1 Silicon-on-Insulator Chip with Multiple Crystal Oientations
CROSS--REFERENCE TO RELATED APPLI CATI ONS [ 0001] The following U. S. patents
and/ or -commonl y assi gned patent applications are hereby incorporated
herein by reference: Patent or Attorney Serial No. Filing Date |ssue Date
Docket No. 10/379,873 March 5, 2003 {SMC2002-1384 10/ 384,859 March 10,
2003 TSMC2002-1385 TECHNI CAL FI ELD [ 0002] The present invention rel ates
generally to sem conductor devices, and, in particular enbodinents, to a
si i con- on- i nsdiliosronnpulatmt Ghipavish Naltiple Crgnek Ovishtatienti pl e crystal
pl ane orientations to enhance the performances of n-channel and p-channel
transi stors and several nethods for the formation of such a

silicon RS E@’E”}&ﬁf LR 0003] Conpl enent ary

met al - oxi de- sem con u}%f%mg@%%@b@ is the dom nant sem conductor
technol ogy used for the manufacture of ultra-large scale integrated (ULSI)
ci rcui t $00epay. RYARWIREK, 19% | oys 00). silicon wafer as
the starting material for vol ume %ﬁ@@gg@g%ﬁ@&gﬁé’%@%@@ “HIFEFS have a
sur f ace hbhgd ik &Jn? riented, i.e., the normal to the silicon wafer
surface iS@}Itll’Ill %ﬂe @%%%n:gwe&;@cgn_ Hence, conventional planar

net al - oxi de- sem conductor field-effect transistors (MOSFETs) fornmed on
(100) silicdatenadrers have a gate dielectric-channel i %t%g_ge%ce pl ane t hat

is in the ($6@) N8l ane of gife §ikicon supstrate. 2 Docket No.

10/379,873 March 5, 2003 TSMC2002-1384
10/384,859 March 10, 2003 TSMC2002-1385
TECHNICAL FIELD
[0002] The present invention relates generally to semiconductor devices, and, in particular

embodiments, to a silicon-on-insulator chip including silicon islands with multiple crystal plane
orientations to enhance the performances of n-channel and p-channel transistors and several

methods for the formation of such a silicon-on-insulator chip.

BACKGROUND

[0003] Complementary metal-oxide-semiconductor (CMOS) technolo gy is the dominant
semiconductor technology used for the manufacture of ultra-large scale integrated (ULSI)
circuits today. Conventional CMOS technolo gy employs (100) silicon wafer as the starting
material for volume production. Such silicon wafers have a surface that is (100) oriented, i.e.,
the normal to the silicon wafer surface is in the (100] direction. Hence, conventional planar
metal-oxide-semiconductor field-effect transistors (MOSFETs) formed on (100) silicon wafers

have a gate dielectric-channel interface plane that is in the (100) plane of the silicon substrate.




[ 0004] Conmmercial CMOS technol ogy universally uses (100) oriented silicon
waf ers because of their |ow surface state density on the order of 1010 per
square centineter on thernmally oxidized surfaces. This conpares with
surface state densities in the order of 1011 per square centineter on
thermal |y oxidized surfaces wth othenp crystal orientations such as the
(110) and (111) planes. Another advantage is the high surface nobility of
el ectrorgg s disclosed in "Nbbility ani sotropy of

ol ectrong | m itdr?\%éegc? %?%@%?@0?%}/&%@75% ds&s dlg@@ﬁe§%$1&@éé¥afer5 tRpapst cal

Revi ew vol,. 4. .no. 6, (15 Septenber 71), pp. 1953. [0005] As a result,
an n- chgjr%}éerlw et densityenthe qrdsr ef ﬂégpﬁn squirsentaheerinttherudll0) surface
provi des the |argest source-to-drain current. Another benefit of using
(100) wdisyfacere Thissempires witleswrhgestar deidiibd RAhAORSf @mgzr RhApes. This
property is useful when dicing up processed wafers into separate dies

prior t sepamkaghigmalynxeliidd eudmsi vl gﬁ&;&%%@ég&h@g&%u%ﬁ‘% AT gt h the

(100) silicon surface to form squari wever, red

mobi | i t Y100 phate Anl P n .transistor. is pearly the small est when
t he gatg dif)gl ect ?}ng@gﬁaggﬁrg{k@ilﬂtﬁépgéég?ch moRilifsHad elesiows Op ither{0Wplang ésrpar ed t o

ot her cryy. plane. 0006 i ze reduction of the transistor has provided
si gni fi ca%%"?%dr%grlg@@ﬁ%’ﬁ[nlsf’ﬁOdyw? eéﬁ‘é@ﬂ in yEersion lapere iy, oxudized wilicodenatdsy, and

cost per. uniai function of sem conductor chips over the past few decades.
Si gni fi R Ranee Rged: e 6 Hettptetnder 1978nsp. 4058 s are scaled into the
sub-100 nm regine. This has resulted in research efforts on further

inprover[gmp_; ofp.N- | ;and, p-channel transistor performance using
al ternati ve] t eAé Eﬁ%g@gg %bcggmggants}sg’ﬁgq@%im%@h‘Fqnﬁ@bStrétec‘htha(éOQ) mefagse of

strain-i p%ﬁ&eg%;gand-st ructuyre nodification and nobility enhancenent to
i ncreasé the: tFatgrkiogree-teriiapeusgnty dmotherbenefitef upng @60)i vedfersitythd @sd 6¥pr ove

transi stgg performance is to explore the use of silicon substrates with
non- conVeftig Rafutigpina|(116) plemisat Thonsropestytidge il ®hdnl dign MV Bocesd wafers
into separate dies prior to packaging, since the equivalent (110) planes intersect with the (100)

silicon surface to form squarish shapes. However, the measured mobility of holes in a p-channel

transistor is nearly the smallest when the gate dielectric-channel interface is in the (100) plane as

compared to other crystal planes.

[0006]  Size reduction of the transistor has provided significant improvement in the speed

performance, circuit density, and cost per unit function of semiconductor chips over the past few
decades. Significant challenges are faced when transistors are scaled into the sub-100 nm
regime. This has resulted in research efforts on further improvement of n-channel and p-channel
transistor performance using alternative techniques besides transistor scaling, such as the use of
strain-induced band-structure modification and mobility enhancement to increase the transistor

drive current. Another potential way to improve transistor performance is to explore the use of

silicon substrates with non-conventional crystal orientations as the starting wafer.



[0007] U.S. Patent No. 4,857,986, entitled "Short channel CMOS on (110)
crystal plane" issued to M Kinugawa, discloses the formation of CMOS
transi stors on a nonocrystalline silicon substrate having a (110) crystal
orientation. In U S. Patent No. 6,335,231, entitled "Method of fabricating
a high-reliable SO substrate" issued3o S. Yanmazaki et al., a silicon-on-

i nsul ator substrate is fabricated having a main crystal surface that is
(110) orlj'og&hegg Both of these references use a (110) oriented silicon

surf ace bot #; PaeieNa-GHd ke lentithedl Shotalmmet] (M@ 8 (110Y @S SIS
fabricated on these substrates have a gate dielectric-channel interface

that is isfued weM. Kibi@iwapdisiees OBkt dmofdngos Ratam (6 (1 076),
entitled "Recrystallized CMOS with different csrys%ée}fa% Igéggtaﬂllzgsued to M

Aoki et sgilicon sebsEhERavinY £491 @tc?}@fa? Qlii&téti%%{] ?rLU%?I_’L%e?nt glo 5 Gte,fggé%; ? dqur}gtéﬁ%(rj er to

crystalline surface havihng ‘a plane azi i

i ncr ease\ihg, ' rat i The sem conduct or devices described in
the ' 076 patoecfl(??%?lggsnlgé d‘.?haib%&%subwa@. Gsuqdde 8nYanmaaki e 83 silivon-@nt i t | ed

"Verti cal ﬂ‘ﬁﬂb-rq)cron CMXS transistors on (110), (111), (311), (511), and
hi gher JPHEFOISUPTIaEds abmcatsd hrvingomamnaytdl isurdce than is{rl0xdrisnee. Boch avet hod of
formng the sane"” issued to L. Forbes et al., a nethod for formng

n- channéhesgrrfergnashusera(l 10) briansi siicoh suifha ol ag] e %&hé&ﬁ&'&ltejnﬁg—cga&'éﬂﬁﬁ aAte
al ong a higher order orientation and fabricating vertical deep sub-m cron

n- Channatanaimﬂrs}falﬁhatﬂdl&hth%s"e%ﬁﬁtrﬁtreQﬁa?VeCérga{er}ﬁel@c‘ﬁl?cs-%hrar%giaﬁlte%tsa%eotﬁévi ded. In this
' - i

patent, the vertical transistors have "a source-to-drali SO that i s
per pendi@uh)dlagt0 the surface of the wafer. [0010] In U S Patent No.
5,384,473, éntitled "Sem conductor body having el enent formation surfaces
with different orientations,” issued to S. Yoshikawa et al., a

seni cond0Ufbr ok Pasnt NoHSES 07 €165 eI REcr Vel OO it g onduct or
substrate has a first surface plane and anot her portion of ‘a second
sem concduystad plagesb sbhiaAtte M1 Ak @ 218 GG STHE érgtcég c}%l) ASrimed on a semiconductor

crystalline surface having a plane azimuth (110) or (023) in order to increase the speed of

operation. The semiconductor devices described in the '076 patent are stacked.

