1 Silicon-on-Insulator Chip with Multiple Crystal Oientations
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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) technology is the dominant
semiconductor technology used for the manufacture of ultra-large scale integrated (ULSI)
circuits today. Conventional CMOS technology 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.



the normal to the silicon wafer surface is in the [100] direction. Hence,
conventional planar netal-oxide-sem conductor field-effect transistors
(MOSFETs) formed on (100) silicon wafers have a gate diel ectric-channel
interface plane that is in the (100) plane of the silicon substrate. 2

[ 0004] Commercial CMOS technol ogy universally uses (100) oriented silicon
waf ers because of their |low surface state density on the order of 1010 per

squar e clé64] meloatmendial (MEOSBChb10 3:%%%?@1%% (ﬁg@g’%%%%a%iﬁc Sonpares with

surface state densities in the order o i ORERUSS  on

t her nal | 16k i Lh ot he pystal orientations such as the
(110) an%t%yfﬁfﬁpcgﬁggﬁgﬁﬁ%%%ﬁ? 05%63{1%@9 CTiSqUapGENimeier o3 therameldy nobi l ity of

el ectronsg; t 1 | ane, as disclosed in "Mbility anisotropy of
el ectr 0202‘ 1@£nkdisgr$aé§ss ?1?51# %W@F%Wi%%f@wmtede@ﬁm ndhe wderfofides pér sqRhysi cal

Review B, vol. 4, no. 6, _%15 Sept enber 1971), pp. 1953. [0005] As a result,
an n- chafiRPetenoatkaselbr oxidzadsurfaes wits bihercdystas ol katishesudh bhd 498)angur f ace
provi des the | argest source-to-drain current. Another benefi g of using

(100) wdf Ehglanes. thethensiwamtige iCihe AUAGEFQE ity planes. This
property is useful when di & ng upi%r orcesgfebgﬁl\%\%?%}eg&%% gﬂE;@%(grpLa{l% i es

prior t aligdekdigi“Mbilis i val. 11 lanes_intersect with the
(100) sill i con surf{all?eam':;s‘gm{> r nf:% %g{lﬂ%rgiugﬂ&%r%l%g%‘?@Pb%‘f}@d,“ EARSHBEST ed

mobi | i t ypiRE; 19l [ -ch transjstor is nearly the snmallest when
t he gate@ilg g‘gﬁg‘?’ggﬂaﬁﬁl& é?ﬁ%@?ﬁ@éﬂ%n’ﬁptlﬁ@-(100) pl ane as conpared to

other crystal planes. [0006] Size reduction of the transistor has provided
si gni fi cl@faS]i muraov@Emin-cHndd) 8artRE&R %ormed on 2 silicon substrate with (100) surface
provides the largest source-to-drain current. Another benefit of using (100) wafers is the ease of
cleavage or cutting along (110) planes. This property is useful when dicing up processed 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-channe] interface is in the (1 00) 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.



performance, circuit density, and cost per unit function of sem conductor
chi ps over the past few decades. Significant chall enges are faced when
transistors are scaled into the sub-100 nm regine. This has resulted in
research efforts on further inprovenent of n-channel and p-channel

transi stor performance using alternatiBve techni ques besides transistor
scaling, such as the use of strain-induced band-structure nodification and

mobility a nt o jincrease the transistor drive current. Another
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silicon substrates with non-conventional crystal orientations as the

starti nngW&? M. Binpgoa7disdnss: thegreationNd CMOS &7ns28fs orefbide8gtailighor t channel
CMOS on (110) crystal plane"” issued to M Kinugawa, discloses the

f or mat i osiliesh s@WDBe havdmnsd €1 OFSys@M oReRBACTYS Kabdti Ry G135 strate
having a (110) crystal ori ent}étti on. In U S Patent o'\ﬁﬁs&ﬁg%g,ﬁ 1, entitled

" Met hod O¥lethadfitahaichtHg adhi ﬂﬁhbie%d[ﬁss S?faﬁ'%gsﬁie'd?ﬂfﬁ{‘?%%% Q%ngae 1.0 S. Yamazaki
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crystal t. LS. oriented. Both of these references use a
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transi st,@rs fabricated on these substrates have a gate diel ectric-channel

i nt er f ace THEFT PSS 147 2 (hE0) oriented silgoamerfack Ga08Th, tha nidhSmePatigrihariiel plgha? 68, 076
("076), entitled "Recrystallized CMOS with different crystal planes”

i ssued t BansistopoRbricated ah theseasutdass hateagnittddedtiy-thaite] Rk HBILANS & the

sem conductor crystalline surface having a plane azinuth (110) or (023) in
order to(lilfrlease t he speed of ‘

[0008] In U.S. Patent No. 4,768,076 (076), entitled “Recrystallized CMOS with different
crystal planes” issued to M. Aoki et al., a CMOS integrated chip is fofmed 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] InU.S. Patent No. 6,483,171 entitled “Vertical sub-micron CMOS transistors on (1 10),
(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., a method 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] In U.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.



operation. The sem conductor devices described in the' 076 patent are
stacked. [0009] In U S. Patent No. 6,483,171 entitled "Vertical sub-mcron
CMCS transistors on (110), (111), (311), (511), and higher order surfaces
of bulk, SOL and thin filmstructures and method of form ng the sane”
issued to L. Forbes et al., a nethod fflor form ng n-channel and p-channel
transistors that includes cutting a substrate al ong a hi gher order

orientat | a pcati ertical deep_ sub-mcron n-channel and

p- channe l‘ﬁ? }]arﬁgiéﬁgﬁ‘tﬁn@ﬁo'gﬁéﬁ% &atitlsd eiethad pi mekingkigh spaed semicngatoent , t he
vertical ,transistors have a source-to-drain direction that is perpendicul ar
to the Sq/iqedpdngs silipna-aneinstator OGN0 ibsuedtoM. Pasegavta, NOMCS, s384n-41-3,

entitled, "Sem conductor body having element formation surfaces with
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i Con- on- IMsura
silicon-gn-.insulator structure is fabricated by using a silicon substrate
with (11865"1’81}%' z‘ﬁ‘fséP?tM‘éPwhdmaﬁwmmhgmm.th (100) orientation.
Openings are forned in the insulator to expose the (110) oriented
substrate. Silicon regions are then formed with (110) orientation using the
(110) substrate. as a tenplate. This nethod uses solid phase epitaxial
growth rate.




