1 0 MAR 2006 SEM CONDUCTOR DEVI CE FABRI CATED ON SURFACE OF SI LI CON HAVI NG
<110> DI RECTI ON OF CRYSTAL PLANE AND | TS PRODUCTI ON METHOD 5 TECHNI CAL
FI ELD The present invention generally relates to sem conductor devices and
nore particiflarly to a 10 sem conductor device forned on a kil K&or2008
substrate having a <110> surface orientation or a surface .orientation
near this surface orientation. BACKGROUND ART 15 Conventionally, field
effect transistors of MS (netal/insulator/silicon) type have been forned
on a silicon substrate having a <100> surface orientation. This was
because high electric performance and high reliability, such as excellent
20 insulator/silicon interface characteristics, excellent breakdown
char act eri st i cCSEMIQONEX EHIOREDE VICEFABRIEA THIAONSURFASE IOFSIACOdHAMNG | m coul d
be achi eved onkyl0>-PDIREETIOANRF GRXIDISRIANRANDITSPROROATION MEBEADI n a
t hermal oxi dation process (conducted 25 generally at 800~C or nore), which
has been used “conventionally for formng a gate insulation filmof field
effect transistors. Herein, the surface orientation is defined such that a
<100> direction enconpasses all the directions crystall ographically 30
equivalent to a [ HI, D such as [100] direction, [010] direction,
[001] direction, and the i Sia | ar k. .<100> rface i sed in the
present invention as enconpgggi%g%gkﬁﬁtﬁévggﬁé%glg?§§ra 566r§5ﬁ‘%%é§)
crystal | ographi caldgmieguicred tent dev imeEl@0) more particularly to a

10 semiconductor device formed on a silicon substrate
having a <110> surface orientation or a surface

-orientation near this surface orientation.

BACKGROUND ART

15 Conventionally, field effect transistors of
MIS (metal/insulator/silicon) type have been formed
on a silicon substrate having a <100> surface
orientation. This was because high electric
performance and high reliability, such as excellent

20 insulator/silicon interface characteristics,
excellent breakdown characteristics, or excellent
leakage characteristics of oxide film, could be
achieved only in the case a <100>-oriented silicon is
used in a thermal oxidation process ({(conducted

25 generally at 800C or more) , which has been used
conventionally for forming a gate insulation film of
field effect transistors. Herein, the surface
orientation is defined such that a <100> direction
encompasses all the directions crystallographically

30 equivalent to a [100] direction, such as [100]
direction, [010] direction, [001] direction, and the
like. Similarly, a <100> surface is used in the

present invention as encompassing all the crystal



surface, such as (100) surface, (010) surface, and (001) surface.
Conventionally, it has been known that the 5 nobility, and hence current
drivability, of a field effect transistor 2t:hanges dependi n§ DRARhEREur f ace
orientation of silicon. On the other hand, no reliable experi mant al

know edge has been. obtained so far with regard to the surface orientation
that 10 provides nmaxi mumnobility by way of attenpt of choosing a surface
orientation of hisghefacasbidrytsytdiyl odfrem ing 1a ygaieg iexilde tf idomaon 19iol)i con
oriented in a surface orientation other than the <100> surface because

of large interfaddstHdt%e & &P IR ST TP S hel O dSMEHRCEon 3P er f ace

- . as conpared wth e )casarafe the silicon oxide filmformed on the silicon

surface oriented in the <100> ori-entation, and in view of poor breakdown
characteristics and poor Imﬁéiwldcberlﬂstha@s befens frleva gded dviede

fil 20 Me I gratent |
P:Jblrr: cati onagooll H%&%Slﬂ’afr?glt%ﬁﬁeq{lcs%c%\gss&b K Ic{}o vf]a(;%lrl%qgt Hi Iéﬁl %ugﬁ'%{ly 2| Ielncon

oxide film sili c&ﬁfe@wmrtamsdes‘a‘qﬂ mlrmncﬁssmamnimg ton déef islumfaar a
silicon surface of .an ur f ace. 25 .ari ent tlon in ud|n the silicon
surface having.a® gﬁ{gs‘:&?ﬁ &de Sorlit é:rﬂnatfb thg q afifre such as
4000 C by uSi Ng mAIrGwAEe eeap@ﬁl%rmaasmodi@@\éerhast He®nPldua idldd is®

entirely silent about dependen of nmobility of a field effect transistor
on the silicon JFSuHfEce &t ity SHfsice werieniad isdefhdd know edge

o Tar of 1 ong @il ehieeh ARSI Doy SANRLULG. R g mobi 11ty by

ch005| ng surface™ orientation of silicon’surface. 3 1 0 R 2006
choosing a surface orientation of higher mobility by

.forming a gate oxide film on silicon oriented in a
‘surface orientation other than the <100> surface,
because of lérge interface state density formed at

15 the oxide/silicon interface as compared with the case
of the silicon oxide film formed on the silicon
surface oriented in the <100> orientation, and in
view of poor breakdown characteristics and poor
leakage characteristics of such a gate oxide film.

20 v Meanwhile, it has been discovered, in
Japanese Laid-Open Patent Publication 2001-16055,
that it is possible to form a high—-quality silicon
oxide film, silicon oxynitride film or a silicon
nitride film, on a silicon surface>of any surface

25 orientation, including the silicon surface having a
<111> surface orientation, at low temperature such as
400°C by using microwave—excited plasma. However,
this prior art is entirely silent about dependency of
mobility of a field effect transistor on the silicon

30 surface orientation. Thus, there has been no
knowledge so far of forming a field effect transistor
structure of high mobility by choosing surface

orientation of silicon surface.



DI SCLOSURE OF THE | NVENTI ON Accordingly, it is a general object of the
present invention to provide a novel and useful seniconductor device and
fabrication process thereof wherein the foregoing problens zrgr(gﬁ,l,i 1L hat ed.
Anot her and nore specific object of the present invention i e a
sem conductor device forned on a silicon surface of <110> surface 10
orientation and fabrication process thereof. Another object of the present
invention is toQISOIRE SENMTHNdUCENT Idevi ce in which a plurality of
field effect transistors are formed on g silicon surface_ having

substantially a <110> ori é’fﬂ(%ﬂlid&?glé’harléctlegr i%z SETST th &PIETE 1OI feltfeef f ect

15 transistors anf-&dSRosEi Qi ildie ¥ RN RUTH 3R SUGh G tldalsa direction
connecting a source region and a drain region of said field effect

transistor is céaREidaRuGtYR dﬁmgﬁamndalﬂavomm@ m@tqe@@ theFelodr

obj ect of thegpr 3 rov rigatj on method of -
a sem conduct or g@:er\}_lt cennl nc ufgﬂfr%g%tjﬁ1 %bq éurael te7yl %meacc d effect
transistors on a silicon smﬁﬁdmmanmglo&td)ﬁpmﬁnmld pbj@cﬂb&>t(bxre| ent ation
in such a manner that the directiaqn connecti.ng a source region and a drain
25 region of theFiEP er B trohdiSs i B 66%16’1 F&ERCPEE S Fbst anti al |y
<110> direction, RRAACIRIHZRD dr a thati drgahs dnsulat ian o Isughdehe field
effect transistor is formed by using a m xed gas plasma of a rare gas and
a gas that fornms S 9MSHHRn g ifaRr tasd ige mvasesFashsizesdfa being for ned
by m crovave,gxcitation. AGRAMUINGHRING PLEREN: JIANLQnibn BECOMES

possible to provide a field effect transistor hlgh ltty, by formng
a M S transi stor wsugrovide a semiconductor device in which a

plurality of field effect transistors are formed on a
. silicon surface having substantially a <110>
orientation, characterized in that the field effect
15 transistors are disposed on the silicon surface such
that a direction connecting a sourcé region and a
drain region of said field effect transistor is
~coincident to a substantially <110> direction.
Another object of the present invention is
20 td provide a fabrication method of a semiconductor:
device including therein a plurality of field effect
tranéistors on a silicon surface having substantially
a <110> orientation in such a manner that the
direction connecting a source region and a drain
25 region of the field effect transistor is coincident
to a substantially <110> direction, characterized in
that a gate insulation film of the field effect
transistor is formed by using a mixed gas plasma of a
rare gas and a gas that forms an insulation film, the
30 mixed gas plasma being formed by microwave excitation.
According to the present invention, it v
becomes possible to provide a field effect transistor

of high mobility, by forming a MIS transistor such



-4 10 MAR 2006 that the MS transistor uses a gate insulation film of a
silicon oxide film silicon oxynitride filmor a silicon nitride film
formed on a silicon substrate or a silicon®surface having $ubstiangigl |y a
<110> 5 surface orientation, in such a manner that the direction
connecting the source region and the drain region beconmes substantially
coi ncident to the <110> surface direction. Further, according to the

present i nventionzhatlOchid MES e passibl esdd 4 ngrease ddies G enitim
drivability of a transistor up to five times the current drivability of a

conventional trarfst st ot difen UsiEle o i i cohliate BRIt FidamIidin wgue
mniaturizing the devd:ce i dyidorfing tﬂ?rrgl\%ds dd apsd Sleforbas\ﬂHEch]%  on

particularly a silicon nitride filmon a I con substrate or
surface having a Substanticln ysurfade forvien aulmtarftoraltihe sgatld Gonsul ation

film such t at di e connectln t e source r n.and the draln
regi on coi nci M%s éagnt |]!z;a %ncatjt%n’t He gcglagi r i on.

result, the M S dertStt:&IrDrcdﬁnédftﬂ_rm eﬁeafltsddmtxlé)ﬁdrs aneral eialin hl -gh
speed wit hout deteriorating the br eakdown characteristics, and it becones

possi bl e to-i ncr €5E-°1 HRE RFta gy %cﬁiﬁﬁt‘iﬂ%ﬂfoftfo ey and 25
devi ce breakdown Mmoktage dlr-lécﬁt% product) of a silicon CMOS integrated
circuit up to five tines as conpared with the conventional case. This
means that it has becone %b‘“s‘@ieme G eedingeta Higeapeemt | egrbiad

circuit exceggdi ng; @ ﬁéédr&%ﬁ con g/&o gle dransi Sﬁ}ﬁ] ngcal I'i um ar seni de

transi stor while using a si vice. ur I ncreasing the
channel w dth drivability of ‘a transistor up to flve tlmes the

current drivability of a conventional transistor that
uses a silicon gate oxide film,'without miniaturizing
the device, by forming the MIS transistor having

15 particularly a silicon nitride film on a silicon
substrate or silicon surface having a substantially
<110> orientation, for tﬁe gate insulation film, such
that the direction connecting the source region and
the drain region coincides substantially with the

20 <110> surface direction. As a result, the MIS ‘
transistor of the present invention is operable at
high speed without deteriorating the breakdown
characteristics, and it becomes possible to- increase
the product of high-frequency cutbff frequency and

25 device breakdown voltage (fT.BVbd product) of a
silicon CMOS integrated circuit up to five times as
compared with the conventional case. This means that
it has become possible to realize a high-speed
integrated circuit exceeding a silicon germanium

30 transistor or a gallium arsenide transistor while
using a silicon CMOS device.