[0009] 1In U.S. Patent No. 6,483,171 entitled “Vertical sub-micron CMOS transistors on (110),
(111), (311), (511), and higher order surfaces of bulk, SOI and thin film structures and method of
forming the same” issued to L. Forbes ef al., amethod for forming n-channel and p-channel
transistors that includes cutting a substrate along a higher order orientation and fabricating
vertical deep sub-micron n-channel and p-channel transistors on the substrates is provided. In

this patent, the vertical transistors have a source-to-drain direction that is perpendicular to the

surface of the wafer.

[0010] InU.S. Patent No. 5,384,473, entitled “Semiconductor body having element formation
surfaces with different orientations,” issued to S. Yoshikawa et al., a semiconductor body is

constructed such that a portion of a semiconductor substrate has a first surface plane and another

portion of a second semiconductor substrate has a second surface plane.



4 [0011] In U S. Patent No. 4,933,298, entitled "Method of making high
speed sem conductor device having a silicon-on-insulator structure" issued
to M Hasegawa, a CMOS silicon-on- insulator structure is fabricated by
using a silicon substrate with (110) orientation and a silicon layer with
(100) orientation. Openings are fornedyin the insulator to expose the (110)
oriented substrate. Silicon regions are then formed with (110) orientation
usi ng the 113% substrate as a tenplate. This nmethod uses solid phase
epi t axi a[Oﬁéﬂo HJ.¢ dtatent Bo. ASOBRAR ¥ntiifed TR HOWIVENILIEN R k] schii@ndiefer red
enbodi ment of the present invention relates to a sem conductor device that

i ncl udes deideilaeings sifiSonvirt st Bl QML f‘s&veatt@y. g%%egmaaa ki?/gfsa%iﬂ&in-son-

configuration is useful because the crysta e orie I'on can be

sel ect ed; : - for mance...of n-channgl d p- channel
transisté&géﬁggsﬁgsgagﬁggﬁﬁﬁgﬁgﬁﬁ3FHVW%ﬂ@ﬁ§$5W@JQZ@‘E@mﬂgpﬁﬁéaﬂﬁa@iIicon
regi ons ﬂ@&ﬂm 1§ 00% oriee}ation and p-channel transistors can be fornmed
in regiong wi CT5§198, OpFRingsiagiormed intheangutasirér eadsedhdd i) meimted t he
senicondu%}or device is a silicon-on-insul ator device. [0013] For exanple,
in a fir8{oSEHbotlisranesienserd thendnmemd-withsU | Gtosentaton iag iRql LY eshsade agtsul at or

| ayer, typically formed over a substrate. A first silicon island with a
surface tsnpietd. i Thitmethydised soli@pha8ditiibkiaNorOW @I hk €S the insulator layer and a
second silicon island with a surface of a second crystal orientation also
overlies the insulator |ayer. The islands can be isolated from one anot her
by an isolation technique such as shallow trench isol ation or nesa

i solation. [0014] The present invention also provides several nethods for
the formation of such a silicon-on-insulator chip. Each of these nethods
is conpatible with current CMOS processing and, therefore, are good

candi dates for comrercialization.




[ 0015] The foregoing has outlined rather broadly the features and technical
advant,ages of the present invention in order that the detail ed description
of the invention that follows may be better understood. Additional
features and advantages of the invention will be described hereinafter
which formthe subject of the clainms af the invention. It should be

appreci ated by those skilled in the art that the conception and specific
enbodi ment di sclosed may be readily utilized as a basis for nodifying or
~designing other structures or processes for carrying out the sane purposes
of the pPEEBMRY OFaHE DIVENTIOShoul d al so be realized by those skilled in
the art that such equivalent 6 constructions do not depart fromthe spirit
and scop Qﬁg the invention as set forth in the appended clains. BRI EF

DESCRI PTIVN] OF by prefaorAwinRGEmE 0L 6 pRsentanventi@ relarpioat semitoatRent @Rtdeng of the
present invention, and the advantages thereof, reference |s nOM/nade to

t he fol Ifb&mmguctdemmve peasonsh digken ckﬁta@@ﬁ'édﬂﬁfbhé 1§’\’!ohf‘ éng
drawi ng, in which: [0017] Figure 1 is a three-dinens ona perspec rve of a

silicon- tﬁ@cﬂyﬁﬂlﬂlﬁ’égﬁerﬁﬂiog éﬁﬁe&e&k ol & e@lhaic%gl?e;ggfgﬁapgé ffefhfeﬂnntgl syrface

crystal orientations gure QHBW ng t he

use of ( ted. islan p-channel transistors and (100) oriented
i sl ands %&%el e 1§ﬂ)ﬁseﬁ~“0{ PEHe SPG @nel[t@@¥9tPf5Pﬁlghﬁfé% in giliggnaediens veeci fi c
exanpl e B the use of (023) oriented islands for p- channel

transi st Oéilﬁ oNEDY Pshitat tedsibietsantbe foomedingtgiom elith (81 bsduenisn, 1h0020]
Figure 3 is a specific exanple showi ng that at | east one of the silicon

i sl ands hepiséred omprdimen, thé seaihankorakyist IsiaGMion-ay.SkSatof @924] Fi gure 4a-4e
'show a first enbodi ment method of formng regions with different silicon

[0013]  For example, in a first embodiment a silicon-on-insulator device includes an insulator
layer, typically formed over a substrate. A first silicon island with a surface of a first crystal
orientation overlies the insulator layer and a second silicon island with a surface of a second
crystal orientation also overlies the insulator layer. The islands can be isolated from one another

by an isolation technique such as shallow trench isolation or mesa 1solation.

[0014] The present invention also provides several methods for the formation of such a

silicon-on-insulator chip. Each of these methods is compatible with current CMOS processing

and, therefore, are good candidates for commercialization.

[0015]  The foregoing has outlined rather broadly the features and technical advantages of the
present invention in order that the detailed descﬁption of the invention that follows may be better
understood. Additional features and advantages of the invention will be described hereinafter
which form the subject of the claims of the invention. It should be appreciated by those skilled
in the art that the conception and specific embodiment disclosed may be readily utilized as a
basis for modifying or designing other structures or processes for carrying out the same purposes

of the present invention. It should also be realized by those skilled in the art that such equivalent




crystal orientations; [0022] Figure 5a-5f show a second enbodi nent net hod
of formng regions with different silicon crystal orientations; 7 [0023]
Fi gure 6a-6¢c show a third enbodi nent nethod of forming regions with
different silicon crystal orientations; [0024] Figure 7a-7c show a fourth
enbodi nent nethod of formng regions with different silicon crystal
orientations; [0025] Figure 8a-8c show a fifth enbodi nent nmethod of formng
regions with different silicon crystal orientations; and [0026] Figure

9a- 9C pr ewiseetib j i inv08; ' Lopgare
applied to a bﬂtlﬁl dﬁgggﬁpﬁ %ﬁ\g@%{ﬁgﬁggt&?ﬁ éf tﬂ%m%%@ﬁ\%f%ﬁﬁ%&&%f@%%daz

| LLUSTRATY, VE EMBODI MENTS [ 0027] The preferred enbodi nent of the present
invention relates to a silicon-on-insulator chip that includes silicon
islands with multiple surface crystal plane orientations to enhance the
performances of n-channel and p-channel transistors. The present invention
al so provides several nethods for the formation of such a
silicon-on-insulator chip. In one aspect, the present invention provides
optim zed crystal orientations separately for the n-channel transistors and
the p-channel transistors. [0028] Transistors forned on

si | i con- SRIERDEFaRBYI TG yFeTHE DRASYINGfbr oved by optinizing the surface
crystal orientations of the islands on which the transistors are forned.

This dis r wll first describe a silicon-on-insulator substrate that
may be f gé(ﬁ%ﬁ EWCahm?rﬁ g?mglptp iue%qgs%}ng}ngﬁ the present invention, and the advantages

thereof, reference is now made to the following descriptions taken in conjunction with the

accompanying drawing, in which:

[0017] Figure 1 is a three-dimensional perspective of a silicon-on-insulator chip with silicon

islands of different surface crystal orientations;

[0018]  Figure 2a is a specific example showing the use of (110) oriented islands for p-channel

transistors and (100) oriented islands for n-channel transistors;

[0019]  Figure 2b is another specific example showing the use of (023) oriented islands for p-

channel transistors and (100) oriented islands for n-channel transistors;

[0020] Figure 3 is a specific example showing that at least one of the silicon islands may be

comprised of a stack of silicon layers;

[0021] Figure 4a-4e show a first embodiment method of forming regions with different silicon

crystal orientations;

[0022]  Figure Sa-5f show a second embodiment method of forming regions with different

silicon crystal orientations;




with two or nore surface crystal orientations are obtained. [0029] Figure 1
illustrates a three-di nensional perspective of a silicon-on-insulator
substrate 100. The substrate 100 has been processed up to the step of
silicon island formation. In this exanple, three islands (labeled with
reference nunerals 110 and 112) are fgrnmed on buried insulator 114. The
islands are isolated fromone another by trenches 118. In another

enbodi ment, shallow trench isolation (STI) or other isolation can be used.
[0030] | §#0E]guHigird6a-6d shotv aShikd ; - K di ce
crystal orienta?}on and secongﬁ?§$gﬁggﬁgf%8ﬁ%§§¥§ﬁggﬁgQ%Kd%%ea§ﬁ% ace
crystal &9§§@H§ﬁ&ggy In general, (h k 1) and (h' k' 1') are not equival ent
crystal orientations. The crystal orientations may be such orientations as
(110), (100), (023), (311), (511), (111), or any other crystal orientation
gi ven by[00P4]k FigurewesTeeshbw a flurtiadisholi; ' ing Bo ed
enbodi nent, islands 110 and 112 mf%ﬁﬁ§§¥$g%§9@%?%?%%°%B€Q§EQH§%&ihe (100)
and ( 110gilicoh¥sk@] orthia§flsat i ons are formed on the insulator |ayer 114. More
9 preferably,” silicon i&lands 110 (or 112) with (100) oriented surfaces