5 SUMWARY OF THE | NVENTI ON [ 0012] The preferred enbodi nent of the present
invention relates to a sem conductor device that includes active areas
with different crystal orientations. This configuration is useful because
the crystal plane orientation can be selected to enhance the performance of
n- channel and p- channel transistors.5For exanple, n-channel transistors
can be fornmed in silicon regions with a (100) orientation and p-channel
transistors can be formed in regions with a (110) orientation. In the

preferre qg%gs t he_sem conductor device is a silicon-on-insul ator
devi ce. %YF@I ION a first embodiment a silicon-on-insulator
devi ce includes an insul at or Iayer typically formed over a substrate. A

first si n eof a first crystal .orjentation
over| i eswt0 F@ |T;1h§ ?%e\r&debilg?/(g?%%{ PESTO Y egt,xqqrelatﬁg fos ssmigORguEtRr devisar f ace of

a secondth,c1 1[1%5& orient athc;f al so overlies the insulator |ayer. The

i sl ands Can B&EcP aHVe PEe ¥ B CriSiat eréantatipys. dihis wofigurition itweethitiecanse such as
shal l ow trench isolation or nmesa isolation. [0014] The present invention

al so pr oVf B8alsdaps ospntstisnisanlss florted toeenhatertte parfodfansdtFi-oRannel and p-
silicon-on-insulator chip. Each of these nethods is conpatible with current

CMOS pr odhessl trgnsisansd, Fot ekl @hanaél @808 %@Wé fRIALES lization.
[0015] The foregoing has outlined ragt her 8r oadl y tﬁ nglggotngr %ﬁt echni cal

d t t hat t | d d t
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f eat ur es of the invention will be described hereinafter
the Bféfe%%}f gl%&ﬁment tBe semiconductor device is a silicon-on-insulator device.

[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 Gverlies 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 isolation.

[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



which formthe subject of the clains of 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 same purposes
of the present invention. It should abso be realized by those skilled in
the art that such equivalent 6 constructions do not depart fromthe spirit
and scope of the invention as set forth in the appended clains. BRI EF

DESCRI PTP@NrGHOMTHE nDRINESM[IR0DE]t aftdicope STRREnFRRBE ALt fAKAY 5L ARdisg of the
present invention, and the advantages thereof, reference is now nade to

the fol |l olasinyy descriptions taken in conjunction with the acconpanying
drawing, in which: [0017] Figure 1 is a three-dinmensional perspective of a
silicon-on-insulator chip with silicon islands of different surface
crystal orientations; [0018] Figure 2a is a specific exanple show ng the
use of (110) oriented islands for p-channel transistors and (100) oriented
i slands for n-channel transistors; [0019] Figure 2b is another specific
exanpl e show ng the use of (023) oriented islands for p- channel

transi st ry i s for n-channel transistors; [0020]
Fi gure 3%{R§E§Bg%§%&ﬁ%ﬁgf§ﬂ%§§%mg that at | east one of the silicon
i sl ands maybe conprised of a stack of silicon | ayers;

{0016] For a more complete understanding of 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 I 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 5a-5f show a second embodiment method of forming regions with different

silicon crystal orientations;



[ 0021] Figure 4a-4e show a first enbodi ment nethod of formng regions with
different silicon <crystal orientations; [0022] Figure 5a-5f show a second
enbodi ment method of forming regions with different silicon crystal
orientations; 7 [0023] Figure 6a-6¢c show a third enbodi mrent nethod of
formng regions with different silicoA 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
met hod ofﬂﬂgﬂr niigige pegi dw athirderobddireene nicthed bf Leming edpieat alth eifferAt @idgns; and
[ 0026] Figure 9a-9c provide illustrations where concepts of the present

i nvent i onystileriepgiongd to a bul k sem conductor substrate. 8 DETAILED
DESCRI PTI ON OF | LLUSTRATI VE EMBODI MENTS [ 0027] The preferred enbodi nent of
the present invention relates to a silicon-on-insulator chip that includes
si l'i con [%E4ndEigwe Th7ashow ploertsemtcmeent mptbabf fhmaing regichenitatiflerst t 0 enhance
the perfornmances of n-channel and p-channel transistors. The present

i nvent i osiliednsoystal anvdncheisns; sever al met hods for the formation of such a
silicon-on-insulator chip. In one aspect, the present ’

[0025] Figure 8a-8¢ show a fifth embodiment method of forming regions with different silicon

crystal orientations; and

[0026] Figure 9a-9c provide illustrations where concepts of the present invention are applied to

a bulk semiconductor substrate.




i nvention provides optimzed crystal orientations separately for the
n-channel transistors and the p-channel transistors. [0028] Transistors
formed on silicon-on-insul ator maybe further inproved by optimzing the
surface crystal orientations of the islands on which the transistors are
formed. This disclosure wll first d8scribe a silicon-on-insulator
substrate that may be fornmed such that silicon islands wth two or nore
surface crystal orientations are obtained. [0029] Figure 1 illustrates a

t hr ee- di nensi onal perspective of a silicon-on-insulator substrate 100. The

subst r at BEIAILETEBESERIATION OBIBEUS TRATIVE P BSDERERTSSI | i con i sl and
formation. In this exanple, three islands (labeled with reference nunerals
110 and 112) are faorned on buried insulator 114. The islands are isol ated
fr om onel%4Adt nide prsjeried embediment bf the presen dtvhwsion relatboidiasBison-osmahironcliy ench
isolation (STlI) or other isolation can be used. [0030] In Figure 1, first

si | i con thsliacidis dili@nhidarels ath (ultpld Jurfacy draee peay sidatationd te Bilahi«aRe and  second
i slands 112 have an (h' k' 1') surface crystal orientation. In general, (h

k 1) andpdrivrm¥iceslofh-ch@ing - j F [ ' . Ihe crystal
ori ent at ?on;m r_n;;be scuﬁ1 %@?En%%eg%n§§§r§ (T?LG?LBS%,LCH %B%%ﬂ%%ggs%vmggll) , (511),

(111), o . orkentati.on given.b h. .k 1) where h, k, and |
are int eéeg?saym&ﬁ&?ﬁ)e&%\@ Ltho gaheuﬁ%% {t "‘qu,'mflngt%f)r/?&&' ﬂﬁn%%aeéf’ihfww sur f ace
crystal .@I%nes of, the (100) and (110) crystal orientations are formed on
the i nsul"SER1OR PEYIdes optimizegisrystagoripniatiahsgepayately foriteeghchagna framsisirpandghe 112)
with (100) oriented surfaces are used for form ng n-

p-channel transistors.

[0028] Transistors formed on silicon-on-insulator may be further improved by optimizing the
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] Figure 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 112) are forrned 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 (h k 1) surface crystal orientation and
second islands 112 have an (h’ k’ I’) surface crystal orientation. In general, (h k 1) and Bk 1)
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 k1) 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



channel transistors (not shown) and silicon islands 112 (or 110) with (110)
oriented surfaces are wused for form ng p-channel transistors (not shown).
[ 0031] Cross-sections of two specific enbodinents are schematically shown
in Figures 2a and 2b. By formng n-channel transistors 122 on the (100)
oriented silicon surfaces 110, maxi nug electron nobility and drive current
can be obtained as conpared to other crystal orientations. By formng

p- channel transistors 124 on the (110) oriented silicon surfaces 112,

maxi mumphkstrebly,sdison istapdaid (crilgewitu(l08 drieard s cabieine thr asmagmpar ed to

ot her crystal orientations. Therefore, the enbodinment shown in Figure 2a

Wil achhennel tramxien MoTeRiv) b ESiRRkIAE YB Hf}{d}%ﬁ éfnlpgf?ﬁenféﬁ%%%%ﬁ hd

n- channel transistors based on optinmal crystal “ori tions. e one goal

of certuggdyopgg?ﬂft;{%ggﬁ%rgﬁﬂgangig%m%%%ﬁ@vtgni nvention is to optimze the

per f or mances anne annel transistors, it is understood,
for exanple, that not all p-channel transistors in the

