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 caldgmieguicrad tent dey ize160) msurf peerisucthras (AQ0) surface,
(010) SurfaceWOanqﬁaniconductor 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



(001) surface. Conventionally, it has been known that the 5 nobility, and
hence current drivability, of a field eﬂj%f[_transistor changes dependi ng
on the surface orientation of silicon. On“the other hand, hd} }MA@l 38l e
experinmental know edge has been. obtained so far with regard to the
surface orientation that 10 provides maxi num nobility by way of attenpt of-
choosing a surface orientation of higher nobility by formng a gate oxide
filmon silicon cnimfaed iarystadurdeaeedrdaantyatdoan vetikert tdoam t(he0$100>
surface, because of_|large interface %tate density fornmed at 15 the

oxi de/ si i con i nt%etf a$USpar d At P4 HE Cas 01 e 18198 ¢ 87 %xi de

- filmformed on thgmi) isatracgurface oriented in the <100> orientation, and

in view of poor breakdown characteristics and poor |eakage
characteristics of such a g&&eaXiidesilym X0 hasadmsien &nown e thdde

di scovered, ip Japa Laj P Iscabi 001--160%9,., £ hat it
is possible to form g%hscﬁ’g'h%c?gfaﬁ%t%y%es?ﬁtu%rfﬂjgﬁl&gtbfl"ﬁ]qn%’si fl %o%oe%fni tride
filmor a silicorffrdtitdanfsilshomrhangds cdapesurinac @nofchanywiftsfcace 25
orientation, 'including the sili cg&.surface 3‘81\” ng.a <111> surface

orientation, at IGWTERTEA frle Sdudirds Aoddec By ds g I Fowave- exci t ed

pl asma. However, ddiisidlld @xpyrtinchtnt iKWl tideeMa sabrudn derenedenc s cof
mobility of a field effect transistor on the silicon 30 surface
ori entation. Thusah Aerd HEIFECeF NG SHIERFE 5 ieartadtiomorfiaty a fiel d

ef fect transit ofnr St U Gfuinghmobly ity b ghoasigsurfzace
orientation of silicon surface. 3 1 0 MAR 2006 DI SCLOSURE"OF THE | NVENTI ON
Accordingly, it ishapsgereralsuslfjeart cofiami@mtion 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.



present invention to provide a novel and useful sem conductor device and
fabrication process thereof wherein the f(r)3r egoi ng problens are elim nated.
Anot her and nore specific object of the esent invention i égﬂg{%& de a
sem conductor device fornmed on a silicon surface of <110> s €
orientation and fabrication process thereof. Another object of the present
invention is to provide a sem conductor device in which a plurality of
field effect tramsEiStTorsyrR e aAHEdNVENT ISIN | con surface having
substantially a <110> orientation, characterized in that the field effect

15 transistors are di sposed*ccﬁ?liq‘?é’gsll i ddn ISus FEREddh ORIrEt &fditPEct i on
connecting a sourfedead Ohwit idn HAIPEIAHLR Howrdl drdd &lsd efif ect
transistor is coincident to a substantially <110> direction. Another

obj ect of the présERcAnfEidorigwce@nd frkgviagd ipn amdesat ithbiereetthod of
a sem conduct er inc ural jt ef f ect
transistors o% a"‘g% |ecci§1n tgluér ;%c aw%:]% eiset?[lasntalq‘Ja éil?[{éngf%gg orientation
in such a manner that the Ahatgciy mnd:mmr@ctspm:ﬁmwhg@dtegxfomh@nd a drain
25 region of the field effect transistor is cojncident., to a substantlally
<110> direction, RHFATSET e FRFIR hd© ré’é’tléiq 7s ARSI 0f the field
effect transistledicd aomEDBAS RG 18 B edirdasPlasm 10f audrale gas and
a gas that forns an insulation film the 30 nm xed gas plasma being forned
by mi crowave- eXC|qrdtqu%?tl%@d1CH|fr@%1§at’qi@Tbr%§@ﬁssi MeRIdn, it becorres

possible to provide a fi el dyuplhenl duians! YOl Ol f1ldrit oY of OT M N
a MS transistor such - 4 1 0 MAR 2 06 that t M'S transi stor uses a .gate

insulation film to provide 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



of a silicon oxide film silicon oxynitride filmor a silicon nitride

film formed on a silicon substrate or a silicon surface having
substantially a <110> 5 surface orientation? Tn such a mannér( t4HRt 2808e
direction connecting the source region and the drain region becones
substantially coincident to the <110> surface direction. Further,

according to the present invention, 10 it becones possible to increase the

current . drivabiltliat ofhé MTSANStSIOTs thr tiosdd e dd e si difl a G entim
drivability of a conventjonal transistor that uses a silicon .gate oxi de

film without m RatirLifP? thetdrevite?: B3t Foith MEtHEMES thidmsiakt ér

having 15 particulardyo@ Sidd 6o Mtd i deddddnan 2 Silli &ap s diaf e or
silicon surface having a substantially <110> orientation, for the gate
insulation film ®uch sihaton el ae than mpmasttiang itdie s eur<dd O>egi on and

the drain regi.on incides ssuhstantially with the 20 <110> syrface
direction. As 5a' rsg%uﬁé,edt%rel taj’[Orna’nsji stsourcl"%)fa t%aemb?'re;t(]ﬂﬁt invention is
operabl e at hi ghiispsed o tdwirte deitref i tHatdAgrdderdifieakdown the drain
characteristics, and it becones ssi bl e to-increase the product of

hi gh-frequency cutTHFOT rfifdS ENHRA e WIRMARHT Vil tidife (> BVbd

product) of a sidicrICMEBddtiegrated circuit up to five tines as
conpared with the conventional case. This nmeans that it has becone

possible to realize a hi glFEEpe®r i megpzdia ciq cihie el ngpeestiidron
germani um 3Qqt ransisd o, rﬁo 'Iﬂﬂ&'@@rﬁ?ﬂedaﬁsé r sicsqtrorren%i le wusing a
silicon CMOS device. Further, by i1 ncreasing the channel wdth five tines
wi t hout changi ng divevadhianingt dfergtirafsiderd p MAR 2006 treed ransi stor, it
Pﬁgomas possi bl e cguorrreendcu CcFritvha%ildieeg} Coef ,aa{ ecaonb enlf{izonoar 1 Itersasnsaiss tCoOrnpt%{aetd with
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



conventional MS transistor having a silicon gate oxide filmformed on a
(100) surface, without 5 sacrificing the current drivability. Thereby, it
becones possible to realize a | ow power i“nt%g‘r ated circuif [ BARNEIEE t he
power consunption is reduced to 1/4. Further, by increasing the channel
length five tinmes wthout changing the channel width in the MS 10
transistor, it becones possible to reduce the variation of the threshold