- are used for formng n- channel transistors (not shown) and silicon islands
112 (or [0925] wiigdre §4-8Bhonra et @ehodiidhBREG @ Eoms e glofl wftl?ﬁi?bﬂaﬁk sRicGhannel
transi stors (not shown). [0031] Cross-sections of two specific en%odlnents
are schegrmitileabdttionhigwn in Figures 2a and 2b. By forming n-channel
transistors 122 on the (100) oriented silicon surfaces 110, maxi num
electron nobility and drive current can be obtained as conpared to other
crystal BPR@ntEigirofsdc Byvidé dlustatignpwhdiasietpts sfransirseifvehidh 80ajplig (110)
oriented silicon surfaces 112, maxi mum hole nobility and drive current can
be obt ai akdk ssnicoadpasredbdn@teot her crystal orientations. Therefore, the
enbodi nent shown in Figure 2a will achieve maximumnobilities and drive
currents in p- channel and n-channel transistors based on optinmal crystal
orientations. Wile one goal of




certain enbodi ments of the present invention is to optimze the

per f oramances of the n-channel and p-channel transistors, it is understood,
for exanple, that not all p-channel transistors in the
silicon-on-insulator chip need to be fornmed on the (110) oriented silicon
surfaces, and that not all n-channel gransistors in the
silicon-on-insulator chip need to be fornmed on the (100) oriented silicon
surfaces. [0032] In another preferred enbodi nent, as shown in Figure 2b,
silicon islands 110 and 112 wth (100) and (023) oriented surfaces are

on (100) "Bt cntoa s R LR E R Tane stor s 124 are

formed on (023) oriented silicon surfaces 112. Wiile not illustrated, yet

ot her or [(8BT]at Therseferearenidedinat M%reie%??v?&méﬁe&?é@% a%lﬂqcoh R8-iklidatcf Qﬁlp' sl ands

110 and 112 may not be of the sane 't hi ckness. isi1s shown in the figure

ol
wh Nguati i 5).and 100 d surf
Ty be oo ek TRy ‘?%E%@L@%ﬁgf% S e

oriented yrface be IS possible that these thicknesses ts;
! and tsPOEPERRE TG C ?rﬁl Paﬂ’&f“fql H?P“Séqfff i Bspresentanygatiosrlse peovidéame sur f ace
crystal ori ent ations need not have the sanme thickness. The silicon islands
110 and Sergm! rﬁ?tb‘i’%rf%h%/foﬁa&i@n@fSWh@kﬁieslsom-msulhter clapn gla ood aspbxthe piréseangst r ons
to about 1000 angstrons. It is also understood that the cross-sectional

vi ews of invtgios pfavidenoptimtizstictsystal Oriamdiodsl2p@at@lyasl the fi-0hannél HEnHUEB ARBHOT
illustration. For exanple, the silicon islands 110 and/or 112 need not have

sharp cerch@msl.tralfi@ogor ners of the silicon islands 110 and/or 112 may be
rounded or faceted. [0034] In one exanple, a silicon island 110 and/or 112
with a surface of a predetermned crystal orientation nmay be formed froma
stack of [4048] oFrapssters Famped sn glicamidni-inaiptonixsrte fudter inkipepved $Y optithizizg@hd ayer
has a surface of the predeterm ned crystal orientation. Such a stack may
surface crystal orientations of the islands on which the transistors are formed. This disclosure
will first describe a silicon-on-insulator substrate that may be formed such that silicon islands

with two or more surface crystal orientations are obtained.

[0029] TFigure 1 illustrates a three-dimensional perspective of a silicon-on-insulator substrate
100. The substrate 100 has been processed up to the step of silicon island formation. In this
example, three islands (labeled with reference numerals 110 and 1 12) are formed on buried
insulator 114. The islands are isolated from one another by trenches 118. In another

embodiment, shallow trench isolation (STI) or other isolation can be used.

[0030] In Figure 1, first silicon islands 110 have an (hk 1) surface crystal orientation and
second islands 112 have an (b’ k’ I') surface crystal orientation. In general, (hk1)and (h’ k1)
are not equivalent crystal orientations. The crystal orientations may be such orientations as
(110), (100), (023), (311), (511), (111), or any other crystal orientation given by (h k 1) where h,
k, and 1 are integers. In the preferred embodiment, islands 110 and 112 with surface crystal

planes of the (100) and (110) crystal orientations are formed on the insulator layer 114. More



have a total or conbined thickness in the range of about 10 angstrons to
about .1000 angstrons. This enbodinent is nore clearly illustrated in
Figure 3. [0035] In the exanple illustrated in Figure 3, the silicon island
110 includes two | ayers of silicon, the topnost |ayer 126 having a (h k 1)
crystal orientation, e.g., (100) orieted silicon surface, and the bottom
| ayer 128 having a (h' k' 1') crystal "orientation where (h' k' 1') may be
(110), as an exanple. It is known that the charge carriers in the

1 ansi siaterkily eNShORhAYED @%ﬁzﬁnﬁ hg@ﬁ AR QJrfac§Sa§%& URRy RwRdst rome.

Therefore, in the exanple ure s in the

i nversi v.er eI tr nsi 2.are entirely (or nostly)
cont ai nggamg1 i %S%rts g)rboﬁt% h‘i?Pl 3 %{OF }]@gﬁ’“h £y onened girfacesizgie t he
naX|nun1n§B%I|ty or transport propertles as desired. [0036] In general,
the i nsUiPetigr opaipg p-chappel{zangipiowrinetshéwmur es 1- 3 maybe conprised of any
dielectric material or |nsulat|ng mat eri al such as silicon oxide, silicon

nitride, nown as sapphire). 'I.' t hi ckness of
the ins @Qg %lrnéaégls %ﬁgﬁseoq?‘?%?ﬂeﬁlg iéﬁleméﬁrﬁé‘fk}e@ﬁg ah @B’G?) 251st r ons.
The ins %aho may al so be a conp05|te | ayer 11 conprising of a stack
conbi nat gé} genpsl franspstess |24 o the (JOP) erigntad silianrsurfages o)), texionma

silicon oxide stack, or a silicon nitride on a silicon oxide stack. The

i nsul at c?&ectr@zy@ﬁbthwn@éﬁ"mruannt cambe phang SicahparediolophettrysilakibitnnstBy e, or
in crystalline state. [0037] The insulator |layer 114 overlies a substrate

116. Thefosnibgp-tlainael trhfsigiery meoxa{my(l1@}@%&@%@@&%&1@2&%3{1%%!@&1 f&n conduct or
processing, such as a silicon substrate with (10 orientation or (110)

“ori ent atm@ﬂl@ En@cfﬁ(/e Qﬁﬁ?&{t A B a"ﬂ%ed ?xg' cou-‘érpg?edﬁg bﬁ%rrcg%s?al éégnﬁ%]ﬁ)?{% ﬁ#hSli,efOé%

conprised of “an al I oy senlcon

conpoun ctor. such .as. i um arseni de_and i i um phosphi de
Norr;rpsechon 0 d erflxg SBV&H} gltggxbc 2awi achleve max{mum moblht?es and rqve currFe)nts 1n%-

channel and n-channel transistors based on optimal crystal orientations. While one goal of
certain embodiments of the present invention is to optimize the performances of the n-channel
and p-channel transistors, it is understood, for example, that not all p-channel transistors in the
silicon-on-insulator chip need to be formed on the (110) oriented silicon surfaces, and that not all

n-channel transistors in the silicon-on-insulator chip need to be formed on the (100) oriented

silicon surfaces.

[0032] In another preferred embodiment, as shown in Figure 2b, silicon islands 110 and 112
with (100) and (023) oriented surfaces are formed on the insulator layer, where n-channel
transistors 122 are formed on (100) oriented silicon surfaces 110 and p-channel transistors 124

are formed on (023) oriented silicon surfaces 112. While not illustrated, yet other orientations

can be included.