si |i con-[6081] n<lubsatsentiondufws §Reifi mbedifieftIRe sQRmbbgI§ %@éﬁ)n iR FighRk el | 1 cON
e

surfaces, and that not all n-channel transistors in
sili con-ggn-gg_n@&ﬂi RERGR R I . he (1 jent.ed silicon
surfaces. [0032] ﬁ% n aanot hg{r{%@%%%?%r&ggé Qrggg%}eﬁ%%%lfﬁgo ssu%%%ﬁgfq’ﬁmw e 2b,
silicon j 110 d 112 wt 100). and (02 oriented surfaces are
f or med oé%&%rﬁxggﬁl?éé& a&? QPV‘T Ayt ca %iglgalﬁgdcqﬂiéﬂlﬁéi}mda%or"g% Pyt osientstongr BY f or med
on (100)_ oriented silicon surfaces 110 and p-channel transistors 124 are
formed ORTEBEBFhRFldHnEY0BIlRS ewnilc §U0) edeated Fizon Whfabes 1hRtmaxitushelat ed, yet
other orientations can be included.

mobility and drive current can be obtained as compared to other crystal orientations. Therefore,

the embodiment shown in Figure 2a will achieve maximum mobilities and drive currents in p-

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 tsiy, and the thickness of the silicon islands 112 with (023) oriented surface may be tsj.



[0033] In general, the silicon islands 110 and 112 may not be of the sane
thi ckness. 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 maybe tSi2. 10 It is
possi bl e that these thicknesses ts;| Bnd tsi2 are the sane. In addition,
silicon islands of the sane surface crystal orientations need not have the
sanme thickness. The silicon islands 110 and 112 preferably have a

t hi cknessisipassihethsiangenaknAbeul, 4013085hE QIB. 1P.ARR tsu}i]cg H%ftﬁoms |t

is al so understood that the cross-sectional views o |con |slands

Si i con S%% SRR Hu S e OB R e VBT he@e;wﬁysganés?ﬂ@'a%r ers of
t he SI|I fs ﬂ %g and/ or 112 may be rounded or faceted. [0034] In one
exanpl e, p§‘? W‘@?ﬁ ave 2 thipieRess i the iepes pf quQt 16 anpstrams te shauel 099 avgspemsldt er mi ned

crystal orjientation be formed froma stack of two or nore |ayers of
si | i con, iswlseprderstpad thab%mss-sbmdnabhewmeine dilaesn #landy fldcaed of2 drbenly for
predeternlned crystal orientation. Such a stack nay have a total or

conbi nedthe hivpbseesBlustratioh eFor a1 theabRuf iskAdANIShd/eNBl 2tiRe AR Uivek Qg
angstrons. This enbodinent is nore clearly illustrated in Figure [ 0035]

I the exqipd erelobiat baheditah fan fo éﬁo&ﬁ?ﬁﬁ#&%ﬁ?@'&%&t 440 includes two

layers of silicon, the toprmst ayer 8r st al
orientation, e.g., (100) oriented silicon surface, and the bottom | ayer
128 havi 0§34 (In’ onkexathple, csilihadlardr il ahidiéd 10D wi@Iserf{cd 'of K predetdmii@yd be (110),

as an exanple. It is known that the charge carriers in the transistor
i nver si ogrytalyeientitah nfhy be formed from a stack of two or more layers of silicon, where the
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’ 1°) crystal orientation where (r’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

i



t hi ckness of |ess than 50 angstrons. Therefore, in the exanple of Figure 3,
as long as the electrons in the inversion |ayer of the n-channel
transistors 122 are entirely (or nostly) contained in the topnost (100)
oriented silicon layer, it will have the maxi num nobility or transport
"properties as desired. [0036] In generial, the insulator |ayer 114 as shown
in Figures 1-3 maybe conprised of any dielectric material or insulating
material such as silicon oxide, silicon nitride, and alum num oxide. (also

known ascosmpppihg ofe)stackbembibitivl e gislestfic ARk SMEREsQh A28 a& df0m about 100
angstronms to about 2000 angstrons. The i nsul at or | ayer may al so.be a

conposi tglidoAY%Ride stdck, GOBbS hitgdeYn 4 11&51‘?8%(1@8?%?& L | n?tﬁ gxf 1a2ét ﬁlaﬁ%é [ a%

materials, such as an al um num OXI i con
silicon a[}h

n a,;sil . _The insul at or |ayer maybe in an
amor phous Jgﬁlg’tqg“% SRIRVAS S)Bag]?réﬁslait%gr@tcﬁsgﬁm&swf% crystalline state. [0037]
The insulator |ayer 114 overlies a substrate 116. The substrate 116 maybe

any  SUb®UIAL ETHeQANIRRK Yayktsad ovah&ear@uggﬁfét@tsowgu%ﬁ%éﬂ1@9[121 yBuGhy as a silicon
substrate with (100) orl entation or orientation or “any "ot her

orient at T al so .be rised
sem cond‘tjjlfg'gt & %ﬁ@lﬂgﬁ} Sgﬁﬁlﬁ?ﬁ%ﬁcg@% CHT B SE{ Wﬁ%‘h Strage‘?ﬁ?fb@ﬁ%uct or such
as galli um rsenl((iigq)and i ndi um phosp h| de, Non- sem conduct or substrates

such as YIAFRE Orll ) gEenteiion ogamy qlest ﬁE?I}t%t@lny Thesupstege 116 may also be

comprised of an alloy semiconductor such as silicon-germanium or any compound

semiconductor such as gallium arsenide and indium phosphide. Non-semiconductor substrates

such 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 I) 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.¢., 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



[ 0038] Next, the present invention provides several nmethods of form ng the
silicon-on- insulator chip with nultiple surface crystal orientations.
Several of these enbodinents will be described now [0039] The first
enbodi ment nmethod will now be described with respect to Figures 4a-4e. As
shown in Figure 4a, a silicon-on-insul2zator 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 (h k 1) crystal

or i ent atimplantatfucdthaiqss kichanbef-iinsidh ahintkQ4 owghera BRYerd& Her med by a wafer
bondi ng and wafer separation technique, or by an oxygen inplantation

(SI MOX) ; ﬁlﬁﬂ&io%ggbllg.aﬁrefe%%?ﬁglg%tg&)fbmé?ﬂ??{li@&{[ 1‘3& al?x%hﬂﬂgxgléq quéﬁaegtﬁ the

silicon |ayer re amo SI ransfornme nmor phous

st ate. .S, tran ryat i on can.be perfor b ski.ng the wafer 102,
openinggpﬁémqﬁgﬁféﬁﬁg%ﬂﬁﬁ h%%ﬁ%@@@’rﬁ@??gﬁﬁéﬂfé r Igﬁ%@aégﬁmﬁﬁwnlayer 130
to be annrphgsized, and inplanting ions 136 into the selected portions 134
of the JPISiPROHEPLYRYMAYG UK. create an  anor phous regi on as shown in Figure

4b. The ion inplantation can be done by conventional ion 12 inplantation
t echni quggy s ] rgn. i.nplantation or pla i rsi.on ion
ol ancA0Ta ORI T TR el el bR Ba® P o BB PPEoR Fone. and
i mpl ant \%g t %05‘ de%t E close to the half the thickness of the silicon |ayer
130. HoviREP OV daers CrlgiHs tainitteselidnhasaeniiany. Sobid ohsp epitay isresseavallymay be
used.