voltage to 1/2 orMi®sssandinetdll f nOikednesl/pbayidiesso andiddee dher nal
noise to 1/2 or less as conpared to the conventional MS transistor that-
has a silicon gat¥'eGUeét9a R¥on ther IEL00) g wiittthddte sacrificing
the current drivakididit:dier ebys @ U S LG8 1y INtagralad o Lid cuit can
be forned. BRI'EF DESCRI PTION OF THE DRAWNGS 20 FIG 1 is a schematic view
showi ng the crystaldsstiiyet vrarmsfd eorsid | Cld )s bstflaates ofithout10> surface

orientation o ich afi. ffe transistor..i.s forped; . FIG.2 is a :
di agr am show %g t ae&ol?flleénjt%a%d itglne é’i‘rraeenptenarelﬁ’cag)lo]‘fl Yars B mobi ity for
the case a P- typeeddn®d ransiiddier i fearinede on law< i s unfaegia tddGS. 3A 3C
are diagrans showi ng the . surface qrientati on dependence of current-voltage
characteristics Ji*THEMS ¢ St ;POWRF FGHRE 197 difeRRGUCSA W

- showing a plasma 1 appanatited has Li%?c?r@asfjﬁﬁf alnd iR 3ot e and
-FIG 5 is a diagram showi ng the dyepen_dence of the'silicon oxide film
t hi ckness on t he F@iefatiignor: Mharaoaqa ithe fdanisd cuskh Her sl @0 crystal

surface is ghanged vard I y;r RETALED PO THE FERRED
EVBODI MENTS 5 [ PRI NG PLE| © posB e el SR
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



It is possible to forma high-quality gate insulation filmon a silicon
surface of all surface orientations at |ow tenperature such as 4000 C, by
using a mxed gas plasma of a rare gas and 6a“gas that 10 fofnppan %335
insulation film induced by m crowave excitation. As a result of detail ed
i nvestigations conducted on the silicon surface orientation dependence of
a field effect transistor by using this technology and thus constituting
the foundation oftikke tde pRslsd MRNtIiAA.cdihedyvent efurdfadeha spresent

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

di sposed on a silicon surface of a <110> orientation in such a 20 nanner
that the direction fromthe source region to the drain region coincides
with the <110> orlEdift]d TN @F T REh & REIFESRRMD (EMES H

on the foregol ngl\hqj it beconmes possible to increase the nobility
for both N-»tylps)e @\?ﬁﬁ%ﬁsistor and P-type MS transistor and that a
highly reliable transistor Its iebtpaistEthistc tiaim thevidh-ansilsier daas a
mobi lity of about, 1.4 tinmes as large as a MS transistor fornmed on a

silicon substrat PHaAMPY He' 'ELET> ori et SR R Sdde BFF T&TEN 30
type M S transi stfiedddditfLase 10w & dadRE MeS suldhaRsl StodC, i byl S
possible to obtain a nobility of about 2.5 tines as large as such a MS
transi stor formFiow & SH¥cbwasupsase Had Fgchgaslems a pas] thaft AR
2006 or i ent al,on.co i thennAnCAdING 0, e prasenty Wnventign, it is
possible to use, 1n addition to a convent'i ona Si [Pcon oxide fil m a
silicon oxynitrideditdahion.a?s i |decori thidfr ideafiillemd Hanwiersg: iayd taroger
dielectric '

- 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>



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 diel éctric constant. h@ WM&k s8I d be
noted that a silicon nitride filmhas a dielectric constant twice as |arge
as that of a silicon oxide film Thus, by using a silicon nitride film
for the gate insulation filmof a MS transistor and further by choosing
the surface oriendaiéfpaBsodd set forth in the present invention, it
beconmes possible to achieve a highly reliable field effect transistor
having a current drivabili¥fyrtaegera¢ridirGatoorha Pramest HRVeAVIi oYy a

sil'icon oxide of i@eissa@@smi@k@&%%r%da@@i@ié&% SUSACE, Yoy factor

20 of about 2.8 in the case of an e Stransistor or a factor of
about 5 in the casklbfom xigpef MBS, 4 rahbistmroxymiontde ekidnpler of t he

arrangenent in whjich, the source ion_and the drain regi on are di sposed
25 on a <110>%oriéeh?%%é%i?}\g%}]&esu%f%‘&}aé‘ﬁ%lﬁgt%a}a¥%%r a‘ﬁ%ﬁ‘f%%onnecti ng
the source regi oncamelcddre sl atdmpd gl oni €I HCé UeBcdheo<ldd>r din ectdon, it
shoul d be noted that the gate el ectrode may be di sposed on a silicon
substrate having @prides papsetatiee blm- 36Pe49%y . ot F HMRETVON such t hat

the elongating digeetione ©f ihergaie ehectypde,coincides Wy %ﬁ?ﬁ?&
e

direction, and such that the source region is disposed wthin
foregoing (110) stFdizgestertie BFedecvtiehewith 10fe8di0l (AR ROOSC™S taTt i on

W th respect ;0 the 9@&&‘1&' Stiodes %QQ? %hﬂ iél‘ drailp fegkon, s, di Sposed
within the (110) surface allt? tr%e side o he J[ (ﬁ%] direction. I'—}hr her, the
present inventiondietéaichesc atdnstentd cwiyst ahd ot agphi £al tlyaequf val ent
arrangenents 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 disposed within

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



equi valent to the foregoing. It should be noted that this construction is
equivalent also to the construction in V\@i?h_the gate electrode is

di sposed in such a manner that the elongating direction of 1thM Pl% @ate
el ectrode coincides with the direction rotated by 135 degree vi%t f-} t he
(1-10) surface with reference to an intersection line of the (111)
surface. Herein, it should be noted that the 15 representation
"substantially <ldilrediiectwiort! ftespwit to nmhedydie tdeedtdd)e sundface itsel f -
or to the {110} urfaces that include all _the crystallographically

equi val ent surfaces®t nbtet ,a]ﬁhtr‘?ql%lstosiqﬂc"f%ee%alt"ﬁetmsrhﬁ?fé?ce”&rq)entations
approxi mately equakrtacd her (2dd)s 20 sax face crysipld o aphcalgye s,
surfaces such as a (551) surface, a (331) surface, a (221) surface, a