[0033] In general, the silicon islands 110 and 112 may not be of the same thickness. This is
shown in the figure where the thickness of the silicon islands 110 with (100) oriented surface

may be ts;), and the thickness of the silicon islands 112 with (023) oriented surface may be tg.



such as quartz or glass could alternatively be used. [0038] Next, the
present invention provides several nmethods of formng the silicon-on-
insulator chip with nultiple surface crystal orientations. Several of these
enbodi mrents will be described now. [0039] The first enbodi nent nmethod will
now be described with respect to Figu58s 4a-4e. As shown in Figure 4a, a
silicon-on-insulator wafer 102 is provided where the crystalline silicon

| ayer 130 has a first crystal orientation (h k 1). Therefore, the surface

of the sjilicon,l is.of the k 1) crystal orientation. Such a

o 11 Con bl PR B Ghest Biknetiis iy e 6 ee- 0 i &contidinds Abad wat er
separation technique, or by an oxygen inplantation (SIMOX) technique, as
exanpl esSAEER4E coslplaienidtipns me¢dores have Aheofame tacknipdsi Ebmsilicypesiand8 Dl Geene

anor phosi zed, i.e., transfornmed to the anorphous state. This

t r ansf or higtpreferalghatee thiekifesy ettt royeevBshdun 90 hdpStrotf 16 Bbok® 2000QREMbRAY. the mask
132 at the selected portions 134 of .the silicon |ayer 130 to be
f8.34 of the

anor phosiszR6 un @R ARk BRtctdIgsdo Q881 %@\@%g{}ég §1§e1£b?1 6%811’2112 b L(ﬁ%l\gﬁ?lﬁ %Ije glrrhg T

silicon layer 130 to create an anorp ure 4b. The

ion inpl ' n.be deone by .conventional i0n | pl ant ati on

techni q utzlg b@é!&%%zggﬁﬁ%a i3 ?ﬁfx‘i‘%}?\le’i ﬂepﬁﬂécr?flég?’@ﬁ T a“éfoéé hﬁ@&rﬁ‘ﬁ%ﬁ%ﬁaﬁp on
inmplantation (PlI1). Preferably, the i n;BI anted ions are silicon ions and

i npl ant ePRGS allg&ptoRTs of g siicergisierds 148 pRd/emid 2 mialy bk nwsdedotr fachied.si | i con | ayer
130. However, other ions such as germanium ions and argon ions nmay be

used. [OfR4dfy T 102..1 s t-hen heated at .el evat ed .t enperat.ures, such as
bet ween @go t I@%Bg%%{pé gé%lb%dgg%iejlgl:ae@gé%&ﬁs"i’@’sﬁ Sufa%ce’l %alp@f’tgmg?ﬁdi d phase
epi taxy. Sqlid phase epitaxy . is essentially a re- crystallization process
wher e th%ry§??€ﬁ“6‘ﬁ6*&9§ a8y e&’%‘ﬁ%ﬁéfgmcﬂwst% of prearmenreriagiers At BlcncyEs el i ne

topmost silicon layer has a surface of the predetermined crystal orientation. Such a stack may

have a total or combined thickness in the range of about 10 angstroms to about 1000 angstroms.

This embodiment is more clearly illustrated in Figure 3. -

[0035]  In the example illustrated in Figure 3, the silicon island 110 includes two layers of
silicon, the topmost layer 126 having a (h k 1) crystal orientation, e.g., (100) oriented silicon
surface, and the bottom layer 128 having a (b’ k’ I") crystal orientation where (b’ k’1") may be
(110), as an example. It is known that the charge carriers in the transistor inversion layer has a
thickness of less than 50 angstroms. Therefore, in the example of Figure 3, as long as the
electrons in the inversion layer of the n-channel transistors 122 are entirely (or mostly) contained

in the topmost (100) oriented silicon layer, it will have the maximum mobility or transport

properties as desired.

[0036] In general, the insulator layer 114 as shown in Figures 1-3 may be comprised of any
dielectric material or insulating material such as silicon oxide, silicon nitride, and aluminum
oxide (also known as sapphire). The thickness of the insulator may range from about 100

angstroms to about 2000 angstroms. The insulator layer may also be a composite layer




regi on. The anorphous silicon portion 134 re-crystallizes using the
underlying crystalline insulator surface 138 as a seed as shown in Figure
4c . The insulatorl1l4 can serve as a seed if the insulator 114 is
crystalline or if the insulator 114 has a surface 13 8 that is crystalline.
- For exanple, the insulator |ayer 114 an be crystalline al um num oxi de,
i.e., sapphire. In another exanple, g e insulator layer 114 is in fact a
stack conprising of a sapphire layer on a silicon oxide |layer. [0042]
After t 2 t i i of ;t he, anor phous portion .134 of silicon |ayer
130, a 2|& |p§(5:)l§1é yﬁas?/ajé:ir( Cég{;n%l iab%ﬁl Ofgfbe\ﬁntcﬁnaé%(aﬁ’ Suﬁl?aslan)a?%]?lg}‘g? P95 %nt ation i s
f or med. Tﬁe éh‘ g' 1#% crystal orientation is different fromthe origina
(h k 1) BPSpaPafe ¥poked &R niRds i hiqon esie ptagke rThe goulatoplaygranay befmenr ed
enbodi mrent, (h k 1) is (110), (h" k' 1') is (100), and the insul ator |ayer
114 is (@norphoys styte,pofverrywdlinessigpivk mecrystdii3fateThe pref erred embodi ment is
now described in further detail. This enbodi nent begins wth a (110)
ori ent ed;,gh4d,i con.| r.130.gn a (0,1,-1,2) oriented sapphire |ayer 114,
where t h@%'}é aglg’ﬁiu}s}aé%ﬁé%?r 1&&“’6‘9@?4 Jubgraig ﬁlébgb? #oetraie BLO npydis 28y waf er maybe
formed by a wafer bonding and wafer separation technique. Sel ected regions
134 of tHbstyateimmenlyaisedia seinicondistor pypesssitgGucras a sdivor phetsitzeith @§0)a masked
i npl antation of silicon ions. Re-crystallization of the anorphosized 13
si licon ditatie ord110) oftientaticd)or ety @MredeRapRhiThe s@dstrade Peadayileltds (100)
oriented silicon in the selected regions. The silicon |ayer 130 now

conpri sesondrisédFia® A%ovlsdthi it Rl i entation.
[ 0044] sSi In?jglgn igl ands 111%&?1%04 %&éga\%\ng%lﬁ&{j%ﬁ%{r}%mnf P%%%?%P%ri ent ations

“maybe fog [V ski.n nd et chi shown i.n Figure 4d.
Transist5%§&T§¥ug§d%%gkmﬁ§§%%ﬁ@ﬁe%ﬁﬁn%B?ﬁﬁﬁmgﬁﬁ?ﬁ@%@mpgwgﬂﬁ§$ T2fidwn i n
Figure 4e.. The tranﬁi storg 122 and_ 124 can be fornmed by

stich as quartz or glass could alternatively be used.

[0038] Next, the present invention provides several methods of forming the silicon-on-

insulator chip with multiple surface crystal orientations. Several of these embodiments will be

described now.

[0039] The first embodiment method will now be described with respect to Figures 4a-4e. As
shown in Figure 4a, a silicon-on-insulator wafer 102 is provided where the crystalline silicon
layer 130 has a first crystal orientation (h k 1). Therefore, the surface of the silicon layer is of the
(hk 1) crystal orientation. Such a silicon-on-insulator 102 wafer may be formed by a wafer

bonding and wafer separation technique, or by an oxygen implantation (SIMOX) technique, as

examples.

[0040] Selected portions 134 of the silicon layer 130 are amorphosized, i.e., transformed to the
amorphous state. This transformation can be performed by masking the wafer 102, opening the
mask 132 gt the selected portions 134 of the silicon layer 130 to be amorphosized, and
implanting ions 136 into the selected portions 134 of the silicon layer 130 to create an

amorphous region as shown in Figure 4b. The ion implantation can be done by conventional ion



depositing a gate dielectric layer, and gate conductor |ayer(s), and then
patterning these to forma gate dielectric 144 and gate 146. Source and
drain regions (not explicitly shown) can then be fornmed using standard

i npl antation steps. Wile not shown, the gate 146 may include a gate

spacer to formlightly doped source apg/or drain portions. [00451 Figures
5a-5f show a second enbodi nent method of the present invention. A silicon-
on-insul ator wafer 104 is provided as shown in Figure 5a. The silicon |ayer
in Figur i two l.ayers .148 and 150 of silicon with
differeﬁﬁpggyggg%%gﬁﬁ%ﬁggy#§%§£4§§”%ﬂ n%ﬂmﬁﬁéﬁ?@aug?a§0?5ﬁnnst silicon

| ayer 148 'gp t?ﬁx(? E é% crystal orientatjon overlies a silicon |ayer 150
with tHE‘P{AaAH“tP( )y Prefqpaliln thegmplanies ionsiare stisen iges andiemkmise ta mdepthoprost
silicon |ayer 148 may vary from about 10 angstrons to about 500 angstrons,
but is pree&rthphalf thebiskndsanf hbslitorSayeands t Homer, Jher iofshudkagsisnanfunt he
silicon layer 150 may be in the range of about 10 to about 500 angstrom and
i s oncedomgail argbeRas bgbe @bout 50 angstrons. [0046] In one exanple, the
topnost silicon |ayer 148 can be formed by a | ayer transfer technique,

whi ch conprises of a wafer bonding process and a wafer separation process.
For exdfflé, The wakylWdythen hpated a4 clsvatitlompemtuiensushedsbetween gett after  whi ch
conprises of a (100)- oriented silicon layer overlying an insulator |ayer.
A donor akefité0 uegrdes Eelsihd Q) mitiateedolie ghase lepmg. SEfhagepltayel es5Rue, Peovi ded.
The donor wafer may, for exanple, be a (110)-oriented bulk 14 silicon

b ' . _ ) . ‘ h
subst r at@ystdllizalién H6sekd Wik Qe Elglgl%ﬁfn%rsd?coﬁ %@g{}%@?@iﬁ%d rrlgﬁg%hs‘r{l%hﬁr to the

target wafer. This transfer be acco ydr ogen

into th nding.th op .face of the.donor fer to the
top sur fer gggﬁ!o he\t%?qhglrl gsgltw%\%}vgg%l n?%’&?cﬁ@# SRR U UisH ERE C’iyf)t\é\ﬁg%par ate a
portion .of tthe (:Ilon% waf er TEe top_portion of the donor wafer, i.e., a
(110) - or PEMEGUIEE 138 27 seed asshowm B FigeR s e dhe wsulperl{ 4pageservmas efeed K
bond-strengthenin%,anneaL may subsequently be o

the insulator 114 is crystalline or if the insulator 114 has a surface 138 that is crystalline. For

example, the insulator layer 114 may be crystalline aluminum oxide, i.e., sapphire. In another

example, the msulator layer 114 is in fact a stack comprising of a sapphire layer on a silicon

oxide layer.