crystallization process where the amorphous silicon region is transformed into a crystalline

region. The amorphous silicon portion 134 re-crystallizes using the underlying crystalline

insulator surface 138 as a seed as shown in Figure 4c . The insulator]114 can serve as a seed if

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 insulator 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* 1) crystal orientation is formed. The (b’ k’ 1°) crystal orientation
is different from the original (h k 1) crystal orientation of the silicon layer 130. In the preferred

embodiment, (h k1) is (110), (b’ k’ 1) 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

H
«



[0041] The wafer 102 is then heated at el evated tenperatures, such as

bet ween about 500 to about 600 degrees Celsius, to initiate solid phase
epitaxy. Solid phase epitaxy is essentially a re- crystallization process
where the anorphous silicon region is transforned into a crystalline

regi on. The anorphous silicon portioni334 re-crystallizes using the
underlying crystalline insulator surface 138 as a seed as shown in Figure
4c . The insulator) 14 can serve as a seed if the insulator 114 is

2O 08| SR g Ll UL 080 i e

exanpl e, sulat or I'ne al um num oxi de,
i.e., s hire. .ln another, e le, the insulator |a 114 js in fact a
st ack cg%%ﬁeg F Rt SE%?B’E)W?@%HEWFO%W%SS g fF@B’Eﬁ#“&S&ﬁI@ WIPJM% ereqt0042]
After the re-crystallization of the anorphous portion 134 of silicon |ayer

130, a sYVieOHeMPer portion 134 with a (h' k' 1') crystal orientation is
formed. The (h' k' 1') crystal orientation is different fromthe original

(h k1) yst ad:: Qri-ent,at | tk ilicon layer 130. | he preferred
cbod el A U SRR LB T iR gt S0 B35ty B oA e or 1 ayer
114 is (0,1,-1,2). oriented sapphire. [0043] The preferred enbodi nent is
now desciGHEYE PHEIEARherhipgassppwn mHiigure Ao Bienssiars begindd 24 ey emby 110)
oriented silicon layer 130 on a (0,1,-1,2) oriented sapphire |ayer 114,
wher e t hiormedprpthese éslandyavshawd inigrrt #esTiw tenbistorsdp2arkiliB4 cSuishoaneddfer may be
formed by a wafer bonding and wafer separation technique. Sel ected regions

134 of t bepobitid®) gare dieloitaellagér| arioAtel BY@Itol BYerf) ind ¥R HRROSHZ BEke By foin FBSKked
i npl antation of silicon ions. Re-crystallization of the anorphosized
gate dielectric 144 and gate 146. Source and drain regions (not explicitly shown) can then be

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 Sa 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 (b’ 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 (110)-oriented silicon

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



13 silicon 134 using (0,1,-1,2) oriented sapphire as a seed yields (100)
oriented silicon in the selected regions. The silicon [ayer 130 now
conprises of regions 134 and 140 with different crystal orientation.
[00441 Silicon islands 110 and 112 with different crystal orientations
maybe fornmed by selective masking angdi etching as shown in Figure 4d.
Transistors 122 and 124 may then be formed on these islands as shown in
Figure 4e. The transistors 122 and 124 can be fornmed by depositing a gate

di el ectri,c | ayer d ,gat e, conductor |ayer(s), and then patterning these to
forma. syaeh ke A (G BRGOR pe BT ool ot fab vt BHE. (ot
explicitly shown) can then be fornmed using standard inplantation steps.

Wi | e ndtensioin be edsempjishes bydmpleaing dragdeing thadeor wpfas bending thotom | i ght | y
doped source and/or drain portions. [0045] Figures 5a-5f show a second

enbodi mentfacrel thedowt: waftetophewe Birfic bLME togfe: whfes izhd Sepformi@p ah Rgghlas or waf er
104 is provided as shown in Figure 5a. The silicon layer in Figure 5a

i ncl udesseparite b 8aGbn bME: doA¥ S Terl bhd el B (Pigh t crystal
orientati%ns? gs ghown in Figﬁ}g%ﬁggqg%?gﬁﬁggﬁbgkﬁgggﬁ%’g§g¥$%§%ﬁ§%th t he

h k1) g j | L ilicon | i ok
1) “cry TR Bt AL ERLE LR BN UEE Lodie viepb e Ol b ar)Ep! Lae rmmy

vary from . about 10 angstrons to about 500 angstrons, but is preferably
| ess t hatf" BB 50 angstrons. The thickness of the silicon |ayer 150 may
be in the range of about 10 to about 500 angstromand is once again |ess

than abowhsRO GRESLERERes 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 examples, the Wafér 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 (h’ k* I*) oriented silicon is



[ 0046] In one exanple, the topnost silicon |ayer 148 can be formed by a

| ayer transfer technique, which conprises of a wafer bonding process and a
waf er separation process. For exanple, we nmay begin with a
silicon-on-insulator target wafer which conprises of a (100)- oriented
silicon |l ayer overlying an insulator {;yer. A donor wafer with a
(110)-oriented silicon surface |layer may be provided. The donor wafer may,
for exanple, be a (110)-oriented bulk 14 silicon substrate. It is desired

to tran : t] fer t he target fer hj

transt o Sy ARIRGE MO 1 00R! kPl b G iRes BRI SRERa D e or
bondi ng thi iog sur.fl?ce (gf tgﬁ do&g}rg wafer to the top surface of the
target VAP eF: 2uGWB& FEFRD frgNchans g ip-hannel Ensisiorel 22 2pb F4i Ay i behe donor
wafer. The top portion of the donor wafer, i.e., a (110)-oriented silicon
| ayer, tiR@mdgatkematernes silivon isdandet 10mafldl2, apstvomdn Signerdgt heni ng anneal may
subsequently be perforned. [0047] Simlar processes for wafer bonding and

separ at i r aught i.n_co-pending. . lication erjal No. 10/379, 873
(TSI\/CZOdg&l@8%C%e g, 1P FFEvfE e '%%)/ag%‘iff d{%‘%@‘g‘-’“ﬂl@g‘s‘)ﬁd@ﬁ& -of whi ch
are incorporated herein by reference. As exanples, the wafer bonding and
separ at i Ot Heskeasoidhnthisd embashument enpthiiapy sioidar 4o those of thsneood mathedM pr ocess,
both available from Silicon Genesis Corporation. Details of bonding and
separ at | @boginot sEeshial entalsmenpmetiodletplbys a silicSn-oRadselator NdStratd] ket 1,

5,374,564, 5,863,830, 6,355,541, 6,368,938, and 6,486,008, each of which
i s i ncorfpesidtRdafret@hptiseyat [R§t K6 DSErs of silicon 148 and 150 with different crystal
orientations. Continuing from Figure Sc, the topmost (h k 1) oriented silicon layer 148 has been

selectively etched in a predetermined region 152, exposing the underlying (b’ k’ I) oriented

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 (b’ k’ 1) 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-de 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



