfg ﬁﬁ%‘f‘%ﬁﬁﬁg %3)8{ E@:@%ecﬁi%@ﬂﬁ&@&éc? la(rjn 1} roma
i St f | 4s{ ki , ' itride. 21. A
S Ponduct Dt pR aciEtalad] 5 AHE solEH G, UefR-AIETHA SOt & 20
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20, wherei nyibhgtigRbila ﬁééé?@ﬂ(ﬁf@ﬁ%?@%%ﬁ. aAﬂe?(Qﬁ%I g@aﬁ]adsg%g,cﬂﬁck%gm%sgrowgp

consi sting of oxides of , Ta, Ti,

Bi, La, Ce,ddie aSthe thizd §idp Oy fivermifiteaby the.use dfgitd wates émeladinfyict or
device as clainmed in claim?20, wherein the netal nitride consists of N and

at | east ongppml efthecodorem dlbereafterdhsicdtanming off the fowfth siep istalsoTi, Y, Nb,
Na, Co, A, Zn, Pb, My, Bi, La, Ce, Pr, Sm FEu, d, , Er._ Sr_and _ Ba. 24.
A seni conduearsiedduiti foz cne wimitedy ¢ 6lesmingrsoltiomaciingbS fat ¥ andul at i on

film conpri Sgasergtc%loﬁ?bnt%trie%]m% thfei cl)xq%esfﬁlrr?ghg(%hé rcfenz;n?ng 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 subjected
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



silicon oxide film a silicon nitride film a silicon oxynitride filmand a
dielectric filmof a high specific dielectric constant. 25. A nethod of
manuf acturi ng a sem conduct or device, conprising the steps of: preparing a
silicon sem conductor surface which has a pr edeterm ned crystal plane
orientation; and flattening the sem conguctor surface to acconplish a
prescribed arithnetical nmean deviation of surface Ra which is not greater
than 0.09nm_26. A nethod of manufacturing a sem conductor device as

cl ai med i n plaaeraristatibes.ei In additjong dbisdnrenddn capdicaiisqal anemovent at i on

i ncludes a substantial (100) crystal plane orientation. 27. A nethod of
manuf act ur i idher eret thedsidicon rugrwdtt’él,lmcamyer thensilicos estpptride filpe eparing a
silicon sem cond or surface which has a sufstantial_ (110) crystal plane
orientation ; angﬁm éb@‘éﬁ'i‘%ﬁcﬂﬁgoﬂi FSmendupae dainly abeshear¥igowr escr i bed

26, ' A ot holerANaR SR i S Eahdk [ohrURlinse, RUNGIEg the st ops.
o P21 e BpRd B RIS M 205 st aBEs St o 1
SC-1 cl eani gg-rhgd'ih WMskbived oxygen and to lower density of OH ions.

In Fig. 11, the results of adding the hydrogen are also illustrated by
dots in comparison with those of the RCA cleaning. Using such
hydrogen-added H,O brings about somewhat roughening the initial surface
of 0.08 nm by about 0.01 nm but is effective to mitigate the roughness in
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)



a reduced OH concentration and form ng an oxide filmon the cl eaned surface
by oxidizing the cleaned silicon surface in an atnosphere contai ning oxygen
radicals. 29. A nethod of nmanufacturing a sem conductor device, conprising
the steps of: preparing a silicon senicggductor surface which has a
predeterm ned crystal plane orientation; isotropically oxidizing the
silicon surface to forma first oxide filmon the silicon surface to
flatten the silicon surface into the prescribed arithnetical nean deviation
of surface Ghtheandtialesvoldoegstidept SubstantiallgairfchianpedafteA thetwbodeas cl ai med
in claim?29, wherein the isotropically oxidizing step and the renoving step
are repeatd@ﬁaﬁpnﬁdéﬂﬂﬂvngf times until the prescribed arithnetical nean
devi ati on of surface is achieved. 31., A nethod as clainmed in claim28,
wherei n sai d oxi del¢ pbaye-dnenpitened processiag slicleentng ohihe semiconduchayr t i on
of a gate insulation |a