Further, by increasing the channel width

five times without changing the channel length of the



five tinmes w thout changing the channel length of the 1 0 MAR 2006 M S
transistor, it becones possible to reduce the device area by 1/2 or |ess
as conpared with the conventional MS tramsistor havi ng afd] MiBoRjigat e
oxide filmfornmed on-a (100) surface, without 5 sacrificing the current
drivability. Thereby, it becones possible to realize a | ow power
integrated circuit in which the power consunption is reduced to 1/4.
Further, by increess ngrdhe channelt lengied iptsss b e s viddide ahangi ng the
channel width in the MS 10 transjstor, it becones possible to reduce the:
variation of the $RFEIAEYAY dye tF HSEDrag esgpanase with ffdisse to 1/2 or

| ess, and the theidmlediciti1 o/ 2 Msd L35 35 LUPYH %ﬁhti%otrhegf%%]venti onal
5 (7100

M S transistor that has a silicon gate oxide filmon the 1 surface,
wi t hout sacrifi ciwgidehel iclur rimmedt iorald | (100) Eherfelmg, avitihghetpr eci si on

integrated ci.rc : r.red, BRI EF DESCRI.RTI ON THE _DRAW NGS 20
FIG1is a schems %%Iclsflkegv%% gcﬁengc%ﬁreenls%r%tvzﬁbls]’[lrt&’c‘t %eero Yy $ili con
substrate of a <Mdromesurdfcce bird et atd0n 2N aMlickh pdwd relith effrected
transistor is fornmed; , FIG 2 is a diagramshow ng the orientation 25

dependence of trdnsiStidr HoBMith ts R T LB ARELd MTSIYAEitt or i s

~ formed on a <110 sr fageindd C3BA RG HE f aHATE S NG dNe Swd ace
-orientation dependence of current-voltage T<characteristics of the MS

transistor; .30 FH@eP (& uthehancing evirs miinngla wpiddgmen diisantitus t hat
dependence. of °t he s 11 con i do T et € 4 Rl
variation of the threshold voltage to 1/2 or less,
the 1/f noise to 1/2 or less, and the thermal noise
to 1/2 or less as compared to the conventional MIS
transistor that has a silicon gate oxide film on the
15 (100) surface, without sacrificing the current
drivability. Thereby, a high-precision integrated

circuit can be formed.

BRIEF DESCRIPTION OF THE DRAWINGS

20 FIG.1 is a schematic view showing the
crystal structure of a silicon substrate of a <110>
surface orientation on which a field effect
transistor is formed; ' -

FIG.2 is a diagram showing the orientation

25 dependence of transistor mobility for the case a P-
type MIS trénsistor is formed on a <110> surface;

FIGS.3A - 3C are diagrams showing the
surface orientation dependence of current-voltage
characteristics of the MIS transistor;

30 | FIG.4 is a schematic view showing a plasma

| apparatus that uses a radial line slot antenna; and
' FIG.5 is a diagram showing the dependence

of the silicon oxide film thickness on the formation



10 M 2006 tinme for the case the silicon crystal surface is changed
variously. DETAI LED DESCRI PTI ON OF THE PREFERRED EVMBODI MENTS 5 [ PRI NCl PLE]
It is possible to forma high-quality gate ®ihsulation fil rqum@ggs%gé}scon
surface of all surface orientations at |ow tenperature such as 40 C, by
using a m xed gas plasma of a rare gas and a gas that 10 forns an
insulation film induced by mcrowave excitation. As a result of detailed
investigations contdced R i sidhe ¥l 1ISWdneeyerdaantsatrfee dependence of
a field effect transistor by using this technology and thus constituting
the foundation of°PPRI%e YREMFYi nvention, the inventor of the present

i nvention has discovered the fact that the nobility of the electric field
transi stor becones maximumin the case the field effect transistor is

di sposed on a sil : PER IGTT TON DEQ T HY |PERFERRED iEYMBOPIRENTIO0 nanner
that the diregti RI{ Ptﬁ‘ﬁ source region to the drain region coincides
with the <110> orientation.” According to the present invention nmade based
on the foregoing discovery,It tiheeasEdHIROsH Hoem 20 Hiktl-easa iftye gamdei | ity
for both NNtype MS 25 transistor and P-type MS transistqor. and that a
highly reliable traEfsiddtd® il obtodi fed it Farfare ofr addi StHtarss a
mobi ity of aboutor.chddiRhA%d AlBE tAd M d RN $i0r fodCnegdyon a
silicon substrate having the <100> orientation for the case of an N 30
type MS transi stiiing i fHeeshs@ ot lasma \fe aMrsre g@ssiaftdorl gas jthat
ossi bl e to ghtai Jraly 15t f, . t. 2.5 ti | ar ¢ such a M'S
![Or ansi st or ?gr rre%rgnn a siﬁrll%{lol%tsll?bqgﬁi&tnﬁ’ %g\ﬁdr%ﬁ ??37 g%(g%ioweé%f

excitation. As a result of detailed investigations

- conducted on the silicon surface orientation _
dependence of a field effect transistor by using this |
technology and thus constituting the foundation of

15 the present inventioﬁ, the inventor of the present
invention has discovered the fact that the mobility
of the electric field trahsistpr becomes maximum in
the case the field effect transistor is disposed on a
silicon surface of a <110> orientation in such a

20 manner that the direction from the source region to
the drain region coincides with the <110> orientation.

According to the present invention made
based on the foregoing discovéry, it becomes possible
to increase the mobility for both N-type MIS

25 transistor and P-type MIS transistor and that a
highly reliable transistor is obtained such that the
transistor has a mobility of about 1.4 times as large
as a MIS transistor formed on a siliéon substrate
having the <100> orientation for the case of an N-

30 type MIS transistor. In the case of a P-type MIS
transistor, it is possible to bbtain a mobility of
about 2.5 times as large as such a MIS transistor

formed on a silicon substrate having the <100>



1 0f AR 2006 orientation. Further, according to the present invention, it
is possible to use, in addition to a conventional silicon oxide film a
silicon oxynitride filmor a 5 silicon nitr{de filmhaving a DaiRr208
dielectric constant as conpared with a silicon oxide film for the gate
insulation film Thereby, it becones possible to increase the current
drivability of the transistor in proportion with the dielectric constant.
10 It should be neteehthatom.silicon nitride filmhas a dielectric
constant twice as large as_that of a silicon oxide film Thus, by using a
silicon nitride filmfor YRECRREe FASUAIRONLPi FREOPTASMS tReeREL?Dr and

further by choosipng ;eréygiﬁfg psie gtignagi?%ﬁ?ée{ofgr{ﬁhé%ﬁéjgileresent

invention, it becones Ypossible to achieve a y reliable fect
transi stor havi ngshlteconepxidei Vabhl idyslihigen ¢hwmitthde ©flma dr ansi stor

having a silicgon oxjde of the. .sape thickness forned on. 100) surface, by
a factor 20 o% ab%h %% ?ﬁgfh%ecgggng?a%&P$+? %F%ﬁ?s%%%ﬁéﬁ?ﬁ%ﬁ or a
factor of about Scomstdet casecafpirddtypeh M SiliensiStde fiNm@NCEexanpl e

of the arrangenment. in which the source region and the drain region are
di sposed 25 on atR4193CoriRPHERCLSR i EbH suFtERPBucht thRECeRE direction

connecting the soysceikedi €9 andrdee dfRd Nous LG LN E£OHAG] des, the 510>
direction, it should be noted that the gate el ectrode nmay be di sposed on a

si.li con subst rat et haRs hytar pin nef pReT siet acetbf the 391 ¢lacyroei ematiwn. such
(et i ol oot L Slascei a1 ndlcd e gete o peliods e o e Al 4 01
foregoing (110) sdi¢beetaictbenstiaet ofwide §4-Itge as that of a
silicon oxide film. Thus, by using a silicon nitride
film for the gate insulation film of a MIS transistor
and further by choosing the surfaée orientation as
15 set forth in the present invention, it becomes
possible to achieve a highly reliable field effect
transistor having a current drivability larger than
that of a transistor having a silicon oxide of the
same thickness formed on a (100) surface, by a factor
20 of about 2.8 iﬁ the case of an N-type MIS transistor
‘or a factor of about 5 in the case of a P-type MIS
transistor. ;
In once example of the arrangement in which
thé source region and the drain region are disposed
25 on a <110> orientedisilicon surface such that the
- direction connecting the source region and the draiﬁ
region coincides the <110> direction, it should be
noted that the gate electrode may be disposed on a
silicon substrate having a principal surface of a
30 - (110) orientation such that the eldngating direction
of the gate electrode coincides with [001] direction,
and such that the source region is disposéd within

the foregoing (110) surface at the side of the [1-10]