(553) surface, a ¥E3Hreggtaceventiop)ingkidee,ald Wwel3) surface, a (115)
surface, a (1k7) sdace, ni | V- € ' t.surface
orientation. 25 Further, ? I's la@ol%gi?%f?%@c%%gars& e{}ﬁ%tsslsjrfaces such
as a (320) surfacequdBE3l) surflaceformed@2ly. Burdramne,d od SB)eduwace, a
(535) surface, a (230) surface, a (351) surface, a (231) surface, a (353)
surface, a (355) 1%tljlr A E S I]ﬁe‘?glﬁv%‘?’% FH 3P dlful ar devi ati on
fromthe <110> di¢aedtanctsosmal lvhenougle &0 assdthedd yisd aiis%wsfeape in
~which the effect, of the present invention is achieved. 9 10 MAR 2006

[ FI RST EMBODI NENT® ARUGP 13 iR ifbodiienth e kg v i ra i idh, the .
description wol | be:dmade. o Qe SESHLOMICTAr e L6y i Whi gh 2, MS.4 ype
field effect 5 transistor having a gate insulation filmof silicon oxide
is formed on a sidy coib slamtees evifdvimgtlee <It0) 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.



orientation. FIG1 is a schematic diagramshowi ng the crystal structure of
a silicon crystal constituting 10 the silicon substrate used in the field
effect transistor of the present inventio’n,gv%erei n FIG 1 sTo 4the
crystal structure as viewed in the <110> direction. In FIG 1, @6 2806
arrows 101 and 102 represent the <110> direction, and it can be seen 15
that the silicon atons 103 are arranged parallel to the interface to the
gate insul ation fidIRsat AMBODIMINIEr nost surface part thereof on which the
field effect transistor is formed. Further, the M S transistor of the
present 20 enbodi nent i ncAfdés T gt eMuEmdde Ut Hhise PSSRt ef f ect

transistor on the sAhirdy | eriLd sFiNGi RAl11 S ek o the silicon
substrate such as the (110) surfaces such that the gate el ectrode extends
from the right teRimendaiatan daw qs dme Wildh G MISTHawebyie2B teffgesdur ce
region is dispose iR .r ect_to. th l.ane «of, the dr.aw ng, while
the drain reg?one%sa%%ﬁg%ggggh?lélﬁEierg}av&et hlnrsélgpagccj‘[o oltlﬁle ngl ane 6™ he
drawi ng. It shoulakise nct etbrireat drhiss sdilrieein arudsk ratthe hdivieet a0 1i1m>whi ch
the field effect transistor is 30 disposed such that the |ine connecting
the source regi 6 @it HE€™rain regi on coinci des the <110> orientati on.

As wi Il be shown in FIG 2, pifte 1moly |d taeh Sa tite Mo AahAndostiQly Reeones
maximumin this - 10 - direction. 1 0 t4AR 2006 FI G2 shows the dependence

of the nmobility GVt SESiEES o ieemidtion fowstid casetd tipge MOS -
transistor ig,foryrd o0 sthe @u%@trﬁalgé d %Tnvwﬁq{eeiﬂeﬁlde‘eﬁfre%q{ esents the
gle of elo i

change of nobility for the case the an ngating direction of the
: transistor of the present invention, wherein FIG.1

shows the crystal structure as viewed in the <110>
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



gate electrode is changed within the (1-10) surface wth reference to an
intersection line of the (1-10) surface to the (111) surface. 10 Referring
to FIG 2, it can be seen that the nobil throbécomes maxi rumin the case the
source region and the drain region are disposed such that tfleMARgli8s
formed by the elongating direction of the gate electrode beconmes 135
degrees. In other words, 15 the nobility becones naxi mumin the case the
source and drai diegi©oien are di sposed within a (110) surface or {110}
surfaces such that the direction connecting the source region and the

drai n regi on coinci des the Fa1dSktecitotienendsndaresitiatidn Hélvds al so

in 20 the case of52 MNd ypPeM S 4daNs 1 rprfatilcfgl wlﬁlé)%a%p:)ae%%%@}e the

nmobility of the MS transistor thus disposed is Increase y about 1.4
times for the caOS ofrars N typel M B ameghgirstidre ofl ldhowurX&cd,i nes for the

case of a P-type tr i st.or_as _conpar w th 25 the M.S .transistor
mobility in t)l‘éle <%%>elsr§;?ia(?:é£ 1% hou Sd(%%lee nco}}aendg? hoafte HéOLPc]‘r%latﬁ' iﬁ%ﬁ ease of
the mobility of the M trtensdrsdior off sqlaseshdihg uthradtiofd e afieon i s
caused by the reduction of effective mass and |lattice scattering

probability of el¥tT MELETPHOIES IR DIY HH: pgedth Frorf ) Fdiddfsce

region to the drajith e ONnhS €A SeenddomFlGrie dNen 0GCU no
sharp decrease of nmobility in the angles slightly - 11 1 0 MAR 2006 of f set

fromthe angle irfWiifiate the Wodi (3%} puooese. naximum Thus, it is possible
to obtain a fj,eld effect tﬁé"f?hs%r% of flal?)?veldc nohi IB% Yshen ,the crystal
orientation within 10 degrees om1he degree angl e 1S chosen. el'hus,
the field effect marianisistmrcaied heaxpimesenin ithentd on Cen dweadfar med
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



al so on surfaces having a surface orientation angle substantially equal to
or close to the (110) surface or <110> surfaces, such as a (551) surface,
a (331) 10 surface, a (221) surface, a (32%#} surface, a (53?)q &%grﬁgﬁe, a
(231) surface, a (351) surface, (a 320) surface, a (230) surtace, d the
like. FIGS. 3A - 3C show the dependence of a drain region current of the
P-type MS transistor on the 15 drain region voltage. It can be seen that

the current drivabitddy oford hendMaSidranst shorcy o i e, Melbmesur face
shown in FIG 3B and the current drivability of the MS transistor forned

on the (110) sur fEeMEhoWl s FI'G BT RS inks casedtdith a ésipdlet to the 20
current dri vabi |14y 8l the (0000 sW 66 S0o0 ddbi 111G 30 dy bhe factors of
G4 is a I

1.3 and 2.5, respectively. ross sectiona agram show ng an
exanpl e of the apparsitals wsiethfarioreatitziing The dsgkeesnfgametbxi 0asfil m of

the MS-type field effect 25 transistor using a.radjal_line slot
antenna (ref ersenc(ge%%eo%lacf’%e e e %%Qﬁéﬁﬁﬁme %11@%5‘1 1§ oxide filmis
formed as fol | owssrard Istor v atbimpMassel {PFaeess NhChanbeidne 01 is
evacuated to a vacuum state, and a Kr gas and 30 an 02 gas are introduced

froma shower pl@ACH Wil 12 fr sy vfoniRn ideas Amg chanber
Is set to about g,JOrdnt Nexdty @npll 160 Maiffs£03, hcﬂ’l\%]n@.lq))< Facet?2 10