[0042]  After the re-crystallization of the amorphous portion 134 of silicon layer 130, a silicon
layer portion 134 with a (b’ k’ I") crystal orientation is formed. The (b’ k ) crystal orientation
is different from the original (h k 1) crystal orientation of the silicon layer 130. In the preferred

embodiment, (hk 1) is (110), (b’ k’ ") is (100), and the insulator layer 114 is (0,1,-1,2) oriented

sapphire.

[0043] The preferred embodiment is now described in further detail. This embodiment begins
with a (110) oriented silicon layer 130 on a (0,1,-1,2) oriented sapphire layer 114, where the
sapphire layer 114 éverlies a substrate 116. Such a wafer may be formed by a wafer bonding
and wafer separation technique. Selected regions 134 of the (110) oriented silicon layer 130 are

amorphosized by a masked implantation of silicon ions. Re-crystallization of the amorphosized

!
]



performed. [0047] Simlar processes for wafer bonding and separation are
taught, in co-pending applications Serial No. 10/379,873 (TSMC2002- 1384)
and Serial No. 10/384,859 (TSMC2002- 1385), both of which are incorporated
herein by reference. As exanples, the wafer bonding and separation process
can be a Smartcut TM process, or a NanggleaveTM process, both avail able from
Silicon CGenesis Corporation. Details bondi ng and separati on processes
are also provided in U S Patent Nos. 5,013,681, 5,374,564, 5,863, 830,

6, 355, 5 %W@ g 8,938, and 6,486,008, each of which is incorporated herein:
by refer gl ‘FWP 1al Bh?lﬂf‘élﬁqﬁiéémhﬁgks 1&2d yislds Oi0Rketientsd eilipusiethe sel ect ed
portion 152 of the topnost (h k 1) silicon |layer 148 as shown in Figure

5b. The w®ipodexgioper Theotlichh 2ytoitusty dompksel of REioant Richnd $40 Wiglodifikrapter 148 is
then etched as shown in Figure 5c. For exanple, the etch can be a wet etch
that is geltactibmaioM th respect to silicon crystal orientations. As a nore
specific exanple, etchants such as potassium hydroxide and caesium

hydroxi de may be used to etch (110) oriented silicon at a nuch faster rate

conpar ed [004A] ( 19Yonaslings i Edarsi 112 ¢oth. difRatm ssjstanorieyidtionsings befaesby 110)
oriented silicon at twice the rate of (100) oriented silicon. [0049]

Fol | owi ngldctie edskinngd @bhibhes sh@@mlg&re 4k i‘%anﬁgtb@ b £ehaShk | hfa? ehgyer, the
mask 132 is then renoved as shown in Figure 5d. According to the second

enbodi me hat to oSt silicon
is (110)%??%%2%81&1 |%:%Sn§%‘%§%§ (4%‘1 %qtrafgft"%r éﬁ‘ﬁd(hﬁ tig i %SD Y15  (100)
oriented SI|SI .con, @qt(g mask(not S own maybe forned to pattern silicon
i sl ands TF %%gaii O BpeFnnd §3terog er( A dptianag Eﬁﬁ?ﬁ%ﬁﬁ‘élﬁ
transistors 122 and 124 may then be for rred on the patterned silicon
i sl ands &apdislseiriq 144 angggafg;ﬂéﬁnS@xﬁcq:ang@mn Biion§ OEOPLIFREY srominhepntipwbeo Fi gur e
6a -6¢, a third enbodi nent method will now be descri bed.

formed using standard implantation steps. While not shown, the gate 146 may include a gate

spacer to form lightly doped source and/or drain portions.

[0045] Figures 5a-5f show a second embodiment method of the present invention. A silicon-
‘on-insulator wafer 104 is provided as shown in Figure 5a. The silicon layer in Figure 5a includes
at least two layers 148 and 150 of silicon with different crystal orientations. As shown in Figure
5, a topmost silicon layer 148 with the (h k 1) crystal orientation overlies a silicon layer 150 with

the (h’ k’ I") crystal orientation. The thickness of the topmost silicon layer 148 may vary from
about 10 angstroms to about 500 angstroms, but is preferably less than about 50 angstroms. The

thickness of the silicon layer 150 may be in the range of about 10 to about 500 angstrom and is

once again less than about 50 angstroms.

[0046] In one example, the topmost silicon layer 148 can be formed by a layer transfer
technique, which comprises of a wafer bonding process and a wafer separation process. For
example, we may begin with a silicon-on-insulator target wafer which comprises of a (100)-
oriented silicon layer overlying an insulator layer. A donor wafer with a (1 10)-oriented silicon

surface layer may be provided. The donor wafer may, for example, be a (110)-oriented bulk



The initial steps of the third enbodi nrent nethod are simlar to those of
the second nethod enbodinent. The third enbodi nent nethod enpl oys a
silicon-on-insulator substrate 104 where the silicon |ayer conprises at

| east two | ayers of silicon 148 and 150 with different crystal

orientations. Continuing fromFigure ? , the topnost (h k 1) oriented
silicon |ayer 148 has been selectively etched in a predeterm ned region
152, exposing the underlying (h' k' 1') oriented silicon |ayer 150, as
shomn in Figure 6a. [0051] Subsequently, a selective epitaxial growth is
per f or mestlicoTpybstrasart s desdred tetrinsfat a topportiondé pasi waferto frectargstsvadre Thkis si | ane
and hydrogen chl ori de gases are used and the process tenperature may range

from abcansféﬂ@nﬁegcrcexﬁlshsﬁaiwM@anngi@ﬂﬂ&ge%% Qx‘é%&%%afé?'b%hdﬁ thdBg epitaxial
growth occurs selectively in the exposed (h 1) orlented surface. The

Cr 0SS- S&GHL QIbf tlﬁfdoﬁd?‘?vaﬁ'ﬂ Rhg F]bg)%u %ce shawn, | éé} w&zcg a§§P%§° %%gzéwﬁ%f erring now

to Figure 6c, mask can t reane Pst regi on
152 conprls orientation and a second region 152

es 0

conpri seSPHFT ag?mf’%i’){r{ﬁwﬁ]ﬁnﬂr ‘ﬁaf% ”I(th tol?ﬂ’%m?ﬂ qfélmcgp?rdy\aferg,q iaddH)iogeHsds 110
and 112 may then be patterned and transistors 122 and 124 be formed on the
i sl ands YFER layRoilRn sdbetss i thrieegeb WafsoeA Fhglistesgtiabingenorl My gsescrBlg bbT ) .
[ 0053] Referring nowto Figures 7a-7c, a fourth enbodi nent method will now
be descrpdofedned. Once agai n, the initial steps of the fourth enbodi nent
met hod are sinilar to those of the second enbodi ment nethod. Conti nuing
fromFig the topnost (h k 1) oriented silicon |ayer 148 16 has been
sel ect i V®P§7 ex%’@%fd’r‘?cﬁssés far Wé‘éifét eandingeadd pepgiiation asRught énca-prptiaat ati on 156 i s
then perforned to transformthe exposed (h k 1) oriented silicon into an
anor phouspppbetises, Seaisl NhdWAT79,873 (FEYIG2007-4384 el Sevinl NariD/Aas4, 819 (@SM@P0RNpI oy
silicon, gernmaniumor argon ions. The

1385), both of which are incorporated herein by reference. As examples, the Wafer bonding and

separation process can be a Smartcut™ process, or a Nanocleave ™ process, both available from

Silicon Genesis Corporation. Details of bonding and separation processes are also provided in

U.S. Patent Nos. 5,013,681, 5,374,564, 5,863,830, 6,355,541, 6,368,938, and 6,486,008, each of

which is incorporated herein by reference.

[0048] A patterned mask 132 is formed to expose a selected portion 152 of the topmost (h k 1)
silicon layer 148 as shown in Figure 5b. The exposed portion 152 topmost (h k 1) oriented |
silicon layer 148 is then etched as shown in Figure 5c. For example, the etch can be a wet etch
that is selective with respect to silicon crystal orientations. As a more specific example, etchants
such as potassium hydroxide and caesium hydroxide may be used to etch (110) oriented silicon
at a much faster rate compared to (100) oriented silicon. Potassium hydroxide etches (1 iO)

oriented silicon at twice the rate of (100) oriented silicon.