8 10 MAR 2005 direction with respect to the gate el ectrode, and that the
drain region is disposed within the (110)_ iu_rface at the side of the
[-110] direction. Further, the present invention includes aI1I t@?}i
crystal |l ographically equival ent arrangenents equivalent to t%e{‘”’ b @@oi ng.
It should be noted that this construction is equivalent also to the
construction in which the gate electrode is disposed in such a nmanner that
t he el ongati ng didectdioipofwitie. rddbeat el €od raptes ol et wtese Widrd t he '
direction rotated__ b 35 degrees wthin the (1-10) surface with reference
to an intersecti oJ?'P‘-I’%In%h%f‘%E (ﬁﬁ%ﬁonsﬁf‘g’cﬁom i ihin WWoulldPe noted

that the 15 representatd o "Subst and | | yh & 1101 @ oCtd ON'ord S Mtendsi M ted
to the (110) surface itself or to the {110 surfaces that include all the
crystal | ographi catt§ PERREValEHtentkdmcesctydeetall Bdte it al so includes the

surface orientati @Q‘ﬁf ' ( face

crystall ographica IyS. T u%%%%a%legﬂﬁ%ﬁgasﬂ}gt (%%%ngge%ﬁsn;g:sfe, a (331)
surface, a (221) sariacksnta tq 558 Surdawieng a (1335)owslut flac eqotaed Ht
surface, a (113)_surface, a (115) surface, a (117) surface, and the like,
have the pertinen hlssur(f%%set%l?‘é@n?%ﬁ%n?qlfé}ﬁgu‘?’ﬁearlgsq t+9 stcbaﬁ so possible to
choose the surfacesnsistiedt s aid 320 cWHacmtd dhrail faceii sbdsil)

- surface, a (533) surface, a (535) surface, a (230) surface, a (351)

surface, a (231) Suri¥de,2 &EI5Y thak e, e ko 1esbneg WHRRE 1 ah e Hdd i ke,
i n which the ;30 ad) diel d b A HBANG, Il O i 8 Ed b d S SRldg

enough, also as the crystal surface in which the effect of the present
invention is achiee> degrees within the (1-10) surface with

reference to an intersection line of the (111)
surface. |
Herein, it should be noted that the
15 representation "substantially <110> direction" is not
~ limited to the (110) surface itself or to the {110}
surfaces that include all the crystallographically
equivalent surfaces thereto, but it also includes the
surface orientations approximately equal to the (110)

20 surface crystallographically. Thus, surfaces such as

a.(551) surface, a (331) surface, a (221) surface, a
- (553) surface, a (335) surface, a (112) surface, a
(113) surface, a (115) surface, a (117) surface, and
the like, have the pertinent surface orientation.

25 Further, it is also possible to choose the surfaces
such as a (320) surface, a (531) surface, a (321)
surface, a (533) Sﬁrface, a (535) surface, a (230)
surface, a (351) surface, a (231) surface, a (353)
surface, a (355) surface, and the like, in which the

30 angular deviation from the <110> direction is small
enough, also as the crystal surface in which the

effect of the present invention is achieved.



9 10 MAR 2006 [FI RST EMBCDI MENT] As a first enbodi nent of the present
invention, description will be nade on a sem conductor device in which a
MS type field effect 5 transistor havi ng"agg—ate i nsul ati on ﬁlllz of silicon
oxide is formed on a silicon substrate having a <110>, orient W%ﬂ?ﬂﬂ@l G1
is a schematic di agram show ng the crystal structure of a silicon crystal
constituting 10 the silicon substrate used in the field effect transistor
of the present inveErHSOEMBEIEMENTIFIG 1 shows the crystal structure as
viewed in the <110> direction. In FIG 1, both of arrows 101 and 102
represent the <110> directi®oh2 did St hPbedderf1Fnrass@tsilicon at ons

103 are arranged pafeHdidn | Qeddi8 detsl facE tR Lheoake 4 nsul ation film at
the. uppernost surface part theréof on which the field effect transistor

is formed. Furtherenigmnoucsar siesiisteorirofwhtinh pr é8énttyr20 fdreicdieftct
includes a gate e : f iel ef.f ect, t.r.ansist.or t.he
<110>-oriente p‘raéllﬁag%%a Ig&lrafgz}gl o] %htee sjirisﬁlclgﬁusou sftslrla (-:-O%gusé'ﬁlacsont he
(110) surfaces suchid hat fichenegitom el ecitlriate esdiends tfa e@vihe o i<ghto>t o t he
| eft on the plane of Ecl%l Thereby, 25 the source region is disposed
closer with respétt*Fo2t1& pl ane of the drawing, while the drain region is

.di sposed farther with respeais t10 jthey panen0fid faﬁagﬁra@fwsmgywilng sheul d be
noted that this direction is the direction in which the field effect

transi stor is 30 dh¥spdded ik e 94 lHegomaestiadg ames tSawcag regi on
and the drainoregipn £0iNGdesddNe a1 Qs e LHEMEAL QR S AHdde Pe shown in
FIG 2, the nobility -
: transistor of the present invention, wherein FIG.1
shows the crystal structure as viewed in the <ilO>
direction. In FIG.1l, both of arrows 101 and 102
represent the <110> direction, and it can be seen
15 that the silicon atoms 103 are arranged parallel to
the interface to the gate insulation film at the
uppermost surface part thereof on which the field
~effect transistor is formed.
Further, the MIS transistor of the present
20 embodiment includes a gate electrode of the field
effect transistor on the <110>-oriented principal
surface of the silicon substrate such as the (110)
surface; such that the gate electrode extends from
the right to the left on the plane of FIG.l. Thereby,
25 the source region is disposed closer with respect to
the plane of the dréwing, while the drain region is
disposed farther with respect to the plane of the
drawing. It should be noted that this direction is
" the direction in which the field effect transistor is
30 disposed such that the line connecting the source
region and the drain region coincides the <110>
orientation. As will be shown in FIG.2, the mobility

of the MIS transistor becomes maximum in this



of the MS transistor becones maximumin this - 10 direction. 1 0 t4AR
2006 FI G 2 shows the dependence of the nobility on the transistor
orientation for the case a P-type MOS tranfiStor is formed on the (110)
surface, 5 wherein FIG 2 represents the change of nobility fbil Mihellhse
the angle of elongating direction of the gate electrode is changed within
the (1-10) surface wth reference to an intersection line of the (1-10)
surface to the (Udiljestidmce. 10 Referring to FIG 2, it can be seen that
the nobility becones nmaxi numin the case the source region and the drain

region are di sposed such t HatG-1 ity eq sHHRAP P Ihe el Gy dIHg idir ect i on
of the gate el ectyode beconessd3s &eiqg@%ﬁtdw&g fhemanrds, 1% em)g' ity

beconmes maxi mumin the case the source aln regions are di spose
within a (110) sUfdacerangifid}isuidaces cucthd halld)hes wifaast,i on

connecting the urce. i and the drai.n region coincides .the _ <110>
direction. A Ei m's‘ﬁlaerrc%llri 5%;(?‘;% lhecﬁ”éessea 50 1_inhne f%‘ FHE coasemog?l a4 N t%?ﬁe M S
transistor. |t shehd dcdwee o exhdghatoft helompidiny dfrddeidd S ranrsi st or
thus disposed is increased by about 1.4 tines for the case of an N-type

M S transistor ordHBORISEE THesS FOrRN9k Eddetbfthe Pl MU §aSnsi st or
as conpared with 251 hee M SAdansd stor dmbidddys dd thee iﬁl@%émlgm- It

shoul d be noted that such an increase of the nobility of the
transi st or di sposgriarsueh e ofilent stuwiecd s caused by the reduction of

effective nasg and lattice I§&P§£Hﬂ%9co°rﬁ.f@. j ity of electraons,and holes
30 along the path fromthe source region to the drain  Ttegion.

- : » mobility becomes maximum in the case the source
region and the drain region are disposed such that
the angle formed by the elongating direction of the
gate electrode becomes 135 degrees. In other words,

15 the mobility becomes maximum in the case the source
and drain regions are disposed within a (110) surface
or {110} surfaces such that the direction connecting
the source region and the drain region_cdincides the
<110> direction. A similar situation holds also in

20 the case of a N-type MIS transistor. It should be
noted that the mobility of the MIS transistor thus
disposed is increased by about 1.4 times for the case
of an N-type MIS transistor or about 2.5 times for
the case of a P—type‘MIS transistor as compared with

.25 the MIS transistor mobility in the <100> surface. It
should be noted that such an increase of the mobility
of the MIS transistor disposed in such an orientation
is caused by.the reduction of effective mass and
lattice scattering probability of electrons and holes

30 along the path from the source region to the drain
region.