MAR 2006 surface orientation’is placed on a stage 404 having a eatl ng
mechani sm as a subst¥lat®, sumfadws t enpar @ure (D1t eisizesd nen (Blget to

bel ow 5 are 28bstantr Ty X hE S He 1 Ohg Ba Te ST atur @ ¥Rt ing
is.in the range ofu0(:5500 @31) 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>

¢



Further, a mcrowave of 2.45GHz is supplied 10 to the processing chanber
405 through a radial line dielectric plate 407, and induced in the
processing by noted that the results genefal 'y the same sup ldﬁ%ﬁ’ 2008

m crowave 15 |ower. from a coaxi al wavegui de sl ot antenna 406 and a

hi gh-density plasma is, chanber. Thereby, it should to be explai ned bel ow
are as long as the frequency of the is 900MHz or higher but 10GH# or It

shoul d be noted thatrdde separaiiQm hetyrend i shawalgd! ale 2 and, the
substrate 403 is set to 6cmin the present enbodinent.” By reducing this

di stance, a hi ghereF§ing fegahan o rat @ busone 20 posbitbie. tanndwe tune
present enbodi menj¢ expl %Sgle%it £xaqml e of %{"4}%@ f'Iltms?l%uﬁﬁl I%g a
es the radia cfo shou be

pl asma apparatus that u ITne s antenna, i
noted that the mrorowhvEhemgbbethatt ridducessilnto thée praoessiad) wdlavber by

way of ot her thods. 25 In the mcrowave-excited plasma in which a Kr gas
and an 02 gasggr S X8 ,S%Htjoq‘el]iifltg?‘?restﬁ% és e]ﬁﬂ(faaﬁ ofist at e cause

col lision with theZrdmlacues: and B8 o cerid atgh X ygen df- w3 @Cf.or med
efficiently, while this atom c state oxygen causes 30 the oxidation of the
substrate surface. ConventiWidley, 3 tniHRNaV Dot AP GHvatis Humdiidst i on

of si licon surface, has. heancauses ydQ PLEFY 6%a 0la O3 EEUES and a

very hi gh process tenperature
- 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 H20 moledules

or Oz molecules and a very high process temperature



- 13 1 0 MAR 2006 of 8000C or nore has been needed. In contrast, the

oxi dation of the present invention caused by the atom c state oxygen can
be conducted at a substantially |ow tenpetatture of 5500 C o @FI G5
shows the surface-orientation dependence of the relationship Sm@ t he
oxide film thickness.and oxidation tinme at the tine of oxidation of a
silicon substrate surface by the m crowave i nduced Kr/02 plasma, wherein it

shoul d be noted tdwatgoof0 &+ Gudrehaus bBenr gbatik@nshhpcbRtrkbe, (108)
surface, (111) surface and the (110) surface of the silicon substrate.

Further, FIG 5 al¥ddsticwd (e td datdsomt tinverddpendenced &y tthe

conventl onal dry ernal q;;;z; N, C QR D000 C 15 In the
conventi onal hi ghé%bemr%r at Ut e erngqjo?(jl%(sjacﬁ on ﬁ'leﬁno ogy, the 02

nmol ecul es or HZOsth@aw:edlpgerietw ateenpgehracugte arf &60de dor hredson t he

surface and the 02 nol ecul %%o e H2Q.nol ecul es t hus enetrat ed through
the oxide filf and reached tE’né; 49 coti s115 & fﬁ?ﬂ nterface

contributes to tdipendddaid ¥E tHSsetherR ALY ffiRy enGRicofri16r owt h
rate depending on the surface orientation. In the case of the oxidation of

the silicon substiEt@nasis face By-date IR dridtave itudda K233 ISR on
the 25 other hand, ¢ therq ;can ke s88n %o sqﬁq]%té%n | 'th Q;]_Lj)q;’éq,% of growth
al’s

rate of the silicon oxide film and t oto e surface
orientations ot helrndefam Riézepdhewn ,i WhEIELE. 1|€ushheitd bRenpgsdl thet
I si 11 con Pt & ¥e ToGUCT e By ey o oo retuenay (o Thissr ement
has reveal ed the ¢1a1m1) td’iﬁifadd"leandlttﬂ’fef age ot aher fdenrsidfy wofe tdid isidn con film
thus 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



- 14 1 0 MBAR 2006 forned by the m crowave-excited plasma is lowin any
of the (100) surface, (111) surface, (110) surface, as well as in any
other surface orientations. As explai ned-abBve, the silicon &x§ ¢&i%f 20gp 5
thus fornmed by the m crowave-excited Kr/02 plasma has equival ent or
superior electric characteristics to the conventional high-tenperature
oxide filmforned on the (100) surface, in any of the (100) surface,

(111) surface, (lHDn&UdRGhe Hi BRI SWIAGESsrED il 190 118 @yt he
fact that oxidation is conducted at a |ow tenperature such as 4000°C. It

shoul d be not ed tHatthehelldd)stsendaasf, K1lln aurdagid i cdid Wxiste feidem
i mredi ately after, ¢ Qgelkislarg fnoralr;g}i %eaﬁl ssqlrcﬁrk%er iot}}gef% ttciotnl}‘e f or egoi ng
0 r

desirable 15 effect. a resu I ncorporation o inthe silicon
oxide film stress existingd nsipda itrdee] fadane ortlexisitliingratoxikie Ji/15 02
interface is rel axed, and is |leads to the foregoi sjgni fi cant
 nprovenent | 8f GHTREY rfE Shrerar S IO G G TS ot /SR BRAPRANT26 as a

result of reduct i iofatdmppad e A1 editil fatssiate dans ts
Particularly, existence of Kr of 5 x 1011cnR or less in ternms of surface

density contri buitha qveantiafirovemnttespatadeins oxidrarfidrerdiosmass and
reliability of thg, sild CPl'bﬂx'sd&fa?c% f I:.Llr{n(fledr}}c ép%ﬂgbﬂqld}otsg%%%“ﬂs%. 2

and 3 show the surface orientation depen y of no Ity
transi stor havi ng(lilhie gatefdaesul @tli®n fudfmdeor med argeccortdimguntasech a

i do- 111 m 1 3P med by EHE M Er BV e Bl ol s i R T ERL & et he
part contacting Idw Sidngsarytand dudus,ad tadeCpossible to use an insul ation
filmin which a different material_ such as
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