[0049]  Following the etching of the topmost (h k 1) oriented silicon layer, the mask 132 is then
removed as shown in Figure 5d. According to the second embodiment method, it is preferred

that topmost (h k 1) oriented silicon is (110) oriented silicon, and the (b’ k’ 1’) oriented silicon is



i npl antation energy is chosen such that the anorphosized region is
restri,cted to the surface region where the silicon crystal orientation is
(h k 1). The crystallinity of the underlying (h' k' F) oriented silicon

| ayer 150 in the exposed region 152 is retained so that it will serve as a
seed layer for re-crystallization of ﬁﬁe anor phous region 158. This is
shown in Figure 7b. The mnmask 132 is en renoved. [0054] Next, the wafer
is heated at el evated tenperatures, such as between about 500 to about 600
degrees Celsius, to initiate solid phase epitaxy. Re-crystallization of the
anor phodil 98 arienisd silcon Haetheranask (nnyf shaven) mag ée fopmerdto phtterk siligon)islands &6t ed
silicon 150 as a seed layer. Silicon islands 110 and 112 with different
crystal andilé&)eathownsn Figyrelse. Noshametl byd 5 eflagfd] trvistors ki2ngd apdmatdieg  and
transistors 122 and 124 may then be forned on these islands as di scussed

above. _[{8RR&on BRAAKEHAIMAW ilndEh LR 188 Aoith ihiFldufl TDOI ment et hod s

di scussed. A silicon-on- insulator wafer I's pr where the
crystalline silicon |layer has a first crystal orientation (h k 1), as

shown i N0ESIHuRelBang Ref to Figung6d Gc H iivd emBllim&ae hetibe ehilpaow bodescridbd.t he
silicon layer 130 are etched to expose the crystalline surface 138

i nsul at orhelidiflal stPs &f BARirD mION B AMARRIADImiINS0 %h‘@?é;]&fthéi’\éiewﬂd heflRgK 132,

opening the nmask 132 at the selected portions o e Icon layer 130'to

S
be etch t-ghi | ected.portions.of the silicop | r, 130 by
dry or veroait R iR AL 60 BROLLOM BB shrig™is G Bun MG Con
| ayer 164 V\:h.th a gh' K. 1'% crystal arientation on the exposed crystalline
i nsul at o® SHFPRARIET CopEisesAticasywe dayisrs o4 pilisen W8 ppd ewith GEersptanERe nask 132
is renoved, as shown in Figure 8c, or after the mask 132 is renoved. This
step wi | pripigons; Goptinyirg fram Figari Sonthe 6maist (h ka) qriented Sijicarlywt 248 las bemt at i on
and a second silicon region 17 164 with a (h' k' 1') crystal orientation.
Si li con jesicavelisetdt@ in dfirddatrininedirédiat B expoyist @ik undetliy@piiRtk Onerigiay be for med
by sel ective masking and etching and transistors 122 and 124, can

silicon layer 150, as shown in Figure 6a.

[0051] Subsequently, a selective epitaxial growth is performed. This can be a chemical vapor
deposition process where silane and hydrogen chloride gases are used and the process
temperature may range from about 500 degrees Celsius to about 900 degrees Celsius. The

epitaxial growth occurs selectively in the exposed (h’ k’ I) oriented surface. The cross-section

of the substrate is shown in Figure 6b.

[0052] Referring now to Figure 6c¢, the mask can then be removed. As can be seen, a first
region 152 comprises of silicon with a (h k 1) orientation and a second region 152 comprises of
silicon with a (h’ k’ I’) orientation. Silicon islands 110 and 112 may then be patterned and

transistors 122 and 124 be formed on the islands (not shown with Figure 6; see Figures 4d-4e or

Figures 5e-5f).

[0053] Referring now to Figures 7a-7c, a fourth embodiment method will now be described.
Once again, the initial steps of the fourth embodiment method are similar to those of the second

embodiment method. Continuing from Figure 5b, the topmost (h k 1) oriented silicon layer 148



then be forned on these islands. [0057] Each of the enbodi nents descri bed
to here were directed to a silicon-on-insulator substrate. The present
i‘fnvention, however, also includes enbodi nents applicable to bulk substrate
devices. Referring to Figure 9a, as an exanple, the starting substrate
includes a silicon substrate 170 t hat %as a (h" k' 1') crystal orientation.
No insulator layer is included. A silf | ayer 172, which has a (h k 1)
crystal orientation, is forned over substrate 170. [0058] This substrate
can then be processed to fornmed sem conductor regions of different crystal
or i ent atliapheenasedivelwaxiosedingpreisteBhinadietgda .1 5Edbn BxAapdtien 156 tieh t he

enbodi nents shown in Figures 5, 6 or 7 can be used to formregions 174 and

176 of diefHeneans wadsiosh e e%m%@g@m !)Qﬁ%nted Eh&HA %Parﬁ%}agﬁ ﬁﬁ%@%’?%‘v)ﬁ‘?ﬁt made

by a process simlar to that of Figure 5, |gur OWs an

nbod | t h f Fi di ff t
gr ygt :almafq%ur ?2%%@%%@“&&3‘?%% g}rﬁnm ﬁéj S’ilg%n §gfﬁmg‘8ms°:5 P%l’toé‘ﬂ eanly i g(r)th i on

t echni que Fal | ow trench isolatjion 178 is shown. As descri bed above, and
as showr™PH{RHEN Gy ds FROPRRS el thiti the sraarpisizadeegion és regmaieskia e surfacsns| st or s
124 can be fornmed in the regions 112 with (h k 1) crystal orientation and
n- channéﬁgmnaﬁgﬁﬁmdﬂ@mlgﬂﬂdamﬁmBumnm@EUDIﬁﬂkhgxmﬁgnpm&hamﬁmeh@ (h' k' 1)
cryst al orientation. [0059] Although particular enbodi nents of the

i nvent i oy’ averbeedsi tkes tayebesd ih thetkbatel regidn 155 s retded Sitpack Wwinatvi ksea
invention is not [imted correspondingly in scope, but includes al

changes, seem%rffbﬁ@tc%@tgﬁﬁatﬁﬁ%f %lékl\{)glh%gg 2 61]%8 7 2{] Grp¥ i€ Bl Qntif) % SR Al tT(l}g nd ternms

of the clains appende ereto speci i'catdon "an figures

are to q§ﬁk§%2 qﬁdl%n aa illustrative rather than a restrictive sense. 18
WHAT 1S CETAVED 1S ™°H°V°K et hod of forming a silicon-on-insulator chip, the

nmet hod conpri si ng:
[0054] Next, the wafer is heated at elevated temperatures, such as between about 500 to about
600 degrees Celsius, to initiate solid phase epitaxy. Re-crystallization of the amorphosized
silicon occurs using the underlying (h’ k’ 1) oriented silicon 150 as a seed layer. Silicon islands

110 and 112 with different crystal orientations may be formed by selective masking and etching

and transistors 122 and 124 may then be formed on these islands as discussed above.

[0055] Referring now to Figure 8a-8c, a fifth embodiment method is discussed. A silicon-on-
insulator wafer 106 is provided where the crystalline silicon layer has a first crystal orientation (b
k 1), as shown in Figure 8a. Referring to Figure 8b, selected portions of the silicon layer 130 are
etched to expose the crystalline surface 138 insulator 114. This can be done by masking the
wafer with a mask 132, opening the mask 132 at the selected portions of the silicon layer 130 to

be etched, and etching the selected portions of the silicon layer 130 by dry or wet etching,

[0056] Epitaxy is then performed to grown a silicon layer 164 with a (b’ k’ 1) crystal
orientation on the exposed crystalline insulator surface. The epitaxy step can be performed
before the mask 132 is removed, as éhown in Figure 8c, or after the mask 132 is removed. This

step will result in a first region 166 with a (h k I) crystal orientation and a second silicon region




providing a silicon-on-insulator substrate including a silicon |ayer of a
first crystal orientation overlying an insulator layer, the silicon |ayer
including a first and a second region; form ng an anorphous silicon region
in the second region of the silicon layer; and recrystallizing the

anor phous silicon region to forma reqion with a second crystal

orientation. 2. The nethod of claim 14nd further conprising, after the
recrystallizing the anorphous silicon region: formng a first silicon
island of the first crystal orientation and a second silicon island of the
second oPF Kk afli §nb') edelfooentiting. &ilicomibindt bl0, bR vathfdiffgentcysiduct i on type on
the first silicon island and a transistor of a second conduction type on

t he secorehtstions manbd dhagntby sdlecThtendiRinpasi Qéhitd Al adsisthre 1 2 Aad i he cfd r st
crystal orientation is (110) and the second <crystal orientation is (100)

and whergihe tdigel bMsiestigsof the first conduction type is a p- channel
transistor and the transistor of the second conduction type is a n-channel

transistor. 4. The nmethod of claim 1l wherein the first crystal orientation

is (110)0GTH Eheé ddewntbodiereystiedcrived ©MERtweaditested A licobonTielafbet hod of
claim1l wherein the insulator |ayer conprises alum num oxide. 6. The nethod

of cl ai RuBuwbeTRd fedeREnRlnkBd RUFLRXI 5{@% ; igp of (0, 1,
1, 2). 7. The net gd o? glafn11 ﬁ%ﬁ%@in teSm@%ﬁ?%%%u@%%%ﬁkﬁ%@ﬂg t hi ckness
in the rs@@sgfgte(afevice%b R%'liemln% tg p%lsl%er%,nass a%%xz?rrl?pqgtthe% a?’cinagns%sttrrat%quud]ésg a silicon

substrate 170 that has a (h’ k* ") crystal orientation. No insulator layer is included. A silicon

layer 172, which has a (h k 1) crystal orientation, is formed over substrate 170.

[0058]  This substrate can then be processed to formed semiconductor regions of different
crystal orientations as shown in Figures 9b and 9c. For example, any of the embodiments shown
in Figures 5, 6 or 7 can be used to form regions 174 and 176 of differe;lt crystal orientations.
Figure 9b shows an embodiment made by a process similar to that of Figure 5, and Figure 9c
shows an embodiment made by a process similar to that of Figure 6. The different crystal
orientation regions 174 and 176 can be separated by any isolation technique. Shallow trench
1solation 178 is shown. As described above, and as shown in the embodiments of Figures 9b and
9c¢, p-channel transistors 124 can be formed in the regions 112 with (h k 1) crystal orientation and

n-channel transistors 122 can be formed in the regions 110 with (h’ k’ 1") crystal orientation.