r, said t hod further conprising the step. of:
forning a g‘é’@é(téq dong Hﬁﬁ@)r‘|15§éﬁ%’@g@@%@&zﬁmwﬁﬂg’@ﬂﬁ%%Ie;&s ﬁlﬁfh #Mas
Cayer on o] atPahider PlsftERenie Eaiit pibibe Gomialolt B r ode on
said gate i | t clainmed in claim?29, wherein
t he igotrop%qr%ﬂ%g?%leg%p@%@:gﬁﬁmgﬁ%e step of: carrying out

di cal oxidati b kb - : : . i th
5500 3a- A’ et poCoidifie 16 ISANVEHOATE i€ boRib R te thDatishitichl t her
oxi di zi ng sieanidevidion 6f seHhcOYREYOF Aeé siMbonRirfdde (6RsS MdPODHIMh ozone

and, as a result, to accomplish 0.02nm. Therefore, when the silicon

substance with the (110) crystal plane orientation is used to manufacture a
field effect transistor, the field effect transistor has the carrier mobility of
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
isofropic 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



60 water. 35. A nethod as claimed in claim34, wherein the ozone water is
ultra-pure water with 0.001ppmto 100ppm of ozone being di ssolved therein.
36. A nethod as clained in claim35, wherein the ozone is included within a
range between | ppm and 30ppmin the uItrs-pure water. 37. A nethod as
clainmed in claim?29, wherein the isotroﬁ cally oxidizing step is carried
out by contacting the silicon surface with hydrogen peroxide solution. 38.
A nmethod as clainmed in claim 37, wherein the hydrogen peroxi de sol ution

i ncludes, bshawndhta goup B aD0GvaEs. hykheogeupAraixhd eurdds ishereatlpadirivg

clainmed in claim34, wherein the isotropically oxidizing step i5 carried

out for nori dependepcyeipomitheaplanetoaigmeataons €105 (kkY), 40d D00 BAGiledBe A
met hod as clainmed in claim?29, wherein the renmoving step is carried out by
t he use of &IE{] Bt@fotrheimﬁvgﬁarﬂgkmﬁ@mtralbbmmmgm)a1|1 ox;dammtfiv?ig asd
| ai ned in claim40, erein the solution is a mxed solution o an
EC?I. 42. | A Teeardigsaofd %Pfﬁf!'t? orertations 4000 WHd18),ranchd 1ddl ut i on i ncl udes HF
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oxidation while the dry oxidation is progressive in an anisotropic manner
and may be referred to as anisotropic oxidation.

Referring to Figs. 13A and 13B, relationships between the plane
orientation and flatness are illustrated about the isotropic oxidation and the
anisotropic oxidation, respectively. In Fig. 13A the isotropic oxidation is
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 oxidatjon,

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



pl ane orientations. 44. A nmethod as clainmed in claim?29, wherein the
flattening step is carried out wthout exposing the silicon surface to an
air. 45. A method as clained in claim28, wherein the step of form ng the
oxide filmis performed by using gas plgsma generated in a mxed gas 61
of a rare gas selected fromat |east one of argon, krypton and xenon and an
oxygen gas by m crowave excitation. 46. A nethod as clained in claim 33,
wherein the step of carrying out radical oxidation is performed by using
gas pl asna Speayedoadhesilicon sedaems of a rare gas sel ected fromat |east

one of argon, krypton . and non and an oxygen gas by m crowave excitation.
47. A nethod as ﬁg%iﬁ%ﬁﬁﬂgitﬂﬁgal% roatmgrd tEng Fﬁéufelga@ﬂdetrlﬂﬂ(ﬁ@@ﬁep i ncl udes

of a rore JARESEPEORBAT PEHeRi A fAHEAONEARG GHCRPS BOENE MB0REHon and an
' ' Ion, . | ai med, |. | af m 27,
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the i nsul atdQmefddflibar M ng step including a selected one of the steps of:
carrying out an oxidation process of the silicon surface in an-atnosphere

whi ch includes rggithalexpey@géiit, ozone dissolved by 5 ppm in ultrapure water has