- 15 1 0 VIAR 2006 a silicon nitride film alum numoxide film tantalum
oxide film hafniumoxide film zirconiumoxide film and the like, is

| aminated on the silicon oxide film Furthér; it is possi bIIeUtMAwqgg@ny

ot her plasma 5 processi ng apparatus that enabl es |low tenperature oxide
filmformation by using plasma. For exanple, it is possible to use a plasm
processi ng apparatus of two-stage shower plate type having first gas

rel ease neans fory rél8asiMe @ KaHas 140 fOM@XGd I8 a5, b%a%ﬂl%omve
and a second gas release nmeans different fromthe first gas rel ease neans

for rel easi ng an wsddserfigas. Hafhmiver Oxld%hcomnd lrel neineidint et dene 11gi,l i con
waf er of the <110> fa ori ent at.i_aon 5 any, .of _a hul st al
% dsu{h gL%]k eins ngrrj:Ln q:? on ol IC ¥L1co ox:.ﬁi(eI ﬁfnl s

waf er or aS|I|conon|n a sitico
formed on a burirdtsul atd ons fpdsmlkﬁuar tﬁaseru,set here e e lasmsl | i con body

or a netal |ayer underneath the buried_ insulation filmof the SO wafer.

An SO wafer Ravif SR A% RHRES 1 Hh dd e S B L@ e rl QU ARTRE HE&F Whider neat h

the buried insul afdiQne fAilim i AMAVAIRPUS ifY Nilha Speed operation. 25 30
[ EMBODI MENT 2] Next, description will be nmade on a sem conductor device in

which a M S-type fi eI d eff@cfitr ereaslisst drt idmcnadisid shareius e asidlissow
oxynitride fil m ?%fpgﬁxaaﬁlé & nﬁ‘%}ubsscraégae Q)qyel ahcee tﬁ%ﬂe(b
orientation. Int ecase mnga |1 e t ranS|s or t t uses a
silicon nitride fhidvadorfitdes gpet erdlrsadeatmeamsf ilom rted@adihey o idays
becones 10 for exciting plasma by a microwave and a second gas
release means 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



maxi mumin the construction in which the field effect - 16 10 MAR 2006
transistor is forned on a <110> oriented silicon substrate shown in FIG 1
such that the uppernost silicon atons of the~silicon substr &F 5e' '
arranged parallel to the interface to the gate insulation fflnMgfaﬂmﬁthe
gate. electrode is disposed so as to extend, fromthe right to the left of
the drawi ng plane, and the source region is disposed closer to the plane

of drawing and the fdraid s el G die dictPesed far thelert@q ha iRlgne of the
drawing. 10 It should be noted that the current drivability of the

foregoing M S tr awissimrtadisdporedn ilith Isgsirharkhert dfteatiicperimesteases in
correspondence. g the | nargase of i elactide senstant. af L he silicon

nitride filmwth Tespec 0 the silicon oxlde m, 1 re specifically,
it was observed tdealtlha cig rgrd indrdnfalnd idoy thas dater éased aay ovhef ifiact or
of about 1.6 as conpared with the MS transistor having a sili COI’(]i oxi de

filmand fornmed &Y HEY FFPS SHFETOFOr T B SRORES S1° e 11 (&

~transistor. In the&aseofridt R2AHY P& At S O Grdie gRAiddd )y has
i ncreased by the factor of about 2.8. The reason of such an increase of

nobi lity of the MIS tyuHHISIRIIdiInpesed snpaate cmeagdingher ikdmed i%%n is
attributed to th g ff Y : t I i
: eafgﬁﬂé§ﬁ§5d(ghétgiéin(y%ﬁﬁéh;gﬁ¥ﬁf§b5§éa:f%ggﬁgﬁ?ﬂépo eés In

the 25 region al ong source region an al n-region
decrease of | attite sdarnterdaighyy ababiilngy, simlarly to the case of the

first embodinent. Further, simlarly.to th%a se of_.the first enbodi nent,
it is also pggm ble to for rﬁstt Hsémﬁltﬁy&)%dloe nggc[ 3% dHS FHE DY the present
invention on surdacesawneg A Y fRee g E Mrg eftatd itors Whisdrmydal |y
equal to or cl Osewj:[toh tshuechf 1a1n0)orsiuergt6}acteion 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



or the <110> surfaces, such as a (551) surface, a - 17 3 0 MAR 2006
(331)surface, a(221)surface, a(321)surface, a (531)surface, a(231)surface,
a(351)surface, a (320)surface, a(230)surfaéé, ~and the like. Si L r@é to
the first enbodinment, the gate 5 silicon-oxynitride film of t%ﬁﬁl 8
transistor of the present invention is realized by the m crowave excited
pl asma apparatus that uses the radial line slot antenna of FIG 4. The

silicon oxynitridegd#i mdscdd med gs 140 Sddous. Fi () the paiung vessel
(processing chanber) 401 is evacuated to a vacuum state and a Kr gas, an
02 gas and a NH3 guslarsaiifgadiced Inomuacashener3 Pllatar Bz esuch t hat

the pressure of t%O])S Emf%aecs%s,i {% Q?idfgesruﬂfsa et 1o, g&out J.‘JkeTorr. . 20
0 e <

Next, the silicon wafer > surfdce orientation is placed on
t he stage 404 having a heatimiglarElchan stheastiarssubsiyatieerand dHe gate

tenperature of the specinen is sef to about 400C _ Further, a m crovave of
5 A5GHy 15 | it GICKP I 0 e T CEat Y CHEDERS (o Al Ot Giiki e

wavegui de 405 Vi phdiedadibled it slPtreANtLMNAAQG AR dha diel ectric
pl ate 407, and high density plasma is induced in the processing chanber. 25
Ther eby, the. gap Btiiesh RISh o i taie Yot ames Hde siassitalatld ™3 i s set

to about 6cm Widig it hg ¢ hodi ment describes the exanple that
conducts the filmformation by using a plasna apparatus that uses a radi al

line slot antenna, 30 the rfiler cwalMiearayoxyen i ttirded UTiglon biys didreredresns. | n
hi gh-density l%xcigoeldldov\;sqsna in which the
' 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



Kr gas, 02 gas and the NH3 gas are m xed, Kr* of int ermedi ate state cause
collision with the 02 - 18 10 MAR 2 006 nol ecul es and the NH3 nol ecul es

and atomi c state oxygen 0* and NH* are fotfed efficiently,

i ct’ﬁﬁ E@@;Ef@t e

radi cal s thus excited cause the oxynitridation of the

Si

surface. 5 In such oxynitridation of the silicon surface that uses
m crowave-excited plasm, there appears alnost no surface orientation

dependence on the romtdy raé}%det@J NS fazsxehhﬁbgeaaal Bk ofitEt Bek et he

surface state density at the silicon oxynitride 10 f

ilmsilicon interface

is lTowin any of axyeerli0D) arsiJMﬁC@re( lfbl)n@ljra‘fafae:le(nltlt@’) siyiflacaheor in