[0059]  Although particular embodiments of the invention have been described in detail, it is
understood that the invention is not limited correspondingly in scope, but includes all changes,
modifications, and equivalents coming within the spirit and terms of the claims appended hereto.

Accordingly, the specification and figures are to be regarded in an illustrative rather than a

restrictive sense.



8. The method of claim 1l wherein the formng the anorphous silicon region
conprises inplanting ions into the second region of the silicon |ayer. 9.
The nethod of claim8 wherein inplanting ions conprises inplanting silicon
ions. 10. The nmethod of claim8 wherein the silicon |ayer has a thickness
and wherein inplanting ions conprises inplanting ions to a depth of about
hal f of the thickness of the silicon l&yer. 11. The nethod of claim1
wherein providing a silicon-on-insulator substrate conprises providing a
si |'i con- OMHAASKY GlisYMESt rate with a silicon layer overlying an insul ator
| ayer that includes a crystalline surface. 12. The nethod of claim1l
wherein recrystallizing the anorphous silicon region conprises

recrystalll i zi ROmYBoBSf Fditifd ¥ SilidbA-bRSntdadSh, He hbiBod ReHbALRL: | ayer as a
seed. ~13. The nmethod of claim 1l wherein providing a silicon-on-insulator
substrate comprvidiag agilison@nrigsuater $ubswate aneludiegid sitioon lepdrsifradiret aystdl a

first silj. . r.overl.yi a, second.siliicon | ayer, -the second,silicon
yer oveRESRIbAYRERNER Mhlftof 1oy 8 B QR InER BT 4 AV SRR RG0S 6
silicon k&ggdbgn conpri ses anorphosi zing a portion of the first silicon

| ayer. 14. The nethod of claim13 wherein recrystallizing the anmorphous
silicon regi oformEps Mt preaphpatyilieantepioniin theusseang regien obthsriliconllayesrindayer as

a seed. 15. Aré%%%@agﬂziﬁé t}{CQJIIqu@gOIﬁ sﬁiéoh(f%lgr? {Ol)ﬁogrﬁ %lggélg{l withl Peecd c&;‘%&h‘)d

conprising: p Ing-a sli on-on-1ns e includirng’a first
silicon layseati@f. a first crystal orientation overlying a second silicon
| ayer of a second crystal orientation, said second silicon |ayer overlying
an insulator |ayer; anorphosizing a portion of the first silicon layer in a

predet er gi ned TheeHeMbdldF i@ and further comprising, after the recrystallizing the
amorphous silicon region:
forming a first silicon island of the first crystal orientation and a second silicon
island of the second orientation; and
forming a transistor of a first conduction type on the first silicon island and a

transistor of a second conduction type on the second silicon island.

3. The method of claim 1 wherein the first crystal orientation is (110) and the second
crystal orientation is (100) and wherein the transistor of the first conduction type is a p-

channel transistor and the transistor of the second conduction type is a n-channel transistor.

4. The method of claim 1 wherein the first crystal orientation is (110) and the second

crystal orientation is (100).

5. The method of claim 1 wherein the insulator layer comprises aluminum oxide.

6. The method of claim 5 wherein the aluminum oxide has a crystal orientation of (0,
1, 1,2).

7. The method of claim 1 wherein the silicon layer has a thickness in the range of

about 10 angstroms to about 500 angstroms.



an anorphous silicon region; and 20 recrystallizing the anorphous silicon
region to forma region with the second crystal orientation. 16. The

nmet hod of claim 15, further conprising: formng a first silicon island with
a surface of the first crystal orientation and a second silicon island
with a surface of the second crystal orientation; and form ng a transistor
of a first conduction type on the firstl9silicon island and a transistor of
a second conduction type on the second silicon island. 17. The nethod of

cl ai m 16 8aher éihe métbod of dainct yhemin teifemtiag tleramaphdkGjlicandedidre second

crystal orientat.iion is (10Q). 18. The nmethod of clam 17 wherein the
transi st SPmBFIS‘ESHHIP?W@gg%ﬁé@é%? 69?0@1%?@1%0@1%5111&% ¥&t transistor and the

transi stor of the second conduction type is a n-channel transistor. 19.
The met hod of claim 15 wherein the first silicon |layer has a thickness in
the rang®. of Tgeuethadolfzalgjst § visreiningiantingiods cnysiseomplaidg siltven iwtshod of
claim15 wherein the second silicon |layer has a thickness in the range of
about 10 angstrons to about 1000 angstronms. 21. The nethod of claim 15

wherei n tibe i MikndtBed bBYSM & MMBreit®s sBicoh BlyeEhdsi CthickRds and'@hBRi10d of
claim15 wherein the insulator | ayer conprises silicon oxide. 23. A nethod

of fabri daplapdngiogs comprisesAmpleatingions teadenth of abonshalf af tethicknsisnof the
provi di ngiR.8 jrate with an insulator |ayer disposed thereon; formng a
first silicon Fayer over the insulator layer, the first silicon |ayer
having a thickness of |ess than 50 angstrons, the first silicon |ayer
having a _first. crystal orientation; . .
g 11. tThe n¥ethoJ of claim I w erePn providing a silicon-on-insulator substrate
comprises providing a silicon-on-insulator substrate with a silicon layer overlying an

insulator layer that includes a crystalline surface.

12. The method of claim 11 wherein recrystallizing the amorphous silicon region

comprises recrystallizing using the crystalline surface of the insulator layer as a seed.

13. The method of claim 1 wherein providing a silicon-on-insulator substrate
comprises providing a silicon-on-insulator substrate with a first silicon layer overlying a
second silicon layer, the second silicon layer overlying the insulator layer and wherein
forming an amorphous silicon region comprises amorphosizing a portion of the first silicon

layer.

14.  The method of claim 13 wherein recrystallizing the amorphous silicon region

comprises recrystallizing using the second silicon layer as a seed.

15. A method of forming a silicon-on-insulator chip, the method comprising:
providing a silicon-on-insulator substrate including a first silicon layer of a first
crystal orientation overlying a second silicon layer of a second crystal orientation, said
second silicon layer overlying an insulator layer;
amorphosizing a portion of the first silicon layer in a predetermined region to form

an amorphous silicon region; and



21 formng a second silicon |layer over the first silicon |ayer, the second
silicon |l ayer having a thickness of |ess than 50 angstrons, the second
silicon layer having a second crystal orientation that is different than
the first crystal orientation; formng a first silicon island with a
surface of the first crystal orientation, the first silicon island
overlying the insulator |layer and bei ng0formed fromthe first silicon

| ayer; and formng a second silicon island with a surface of the second
crystal ori entetrysallizing¢he spophoussiili¢onangivs tafotmavegioyiwith thbeedond ul at or

| ayer and being forned fromthe second silicon layer. 24. The nethod of
clain123CWﬁ§48ﬁﬂ“WH§Lfirst crystal orientation is (023), and wherein the
second crystal orientation is (100). 25. The nethod of claim 24 and further
conprising formng a p-channel transistor in the first silicon island and
f ormi ng dg-n-aﬁaﬁﬁémxﬁﬁéﬁéﬁsﬁbﬁﬂﬂwrpwmpééngnd silicon island. 26. The

nmet hod of claim 23 wherein the formng of the second silicon |ayer
conprises formng a (110) silicon layer overlying a (100) silicon |ayer.

27. The met hodor@fing h irgNsdioarRl With B Surfdde S IR sS@FQNbrhlatieR And 8! ands
each have rounded or faceted corners. 28. The nethod of claim 23 wherein

t he i nsupgaost silisgm islandrpith & surface of Jhe sgpondraystaljcsieatetipnand29. The met hod of

cl ai m 23 wher @i.n.: i talline |ayer, at, t he
interface w tﬁéljtﬁﬁfég g;@g@&gﬁ%&{s%%g%o dg P@?Snctgﬂg{%ﬁlgﬁ%g Srﬂﬁc(?.n ! ?i%d arf%dtahod of
cl ai m 23 trahsster of 4 eeondsuldattion typy en theoepdrdstifcoaiidlareon oxi de.

17.  The method of claim 16 wherein the first crystal orientation is (110) and the second

crystal orientation is (100).

18.  The method of claim 17 wherein the transistor of the first conduction type is a p-

channel transistor and the transistor of the second conduction type is a n-channel transistor.

19.  The method of claim 15 wherein the first silicon layer has a thickness in the range

of about 10 angstroms to about 100 angstroms.

20.  The method of claim 15 wherein the second silicon layer has a thickness in the

range of about 10 angstroms to about 1000 angstroms.