been used as the ozone water and processing has been carried out in a room
temperature (230C) in connection with the (100}, (110), and (111) silicon
substances, like in Fig. 12. The results of processing the (100), (110), and
(111) silicon substances are depicted by gray dots, black dots, and white
dots, respectively. As are apparent from Fig. 14, oxidation has proceed,
without depending on the plane orientations (100), (110), and (111), which
shows that isotropic oxidation has been done by using the above-mentioned
ozone. In addition, it is readily understood from 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



processing the silicon surface in an atnosphere which includes radical
nitrogen or radical NH and processing the silicon surface in the

at nrosphere whi ch includes radi cal oxygen and at | east one of radical
nitrogen and radical NH 50. A nmethod ag, clainmed in claim49, wherein the
insulation filmformng step conprises t%e steps of: preparing a m xed gas
of a rare gas selected fromat |east one of argon, krypton and xenon and an
insulation filmformng gas selected fromat |east one of ammoni a, oxygen,
nitrogen, a@a dipesticnal <-Btxenerating plasma in the nixed gas by

m crowave excitation to formthe insulation film 51. A nethod as, cl ai med
'n claim 27, whelQd ather hapde el OscueBeHAH e groqyes; Gagy be axpidsd
formng, on the si]Jicon surface, an oxide, fil mby_carryi 0 oxi. dat i on
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very effective to flatten the silicon surface having the substantial plane
orientation of (110).  Such a substantial plane orientation of (110} may
include planes that are crystallographically directed to equivalent
orientations with the plane orientation (110) and that may include the
crystal plane orientations of (551}, (311), (221), (553), (335), (112), (113),
(115), (117), and the like.

According to the report of Kazuo Sato, et al (described in "Sensors
and Actuators 73 (1999)" (pages 122 to 130), it is pointed out in Fig. 2 that
striae which run in a direction of <-110> appear on a surface configuration
when the surface (110) with the crystal plane orientation is subjected to
alkaline etching. Surface configurations similar to the plane orientation of
(110) also appear on surfaces of plane orientations that are inclined by a
range between 0 and 120 in a direction of <110> from (110) and that may
be, for example, (551) inclined by 80. Such surface configurations appear
on a plane orientation remote from (110) by 10 in a direction <-110$. In
addition, it is possible to select crystal plane orientations which show a
surface roughness behavior similar to (110) illustrated in Fig. 2.

According to the report of T. Sato et al contributed to Phys. Rev.,
B4, 1950 (1971), it is possible to know about a plane that has a carrier
electron mobility similar to (110) plane. Therefore, when electrons are

caused to flow in a direction of <-110>, similar electron mobility behaviors

can be obtained even by using planes, such as (331), (221), (332), (111),



of cleaning the silicon surface. 53. A nethod as clainmed in claimb52,
wherein the cleaning step conprises the step of: cleaning the silicon
surface in accordance with the RCA cl eaning procedure wherein an CH
concentration is reduced. 54. A nethod clainmed in claimb52, wherein the
cl eaning step conprises the step of: cléaning the silicon surface with
cleaning liquid having a pH value of not nore than 7. 55. A nethod as
clainmed in claim52, wherein the cleaning step conprises: a first step of
ri nsi ng thethgt efecoff by ananglbbetvstan pade3 vt edirectiondk+ldOozonky a second
step of cleaning the silicon, surface by the use of a cleaning solution

whi ch i ncl waiislitioe, bekaviar sindps ko (1KY plang canhsdaise @ttaingd eveaby using
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soastor e@éﬁbgﬁnﬁxﬂlgﬁeg irrlar)rr' béBected instead of (110) plane, similar carrier
mobility can be obtained.

At any rate, this invention is applicable to the above-enumerated
planes and can flatten each surface of the respective planes by forming the
self-sacrifice oxide film by isotropic oxidation due to ozone water,
hydrogen peroxide solution, or radical oxidation and by removing the seif-
sacrifice oxide film. It has been confirmed that the resultant silicon
surface has a flatness that is as low as Ra = 0.05nm. The above-
mentioned technique is short in treatment time and high in productivity.

An interface between the silicon surface and the gate insulation film is
atomically flat and, therefore, it is possible to improve a carrier mobility
and a reliability of the gate insulation film. |

Taking the above into account, a method according fo this invention
will be described with reference to Fig. 15 as a fifth embodiment.