A tﬁec ynlft

51L anot her plasma

processi ng appar amddiﬁtswbattﬂae& stﬁfﬂmiel on of oxym tride film at

terrperature bg using plasma, in addition to the apparatus of FIG 4. For
p

any of other surf 26.9rd tations.. order .to real
of the present i a‘|clonet%‘1ts i A& oa ssieblteh

o0ssi bl e t 0 ‘Tt QXY e

exanpl e,

13c%he

rtlh%e film

| ow

pl asma

processi ng 20 appanatds afndihedar GO QI M- SE ARG S e P! %th%ret ype in

which the first gas rel ease.neans releasing the Kr gas for plasm

formation and t herpseorid almeddi Hcomalr fgae rallease timanslenendegicgagimg t he
oxygen —gas are DJOV'%% el e G makl.an ldehfkgr%l"

filmof the prese |on t he existence o

surface, (111) surface, (110) surface,

other surface orientations.

ogen

%ynltthrl de .

or ms ‘one
i mportant factor.sASace estualtte aferexditst ertcectof shy]drcmgemxymfdxadqol asma, the
dangl i ng bonds inthe silicon nitride 30 filmor at the i

termnated in eflfld‘}/rﬁlldfc‘)@ﬁ Eh S N HBbrd ahd Hs

ter@%[

are
tr app| ng

or in any of

In order to realize the oxynitride film of

the present invention, it is also possible to use

15 another plasma 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 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,

additional gas release means for releasiﬁg the oxygen

gas are provided.

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



of electron in the silicon oxynitride filmor by the interface is
elimnated. Thereby, it should be noted - 19 1 0 MAR 2006 that existence
of Si-H bond or NNH bond in the oxynitridé2ilmof the przsent i nvention
is confirmed by neasurenent of infrared absorption spectrdnd #4%® 2005 ay

el ectron spectroscopic spectrum As a result of 5 existence of hydrogen,
the hysteresis of the GV characteristics is elimnated and the interface
state density attidie Siddasidd G 0uid rdde-fd IdBAdS isupRressed to 3 x
1010cm 2 or less. In the case of formng a silicon oxynitride film by
using a rare gas BYYATIgle KHlmmf tiHe rﬁrwfgﬁslfbffemon\@/aﬂz:mtﬁlamﬂ%g of
el ectrons and hol S et t rt| al
pressure of hydro b(g? 04‘%%%§A{néfmlrne Creeq:} ha!e}%[’)dr34 ent veén#tﬂl?%nn % &a is
15 sufficient thatast rmlesiﬂxicanrspmqﬂmdsmaiad idpadtorured pbsy a tMult of

nm cr owave- eXC|ted sma exists at |east at .the art cot ctin :
silicon, and thus ’Pjﬁacqrbcep rﬁfcgt o9 udd 'y SR i i |ch a
different materi alhStedtas & isdd iioenididded idda @{éﬂmrmgﬂfa?& adde film
tantal um oxide film hafniumoxide fil zirconiumoxide film and the
like, is |am nat ity e sfhe cointd 1% e iR i b7 iskal el ko drseal i ze the

oxynitride film of,,dheJuesentsin v]hqu&gﬂ the ?0p0§ﬁl hhe tasusegany 25

ot her plasma pr oceSS| ng apparatus that ena tenmperature oxide film
formation by usi rmpytiagne isiliaddi tagmitor tdwe fpparst ussiofg B Gake Rers

exanple, it s p SI bI 0 us Iasma proces g r at s of .
Pwo- St age shoder Iatt C5e Havi s (T R g o PePBLetautiiod &

rel easing a Kr gaélédﬂrcﬁi@latnm@olmgs:rfa ihne efnrmncrwva{\éﬁﬁﬁﬁ tdregEgong; gas
release setting the partial pressure of hydrogen to 0.56_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).



means different fromthe first gas rel ease neans for releasing the 02, NH3
(or N2/H2 gas) . - 20 1 0 MAR 2006 [ THI RD EMBODI MENT] Next, description
will be made on a semiconductor device TnZdhich a MS transistor having 5
a silicon nitride filmis fornmed on a silicon substrate having a <112%>
orientation as a third enbodinent of the present invention. T8 WA W8ke of
formng a field effect transistor that uses a silicon nitride filmfor the
10 gate insulation film too, the construction formed on the silicon
substrate having the <110> orientation in such a manner that the uppernost
silicon atons ardTHRaAYEPPHAEATlel to the interface to the gate

insulation filmand the gatl\pexe4 ecciersocc%e_;L i S Jr %\queq)es ajd% a3, Lo ext end from
the right to the left in the plane of He dr'aw ng, the source region is

provi ded cl oser sWrticarespecir tdevike glrandiafh thelIdy awaig iane it hevidiai n

region is provided farther with respect to the | ane of, the draw ng,
provi des the raxidmimingin itYETSHE | éﬁw@?ﬂﬁéﬁﬁr’staorsﬁjscﬁé’sed inthis

orientation, the Giyg@trdriMabid id k119 nerieased i Jrddh ey i rg o
correspondence to the increase of the dielectric constant of the silicon

nitride filmwtlemesheant of Hhsingesantoxirge@fiian. It shoul d be noted 25
.that the silicon nitride fiﬂ!{ntq{e t&eséaroefsq_agrm-qg)%dimd heaﬂsf(facfl electric
ar lh Ii'con oxi de

constant of about twice as large as that of the si ilm
Further, the curmentsidriomahbidat yusafs tehes fliiedath efiftecitde tffidmsifstrortheas about
2.8 tinmes as _|arge as .the MSBO%iltansistor i.h which a silicao oxicflefilm

is formed on %t hd{HONH T e forthe Casd st FRIPEC T HE TEREE OFof
P-type, the curree dviivadid idubd@siddLaseRf the X110> 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.



times. - 21 tAM 2006 Simlarly to the first enbodi ment, the increase of
drivability of the MS transistor disposed with this orlentatlon IS
attributed to the decrease of effective ndss~of el ectrons ?% ﬂ R%&ﬂ?

al ong the source region and the drain region and decrease o e'lattice
scattering probability.. Simlarly to the first enbodinent, the field
effect transistor of the present invention may be forned also on

substantially (110) surfac%slngla]igéprgoac&% a9 GnstidfGa ordpent ati on
angl e equal to or close to the <110> surface, such as a (551) surface, a