[0048] A patterned mask 132 is fornmed to expose a selected portion 152 of
the topnost (h k 1) silicon |ayer 148 as shown in Figure Sb. The exposed
portion 152 topnost (h k 1) oriented silicon layer 148 is then etched as
shown in Figure Sc. For exanple, the etch can be a wet etch that is
selective with respect to silicon cryggal orientations. As a nore specific
exanpl e, etchants such as potassi um hydroxi de and caesi um hydroxi de may be
used to etch (110) oriented silicon at a nuch faster rate conpared to

(100) oryj LLi.con.  Potassi.um hydr oxi de..et ches 0 ri.ented silicon
at tw ceﬂag ﬁéee%(r!g?ééllvg 08 IHBPTEQ%F@?J‘XQIIB?%&.Z' F@b‘ﬁ@}ag‘éélb‘l)‘ B@@ﬁ&‘e{" he et ching
of the tophost (h k_1) oriented silicon |ayer, the mask 132 is then

r enoved RESOERSiA risorh gheregpased (baeh erientettsilicon iteanswecphduepisedianshowniet hod,
it is preferred that topnost (h k 1) oriented silicon is (110) oriented
si | i con, Figurd 7a.nBhe(iév implantetiyn mey empleg sititdn, gamanism bbargdiOdhs. ofieent ed si | i con.
Anot her mask (not shown) may be formed to pattern silicon islands 110 and

112, as isipismutibmereld@us €oSd sudt BRaRBhorfizBt GRBRNGEstldians bt 122 and 124
may then be forned on the patterned silicon rslands 110 and 112, as shown

|0 QUi hankO9S Bl ot AR ) OSSR o PR o

met hod wi now be descr "&bodi ment
nmet hod e.sihmlar.t.o those aof the second, nethod .enpodjnent, The third
enbodi rrea@t B t%ﬁ‘e‘éﬂg‘f"(‘}w@%@im F@&ﬁpﬁﬁg regonIlat sretdppiserbat € Wibderipasde  t he
silicon layer conprises at |east two |layers of silicon 148 and 150 with
di f f er enteee ayetfen re-cisieBigrtioniod the amogmoisTagioy 1 §&: Fisks shome ibEigutelid. Tbpnost (h

k 1) oriented silicon |ayer 148 has been
mask 132 is then removed.

[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 divfferent 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.

[00S5] 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 (h
k1), 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 shown in Figure 8c, or after the mask 132 is removed. This

step will result in a first region 166 with a (h k 1) crystal orientation and a second silicon region



selectively etched in a predeterm ned region 152, exposing the underlying
(h" k' 1'") oriented silicon layer 150, as shown in Figure 6a. [0051]
Subsequently, a selective epitaxial growmh is performed. This can be a
chem cal vapor deposition process where silane and hydrogen chl ori de gases
are used and the process tenperatureimay range from about 500 degrees

Cel sius to about 900 degrees Celsius. The epitaxial growth occurs
selectively in the exposed (h' k' 1') oriented surface. The cross-section

of the sssitlamexis) &%@d%ﬁéngatiE}Agﬁﬁieoxuﬁgandsq@@,21112 Eﬁfcﬁa{ffeieﬂgcrgs?é’b’ to Figure 6c,

the mask can then be Trenoved. can be seen, a first region 152 conprises

of sili ' Qrientati.on and a. second reqi 152 conprises of
sili con&\?\n&%a#ogﬂ?% K{Tp}%iqjdgbyé?lfcgw Bppidhe & iefoﬁ%ﬁn tégfnéﬁﬁg l%gﬁncgﬁé, %12 may then
be patterned_ and tLansistors 122 and 124 be fornmed on the islands (not
shown P ofognrdorghessddands.gur es 4d-4e or  Figures 5e-5f). [0053] Referring

now to Figures 7a-7c, a fourth enbodi nent nethod will now be descri bed.
Once ag@jedy t iRkt ot fourth enbodi ment nmethod are simlar
(o thool '8P ¢+ RNl cRbodh RS Bt N e bR o B PR b PR B0 & Sbr ¢ he
t opnost @ﬁ % #% orient.ed silgcon | ayer 148 16 has been sel ectively exposed
in a prSRSTEr nt HEICSFUdT BRI OWqVeh s pripe lidesambodimens apniica el bulker f or med t o
transformthe exposed (h k 1) oriented silicon into an anorphous phase, as
shown i subsiritedevacey.aRefpmiag itoFigirrph, antmeiaomlenthy steriipf sybssitt inclnres agéicomni um or
argon ions. The

substrate 170 that has a (h* k’ I") 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 sub‘strate 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 differer’lt crystal orientations.
Figure 9b shows an embodiment made by a process similar to that of Figure 5, and Figure 9¢
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
isolation 178 is shown. As described above, and as shown in the embodiments of Fi gures 9b and
9¢, 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 (b’ k’ ") 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.



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

| ayer 150 in the exposed region 152 is retained so that it will serve as a
seed |layer for re-crystallization of {fie anorphous region 158. This is
shown in Figure 7b. The mask 132 is then 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 phosi ZggATSS CLagnepqeurs 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 sel ective masking and etching and
transi st orls 123 sdivdn-o@hsutatpr thiecontyeisihgr med on t hese i sl ands as di scussed
above. [0055] Referring nowto Figure 8a-8c, a fifth enbodiment nethod is
di scussed. A smﬁmggﬁmq%mrlnsulator wafer 106 is provided where the
crystalline silicon |ayer has a first crystal orientation (h k 1), as

shown in Figureg ggs@mhgg%fxﬁ f{%‘g@‘ %s%rfF et 1rs? E%/st elng{(% ¢ ﬁn Orf%ﬁgﬁg%rgslf%g

silicon Iayer are 0 exp os

i nsul at Lr ri)&gg(t%' %ﬁﬁatpr@ﬁeéfj%ge by maskl ng the wafer with a mask 132,

openi ng t R | ected portions of the silicon layer 130 to
be etched, and etching the selected portions of the silicon |ayer 130 by
dry or Bet et c isergnd fid@neglargpiitheacyriacs of hewopderfal wechittongthowroad siidoncon

| ayer 164 with a (h' k' 1') crystal orientation on the exposed crystalline
i nsul at®r island aedying the idplatodleyerst ep can be perfornmed before the nmask 132
is renoved, as shown in Figure 8c, or after the mask 132 is renoved. This

1 2 The silicon-on-insulator chip of claim 1 and further comprising a first transistor of a first
2 conduction type formed on the first silicon island, and a second transistor of a second conduction

3  type formed on the second silicon island.

1 3 The silicon-on-insulator chip of claim 2 wherein the first crystal orientation is (110) and
2 the first transistor is a p-channel transistor, and wherein the second crystal orientation is (100)

3 and the second transistor is a n-channel transistor.

1 4 The silicon-on-insulator chip of claim 2 wherein the first crystal orientation is (023) and

2 the first transistor is a p-channel transistor, second crystal orientation is (100) and the second

3 transistor is a n-channel transistor.

1 5 The silicon-on-insulator chip of claim 1 wherein the first silicon island comprises a

2 plurality of silicon layers, each with a different crystal orientation.