» As can be seen from FIG.2, there occurs no

- sharp decrease of mobility in the angles slightly



As can be seen fromFI G 2, there occurs no sharp decrease of mobility in
the angles slightly - 11 1 0 MAR 2006 offset fromthe angle in which the
mobi | ity becomes maxinum Thus, it is possitble to obtain ajfg &W% ﬁ}fﬁf ect
transi stor of inproved nobility when the crystal orientation h? 10
degrees fromthe 135 5 degree angle is chosen. Thus, the field effect
transi stor of the present invention can be formed also on surfaces having
a surface orientajfoseanttdn Subdantd ald wietal t o bl 1aSe Be-dres (110)
surface or <110> surfaces, such as a (551) surface, a (331) 10 surface, a
(221) surface, a \@\EFURyrite, Bt (B3Possihfacde abieal)e surdlate, a (351)
surface, (a 320) {£39) rf Jd o 3A - 3C show
t he dependence ofegf%ér%i(}%ar?selgl on colsjfrjrlerﬁ oo\?éac?%é&gﬁllyﬂﬁ}é%m% t%r%aensi stor on
the 15 drain regiornysoll age.ertatciam beltgeien That debeeesr fentn dhevabblity of
the MS transissto prrrred n the (111 ziﬁface shgé/rliﬁg FI G 3B and the
current drivaBilitSFTot THEMS (FERTSt oY or ngtf ot e § tsurface
shown in FI G 3C afeandigeasess WiHd gaspact 10,dhe 20 Gl nntsdiaebi ity of
the (100) surface shown in FIG 3A by the factors of 1.3 and 2.5,
respectively. FIB® ¥ SHiccesdaTionnla divgras sHovtig dirreéndie of the
appar at us used fogukgse@éﬂgilﬂglﬁ; hﬁqqaﬁ"ﬂ&%_ tcﬁiéjxﬂodqiﬁ(é Imlqj‘) the Mz type
field effect 25 transistor by using a radia I ne slot antenna (reference
shoul d be nade t >NIG/B33BWLacke sivdlears oxi G If)i lamifder red(ZsL)f ol | ows.
First, a vacuumyv, pr.oc i\ng. chanber) i s_evacuat ed vacuum
state, and aq'llér gs:lgls%ncdé 30 |H Z%Quarsj'ﬁaacree’ iantég%lt}cf‘dlrf o ‘a ash{) pl at e
402. surface, a (231) surface, a (351) surface, (a 320)

surface, a (230) surface, and the like.
| FIGS.3A — 3C show the dependence of a drain
region current of the P-type MIS transistor on the
15 drain region voltage. It can be seen that the current
drivability of the MIS transistor formed on the (111)
surface shown in EIG.3B and the current drivability
of the MIS transistor formed on the (110) surface
shown ih FIG.3C are increased with respect to the
20 current drivability of the (100) surface shown in
- FIG.3A by the factors of 1.3 and 2.5, respectively.
| . FIG.4 is a cross sectional diagram showing
an example of the apparatus used for realizing the.
silicon gate oxide film of the MIS—-type field effect
25 transistor by using a radial line slot antenna
(reference should be made to W098/33362) .
The silicon ogide film is formed as foilows.
‘ First, a vacuum vessel (processing chamber)
401 is evacuated to a vacuum state, and a Kr gas and
30 an Oz gas are introduced from a shower pléte 402 .
With this, the pressure of the processing chamber is
set to about 1 Torr.

.~ Next, a silicon wafer 403 having a <110>

¢



Wth this, the pressure of the processing chanber is set to about 1 Torr.
Next, a silicon wafer 403 having a <110> - 12 1 0 MAR 2006 surface
orientation is placed on a stage 404 having2a~ heating nechaniqp&%% 3@5
substrate, and the tenperature of the specinen is set to about 4000°C” It
should be noted thereby that the results to be explained below5 are
substantially the same as long as this tenperature setting is.in the range

of 200-5500 C. HRuiihefe Gridetomayne of A A8 %] £ sippd eth 4G 4w dhe
processi ng chanber 405 through a radial line dielectric plate 407, and

i nduced in the priREsihgieBahoted s hatsuldret radstl tandyeres didmp artaed uwne

supplied m croway |§%§ . J i VeHHee o] t.en 406 and
a high-density p asér}gei ) élcn}ll%r(nglre% ?S&I'tﬁger%e%ly%&?ct zgwogl'd%ttotsggﬂégp;a%i ned
bel ow are as | onghased hehdraguetricyt ofhd heesulst O0HVHre arxpligherd md1c0GHz or

It should be noted that the separation between the shower plate 402 and
t he substrateg403alies SURF T4~ Xnt}f?lesﬁi?eesaesnﬁoé}%cﬁﬂ nehtS By reduci ng

this distance, a tdnghefatdidtdndorimid ofk rat eclecimie 20k paseidiC Wil e the
present enbodi nent explains the exanple of formng a filmby using a
pl asma appar at us Further, a microwave of 2.45GHz is supplied
to the processing chamber from a coaxial waveguide
405 through a radial line slot antenna 406 and a
10 dielectric plate 407, and high-density plasma is.
iinduced in the processing chamber. Thereby, it should
by noted that the results to be explained below are
generally the same as long as the frequency'of the
supplied microwave is 900MHz or higher but 10GHz or
15 lower. ' |
It should be noted that the separation
between the shower plate 402 and the substrate 403 is
set to 6cm in the present embodiment. By reducing
this distance, a higher film formation rate becomes
20 possible. While the present embodiment explains the
example of forming a film by using a plasma apparatus
that uses the radial line slot antenna, it should be
- noted that the microwave may be introduced into the
processing chamber by way of other methods.
25 In the microwave—éxcited plasma in which a
Kr gas and an Oz gas are mixed, Kr* of intermediate
excitation state cause collision with the O
molecules and atomic state oxygen O* are formed
efficiently, while this atomic state oxygen causes
30 kthe oxidation of the subéfrate'surface.
Cohventionally, it should be noted that the oxidatién

of silicon surface has been caused by H;0 molecules

or Oz molecules and a very high process temperature



that uses the radial line slot antenna, it should be noted that the

m crowave may be introduced into the processing chanber by way of other
net hods. 25 In the nicrowave-excited plasmd3ifi which a Kr ga @g{j 02
gas are mxed, Kr* of internediate excitation state cause corll 3 ith
the 02 nolecules and atom c state oxygen 0* are fornmed efficiently, while
this atom c state oxygen causes 30 the oxidation of the substrate surface.

Conventional Iy, idf SuiCdobenpotedathBtehhgcbdbdat tANcoRErabti COResur face
has been caused by H20O nol ecules or 02 nol ecul es and a very high process

tenperature - 13 OXIGRHUR ZJ0g-hef RBUCTC torinvsnd ivas dresechéwddde In
contrast, the o Mﬂco%ﬁté Q%ty%geqlsgc{%tgl I%V%ghq{/&l%?\;lv gd by the atomc

state oxygen can be con ed stanti v tenmperature of 5500 C
or less. 5 FlG 5 siimvisrtthie 1Sy flace -temipentaatien o fdégdndencele$st he

rel ati onshi p between the o@lg;ensfilm t hi.ckness. and oxi dation tinme at the
0]

time of oxidafion of a sili SIS St SIFFEEE W 1 i bwave i nduced

Kr/02 plasma, whei®idhddnshed dree matad dhatip M dhldard ghowsitde film
relationship for the (100) surface (111) surface and the (110) surface of

the silicon substrgRessuAterx iat Bral e fond ehd idd Rt i dattiiee
dependence for theg convantdonal, iy dherdipl e, Qxiidatien nprcqcoe;%s,ec_onduct ed at
I 'gth t oxl da

9000 C. 15 In the conventional hi t enperature her ma tion
t echnol ogy, the OXhdusiest Hw/920p1HR®2, nwheceliesipenbboratebehnotigd &habdxi de

o o MR pomd 5 A S AR ol S PG A s
filminterface cofili)butesace and the (110) surface of the silicon
| substrate. Further, FIG.5 also shoWs the oxidation
time dependence for the conventional dry thermal
voxidation process conducted at 900°C.
15 In the conventional high temperature
| thermal oxidation technology, the Oz molecules or Hz0
molecules penetrate through an oxide formed on the
surface and the 0O; molecules or the H;0 molecules
thus penétrated through the oxide film.and reached
20 the silicon/silicon oxide film interface contributes
to the oxidation. Thus, there appears a difference of
growth rate depending on the surface orientation. In
the case of the oxidation of the silicon substrate
surface by the microwave-induced Kr/O; plasma, on the
25 other hand, there can be seen no substantial
dependence‘of growth rate of the silicén oxide film
and this holds also to.the surface orientatiops other
than those shown in FIG.5.
Further, the result of measﬁrement of the
{ 30 interface state density at the silicon oxide
film/silicon interface conducted by way of low-
frequency C-V measurement has revealed the fact that

the interface state density of the silicon film thus



to the oxidation. Thus, there appears a difference of growh rate _
dependi ng on the surface orientation. In the case of the oxidation of the
silicon substrate surface by the m crowavé?i nduced Kr/02 pl dsfrdjirodigghe 25
ot her hand, there can be seen no substantial dependence of growth rate of
the silicon oxide film and this holds also to the surface orientations
other than those shown in FIG 5. Further, the result of neasurenent of the

30 interface stat® densigy @le ti& Rdvert0xide Jiddlsisld aopy i1at erfiace
conducted by way of |ow frequency CV neasurenent has reveal ed the fact
that the interfade Giat e Uonsiuntaste t hid 1sh)l isgsprfadd m Iy surface,0 MBAR