(331)surface, a( ZZQWSGaGEf (1321 st ade, t?@ @H@Z)@ﬁﬁ%om( 231) surf ace,
a(351) surface, 3} % C{JI’J e’thai( 23OI)leLlJ,lr ddle | I [d % %ﬂ# léfn @ larly to

the first enbodi men T iCon ni tTansi stor
of the present Icmtﬁﬂias(m cus arﬁa‘iaeldtzzsxb bqasme;ﬂﬂeﬂrms excl ted 3 asma
apparatus that uses the radial line 20 sl ot antenna of FIG 4. The silicon

nitride filmPs fortet B Y. Te9imY 40 (e \H@idim WREESH 3t ocessi ng

chamber) 401 is eyacuaied 40 @he/aciumst ale dd i Kprbaas ity NH3 gas is
introduced fromthe shower plate 402 such that the pressure of the

processing chanber ,is setS¥wlaydut tp ther rEimextemhdEinsint cdianaf er 403
of the <110> surd aeced Oéfig&%ﬁ?t élﬁs Co%d L %lfessér?cg%n%‘hﬂao‘ﬂ NGy 30 a

heati ng mechanismas a su e tenpe ure of the specinen.is
set to about 400®eC.formead helrso aorrnsnrhmnmts:z@flla/ 48CGHY) isurfaces or

10 surfaces having a surface orientation angle equal to
or close to the <110> surface, sﬁch 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



i ntroduced into the processing chanber fromthe - 22 1 0 MAR 2006 coaxi al
wavegui de 405 via the radial line slot antenna 406 and the dielectric

pl ate 407, and high density plasma is inddéed in the proceskijndiR dober .
Thereby, the gap between the shower plate 402 and the 5 substrate 43 is set
to about 6cm While the present enbodi nent describes the exanple that
conducts the filmformation by using a plasm apparatus that uses a radial

line siot antennaoqthe Msranee s Red nhoduced by gihen geans. 10 11

hi gh-density excited plasma in which the Kr gas and the NH3 gas are m xed,
Kr* of internedi @&tretermeci4® i sthat elicalsetciat Iplsiton 4071 h arre Nt

nol ecul es and NH* eanrse:.L,éc or ags eff.isci .encél%é whi | e%t her radi.cal s.thus excited
cause the nitri dadtl on of e s, T %i11Co L usst it SR F R (HEST
nitridation of thhestdbeontisairdas detiviiddn uSes JAGFonertexcidedil asia,

t here appears al nost no surface orientation dependence on the growth rate
of the nitridé fiTHRSERHtHerS t1hSSurfaP I &kAte density at the silicon

nitride filnisilicon interRack ithd Q¥ddbdVerodteddUVsSuacend 111)
surface, (110) surface, or in any of other surface orientations. In order

to realize the nia¥dmipld ithatbofcariuct 5 hy eSlelm foweaitian by tudigialaso
i bl : } Si ' | i
possi bl e to use anorler RIASR Pl eSS G APPALALLS AL, S0ABl &g, fQrBti on

of nitride film nperature by using plasng, ion he
apparatus of Fl Gthe morcmexanpd epay thd sirpossdited tloy cortsdr ustans30 t he

apparatus by way of the pla rocessin appar atus. of the fqregoing
two- stage shdfer plate typélnﬁff%"l HSh f‘f’&gltt%j%sp]raesi“@asjél ret%easi ng
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,



the Kr gas for plasma formation and the second, - 23 1 0 MAR 2006
additional gas rel ease neans for rel easing the oxygen gas are provided. In
the formation of the silicon nitride film?8f the present inyept,i onidhe
exi stence of 5 hydrogen forns one inportant factor. As a res |@%%$? 9

exi stence of hydrogen in the plasm, the dangling bonds in the silicon
nitride filmor at the interface are termnated in the form of Si-H bond

or N-H bond, and asigcigsil tgad rappidge Heols et @etronddnddens 14 n
nitride filmor by the interface is elimnated. Thereby, i1t shoul'd be
noted that exist&hter®¥ BiQHdRshd or N-H bond in the nitride filmof the

present invention is confi riedy sdEasur srent of. infrared r?lbéﬁrcf’ i on

spectrum and X-ray 15 el ectron spectroscopi c spectrum As a resu of
exi stence of hydriogem,of hghe hystssresi snwdnt ien CAhe hatisct@rdestdfics i s
el i m nat ed argd the . interface state densi t%%at the silicon/silicon nitride

filmis suppr@ssé PCE% P00 Bt R 1ass . F45the case of forni ng a
silicon oxynitride filmbyadisd ngsurarer gasi {¥n@ d¢ )nykbgdhemigd gas
of N2/ H2, trapping of electrons and holes in the filmis reduced sharply
by setting the 35%7  prRS ARRT BIRhyRATent® ot 59 kCqforel tasle | n the
present | nvent i ong; PGy Idr ithe SUifd AN dhaledhg Slddeom g idefilm
formed by the m crowave-excited plasma exists at |east at the part ‘
contacting to sildfoni-tarkbndus; N-tH iopbssitd eas to wsw1lan, itmsapmtion film
in which a differ e¢1te§é)ct terd al,_.such. a silico ide fil

oxide film Cantal um oxide fil n%h%asflnllucn?%xrlll(j%rjfc?‘? %ﬂ.m o b’{) ta}lleum i
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.



zirconiumoxide film and the like, is laminated on the silicon nitride

film - 24 1 0 MAR 2006 In order to realize the nitride filmof the
present invention, it is possible to use”al{$ other pl asmma 1pf G i
apparatus that enables |ow tenperature oxide filmformation gﬁzp%
plasma in 5 addition to the apparatus of FIG 4. For exanple, it 1is
possible to use a plasnma processing apparatus of the two-stage shower

pl ate type having the firstrigas-qdel@asedeans {1y Jieleasd g ¢ r gas for

exciting plasma by a microwave and the second gas rel ease 10 neans
different fromtHEFIeEt gaentelTase hreehPIgrible|tengdiany atie NS or N2/ H2
gas) | NDUSTRI AL

becones possi bl e

%ﬁgﬁpﬁ%ﬂa&e&}@ﬁgéﬁﬁiﬁ% P%n% ?‘?rglé;)%]\ﬁh| gihoﬂnb: i[ i 35

formng a MS tramistortste boxiduatfitlwe MiSdriansitst ors iuge P la gat ein

insulation fil
silicon nitria

m

(o)

substantial |y coit§ deft~trIhesharos Plaks fage iaedtd die 25 11 (376 |

according to the QIESA ddMENidN rolda DERPTPSPORA Bl Lo dcrgRse the

current drivability of a transistor up t
drivability of a wowentbhormalnigans st aind hidte ssesd id icoreagat e oxi de

film without mnjiaturizi 30 .t he devi.ce,_ by form
havi ng part il((:)ul af??%/n% %ﬁ]&rent' AR thf? fl]}/Snt P

ive tines the «curre

as

e egn
icon nitride I'mo 1 I7icon ~ substrate or

silicon surface hevidwsingulisd asi dbolry N, /Hz gas) .