1 6. The silicon-on-insulator chip of claim 5 wherein the plurality of silicon layers comprises

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



step wll result in afirst region 166 with a (h k 1) crystal orientation
and a second silicon region 17 164 with a (h' k' 1') crystal orientation.
Silicon islands 110, 112 with different crystal orientations nay be forned
by sel ective masking and etching and transistors 122 and 124, can then be
formed on these islands. [0057] Each p§ the enbodi ments described to here
were directed to a silicon-on-insulator substrate. The present invention,
however, al so includes enbodi nents applicable to bulk substrate devices.
Referriing 4t o Filpsilkco8an-imslamn clx ahghie, 6 wikgeis tiRr(l 10)GilissHg e Bise thiBglsdgs a
silicon substrate 170 that has a (h' k' 1') crystal orientation. No
insulamorab@y@ggh§omngggggmn@‘silicon | 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

orientatigns a .. Figur.es .and 9c.. For. exanple, any of the

enbodi ?ren'fgg shgﬁﬁﬁéﬁg obirhé@rag)z kgD Og‘ﬁwnbwgﬁéﬁnﬂ&fﬁétéa@%owﬁm ég‘ﬂéﬁf@cﬁm and
176 of differet?lt crystal ori %nt ations. Figure 9b shows an enbodi nent nade
by a procd@€ &fikes mttgerta of gout} Gangarams ta Aboutil ¢lraegBomsshows an

enbodi mrent made by a process simlar to that of Figure 6. The different
crystal orientation regions 174 and 176 can be separated by any isolation
t echni due.9- Shalhwsiliconenansulates ohipbf daiml78hdrsin stiecfivtt and\secoteistlidoh @thnadteve, and
as shown in the enbodi nents of Figures 9b and 9c, p-channel transistors
124 car? bdliffeoentedckinesséshe regi ons 112 with (h k 1) crystal orientation and
n-channel transistors 122 can be forned in the regions 110 wth (h' k' 1')
crystal orientation.

T 10.  The silicon-on-insulator chip of claim 1 wherein the first and second silicon islands each

2 have rounded or faceted comers.

1 11.  Thesilicon-on-insulator chip of claim 1 wherein the insulator layer comprises a

2  dielectric.

T 12. The silicon-on-insulator chip of claim 11 wherein the insulator layer comprises a

2 crystalline dielectric.

1 13.  Thesilicon-on-insulator chip of claim 1 wherein the insulator layer has a crystalline layer

2 atthe interface with the silicon islands.

1 14 Thesilicon-on-insulator chip of claim 1 wherein the insulator layer comprises silicon

2 oxide.

115 Thesilicon-on-insulator chip of claim 1 wherein the insulator layer comprises aluminum

2 oxide.




[ 0059] Al though particul ar enbodi nents of the invention have been descri bed
in detail, it is wunderstood that the invention is not limted :
correspondi ngly in scope, but includes all changes, nodifications, and
equi valents comng within the spirit and terns of the clains appended
hereto. Accordingly, the specificatigp and figures are to be regarded in
an illustrative rather than a restrictive sense. 18 WHAT IS CLAIMED IS: 1
1. A silicon-on-insulator chip conprising: 2 an insulator layer; 3 a first
si li corl i dbandAwilicen-en-Bisulftaceipdompribing:st crystal orientation, the first
silicon island 4 overlying the insulator layer; and 5 a second silicon
island2wi th a stinfubee 18fr;a second crystal orientation, the second silicon
6 island overlying the insulator layer. 1 2. The silicon-on-insulator chip

f claigm 1 and istor.of a.first .
Conduct on typs- ot hoh S ek e oL b bohtoSRlaf eude d et bBine ks stor
of a sgcond ond[ cli n 3ty ¢ formed on the second silicon island. 1 3.

ek ip e erieh

The silic S of claim2 wherein the first crystal

orientation is (110) and 2 the first transistor is a p-channel transistor,
and wheérein thses woe rslead aith asidast af the (1 0cry A 0)ientRicantle tdaendssiond
transistor is a n-channel transistor.

6 island overlying the insulator layer.

1 17. The silicon-on-insulator chip of claim 16 and further comprising a p-channel transistor

2 formed on the first silicon island, and a n-channel transistor formed on the second silicon island.

1 18.  Thesilicon-on-insulator chip of claim 16 wherein the first and second silicon islands each

2 have a thickness in the range of about 10 angstroms to about 1000 angstroms.

1 19.  Thesilicon-on-insulator chip of claim 16 wherein the first and second silicon islands

2 have different thicknesses.

1 20.  The silicon-on-insulator chip of claim 16 wherein the first and second silicon islands each

2 have rounded or faceted corners.

1 21.  Thesilicon-on-insulator chip of claim 16 wherein the insulator layer comprises a

2 crystalline dielectric.

1 22. Thesilicon-on-insulator chip of claim 16 wherein the insulator layer has a crystalline

2 layer at the interface with the first and second silicon islands.

1 23, Thesilicon-on-insulator chip of claim 16 wherein the insulator layer comprises silicon

2 oxide.




1 4. The silicon-on-insulator chip of claim2 wherein the first crystal
orientation is (023) and 2 the first transistor is a p-channel transistor,
second crystal orientation is (100) and the second 3 transistor is a
n-channel transistor. 1 5. The silicon-on-insulator chip of claim1l wherein
the first silicon island conprises a 2 plurality of silicon | ayers, each
with a different crystal orientation. 1 6. The silicon-on-insulator chip of
claim5 wherein the plurality of silicon layers conprises 2 a (110)
silicor | Aer ORasiliopn-agringulatoOCp &f dldimdis Whesesr the i8uldtoilayef h@mprises aluminum
silicon-on-insulator chip of claim®6 wherein the (110) silicon |ayer has a
t hi ckn@ss osfde. 2 about 10 to about 500 angstroms. 1 8. The
silicon-on-insulator chip of claim1 wherein the first and second silicon

i slands each 2 have a thickness in the range of about 10 angstrons to
about 1000 angstrons. 1 9. The silicon-on-insulator chip of claim1 wherein
the first and second silicon islands have 2 different thicknesses. 1 10.
The silicon-on-insulator chip of claiml wherein the first and second
silicon islands each 2 have rounded or faceted corners. 1 11. The
silicon-on-insulator chip of claim1 wherein the insulator |ayer conprises
a 2 dielectric. 1 12. The silicon-on-insulator chip of claim 1l wherein the
i nsul ator |ayer conprises a



2 crystalline dielectric. 1 13. The silicon-on-insulator chip of claim1
wherein the insulator |layer has a crystalline layer 2 at the interface

with the silicon islands. 1 14. The silicon-on-insulator chip of claim1l
wherein the insulator |ayer conprises silicon 2 oxide. 1 15. The

silicon-on-insulator chip of claim1 sherein the insulator |ayer conprises
al um num 2 oxide. 20 1 16. A silicon-on-insulator-chip conprising: 2 an

insulator layer; 3 a first silicon island with a surface of the (110)

crystal, orjentatiqgn, e first silicaon island 4 qverlying the insulator

| ayer: 'and”5 a §E@Bﬂ&¥ g s CW§W§H§8WP¥ Ié%§&Wﬂ%@é°@@n¥ﬁg (100) crystal
orientation, the second silicon 6 island overlying the insulator layer. 1
17. Thé sil i coProwAnE AsiliceraringHiter sibsteteainendite asidconlayehefra foerprsiasi ng a

p- channel transistor 2 formed on the first silicon island, and a n-channel

transi st ororitmativadvetyilge isakarthyst Witlc © trybtsiliadghirfade, th8 silithielayer including a
silicon-on-insulator chip of claim 16 wherein the first and second silicon

i sl andg e%ﬁan@a&@é/ﬁr@gj&ﬁ“ ckness in the range of about 10 angstrons to
about 1000 angstrons. 19. The silicon-on-insulator chip of claim16

wherein the fi 'fo%in%gg ar%gr%ggtgs si {clorll %e%ﬂm'o%lera%ﬂéj Second region of the silicon layer; and
6 recrystallizing the amorphous silicon region to form a region with a second crystal

7  orientation.