2006 fornmed by t 1. Cr-onayve- exci |.as js. low. Y f the (100)
surface, (111) s{}fsf arwcegl,l \(I"V?leg)n )s%ﬁ# %&g%ﬁas;@rm%ﬁqé é)\gllér%ltgarnlcylocr)]t ler surface
orientations. As expl ai ned rabesmpldihedsidicon tides fliilqon Dyikies ffidrmred by

the m crowave-excited Kr/02 pl as has equi val ent or superior electric
characteristi@s ttdmfst h"g’%ﬂ/%ﬁi%lmﬁﬁw Vé?ﬁ?é?cdﬁﬁ'c{e i BePt PPRAF BRFed  on
the (100) surfacesquivaidhtofor hidOQr rdacs c dribkbcsWifaces (bl0)
surface, or any other surfaces, 10 in spite of the fact that oxidation is

conducted at a |8 t&partine ks ddivhastuoratuge sHeld £ P foraed hat t he
e £ Pat Tle tilmi ol .
existence of Kr Jmn %rgft&'ddt)g%éeﬁaf&ee, il @AW'%@{GM@ gshrfé}%ef

ilm
formati on al so contri es or'egol ng “desi r; ect. 'As a
result of incorpotflaiiorswftdde i n(1H sidnfeore oxdmdeardy lahhest ressfagxdsst i ng

inside the fil . i.Sti t t Si [Si.02 i, f ' d d thi
| ads 1o the Por cgbi TR & gh 11 T mpr BVeREHIS G116 T G hA o st cs

of. the silicon oxige fdipBrature such as 400C.
It should be noted that the existence of Kr
in the silicon oxide film immediately after the film
formation also contributes to the foregoing desirable
15 effect. As a result of incorporation of Kr in the
silicon oxide'film, stress existing inside the film
or existing at the Si/SiO; interface is relaxed, and
this leads to the foregoing significant improvement
of electric characteristics of the silicon oxide film
20 as a result of reduction of trapped charges or
interface state densiﬁy. Particularly, existence of
Kr of 5 x 10"cm? or less in terms of surface density
contributes to the improvement of electric -
characteristics and reliability of the siliéon oxide
25 film. It should be noted that FIGS.2 and 3 show the
surface orientation dependency of mobility of the MIS
transistor having the gate insulation film formed
according to such a process. o
In the present invention, it is sufficient
30 that the silicon oxide film formed by the microwave-
excited plasma exists at least at the part contacting
-to silicon, and thus, it is possible to use an

insulation film in which a different material such as



20 as a result of reduction . of trapped charges or interface state density.
Particularly, existence of Kr of 5 x 1011cnR or less in terns of surface
density contributes to the inprovenent oflélectric charactle@idii @§)pnd -
reliability of the silicon oxide 25 film It should be noted that FIGS. 2
and 3 show the surface orientation dependency of nobility of the MS
transi stor having the gate insulation filmfornmed according to such a

process. In the presantcdBRLI QL A1 S SUfiifie¥xi R0 4N thesihhcon
oxide filmformed by the m crowave- excited plasm exists at |east at the
part contacting axidd fiidgn, kefhivuexide ifsipossiiponiomseige ifddol,at i on
filmin which a djf nt, .nat er. al, such .as, - 1 1 Q. VIAR 2006, a si.licon
nitride film al %ﬁllc{nﬁ{%%oxlll e f ijlsmlatme%n A eﬁimono%h(fe Sfliﬁlrﬁorhé%xrﬁdl?m%g‘imde
film zirconium ;&dmehdn,| mt iandddeidlike,o ivsd amynatetbromplidigasi | i con
oxide film Further, it is possible to use any other plasma 5 processing

appar at us t hat e ESIGW CERFEHUT & oo i SFe a5 HBF RS ARy 4%si ng

pl asma. For exanp&.dd trilisn FRSSidY i&d S HSE i PlASE, Processi ng appar at us
of two-stage shower plate type having first ‘gas rel ease neans for
releasing a Kr gas 10 for &% t93¥agdisasrie By Pafsdioavie st & fdeend gas

rel ease means diff.erent.f o[ﬁpy%gédss% ?ﬁg_e%%?eessﬂ@vaer}s pfl red eclc},%aesi ng an

oxygen gas. Further, it s e note I con "waf er t he
<110> surface oritentiatg diinsy dees kb aape ofeaamsbulde orejistsad i nmafaeKrogas

silicon_—on-iq _uI%to_r ﬁ(%S(gﬁ%}r"}[\/vaféﬁr in ich a silicon Ing%er.is fornmed on a
buried insul ati on ¥ I FUrthét® & fay" e A 2VE 150 BORPTST %4 et al
I ayer underneat h Adiedys inRhns different from the first gas release

means for releasing an oxygen gas.
Further, it should be noted that the
silicon wafer of the <110> surface orientation may be
15 any of a bulk crystal wafer or a silicon-on-insulator
(S0I) wafer in which a silicon layer is formed on a
buried insulation film. Further, there may be a
silicon body or a metal layer underneath the buried
insulation film of the SOI wafer. An SOI wafer having
20 a low-resistance metal layer such as Cu underneath
the buried insulation film is advantageoﬁs for high-

speed operation.

[EMBODIMENT 2]

25. ' Next, descriptién will be made on a
semiconductor device in which a MIS-type field-effect
transistor including therein a silicon oxynitride
film is provided on a siliqon substrate having the
<110> orientation.

30 In the case of forming a field effect
transistor that uses a silicon nitride film for the
gate insulation film, too,vthe mobility becomes

maximum in the construction in which the field effect



insulation filmof the SO wafer. An SO wafer having 20 a | owresistance
metal layer such as Cu underneath the buried insulation filmis

advant ageous for high- speed operation. 25180~ EMBODI MENT 2]1 z}e% ' '
description will be made on a sem conductor device in which %zﬁﬁﬁe
field-effect transistor including therein a silicon oxynitride filmis
provided on a silicon substrate having the <110> orientation. In the case

of formng-a fieldsidiedlor WANYSR Jihal USRS &:Sidnteln sNitidede filmfor
the gate insulation film too, the nobility beconmes maximumin the
construction in whitshnaie fshalwh éff &G1G -1 Ba1chl ChAR @0 GIPPeamsisdt or i s

formed on a <110> .or.iente i syhst.rat e Q i.n FEl that the
uppernost sili cona cc‘):%s a&oﬂ eo(%gi h|ect)‘;gr'ﬁslu%s rsz’{ﬂ)es\%e]fraé&ararr?nggagglé%%aerc{;ll lel to
the interface togddmlgatle tonsuteatiimefidas Tanthd hatgatiersvdlagdionodd lins

di sposed so as to extend, fromthe right to the left of the draw ng pl ane,

and the source P8yl di'§ SadisSEFA%5sers (B PP &%e 35 TS and t he
~drain region is disposed fardherd and he @l ate 9fe Idhiedh@ig1gnel0 g shoul d

be noted that the current rivability of the foregoing MS transistor
di sposed with sudie @#Pwidemssticon isndiempased wlomaesporidenddans athe

o RaEs T con” oS 8 S0l e AN MRS DAL ppert
current drivabi [iiey fHasnd ncfr edsedidaywitre f act or of about 1.6
10 It should be noted that the current
drivability of the foregoing MIS transistor disposed
with such an orientation incréases in correspondence
to the increase of dielectric constant of the silicon
nitride fiim with respect to the silicon oxide film.
15 More specifically, it was observed that the current
drivability has increased by the factor of about 1.6
as cdmpared with the MIS transistor having a silicon
oxide film and formed on the (100) surface for the
case of the N-type transistor. In the case of the P-
20 type transistor, the mobility has increased by the
factor of about 2.8. Thé reason of such an increase
of mobility of the MIS transistor disposed in the
foregoing orientation is attributed to the decrease
of the effective mass of electrons énd holes in the
25 region along the sourcé region and the drain region
and the decrease of lattice scattering probability,
similarly to the case of the first embodiment.
’ v Further, similarly to the case of ﬁhe first
embodiment, it is also possible to form the field
30 effect transistor of the present invention on
surfaces having a surface angle orientation
'substantially'equal to or close to the (110) surface

~or the <110> surfaces, such as a (551) surface, a



as conpared with the MS transistor having a silicon oxide filmand forned
on the (100) surface for the case of the N-type transistor. In the case of
the P 20 type transistor, the mobility hasl¥ncreased by the { #& f about
2.8. The reason of such an increase of nobility of the MS %; g 4408

di sposed in the foregoing orientation is attributed to the decrease of
the effective nass of electrons and holes in the 25 regi on along the source

region and the draiyuregiancand thededgaseof d aiddne SealdLsing
probability, simlarly to the case of the first enbodi nent. Further,
similarly to the case dfunfecd, rat(2dnbodimf@ns, ia (3> lal sogfessiblee to form

the field 30 effefatzcyn)r anslst ol oaf {j’seo)prﬁqﬁefgc i nvat%rg it% o_Lr_;Lkesurfaces havi ng
e 0

a surface angle o tation Substantially equedl or close to the (110)
surface or the <110> surf &iesilatich @as tthd Fhl)sts wiflackment, the Fad VAR

2006 (331)surface,, a(221)surface, a(321)surface, a (531)surface,
a(231) surface’ a(%ﬁ%%‘iﬁ“f%yé}ltd“(%ﬁzo?éﬁ@ f%&h%@gﬁwwo%rﬂf e 1 ke.
Sinilarly to the didsdnteniptin®in  {dhe-gati&ed i ldoni@ogidsd de fil m of

the MS transistor of the present invention is realized by the mcrowave
excited pl asma appetidias RNy sePrattysaditat [uses Blotraghtadndd st Fl G 4.

The silicon oxynistlrcjgearjr%é ds,dafed, as 10 follows. First, the vacuum
cha ex{r% i

vessel (processing 401 i's evacuated to a vacuum state and a Kr
gas, an 02 gas and a NH3 gd&hearsllintaroduged tfrigha tthem showerrmpdatass 402 such
that the presgur efocflotwhse. 15 processing chanber is set to about 1 Torr.
' First, the vacuum vessel (processing
chamber) 401 i1s evacuated to a vacuum state and a Kr
gas, an 0O gas and a NH3 gas are introduced from the
shower plate 402 such that the pressure of the
15 processing chamber is set to about 1 Torr.
Next, the silicon wafer 403 of the <110>
surface orientation is placed on the stage 404 héving
- a heating mechanism as a substrate, and the
temperature of the specimen is set to about 400C.

20 Further, a microwave of 5.45GHz 1is
introduced into the processing chamber from the
coaxial waveguide 405 Via the radiai line slot
antenna- 406 and the dielectric pléte 407, and high

; density plasma is induced in the processing chamber.