15

20

25

. 30

INDUSTRIAL APPLICABILITY

According to the present invention, it

- becomes possible to provide a field effect transistor

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
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.

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
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

regi on becones

nil%ltehe M S trsangolrstor

by

a silicon. oxide film silicon oxynitride filmor a
e f?‘;qﬁﬂjfocﬂ r’}éodqg}? SRR s‘ijtl()sl'f]i'%t‘}e' 0% % 49 cort sur face
having substanti ald Yook s3> tsUIdce Ord Sl 3 Wbsd ihd Ufpa-IRNes t hat
~the direction connecting the source region and the drain



<110> orientation, for the gate insulation film such - 25 1 0 MAR 2006
that the direction connecting the source region and the drain region

coi nci des substantially with the <110> sufPace direction. ASU‘WA;@?QBE’ t he
MS transistor of the present invention is operable at 5 high spee

Wi t hout deteriorating the breakdown characteristics, and it becones
possible to increase the product of high-frequency cutoff frequency and

devi ce br eakdown ool age iLRAGPOANE: 0l & nSidduaon QUS Jiegy at ed

circuit up to five tines as 10 conpared wth the conventional case. This
means that it hdfichebwrim pessiod edinaishkls meibs tengh-adpgerdi imttdgr at ed

circuit exceedin ilic erjmani ym transistor ar.a_qgallj ar seni de
transi stor whil teﬁlsqS}ngsud&%% ((::glﬁ:e Tdevicéd Fiittter 1:%t?y D’i]#gnr easing 15

t he channel w dt hcfansd stiores fMthro gir eafeartgiing drite orc Hanngle dagig tof the
M S transi stor, it_g?ﬁcorres .possible to reduce the device area by 1/2 or

| ess as conpared Midh SBFEL sivEUofatMisiatdRg &6 Breakd9vra silicon

gate oxide film forsved 1t ia+:i1Q0) =¥ f18Cee ot MUty 1%add filnd g ddehe
current drivability. Thereby, it beconmes possible to realize a | ow power
integrated circuilte ipradhicth athé jedweir asprenaptdudie fifs fredveatt @ndl/ 4.

Further, by incr i t el | h fd t4 rsgﬁ | f.hout- changi ng t he
channel width int eﬁ% fg&?)?%ns"ioslt or ,e i{fi\t;’ngc?rée pc()ié\fscltt{}l Leéfto% reduce the
vari ation of the gilriesholaosolitregeytaced 2 iorcdigssip tHohef ildef timiese dso 1/ 2 or

|l ess, and the thermal nojse . .tao.1/2 or | ess as conpar to the conventi onal
MS transi s??)r GPAPATES &80 | PAE oK T i9 eone]ﬂ"r?’eg Tt ur f ace,
wi t hout sacrifi ciing Hde HaddmNtpo sdiivlabidd thea1EhRY ebwhi gh-hirgher eci si on

integrated circuit can be forned.

: integrated 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.



- 26 1 0 MAR 2006 CLAIMS 1. A sem conductor device in which a 5 plurality
of field effect transistors are forned on_az%il_i con surface having
substantially a <110> orientation, wherein said field effect transistors
include a p-channel field effect transistor disposed on shi&jMA%Oz@gI i con
surface such that a direction connecting a source region and a drain region
of said p-channel field effect transistor is coincident to a
substantially <110> direction, said p-chaf@@IMS eld effect transistor
having a carrier nobility of about 15 2.5 tinme of a carrier nobility of a
field effect transistor fornmed on a silicon surface having a <100>
orientation. 2. The sem conductor device as clainmed in 20 claim1, wherein
the part said gate insulation Ail metdricacticigrsi |deohces fiar medchiafh any of a
silicon oxide film asilicon gx ni.itride filmand a silicon itricgle-film
25 3. A fabricati hHethdd o?t a ééWCSﬁSGEFoFr@é\W@éqrﬁclaﬂ%ﬁ n%o’frﬁee ePh a
plurality of field, effeCi-oB0 diANStSt S Oy a Shbseohe SHT{Rce; havi 1G>
substantially a <110> orientation in such a nmanner that the direction
connecting a sourcxiagianiand a drain region of the field effect
transistor is coincident - _27_. . MAR 2006 to,_a_sub nt.i al 10>
di rection, characterwgg N Fﬁé% glgg?ee?ggﬁ%aFF%%gl%%sﬁ%oin%%%é%i%Id

ef fect transistor g-scammed hields ke Mot igasom|digmwfd o arsd dgas and

an ) )
gilicon surface such that a direction connecting a

10
'~ source region 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



5 insulation filmformng gas, the m xed gas plasma being formed by

m crowave excitation. . 10 4. The sem condyctor device as clainmed in claim
3, wherein said rare gas is formed of any of krypton and1aﬂqﬂﬂ%zgmy
wherein said insulation film formng gas is any of amonia,

ni trogen/ oxygen, 15 oxygen, and a m xed gas thereof. 5. A sem conductor
device in which a pIura%it of field effect transistors are forned on a
silicon surface hh®ifigS¥ BE%%F%?ﬁiYy<51Q116$reﬁFf%ﬁtation, wherei n said

field effect transistors inghggsce@rigéahgﬂnehaéiglgaeéfﬁﬁéuigeféﬁstor
di sposed-on said silicon surface such that a direction connecting a

source regi on andfalurafnthegfonldfeshpdtntchnnhetorfiel foehé@chytransi stor
is coincident to S Lakly <110> direction, said n-channel field
ef f ect. transistoraﬁggpn%aﬁi%gér af P%F??t§%o? 5850t 999, 3°¢i s of a

carrier nobilizy ohsalbtebd efiectorhingsystor thermede@ngassplasna surface
- having a <100> oyientati on. ABSTRACT I n a sem conductor device in which
a plurality of fiBFd"gffeERedrBhsPitbPYasPeer6FBEIBR-a - silicon surface
havi ng substantially a <110> orientation, the field effect transistors are
di sposed on the silicon surface such that a direction connecting a source
region and a drain region of the field effect transistor is coincident to
a substantially <110> direction.

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.