Fifth Embodiment:

At first, a p-type silicon substance 501 which has a surface of the
plane orientation (110} is prepared and is subjected to shallow trench
isolation (STI) to define a device isolation region 502 isolated by a trench
isolation region, as illustrated in Fig. 15 (a).

The device isolation region 502 is cleaned by RCA cleaning
technique so as to remove contamination of organic matters, particles, and
metals in Fig. 15 (b). In the illustrated example, SC1 procedure is used as
the RCA cleaning. In order to decrease a density of OH, the illustrated

SC1 procedure is done by the use of a medical solution in which



a fifth step of rinsing the silicon surface by the use of hydrogen added
H20. 56. A nmethod as clainmed in claimb55, wherein hydrogen is added to the
cl eaning solution of at |east one of the second step and the fourth step.
57. A nmethod as clainmed in claimb52, whgfein the cleaning step includes
processing the silicon surface by the use of a cleaning solution containing
HF and H20 with di ssol ved oxygen of |ess than 100 ppb. 58. A nethod as
clainmed in_claimb52, wherein the cleanin .stegﬁfonprises t he steps of:
preparing ANELOEHEhE,&d)Wtare mimedenithrecraiineef 9#05: HEO wis algadyol ved oxygen
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has a predeterm ned crystal plané orientation; an

surface. In the illustrated example, the silicon wafer subjected to the

silicon epitaxial growth is used and has an arithmetical mean deviation of
surface Ra of 0.15 nm, in spite of the fact that the SC1 procedure is done at
a Jow OH density.

Subsequently, a process of flattening the silicon surface of the
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



rinsing the silicon surface by the use of HzO added w th hydrogen or
deuteri um and by applying high frequency vibration to said HZOto term nate
silicon at the silicon surface by hydrogen or deuterium respectively. 62.
A nmethod as clained in claim®61l, wherein,said high frequency is not |ess

t han SOOkHz and the concentration of said hydrogen or deuteriumin said HZO
is O.lppmto |.6ppm 63. A nethod as clainmed in claim27, wherein the
flattening step conprises the step of: rinsing the silicon surface by the
use of HzO Prgdesably s¢t injolengpiimnnyealuer i um and by appl yi ng hi gh frequency

vibration to said HZO to termnate silicon_ at the siljcon surface by
hydrogen or deut ereeridingip e Invanjorsbaxperimentrodt hzs been fwend autihai m 63,

wherein the,ri.nsj ng, step conprises one of the steps of:, dipping or
i ner si ng tiHE i§P§P is0xgARgBE A G H@Q%Meéﬁ%&sw&ﬁwdd@%wl@ﬂ of

deut ol UM TS0 S G R R RSB o G by oo
requency, = not AERtabIB Y el SPOGEOH s haR R oo
claim27, g &f the! MAAIHEAERMAP IR BPaOYM PetbRide mixed at a ratio of 1:4.

In Fig. 17, a treatment time of the isotropic oxidation and thickness are

taken along the abscissa and the ordinate, respectively. Self-sacrifice

oxide films have been formed on (100), (110), and (111) silicon surfaces,

like in Fig. 12.

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. 1In 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



65 a first step of cleaning the silicon surface by the use of H20 i ncl uding
ozone; a second step of carrying out cleaning by a cleaning solution

i ncluding HF, HzO and a surface-active agent, providing vibrations of a
frequency not |ower than SOCkHz; a thi rg step of carrying out cleaning by
H20 includi ng ozone; a fourth step of ¢ isryi ng out cleaning to renove an
oxide filmby the use of a cleaning solution including HF and HZO, and a
fifth step of carrying out cleaning by using hydrogen or deuterium added
HZO, provi domtheisotrapionxidetion fechaigue js motonlywestridied tGate pldne so as to
termnate the siljicon surface_ by hydrogen or deuterium resgectiv_ely. 67. A
net hod as cv@Eemsdionangd therspesifigremiconducigedeyise hatalenican bmappdieszo i n
the second and the fourth steps and hydrogen is added thereto. 68. A nethod
as cl ai med 3 @ﬂbﬁrrﬁ@@?ssﬁﬁ@ﬂéi‘fﬂvﬂﬁ@-ri nsing step is carried out with the
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insulation films of, for example, oxide, nitride, oxynitride, silicate.