25 Thereby, the. gap between the shower plate 402 and the
substrate 43 is set to about 6cm.

While the present embodiment describes the
example that conducts the film formation by using a
- plasma apparatus that uses a radial line slot antenna,

30 the microwave may be introduced by other means. -

In high—-density excited plasma in which the
Kr gas, Oz gas and the NH3; gas are mixed, Kr* of

intermediate state cause collision with the 0O



20 Next, the silicon wafer 403 of the <110> surface orientation is placed
on the stage 404 having a heating nechanismas a substrate, and the
tenperature of the specinen is set to aboul8400C. Further, a1 1 % ge of
5.45GHz is introduced into the processing chanber fromthe §%§Q¥w§€5
wavegui de 405 via the radial line slot antenna-406 and the dielectric

pl ate 407, and high density plasma is induced in the processing chanber. 25

Ther eby, the.gap tWeR Aol n h s 43 i s set
to about 6cm V\hlnfbg_ther%% %?g?ﬁ\gﬁﬁmgl %%teéggggr ?Bgsgttﬁﬁygeigﬁ%lge t hat

conducts the fil mxygematG’ornisy Nisi g ea £ qimeshee fdppdreatily t Wit Lgsddiea rad| al

i ne slot antenna 0 the m Cr ouay y be i roduced o] t her .
hi gh-density excf:tad% u|Sne echrétacguﬁgr tg%laes 2 ga r)é‘do “The Nﬁ% gas

are mxed, Kr* ofs:.mmoefrmﬂjsattzetﬁ ate foaisse col i sion W|th the 02 - 18 10
MAR 2 006 nol ecul es and the NH3 nol ecul es and atom ¢ state_ oxygen 0* and
NH* are formed efficiently IR Ry itdicedion nfs ecistdd <C2use t he

oxyni tridation ofs ¥ cSidH00M HP SRS ACE ey I S PREld ridation
of the silicon surface that uses m crowave-excited plasm, there appears

al nost no surf acermdgaart aﬁthrrmtdépveﬁdeﬂrf@e:eomratamtagﬁrm hiap@tnéle(ﬂcet e
oxynitride film Jurther,the rE 4% St%%t%’!? {8 1‘}{ tE*?J d,
oxynitride 10 f||§%$| icon in ace S i'hany of the suf?ace
(111) surface, (Jsl&)fasw fatcere @i‘eHSlt@ﬂ)atOftheﬂtshﬂflCSIﬂfcaQﬂlmm ations. In
order to reallze:gfi fyégﬂckigéggnce is low in any of the (100)
surface; (111) surface, (110) surface, or in any of
other surface orientations.
In order to realize the oxynitride film of
the present invention, it is also possible to use
15 another plesma processing apparatus that enables
formation of oxynitride fiim at low temperature by
using plasma, in addition to the apparatus of FIG.4.
For example, it is possible to construct
the apparatus by way of the plasma processing
20 apparatus ef the foregoing two-stage shower plate
type in which the first ges release means releasing
the Kr gas for plasﬁa formation and the second,
additional gas release means for releasiﬁg the oxygen
gas are provided.r
25 ' In the formation of the silicon oxynitride
film of the present invention, the existence of
hydrogen forms one important factor.-
As a result of existence of hydrogen in the
plasma, the dangling bonds in the silicon nitride
30 film or at the interface are terminated in the form
of Si-H bond or N-H bond, and as a result, trapping
- of electron in the silicon oxynitride film or by the

interface is eliminated. Thereby, it should be noted



~the present invention, it is also possible to use 15 another plasma
processi ng apparat us that enables formation of oxynitride filmat |ow
tenperature by using plasma, in addition £8 the apparatus of FIG 4. For
exanple, it is possible to construct the apparatus by Way103 MARe 2805as ma
processi ng 20 apparatus of the foregoing two-stage shower plate type in
which the first gas release.nmeans releasing the Kr gas for plasm

formation and thecsecaond,stadd tdonal-Wassdelgase e fof el easing the
oxygen gas are provided. 25 In the formation of the silicon oxynitride

filmof the preserityiifizeftd dnilm e é;h%mﬁ,e@rdi inweivtdgen Foram fommed

|rrportant factor. f gg_c a, the
dangling bonds in %Aﬁne SI Lcﬁloegn ‘%C%ff&ﬁt T m or ﬂ{@%‘?ﬂ égéctt er agaen%;re
termnated in theraf;oraﬂ:ecufrcﬁa -shp dyoineb saro - dH sbmtitruarnd as a veasilld oft rapp| ng

of electron in the silicon o rldefllm r the in erfacels
el i mnated. TRer &85 Cs%cﬂﬁ(cy]l Gfbted & él 6-t%hdt %exi st ence

of Si-H bond or Nerdhonddisitihes @Mﬁﬁ&&é‘d |éﬂcpftﬁé1€irﬂf&5@3e igpeanRt i on
is confirmed by measurenent of infrared absorption spectrum and X- ray

el ectron spect r oSt % e ttlin s sl apTressiul ot xvendi ttietfe f 19 Hyadr ogen,
the hysteresis of J;ﬂ?re%s\éd charact erdisties Olrslglslsm ?ﬁt edand thesinterface

state density at the silicon/silicon oxynitride filmis suppressed to 3 x
-1010cm 2 or | ess fdmitriee acasel:oion fco‘ryrmrtgr:aiesmnlmorb}ox;erﬁirtg idecdnid masy
using a rare

el ectrons and hoI 5 fﬁrt r& il afi the ecrge)c(f;agﬁﬁ ICV bgz/%gfiﬁ%?d’%r{gqu’ggl g{
pressure of hydr&g&mﬁﬁbdkfﬁﬁdﬂholes in the film is reduced sharply by
' setting the partial pressure of hydrogen to 0.5% or-
more.
In the present invention, too, it is
15  sufficient that the silicon oxynitride film formed by
the microwave-excited plasma exists at least at the
part contacting to silicon, and thus, it is possible
to use an insulation film in which a different
material such as a silicon nitride film, aluminum
20 oxide fiim, tantalum oxide film, hafnium oxide film,
| zirconium oxide film, and the like, 1is léminated on
the silicon oxynitride film.
| In order to realize the oxynitride film of
the present invention, it is possible to use any
25 other plasma processing apparatus that enables low
temperature oxide film formation by using plasma in
addition to the apparatus of FIG.4. For example, it
is possible to use a plasma processing apparatus of
the two-stage shower plate type having the first gas
30 release means for releasing a Kr gas for exciting
plasma by a microwave and the second gas release
means different from the first gas release means for

releasing the 0z, NH3; (or N/H; gas).



nore. In the present invention, too, it is 15 sufficient that the silicon
oxynitride filmfornmed by the m crowave-excited plasm exists at |east at
the part contacting to silicon, and thus,2Pt—is possible to use an
insulation filmin which a dlfferent naterlal such as a silicaon nitrj

film alumnum 20 oxide film tantalum oxide film hafnlun1d&ﬁd@AR|38§
zirconiumoxide film and the like, is lamnated on the silicon oxynitride
film In order to realize the oxynitride filmof the present invention, it
is possible to use any 25 other plasna processing apparatus that enabl es

| ow tenperature kﬁ&ﬂﬁ?fﬂMHﬁHﬂMﬂﬁﬂﬁ on by using plasna in addition to the
apparatus of FIG 4. For ex Q SR@% a pl asma processing
apparatus of the two-stage s dMer Jiﬂﬁaébe aV|ng %Eafﬁ}s gas 30

rel ease neans fomemﬂaﬁnﬂuu;drIﬁewyﬁefxw waXeiH ian@Ipltasms iytoar Masriowave
and the second gas ease nmeans different fron1the first, gas rel ease

neans for rePeadi r?gﬁﬂ?@rb?ltrﬁ%ie( i A fp8ed on Fo sidiF9MnR 2006 [ TH RD
EMBODI MENT]  Next s @os6id 4 irey Wd la ke 1m8dey G 2 1S89A eenductigrrgdevi ce in

which a MS transi stor having a silicon nitride filmis formed on a
si'licon substrat emhadimpns @lfldlﬁl%rﬁr@ﬂ&dﬁ gmventdarhird enbodi nent of the
present invention. In the Jaram L6l d effeqt Fansi stor that
uses a silicon nitride film or thg' 6&g§%énkh§ﬁlaf%bn %rn too, the
construction for recnon tver sifd tc ors esubs teridtiedrawviingr itdee &KIB0 cor it at i on
In such a mannerg tJt:heatj.ntsr{l a lpOeI{ @flt Sl’égocor]chaét Ocrgsns%’r%ction formed on

the silicon substrate having the <110> orientation in
such a manner that the uppermosf silicon atoms are
arranged parallel to the interface to the gate
insulation film and the gate electrode is provided so
15 és to extend from the right to the left in the plane
of the drawing, the source region is provided closer
with respect to the plane of the drawing and the
drain region is provided farther with respect to the
plane of the drawing, provides the maximum mobility.
20 | In the MIS transistor disposed in this
orientation, the current drivability is increased
further in correspondence to the increase of thé
dielectric constant of the silicon nitride £ilm with:
respect to the silicon oxide film. It should be noted
25 that the silicon nitride film of the present
embodiment has a dielectric constant of about twice
as large as_that'of the silicon oxide film. Further,
the current drivability of the field effect
transistor was about 2.8 times as large as the MIS
30 transistor in which a silicon oxide film is formed on
the (100) surface for the case of N-type. In the case
of P-type, the current drivability has increased by 5

times.