21.  The method of claim 15 wherein the insulator layer comprises a dielectric.

22.  The method of claim 15 wherein the insulator layer comprises silicon oxide.

23. A method of fabricating a silicon-on-insulator chip, the method comprising:
- providing a substrate with an insulator layer disposed thereon;

forming a first silicon layer over the insulator layer, the first silicon layer having a

thickness of less than 50 angstroms, the first silicon layer having a first crystal orientation;



31. The nethod of claim 23 wherein the insulator |ayer conprises alum num
oxide. 22 32. A nethod of fabricating a silicon-on-insulator chip, the
met hod conprising: providing a substrate with an insulator |ayer disposed
thereon; formng a first silicon island with a surface of a first crystal
orientation, the first silicon island overlying the insulator |ayer; and
forming a second silicon island with a2surface of a second crystal
orientation, the second silicon island overlying the insulator |ayer,
wher ei n the fiforstingndecvadaiiidos ldyiet over thesfignsifichraMgerditkfsedonatsilichh td¢pesses;

wherein formng the figpst silicon island conprises formng a plurality of
silicon F“Qf}%ragh’ﬁg‘éﬁrsi; 9f f‘?@s %‘%5 ABESHEmSy Siesgcond seican layshbavieg 2 8RR que t hat

i ncl udes sty Brieg8ion APk ltfersitGRan t?? ({li(ﬁmﬁésﬁl Brigﬁﬁﬁri‘gd?g a plurality of

silicon layers conprises formng a icon layer overlying (100)
silicon | ayer forg8ng THiestisdichndslafd witlaa su3@earf dhe finst drgstalaieptatisn,nye fitsor m ng a

first transistor of first. cgnducti on e on t first. silicop island,
and  f or Misg E? Coa/ﬁﬁylpgéﬁeslinglﬁgttor e’éar@;l{epb‘?‘ﬁjﬁ’éﬁﬁ@ﬁ@{ni téﬁ%fsytfﬁ‘élc%ﬂ‘@’ fe second
silicon ah¢l and. 34. The nethod of claim 33 wherein the first crystal:
orientation is (110) and the first transistor is a p-channel transistor,
and wherei n t fiermisg apebond yiican istanderitiaa fwiface of (eGOoraridystal lneiesietiomdhe

transi st [ . N- I istar. 35 . The nethod cl.ai m32.wherein
the ¢ 1305 ohil sl FIBANS R bR ¥ Bhor B A BgedokisBh Pdfe
angst r onsilicd®layér. met hod of form ng sem conductor chip, the nethod

y
conpri si ng:

24.  The method of claim 23 wherein the first crystal orientation is (023), and wherein

the second crystal orientation is (100).

25.  The method of claim 24 and further comprising forming a p-channel transistor in

the first silicon island and forming an n-channel transistor in the second silicon island.

26.  The method of claim 23 wherein the forming of the second silicon layer comprises

forming a (110) silicon layer overlying a (100) silicon layer.

27. The method of claim 23 wherein the first and second silicon islands each have

rounded or faceted corners.

28.  The method of claim 23 wherein the insulator layer comprises a crystalline

dielectric.

29.  The method of claim 23 wherein the insulator layer has a crystalline layer at the

interface with the first and second silicon islands.
30.  The method of claim 23 wherein the insulator layer comprises silicon oxide.

31.  The method of claim 23 wherein the insulator layer comprises aluminum oxide.



providing a silicon substrate having a first crystal orientation; formng a
silicon |layer of a second crystal orientation on the silicon substrate, the
silicon layer including a first and a second region; form ng an anor phous
silicon region in the second region of the silicon layer; and
recrystallizing the anorphous silicon region to forma region with the
first crystal orientation. 23 37. Thé&2nethod of claim36 and further
conprising, after the recrystallizing the anorphous silicon region:

form ng &2fi r ¢t msthod ob fatirshtmgla sificorenfinsubitorashits tiad metho® béapiising:and a
second silicon island of the second crystal orientation; and formng a
transi stor of péo\@%pg@semmtgﬁnﬂ%@tcg aser disppsed thageen; con i sl and and a

transistor Of fenife i SARGHHEIMRIWY RSuPhbeldtE AL RchGash, t?%f’- 38.

The nmethod of claim37 wherein the first crystal orientation’is 10) and
the seceéhigos isjandaivedyinghainsdator &ayed@0d and wherein the transistor of the

first ducti .t i . p-ch |l transi st.or and the tr.ansistor of the
Second_ conductranny B ssond siiohn EhARNEI & bR L s dd et et uesa dsr i & m

36 wher eis¢cohB&ilicbn %‘latﬁﬁiﬁ%ﬂ%ﬂng@ﬁé RR4Iaior P et, yhedelPihea et dnldSe&RAMNREonCr St al
orientation is (100). 40. The nmethod of "cl'aim 36 wherein the silicon |ayer

has a thigassbavy differeat fhagkgesses; about 10 angstrons to about 500 angstrons.
41. A net hod i ] shor, device, .the nmethod compri sing:
providing a sg%lg{e?rg e r‘?gtlh g %éﬁ{a}gﬁgﬁ%‘?ﬂ&cﬁg@&s%f forring Q}}}@ﬁp@?ﬁ%‘l?ﬁe
subst r at éayetshwverlying one another using a wafer bonding technique that includes a hydrogen

implant step, and wherein forming a plurality of silicon layers comprises forming a (110)

silicon layer overlying (100) silicon layer.

33.  The method of claim 32 and further comprising:
forming a first transistor of a first conduction type on the first silicon island; and
forming a second transistor of a second conduction type on the second silicon

island.

34.  The method of claim 33 wherein the first crystal orientation is (110) and the first
transistor is a p-channel transistor, and wherein the second crystal orientation is (100) and

the second transistor is a n-channel transistor.

35.  The method of claim 32 wherein the (110) silicon layer has a thickness of about 10

to about 500 angstroms.

36. A method of forming semiconductor chip, the method comprising:
providing a silicon substrate having a first crystal orientation;
forming a silicon layer of a second crystal orientation on the silicon substrate, the
silicon layer including a first and a second region;
forming an amorphous silicon region in the second region of the silicon layer; and
recrystallizing the amorphous silicon region to form a region with the first crystal

orientation.



sem conductor |ayer having a first crystal orientation; inplanting ions
into a portion of the sem conductor |ayer; and recrystallizing the portion
of the sem conductor |ayer so that the portion has a second crystal
orientation that is different than the first crystal orientation. 42. The
met hod of claim4l wherein the sem conductor |ayer conprises a silicon

| ayer and wherein inplanting ions congBises inplanting silicon ions. 43.
The net hod of claim4l wherein the sem conductor |ayer conprises a silicon
|l ayer anidd. whdtheinmethorbbfaariainmdp aminfirthengoisdg, sfdrald tcog s@aiAmnihgm i ons. 24
44. The nethqg of. claim 41 wherein the sem conductor |ayer conprises a
silicon PHPERNOUS SHCOMESZNT | npl anting i ons conprises inplanting argon i ons.

45. The net hogy@fing b FrinsfiitoWigaRI & tflgﬁfs)( ShRlal bALRGicRUMR LI S&d silicon

recrystallizing the sem conductor layer udsing an underlying sem conductor
| ayer as idanskeafdh¢ segend cry6tal dientatinhend of cl ai m 41 wherein recrystallizing

conprises recryst.allizing th sem conductor | ayer usjng.an underlying
insul ating | a;%l?mg%aéragg%ar ?ﬁ%/@fs_.?c‘?f‘fﬁcﬁ?fbtyﬁﬁfﬂ% fith %h‘é’%ﬁgﬁﬁéj%}?%f urt her
conpri si R@nsigtbt 6 a $d6nd EsduSHGH tyb& bR %ie sebMdWiiDnasihhd St silicon island of
the first crystal orientation and a second silicon 1sland of the second

orientation; and formng a transistor of a first conduction type on the
first sihkpcon 4] nd .a ansi ster of a second cond {on.type on the
second s??icoﬁhﬁgﬁgﬂaaog%@“ﬁﬁz“ﬁﬁFW%ﬁwéﬁﬂéngﬁPE-mﬁH@}ﬁﬂﬁhbﬁ@dﬂ%fst crysta
ori ent at seond sry(stal O)iertatior 19 €160 @88 Whefdiy Heatandislo bt AL fRd cbiduckBRly 1Y
wherein the transistor of the first conduction type is a p- channel

transi st 8P-<8ns! fansistapandsthe trapsistonefl the senead cordngtion tipe ismea-channgl n- channel
transi st ghpgistor.

39.  The method of claim 36 wherein the first crystal orientation is (110) and the second

crystal orientation is (100).

40.  The method of claim 36 wherein the silicon layer has a thickness in the range of

about 10 angstroms to about 500 angstroms.

41. A method of forming a semiconductor device, the method comprising:

providing a substrate including a semiconductor layer overlying the substrate, the
semiconductor layer having a first crystal orientation;

implanting ions into a portion of the semiconductor layer; and

recrystallizing the portion of the semiconductor layer so that the portion has a

second crystal orientation that is different than the first crystal orientation.

42.  The method of claim 41 wherein the semiconductor layer comprises a silicon layer

and wherein implanting ions comprises implanting silicon ions.

43.  The method of claim 41 wherein the semiconductor layer comprises a silicon layer

and wherein implanting ions comprises implanting germanium ions.



49. The nethod of claim4l wherein the first crystal orientation is (110)
and the second crystal orientation is (100).

24

44.  The method of claim 41 wherein the semiconductor layer comprises a silicon layer

and wherein implanting ions comprises implanting argon ions.

45.  The method of claim 41 wherein recrystallizing comprises recrystallizing the

semiconductor layer using an underlying semiconductor layer as a seed layer.

46.  The method of claim 41 wherein recrystallizing comprises recrystallizing the

semiconductor layer using an underlying insulating layer as a seed layer.

47.  The method of claim 41 and further comprising, after the recrystallizing:
forming a first silicon island of the first crystal orientation and a second silicon
island of the second orientation; and
forming a transistor of a first conduction type on the first silicon island and a

transistor of a second conduction type on the second silicon island.

48.  The method of claim 47 wherein the first crystal orientation is (110) and the second
crystal orientation is (100) and wherein the transistor of the first conduction type is a p-

channel transistor and the transistor of the second conduction type is a n-channel transistor.

49.  The method of claim 41 wherein the first crystal orientation is (110) and the second

crystal orientation is (100).