Next, boron is ion-implanted on a whole surface of the silicon
substance 501, as shown in Fig. 15 (f). On the whole surface of the
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



conprising the steps of: 66 preparing a silicon sem conductor surface

whi ch has ~ predeterm ned crystal plane orientation; and cleaning the
silicon surface, wherein the cleaning step conprises: a first step of
rinsing the silicon surface by using puaf wat er includi ng ozone; a second
step of cleaning the silicon surface by 'the use of a cleaning solution

whi ch includes HF, H20 with dissol ved oxygen reduced, and surface-active
agent, providing a vibration of a frequency not |ower than 500 kHz; a third
step of rirermipatios.silicon surface by the use of H20 including ozone; a
fourth step of cleanlng the silicon surface by the use of a_cleaning

sol ution incl udi g geme dlmgdmmlhnuﬂs%mt\xbat gwmfm@amlgméfsﬁlm remove

an oxide film_ and a fi gstep of Si the sj surfac by the use
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and Publication No. Hei 10-335289(namely, 335289/1998), it is pointed out
that, when the silicon surface is terminated by the heavy hydrogen, such as
deuterium, tritium, bonding strength between silicon atoms and the heavy
hydrogen is stronger than that between the silicon atoms and hydrogen
atoms and, therefore, a good termination effect is accomplished by such a
silicon surface terminated by the heavy hydrogen and lasts for a long time.

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 flattened and, otherwise,
the natural oxide film is undesirably grown on the silicon 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.



cl eaning the silicon surface, wherein the cleaning step conprises:

processing the silicon surface by the use of a cleaning solution containing

HF and H20 with di ssol ved oxygen of |ess than 100 ppb. 74. A nmethod as

clainmed in claim73, wherein the cleanigg step conprises the steps of: 67

preparing a cleaning solution which includes HF, HzO with di ssol ved oxygen

of |l ess than 100ppb and hydrogen of O.lppmto |.6ppm and providing the

cl eaning solution with a vibration of a frequency not |ower than SOOKHz.

75. A nethod as dANawwg@senipieomiwillzze masdsralionttahmethedof procsseing s carri ed
the siljcon surface to gn air. 76., A nethod_as cl ai ned
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the cleaning method in view of the fact that the (110) silicon surface is
cleaned through first through fifth steps, like in the fifth embodiment.
Specifically, the processing method according to this embodiment has a
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 second 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,O
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,O including ozone, providing a vibration of a
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hydrogen and/or deuterium, a contour of the water drop is kept unchanged
for a long time on the silicon surface. Practically, it is preferable that the
concentration of hydrogen or deuterium in H,O falls within a range
between 0.1 and 1.6 ppm and more preferably within a range between 1.2
and 1.4 ppm.

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.

diment:

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
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Qi0%& () b:y1 %ﬁ-&l‘R an& 1€é(;r%s&1)ts have been illustrated. In Fig. 20, the resulf 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 bas been confirmed that using the hydrogen-added
H,O 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 (.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
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gl0%. & ()- freqhency v1brat10n to the deaerated and hydrogen-added H,O and by
immersing the silicon surface within the vibrated H,O. However, such
H,O 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,0. In this
event, heavy hydrogen radicals are caused to occur in the deuterium-added
H,O 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,0 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.
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When the first through the fifth steps were finished with no high
frequency vibration provided in the fifth step, the contact angle was
measured by dripping a water drop on the silicon surface and was equal to
76.40. 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 85.00. The results show that the high frequency vibration is
effective to remove the impurity from the silicon surface and to terminate
the silicon surface by hydrogen or deuterium.
Furthermore, the above-mentioned cleaning process from the first
step to the fifth step has been continuously carried out in a nitrogen
atmosphere. In addition, a transport process from one step to another step
has also been carried out in the nitrogen atmosphere. In other words, the
cleaning 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)
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suicon surface, a polysilicon surface, and an amorphous silicon surface and
may be applied to any other semiconductor surface, such as SiGe, SiC,
except the silicon surface.
Practically, MOS FET 's have been manufactured in the form of p-
MOS and n-MOS on (110) silicon surfaces flattened by the use of this
invention and have been evaluated in mobility. As well known in the art,
the mobility of the p-MOS is specified by hole mobility while the mobility
of the n-MOS is specified by electron mobility. In Fig. 214, the hole
mobility of the p-MOS according to this invention is shown by a curve
' (110) while that of a conventional p-MOS manufactured on a (100) silicon
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-MOQOS
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 been 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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to about a figure down one place as compared with the conventional n-

MOS manufactured on the (100) silicon surface.