arranged parallel to the interface to the gate insulation filmand the
gate €electrode is provided so 15 as to extend fromthe right to the left in
the plane of the drawing, the source regi 8h s provided cl OB & 14 ngﬁ
respect to the plane of the drawing and the drain region is gr'o‘v‘ de
farther with respect to the plane of the drawi ng, provides the maxi num
nmobility. 20 In the MS transistor disposed in this orientation, the

current drivability is incregsed furdhamnd iy espRRdenss: t axdhe increase
of the dielectric constant of the'silicon nitride filmwth respect to the

silicon oxide filimcnaasshoufl ditberaotlddy 25ttt MIe widnsd@tad tride fil m of
the present enbaodi t . i.el ectr.i c .canst ant_ of f. tw.ce s |large

as that of the siqqiggor%eoé;i%gle& S{hﬁi]s uI{Jt netra?: % er'}LScuartrtgy'lr%lI%L%J rﬁ&\ll\natt?l |tl %y of ‘the
field effect transisdzre was affudtide8 Mdse o A lartgeomas drite Md18s30

transistor in which a silicon oxide filmis forned on the (100). surface
for the case of NS the IHF Cagedigh pad gde tdrﬁ?ltfhrrre&fto(‘ﬂﬁ’zﬁabi lity has

increased by 5 tidm%age 2l #rAM12006 Qi darder Ry theddyists wrbodi nent,
the increase of drivability of the MS transistor disposed with this
orientation is attributed totheridediedde dfinst emadinmss dfheel ectrons

and hol es 5 al ong:the M%ﬁ%rﬁnghsq%%mtﬁr y@iﬂ}%{e&lf@%t%glg%%ﬁe of

the lattice scattering pro irst e t, the
field effect trarst stoomex ale preseritstiantertlilon (W0 )besfrofamet alrso on

substanti al I%/l (110 urfaces .or 1OSurIfS%(r:es havi & surface ori erltacti on
angl e equal t8 or® 5 " THE LA T SRR Such-88 £1(551)°dHe °

or close to the <110> surface, such as a (551)
surface, a (331) surface, a (221) surface, a (321)
surface, a (532) surface, a (231) surface, a (351)
surface, (a 320) surface, a (230) surface, and the
15 like. | o
Similarly to the first embodiment, the gate
silicon nitride film of the MIS transistor of the
present invention is realized by the microwave
excited plasma apparatus that uses the radial line
20 slot antenna of FIG.4.
The silicon nitride film is formed as
follows. A
First, the vacuum vessel (processing
chamber) 401 is evacuated to a vacuum state and a Kr
25 gas, a NH3 gas is introduced ftom the shower plate
402 such that the pressure of fhe processing chamber
;is set to about 1 Torr.
Next, the silicon wafer 403 of the <110>
surface orientation is placed on the stage 404 having
30 a heating mechanism as a substrate, and the
temperature of the specimen .is set to about 400C.
Further, a microwave of 2.45GHz is

introduced into the processing chamber from the



surface, a (331)surface, a(221)surface, a(321) surface, a (532)surface,
a(231)surface, a(351) surface, (a 320)surface, a(230)surface, and t he'
15like. Simlarly to the first embodi nent, 22he gate silicon] §i M Am(maﬁl ' m
of the MS transistor of the present invention is realized by the

m crowave excited plasnma apparatus that uses the radial |ine 20 slot
antenna of FIG 4. The silicon nitride filmis fornmed as follows. - First,

the vacuum vessel.{nrocessi iy uﬁi@wgﬁ %Oltﬂes Lyvacuated & @ vvacuum st ate

and a Kr 25 gas, a NH3 gas is intr romthe shower plate 402 such
t hat the pressureargfennrwe {rocessitiy chiayrrtrid plsdte t4) Aboutd Hidlorr.

Next, the sili condwaf 4013 of the <1 surface orientation.is.placed on
ensi

t he st age 404 having 5 Hest |Jh C%Una?ﬁ' s as % Bistiare < He

t enperature of tmmm,rretme smetbettﬁvead&otﬁhémvﬁar gHiderg2 and amawave
of 2.45GHz is_ introduced into the processing chanber fromthe - 22 10
MAR 2006 coaxral S#REGiR'R 405%iselt He raRAW §5%e slot  antenna 406 and

the dielectric plate 407, afithfd Gthe d8NSidye RSB dht MBIGEM ddy the
processi ng chanber. Thereby, the gap between the shower plate 402 and the

5 substrate 43 i sx@pleo @outc@umcishitlee thielnprieserttiarbddi msithaescri bes
the exanple that cosr}[gauc%?p%paeu;é léﬂg@ﬂﬁeé on Lbé'df;ﬂ ng. a Epioats %Qrp%,at us
that uses a radidl 17 ne antenna m crowave may be 1 nhtroduced by
ot her nmeans. 10 Ithdinghcdersrd ynexdid eich ptabneed rby/\/m*ﬁthzt hn&eans
10 In high-density excited plasma in which the
Kr gas and the NH3 gas are mixed, Kr* of intermediate
excltation state cause collision with the NH3
molecules and NH* are formed efficiently, while the
radicals thus excited cause the nitridation of the
15 . silicon substrate surface. |
In such nitridation éf the silicon surface
that uses microwave-excited plasma, there appears
>almost no surface orientation dependence on the
growth rate of the nitride film. Further, the surface
20  state density at the silicon nitride film/silicon
_interface is low in any of the (100) surface, (111)
surface, (110) surface, or in any of other surface
- orientations. B -
" In order to realize the nitride film of the
.25 present invéntion, it is also possible to use another
plasma processing apparatus that enables formation of
nitride film at low temperature by using plasma, in
addition to the apparatus of FIG.4.
| For example, it is possible to construct
30 the apparatus by way of the plasma processing
apparatus of the foregoing two-stage shower plate
.type in -which the first gas release means releasing

the Kr gas for plasma formation and the second,



Kr gas and the NH3 gas are m xed, Kr* of internediate excitation state
cause collision with the NH3 nolecules and NH* are formed efficiently,
while the radicals thus excited cause theZdifridation of th é% ihgcon
substrate surface. In such nitridation of the silicon surfacg t%%fz @bs

m crowave- excited plasma, there appears alnost no surface orientation
dependence on the growh rate of the nitride film Further, the surface 20

state density at ddeisiddLonydy trddendd Indsid | €0 rddyfacais 4.0 hrﬂ any

of the (100) surface, (111) surface, (110) surface, or in any of other
surface orientatiohs. 29 RrAderdad realize the nitride filmof the .25

present invention, it is al 80 ppessi 0. US [ 0 . r.oecessi ng
apparatus that enables formation f)‘?pﬁn%#r?rge& ?‘{% }fnlloévvoarfreyﬁlpigj{la Ure by
usi ng plasnma, in faddidaf orh¢ rdreerapparatusiof, RiMe exiForerea@anpi e, it is

possible to cgonstruct 30 the apparatus b y_of the plasma processing
appar at us of '([ghe }f%(f%og%?rhgtt?%s-s rhegelmr\#gl%&l%tmf ype in-which the first
gas rel ease neans rel easi nas therdduigaso f sx P @sie fOF afdaiyandid hahe

second, - 23 1 0 MAR 2006 additional gas release neans for releasing the
oxygen gas are RodiTed.the daRIFirmdtanss ofn tHee sitikent mitikde il m of

the present inventi ai.of e axiotance olo Lydagep (A gneidmashan

factor. As a result of existence of hydrogen in , t ngl i ng
bonds in the silicbrShilt haed di [Nnibroetd t lend merd acssware, terappiated in

the form of .5 -H bond ar, N H.pand, and a5, a,1&sUL 12PN the
| interface is eliminated. Thereby, it should be noted
that existence of Si-H bond or N-H bond in the
nitride film of the present invention is confirmed by
measurement of infrared absorption spectrum and X-ray

15 electron spectroscopic spectrum.

As a result df existence of hydrogen, the
hysteresis of the C-V characteristics is elimiﬁated
and the interface state density at the
silicon/silicon nitride film is suppressed to 3 x

20 10"%m™ or less. In the case of forming a silicon
oxynitride film by using a rare gas (Ar or Kr) and
the mixed gas of N/Hz, trapping of electrons and

v holes in the film is reduced sharply by setting the
partial pressure of hydrogen to 0.5% or more.

25 In the present invention, too; it is
sufficient that the silicon nitride film formed by
the microwave—-excited plasma exists at least at the
part contacting to silicon, and thus, it is possible
to use an'insulétion film in which a different

30 material such as a silicon oxide film, aLuminum oxide
film, tantalum oxide film, hafnium oxide film,
zirconium oxide film, and the like, is laminated on

the silicon nitride film.



10 of electron in the silicon nitride filmor by the interface is
elimnated. Thereby, it should be noted that existence of Si-H bond or N-H
bond in the nitride filmof the present i A%ention is conf iﬂ@t}M%%

nmeasur enent of infrared absorption spectrumand X-ray 15 el eCtt"
spectroscopi c spectrum As a result of existence of hydrogen, the
hysteresis of the CV characteristics is elimnated and the interface
state density at the silican/siddean niddide fdddndiscsiuppressedd and x 20
1010cm 2 or less. In the case of formng a silicon oxynitride film by
using a rare gas RZeSrt KMVeid on hel i dedypsiivfe N M e tarap s thg of

el ectrons and h I id:md ggig I et.ting the partial
pressure .of hydr gjga;sr{%apo ﬁog%%éoérlrﬂrr&bfaé{ %%n%@pérﬁe%}%inﬁss ilrévvgnti on, too, it
is sufficient thetmpdmnisite conide tfilde fodmma ficmredy hesitdhelasma in

m cr owave- exci_t ed ashe exists at |east at the part contacti to silicon,
and thus, it is pao‘gji @ 1D U WP rFIf(% iFr?RMﬁWFgL i fflerent 30
material such as @& shdd LB OXidaidd lanpad dHd B d divg fAddgard@y alsum oxi de
~film hafniumoxide film zirconiumoxide film and the like, is |amnated
on the silicon nilgiteftitage -showen Wl R 2006 hav igrddiha f et i%%8 t he

nitride filmof the odresen,d nygntl rlaaéj}n%\lsa RS €40 é&&ﬁ&ﬁ'}%/g ot herv
pl asma processi ng apparatus that enables Tow tenperature oxide f1lm
formation by usi nglgdresrey ian Bl adivdveomnd the sppardtgss ofelda@el. For

exanple, it .is possible us | as processi ng appar.at us of he
t wo- st age shover Hﬁﬁaa % C?lyép%rl%r% ﬁfglp?%etr% r’éj_trsg%sga AR tRedlls £o¥
releasing the NH3 (or N;/H; gas).