1 26.  The method of claim 25 and further comprising, after the recrystallizing the amorphous

2 silicon region:

3 forming a first silicon island of the first crystal orientation and a second silicon island of

4 the second orientation; and

forming a transistor of the first conduction type on the first silicon island and a transistor

6  of the second conduction type on the second silicon island.

1 27.  The method of claim 25 wherein the first crystal orientation is (110) and the second
2 crystal orientation is (100) and wherein the transistor of the first conduction type is a p-channel

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

1 28.  The method of claim 25 wherein the first crystal orientation is (110) and the second

2 crystal orientation is (100).

129, The method of claim 25 wherein the insulator layer comprises aluminum oxide.

1 30.  The method of claim 29 wherein the aluminum oxide has a crystal orientation of

2 (0,1,-1,2).



2 have different thicknesses. 1 20. The silicon-on-insulator chip of claim
16 wherein the first and second silicon islands each 2 have rounded or
faceted corners. 1 21. The silicon-on-insulator chip of claim 16 wherein
the insulator |ayer conprises a 2 crystalline dielectric. 1 22. The
silicon-on-insulator chip of claim1l6ypherein the insulator |ayer has a
crystalline 2 layer at the interface with the first and second silicon
islands. 1 23. The silicon-on-insulator chip of claim16 wherein the

i nsul ag or 31.ay eThe GREHRE bS Q&SI I Wik the OMikaiFlayet hasddhiciliiss 18 'tﬂe' r&R vPRolimeul at or
chip of cla|n116 wherein the insulator layer conprises al umnum 2 oxide. 22

1 25. §%££&ﬁg@§§¥§h%1con on-insul ator chip, the nethod conprising:
2 prOV|d|n a silicon-on-fnsulator substrate including a silicon |ayer of a
first crystal 3 orientation overlying an insulator layer with a crystalline
surface, the silicon layer including a 4 first and a second region; 5
form ng an anor phous silicon region over the second region of the silicon
layer; and 6 recrystallizing the anorphous silicon region to forma region
with a second crystal




7 orientation. 1 26. The nethod of claim25 and further conprising, after
the recrystallizing the anorphous 2 silicon region: 3 formng a first
silicon island of the first crystal orientation and a second silicon island
of 4 the second orientation; and 5 formng a transistor of the first
conduction type on the first silicon $sland and a transistor 6 of the
second conduction type on the second silicon island. 1 27. The nethod of
claim25 wherein the first crystal orientation is (110) and the second 2
crystal oréentZE og%ls (100) and wherein the transistor of the first
conduct | on°% ype Pethod of fompisemicodycicrdsvies, e metwdcompisingisi st or of t he
second conduction type is a n-channel transistor. 1 28. The nethod of claim
25 wher@in t he Providng awyrkpiade indliding afifsosilidon ldyaldi ) fandrystaborkaedngovedyigg y st al
orientation is (100). 1 29. The nethod of claim25 wherein the insurator

| ayer conpsicsesl sillcoiaperdt @¥dcogd ordstd Qriedtieon b E&Qnd%fiﬁc%h?siif@? @\%ﬂWﬁgEEi n the
al umi num oxi de has a crystal orientation of 2 (0, 1, -1, 2).°23 1 31. The

met hod of génﬁ&dﬁu&%r\#@@ggﬁ@ the silicon |ayer has a thickness in the range
of about 10 angstro to about 500 angstrons. 24

5 removing a portion of the first silicon layer to expose the second silicon layer in a

6  predetermined region.

1 33, The method of claim 32 wherein the semiconductor device comprises a silicon-on-

msulator device, and wherein the insulator layer overlies a semiconductor substrate.

1 34 The method of claim 33, further comprising:

forming a first silicon island with a surface of the first crystal orientation and a second

3 silicon island with a surface of the second orientation; and

forming a transistor of the first conduction type on the first silicon island and a transistor

5  ofthe second conduction type on the second silicon island.

1 35, Themethod of claim 34 wherein the first crystal orientation is (110) and the second

2 crystal orientation is (100).

1 36.  The method of claim 35 wherein the transistor of the first conduction type is a p-channel

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

T 37.  The method of claim 33 wherein the first silicon layer has a thickness in the range of

2 about 10 angstroms to about 100 angstroms.

1 38, The method of claim 33 wherein the second silicon layer has a thickness in the range of

2 about 10 angstroms to about 1000 angstroms. .



1 32. A nmethod of form ng sem conductor device, the nmethod conprising: 2
providing a workpiece including a first silicon |layer of a first crystal
orientation overlying 3 a second silicon |ayer of a second crystal
orientation, the second silicon |ayer overlying a 4 sem conductor |ayer;
and 5 renoving a portion of the firstygilicon |ayer to expose the second
silicon layer in a 6 predetermned region. 1 33. The nethod of claim 32
wherein the sem conductor device conprises a silicon-on- 2 insulator

devi ce,i anfl. whéhehethdcdef clahs 83 BhOEin iRyl Mrehet @tnpRisGamgRngduct or substrate.
1 34. The nmethod of claim33, further conpri'sing: 2 formng a first silicon
~island with a surface of the first crystal orientation and a second 3
silicon ighandTyd ‘ . i ation; 4 formng a
transi stor of t%gﬁnggﬁ%%gﬁgﬁgﬁ%g%%%yggﬁ%%qﬁﬁé&ﬁﬁﬁg%S@@??@@%iisland and a
transistor 5 of the second conduction type on the second silicon island. 1
35. Th hod j 4 erein the fifrst crystal ientation s (110)
and thg gg%bndT&%ngbégggﬁngﬁgéﬂ?ﬁ?ﬁ%ﬁgpgm%%@d$@¥§%§@@?%h%n%%@H%@MBPfcIaim
35 wherein.the transistor of the first conduction type is a p-channel 2
transigtOFHQWHW%%%S%@%H§F§FBme@ﬁﬂﬁﬁmééﬁﬁﬁdﬂmuw@u@tion type i s a n-channe
transistor. 1 37. The nethod of claim 33 wherein the first silicon |ayer
has a Bhi cknes®rinimgtatiest sitingeslafd with aduofite dOhafgssysaiBridneition o sedHQ
angstrons.

4 silicon island with a surface of the second orientation; and

5 forming a transistor of the first conduction type on the first silicon island and a transistor

6  of'the second conduction type on the second silicon island.

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

2 crystal orientation is (100).