Although the present invention has been shown and described in
conjunction with the preferred embodiments thereof, it should be |
understood by those skilled in the art that the present invention is not
limited to the foregoing description but may be changed and modified in
various other manners without departing from the spirit and scope of the

present invention as set forth in the appended claims.
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the silicon surface has a prescribed arithmetical mean deviation of
surface Ra that is not greater than 0.09nm,

2. A semiconductor device as claimed in claim 1, wherein the
predetermined crystal plane orientation includes a substantial (100) crystai
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. Asemiconductor 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
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9, A semiconductor device as claimed in claim 3, wherein the
silicon surface has either (110) or (551) crystal plane orientation.

10. 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 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 gatc' 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.
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15. A semiconductor device as claimed in claim 12, wherein 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.
16. A semiconductor device as claimed in claim 12, wherein the
silicon surface has either (110) or (551) crystal plane orientation.
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. A semiconductor 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. A semiconductor 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, Ti, La, Co, Y and Al.
22. A semiconductor 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. '
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24. A semiconductor device as claimed in claim 12, wherein the
gate insulation film comprises 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.

25. 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 aécomplish a prescribed
arithmetical mean 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,
comprising the steps of:

preparing a silicon semiconductor surface which has a

predetermined crystal plane orientation;
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29. A method of manufacturing a semiconductor device,

comprising the steps of:

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

isotropically oxidizing the silicon surface to form a first oxide film
on the silicon surface to flatten the silicon surface into the prescribed
arithmetical mean deviation of surface Ra; and

removing the first oxide film.

30. Amethod 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. Amethod 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. Amethod 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, Amethod as claimed in claim 29, wherein the isotropically

oxidizing step is carried out by contacting the silicon surface with ozone
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therein.

36. A method as claimed in claim 35, wherein the ozone is
included within a range between 1ppm and 30ppm in the ultra-pure water.

37. Amethod as claimed in claim 29, wherein the isotropically
oxidizing step is carried out by contacting the silicon surface with hydrogen
peroxide solution.

38. Amethod as claimed in claim 37, wherein the hydrogen
peroxide solution includes, by weight, 30 to 100% of hydrogen peroxide.

39. Amethod as claimed in claim 34, wherein the isotropically
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. A method as claimed in claim 40, wherein the solution is a
mixed solution of HF and HCL |

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. A method as claimed in claim 28, wherein the step of forming

the oxide film is performed by using gas plasma generated in a mixed gas
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mixed gas of a rare gas selected from at least one of argon, krypton and
xenon and an oxygen gas by microwave excitation.
4'7. A method as claimed in claim 27, wherein 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
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,Q; and
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J2dEVNCE IL 5y A method as claimed in claim 27, wherein 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,0O 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.

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,O with dissolved oxygen reduced, and
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solution including HF and H,0 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,O.

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,O 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,O 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.
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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.

62. A method as claimed in claim 61, wherein said high
frequency is not less than 500kHz and the concentration of said hydrogen
or deuterium in said H,O is 0.1ppm to 1.6ppm.

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

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

64. Amethod 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,O added with hydrogen or
deuterium.

65. Amethod as claimed in claim 63, wherein said high frequency
is not less than 500kHz and the concentration of said hydrogen or
deuterium in said H,O is 0.1ppm to 1.6ppm.

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

comprises:
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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 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 claimed in claim 66, wherein oxygen is removed
from the H,O in the second and the fourth steps and hydrogen is added
thereto.

68. Amethod 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 clajim 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:
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a second step of cleaning the silicon surface by the use of a cleaning
solution which includes HE, H,0O 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:
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preparing a cleaning solution which includes HF, H,O 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.

75. Amethod as claimed in claim 73, wherein the cleaning step is
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

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