INDUSTRIAL APPLICABILITY

According to the present invention, it
15.‘becomes possible to provide a field effect trénsistor
of high mobility, by forming a MIS transistor such
that the MIS transistor uses a gate insulation film
of a silicon'oxide_film, silicon oxynitride film or a
silicon nitride film, formed on a silicon substrate

20 or a silicon surface having substantially a <110>
surface ofientation, in such a manner that the
direction connecting the source region and the drain
region becomes substantially coincident to the <110>
surface direction.

25 Further, according to the present invention,
it bécomes possible to increase the current
drivability of a tranéistor up to five times the
current drivability of a conventional transistor that
uses a silicon gate oxide film, without miniaturizing

.30 the device, by forming the MIS transistor having
particularly a silicon nitride film on a silicon
substrate or silicon surface having a substantially

<110> orientation,'for the gate insuiation film, such



rel ease neans for releasing a Kr gas for exciting plasma by a m crowave
and the second gas release 10 neans different fromthe first gas rel ease
means for releasing the NH3 (or N2/ H2 gas¥51 NDUSTRI AL APPLITCABKAD -'Zgﬁﬁ
According to the present invention, it 15 beconmes possible to provide a
field effect transistor of high nmobility, by formng a MS transistor such
that the M S transistor uses a gate insulation film of a silicon oxide

film silicon oxydyide idilBalich Hdddan R thideddddn dormed o a
silicon substrate 20 or a silicon surface having substantially a <110>
surface orient at itdre dueigudiesd omamesmdiltets tshids tdinrteetlilon widimedts ng t he

source region and -t I ai regi_on .heconmes subst anti al | inhcident to the
<110>. surface dﬁlrltéb%t i%c‘)lnlj. Eﬁrﬁeﬁ:écrl,ona'g?‘osr |r¥gestugtt'héc%r g@gt i nvention,
it becomes possi Hmrisd dtar eds eHah e reisgrenti nvdin tial lid bwpefrad ity ansi st or up

to five tines thi{i@%‘g”em drivability of a conventional transistor that

uses a silicon g YRFES MirhhAntt Wste midhcdting 4%y LIcakse"devi ce, by

form ng the M S tdans Sl AAUNG arRBritd QY Adas cHdiiARn ¥ tidefdd mon a
silicon substrate or silicon surface having a substantially <110>
orientation, for Ghfe Ry@dadthafl ddiahr fidagensiclvutcds frefiudgaRY2@08! t hat t he

direction connecty reqi nd i I,0 i nci des
substantially w t% t hc;eeh%éie%g(;d%zﬁr sig)clg&(ﬂaer eﬁ#’%ﬁ{b%’@%d:uggdl {%,fct e MS
transi stor of theidriesentCMOdy enttiegratedpenahlie: atp Sdifiglves paec sMashout
deteriorating_ the breakdown .characteristics, and it conmes possible to
i ncrease thé%pr &ﬁ?&arﬁdom%f FERRF B fqﬁescﬁJe%refvsaﬁtFans that

it - has become possible to realize a high-speed
integréted circuit exceeding a silicon germanium
transistor or a gallium érsenide transistor while
using a silicon CMOS device. Further, by increasing’
15 the channel width five times without changing the
channel length of the MIS transistor, it becomes
.possible to reduce the device area by 1/2 or less as
compared with the conventional MIS transistor having
a silicon gate oxide film formed on a (100). surface,
20  without sacrificing the current drivability. Thereby,
it becomes possible to realize a low power integrated
circuit in which the power consumption is reduced to
1/4. Further, by increasing the channel length five
times without changing the channel width in the MIS
25 transistor, it becomes possible to reduce the
variation of the threshold voltage to 1/2 oi less,
the 1/f noise to 1/2 or less, and the thermal noise
to 1/2 or less as compared to the conventional MIS
transistor that has a silicon gate oxide film on the
30 (iOO) surface, without sacrificing the current
drivability. Thereby, a high-precision integrated

circuit can be formed.



devi ce breakdown voltage (fT.BVbd product) of a silicon CMOS integrated
circuit -up to five tinmes as 10 conpared vm'_tl%t he conventional case. This
nmeans that it has becone possible to realize a high-speed integrated
circuit exceeding a silicon germanium transistor or a galf impmgrmggi de
transistor while wusing a silicon CMOS device. Further, by increasing 15
the channel width five tinmes without changing the channel |ength of the
MS transistor, it becones .possible to £édde® the device area by 1/2 or
| ess as conmpared with the conventional MS transistor having a silicon
gate oxide filmforned on a (100)-surface, 20 without sacrificing the
current drivability. Thereby, it becones possible to realize a | ow power -
integrated circuit in which the pewdkcccohsirpt i ofevisce edaeed Woichl/ 4a
Further, by increasing the channel_l|ength five tinmes wthout Chancgigg t he
u

channel width in théfalstvset Gheidt 6FLert hecordsSHossitie 17 Te t he

variation of the threshold,yoldage,do ML 0hgl esSostdheidifynoiseciool/ 2 or
| ess, and the thernmal noise to 1/2 or less as conpared to the conventi onal

MS transistor thatidrsata®ilicon gate oxide filmon the 30 (100) surface,

wi thout sacrificing the_current tiyabi Lit Thereb hi. gh- cision
integrated circuit »%’gﬁrﬁénf oF e l-eY§6e%_%Le%tl\/ﬁﬁ Qgﬂ)ét&%ﬁl kﬁ@i{?&% -

sem conduct or deviceHahwili chi el b g gl idnarafi St deffeetd taransiist ors are
formed on a silicon surface having substantially a <110> orientation,

wherein sai d fpel FEFHFER FHERGSIBL i UFe H TG CHIh RIS A % ect
transistor diSpos%Qnﬂnx§agébion and a drain region of said p-channel
field effect transistor is coincident to a
substantially <110> direction, said p-channel field
. effect transistor having a carrier mobility of about
15 2.5 time of a carrier mobility of a field effect
transistor formed on a silicon surface having a

. <100> orientation.

2. The semiconductor device as claimed in

20 claim 1, wherein the part said gate ‘insulation film
contaéting silicon is formed of any of a silicon

oxide film, a silicon oxynitride film and a silicon

nitride- film. ) : -

25

3. A fabrication method of a semiconductor
- device including therein a plurality of field effect
30 ‘transistors on a silicon surface having substantially
a <110> orientation in such a manner that the
diréction connecting a source region and a drain

region of the field effect transistor is coincident



10 silicon surface such that a direction connecting a source region and a
drain region of said p-channel field effect7transistor is coincident to a
substantially <110> direction, said p-channel field effeqtﬂtM%pg'gw or
having a carrier nobility of about 15 2.5 tinme of a carrier nmobility of a
field effect transistor formed on a silicon surface having a <100>
orientation. 2. The sem conductor_device as claimed in 20 claim1, wherein
the part said gat&°i AsBFaEFORT R HY coht9gt FhESSEEPRon is fornmed of any of a

silicon oxide film a siligpargxysiisideifii tmand gagl!igompiighde-film
25 3. A fabrication nethod of a sem conductor devicée including therein a
plurality of fiel @8iéRfeétthgofiehdseEfers bnamssstprohnssiivfaed bravi ng

substantially a g > orj t] in_such manner that _the direction
connecting a sourgéiggg?oﬁfg%g gggrgﬁﬁgm?eagoﬁ of "The?fi &l'a @ffect -

transistor is xoi hobdeéatien27ild GoMARNE08§6st OtResHbséanghal pyasid 0>
- direction, characge[izeg in that a gate insulation filmof the field

ef fect transistor °F$Mof AEHCRYPY U8 AECHAHEXBUCHERtHPRASME of a rare gas and
an 5 insulation filmform ng gas, the m xed gas plasma being forned by
m crowave excitation. . 10 4. The sem conductor device as clained in claim
3, wherein said rare gas is fornmed of any of krypton and argon, and
wherein said insulation film formng gas is any of ammoni a,

ni trogen/ oxygen, 15 oxygen, and a m xed gas thereof.
10 '

4. The semiconductor device as claimed in
'claim 3, wherein said rare gas is formed of any of
krypton and argon, and wherein said insulation film
formiﬁg gas is any of ammonia, nitrogen/oxygen,

15 oxygen,Aand a mixed gas thereof.

5. A semiconductof device in which a
plurality of field effect transistors are formed on
a silicon surface having substantially a <110>
6rientation, A

wherein said field effect transistors include an
n-channel field effect transistor disposed-on said
silicon surface such that a direction connecting a
source region and a drain region of said n-channel
field effect transistor is_coincident to a
substantially <110> direction, said.n—channel field
effect transistor having a carrier mobility of about
1.4 times of a carrier mobility of a field effect
transistor formed on a silicon surface having a

<100> orientation.



5. A sem conductor device in which a plurality of field effect transistors
are formed on a silicon surface having substantially a <110> orientation,
wherein said field effect transistors incldfe-an n-channel field effect
transi stor disposed-on said silicon surface such that 4§ glip;m:tzpw
connecting a source region and a drain region of said n-channe field
effect transistor is coincident to a substantially <110> direction, said
n-channel field effect transistor havi pgsagrgarrier nmobility of about 1.4
times of a carrier nobility of a field effect transistor forned on a
silicon surface having a <100> orientation. ABSTRACT I n a sem conduct or
device in which a plurality of field effect tr istars _ar.e.faormed on a
silicon surface having subgltnar?t isa%n}lycoam{éﬁ%j O%szln eaﬁ“lnorﬁ“t he ield effect
‘transistors are gliwpases ot tfiels |d s wiface suads tdat @ iadkean en
connecting a source region and a drain region of the field effect
transistor is>coificiidféit S RSubaamd aﬂ‘%ﬁ@%ﬂb"f‘]&iyr éctSion”

orientation, the field effect transistors are
dispoéed on the silicon surface such that a direction
connecting a sburce region and a drain region of the
field effect transistor is coincident to a

10 substantially <110> direction.