1 43, Themethod of claim 42 wherein the transistor of the first conduction type is a p-channel

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

1 44, The method of claim 32 wherein the first crystal orientation is (110) and the second

2 crystal orientation is (100).



1 38. The nmethod of claim 33 wherein the second silicon |layer has a

thi ckness in the range of 2 about 10 angstrons to about 1000 angstronmns.
25 1 39. The method of claim 33 wherein the insulator |ayer conprises a
dielectric. 1 40. The nmethod of claim 33 wherein the insulator |ayer

conprises silicon oxide. 1 41. The nmephod of claim 33, wherein the first
silicon layer is forned by epitaxial growh of 2 silicon on the second
silicon layer, the nethod further conprising: 3 formng a first silicon

island wt he f i . t al. i i _ d 4
T pcon | sTana hRrRSEo BmbEiidoh S Sl Bhia Yt FRABA LR o2 T o i ng

transistor of the.first.conductjon type on the fjrst silicon island _and a
t ransi sé or 6 d’fovffi\%g LSRR ts‘iﬂﬁﬁatF Viskidgig athH% S’iié%ﬁlﬁe@fﬁ fisb#y§tdl and. 1

42. The nethod of claim4l wherein the first crystal orientation is (110)
and t he® seémntionoverlyiag asecond whroatdyonof ase¢ond@yystallor#Btatidiy eaidetchwdsilidon cl ai m
42 wherein the transistor of the first conduction type is a p-channel 2
t ransi s4 or lagerdverhyeng anamslast tayer9f t he second conduction type is a n-channel
transistor. 1 44. The nethod of claim 32 wherein the first crystal

orientagion is dbhBhsidAga biifosSGRNHst Al | L PR 26 1
45. A nethod of form nggs?l i 8on- on-Esnsﬁcﬁggﬁ&ﬁgﬁ%%da?{géhﬁﬁlggtcg%%ﬁ si ng:
6  amorphous silicon region; and

7 recrystallizing the amorphous silicon region to form a region with a second crystal

8  orientation.

1 46.  The method of claim 45, further comprising:

forming a first silicon island with a surface of the first crystal orientation and a second

3 silicon island with a surface of the second orientation; and

forming a transistor of a first conduction type on the first silicon island and a transistor of

5  asecond conduction type on the second silicon island.

1 47.  The method of claim 46 wherein the first crystal orientation is (110) and the second

2 crystal orientation is (100).

1 48, Themethod of claim 47 wherein the transistor of the first conduction type is a p-channel

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

1 49.  The method of claim 45 wherein the first silicon layer has a thickness in the range of

2 about 10 angstroms to about 100 angstroms.

1 50.  The method of claim 45 wherein the second silicon layer has a thickness in the range of

2 about 10 angstroms to about 1000 angstroms.



2 providing a silicon-on-insulator substrate including a first silicon

| ayer of a first crystal 3 orientation overlying a second silicon |ayer of
a second crystal orientation, said second silicon 4 |layer overlying an

i nsul ator l|ayer; 5 anorphosizing a portion of the first silicon layer in a
predetermned. region to forman 6 apprphous silicon region; and 7
recrystallizing the anorphous silicon region to forma region with a second
crystal 8 orientation. 1 46. The nethod of claim45, further conprising: 2
form ng aSt.ir skhesidttiod@ficlaisl 45nwhendit the insslatot &ger wptifes a fiekesttic.cr yst al
orientation and a second 3 silicon island with a surface of the second
orientation; and 4 formng a transistor of a first conduction type on the
first silfzon Tielnpmbdaneait 45r\@t§k§é1§’éh9'insglfator§a & QEHAN siEeRduEk! On type on the
second silicon island. 1 47. The net hod g [aim 46 wherein the first
crystal orientation is (110) and the second 2 crystal orientation is
(100). 1 48. The nethod of claim47 wherein the transistor of the first
conduction type is a p-channel 2 transistor and the transistor of the
second conduction type is a n-channel transistor. 1 49. The method of claim
45 wherein the first silicon layer has a thickness in the range of 2 about
10 angstrons to about 100 angstrons. 1 50. The nethod of claim45 wherein
the second silicon |ayer has a thickness in the range of




2 about 10 angstrons to about 1000 angstrons. 27 1 51. The nethod of
claim45 wherein the insulator |ayer conprises a dielectric. 1 52. The

nmet hod of claim45, wherein the insulator |ayer conprises silicon oxide. 28
1 53. A nmethod of form ng silicon-on-insulator chip, conprising: 2
providing a silicon-on-insulator subsggate including a silicon |ayer of a
first crystal 3 orientation overlying an insulator layer with a crystalline
surface, the silicon layer including a 4 first region and a second region;
5 renovjng..a partion qof the silicon |ayer in the second region to expose
the i nsul ator %&9@?‘3‘1"%@0@% S?hcﬁ%‘Pfl'éﬂSHJia%gd@Biepﬁli@i‘lﬁngigr owth of silicon of a
second crystal orientation on the insulator 8 layer. 1 54. The nethod of

cl ai m 58 f urt hefovsmgprsilsongp-isilaer syperdtomniudige b biticapkyeaxf afirsgrandh of 2
silicon: 3 formng a first silicon island of the first crystal orientation

and a_ secositniion eeflyihgibinchlAbr lagr WhE 2 $86@MEe At HRsHIRPA 1288Gnchdi 41 N9 a
transistor of the first conduction type on the first silicon island and a

transi s§ or first region and a second region;

5 removing a portion of the silicon layer in the second region to expose the insulator layer;
6 and

7 performing epitaxial growth of silicon of a second crystal orientation on the insulator

8 layer.

134 Themethod of claim 53 further comprising, after performing the epitaxial growth of

2 silicon:

3

forming a first silicon island of the first crystal orientation and a second silicon island of

4  the second orientation; and

forming a transistor of the first conduction type on the first silicon island and a transistor

6  of the second conduction type on the second silicon island.

155, The method of claim 54 wherein the first crystal orientation is (110) and the second

2 crystal orientation is (100).
1 56, The method of claim 55 wherein the transistor of the first conduction type is a p-channel
2 ftransistor and the transistor of the second conduction type is a n-channel transistor.

157 The method of claim 53 wherein the insulator layer comprises of aluminum oxide.

1 38 The method of claim 57 wherein the aluminum oxide has a crystal orientation of

2 (0,1,-1,2).



6 of the second conduction type on the second silicon island. 1 55. The
nmet hod of claim54 wherein the first crystal orientation is (110) and the
second 2 crystal orientation is (100). 1 56. The nethod of claim55
wherein the transistor of the first conduction type is a p-channel 2
transi stor and the transistor of the sgcond conduction type is a n-channel
transistor. 57. The nethod of claim53 wherein the insulator |ayer
conprises of alum num oxide. 1 58. The net hod of clain157 wherein the
aluninqn1o i dehas @ﬁ@r%%tal orientation of 1, 2). 29 1 59. The
met hod ‘'of €l ai n'53RALP PRvDeTef taplicamleyer h@é@ t%lclmﬁsckﬁxég@gp af abet lange
of about 10 2 angstrons to about 500 angstrons.

2 angstroms fo about 500 angstroms.




