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Rel ated Applications This application is'a
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transistors (MOSFETS), strained silicon-based complementary metal oxide

semiconductor (CMOS) devices and other devices that require full}relaxed SiGe layers..
The virtual substrate of the present invention contains Si and Ge in a crystalline layer N
that assurnes the bulk lattice constant of a Si;<Ge, alloy on either a lattice mismatched Si

wafer or silicon-on-insulator ('SOI‘)Vwafer. ,

Background of the Invention ‘
In the semiconductor industry, the Si/Si;.«Ge, heteroepitaxial materials system is of

.strong interest for future microelectronic apphcahons because the electronic properues
of lattlce nusmatched heterostructures can be tailored for a variety of applications by
exp101t1ng band offsets at the interfaces. The most popular application of the S1/Si1.Gex
system is heterojunction bipolar transistors (HBTs) that requirev deposition of a -

pseudomorphic, i.e., compressively strained so that the in-plane lattice parameter of the
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UgRIBSPER A feg E?;lthea%if%ﬁdmgai}épcahon (TD) density in an epitaxial layer

grown on top of a buffer layer was reduced from 10" to 10"! cm? for a single uniform

cqmposition layer to 10 to 5x107 cm™ for a graded composition buffer layer. The major
drawback of thick SiGe buffer layers (usually a 1;3 micrometer thickness is necessary to
obtain greater than 95% strain relaxation, when x=0.3) is the high threading dislocation
density and the inhomogeneous distribution of threading dislocations over the whole
wafer surface. Some régions have relatively low threading dislocation densities and
primarily individual threading disldcations; but other areas contain bundies of threading

dislocations as a result of dislocation multiplication which creates dislocation pileups
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Tor some applications.
regdited.i on, the thick graded. Sil_xGe,,buffer layers .
derived from dislocation pileups have a surface

‘roughness of 10 nm on average, which typically makes
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subsequent layer growth at temperatures between 750° and 850°C. This prior art method
makes use of the agglomeration of point defects in the LT buffer layers that oceurs at
the higher growth temperatures. The agglomerates serve as internal 1nterfaces where
dislocations can nucleate and terminate. As a result, the misfit dlslocatlon den31ty thatis
respon51ble for the relaxation is maintained, while the threading dislocation density is
reduced. LT buffer layers can only be grown by molecular beam epitgiy (MBE); this
prior art api)roach cannot be implemented using UHV-CVD. ‘

2) The use of substrate patterning, e.g., etched trenches, to create small mesas,
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Moreover, the bubbles have also been evaluated as sources for heterogeheous

dislocation nucleation.

It has also been shown that the binding energy between bubbles and disloéatibns is quité
large (about 600 eV for a 10 nm radius of the bubble) and that the interaction of He
bubbles with dislocations significantly alters the misfit dislocation pattern. It consists of
very short (<50 nm) misfit dislocation segments rather than the longer (greater . |

thani um) ones that occur in graded buffer layer growth. The interaction of He bubbles
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surface. Broadly, the mventlve process, which forms a so-called “virtual substrate”

comprises the steps of: deposmng a strictly pseudomorphic epitaxial layer of Sh <Gex
(i.e., a layer that is completely free of dlslocanons) on a single crystalline surface of a
substrate of depositing a nearly pseudomorphic epitaxial layer of SiixGex (i.e., 2 layer -
that is nearly free of dislocations) on a single crystalline surface of a substrate; ion
implanting atoms of a light element such as He into the substrate; and annealing the

substrate at a temperature above 650°C.
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a partially relaxed single crystalline S{n.,‘Gex layer atop the substrate, wherein the

'

partially rel%xed, single crystalline Si,.«Gex layer has a thickness of less than ébout 300
nm, a threading dislocation density of less than 10°cm™, and significant relaxgﬁon of

greater than 30%. -

In some embodiments of the present invention, the epitaxial SiiGexlayer includes C

" baving a concentration of from about 1x10" to about 2x10* cm™ therein.

A still further aspect of the present invention relates to semiconductor structures that are
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Brief Description of the Drawings

_FIGS 1A-C are pictorial representations (through cross-sectional views) showing the
“basic processing step employed in the present invention in forming a thin, fully-relaxed
SiGe buffer layer on a Si substrate or SOI wafer, i.e., virtual substrate.

FIG 2A illustrates the SIMS measurements of the Ge mole fraction vs. distance from the
" wafer surface for a relaxed ion—implanted'nom‘inally Sig ssGeo.1s buffer layer grown ona

bulk Si substrate.

FIG 2B is an atomic force micrograph (10 pm x 10 um) showing a faint cross hatch
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He-implant; layer thickness is about 100 nm; implant dose 1x10% cm?; and anneal

850°C, 1 hr.

FIG 4B is a cross-sectional TEM micrograph (Wéqk beam, two beam cqnditions) ofan -
ion implanted buffer layer. Under dark field conditions dislocations and He-induced
platelets (or a width of about 100-150 nm and a spacing of that order) appear bright.

FIG 5A (Prior Art)is a planar view TEM micrograph (weak beam, two beam cond1t10ns)
of an fon implanted buffer layer fabricated with a very high implant dose (2x1016 2).
Under dark field conditions dislocations and He induced bubbles (W1th a diameter Qf



rel axed ion inplanted buffer |layer. Wite round
structures stemfromthe platelets that reside bel ow
woOheo4®4718D, XxCex interface. Othogonal white | POBAIS2003/036969
al ong <110> directions indycate . 60 msfit" )
bS5 - Hieside at, or close to the :
' ab%?t?Si 1., ggﬁpetdp?l?] etr»f ace. . He-inplant; |ayer thickness
is about 100 nm inplant dose Ixl,016 cm; and anneal
‘ 8 A hr FIG4B is a s:sectional -TEM m crograph
I 3 TRABE AR 1S BRI JER] THETE P Lok G, B BER
' i 14yef hith y highNfpiintdtéalob& Nnder
cog(%igx&%g_o:fn S‘%:nel %Iﬁg(%g‘lﬁz%s y(or a w thggf gboyt 100- 150
datk field nonditispadislogativhs ahdHe andised bubjeseanperrbright. FI G
5A (Prior Art) is a planar view TEM m crograph (weak
beam two beam conditions) of an ion inplanted buffer
F I<% B%EL fRPELGRL QT adlitRnBve/fRubtddé BbhtainY B teld@dSbuffer layer
2x1016 cm 2) Under dark field conditions
- falticated dytthe peocassbiltee prestut tnyeliibl es (with a di amet er
of . WD 2004/ 047150 PCT/ US2003/ 036969 9 about 20-30 nm) -
" appear bright. FIG5B (Prior-Art) is 'a
FIG 7798 3 s@ReidtRR2bw SEMetréss QettRRlbS (estiuchea bt FIG® chif@ifing an’
conditions) of -an ion inplanted buffer layer wwth'a
optienal ghidgh complositiba SiGelayesd. ingiaztbef the grigink] whigprm composition
coQ [ %i P@% .di sl'ocations and He induced bubbl es appear
ey rBREFIEPG 6 is a cross section of an inventive
structure containing the relaxed buffer |ayer
fabricated by the process of the present invention.
" FIGISGhBwE 8 caoss chaimatafenvivesntivg strupiure cortsinseghiegplapid huffer layer

structure of FlG,6.cont.aiping,anopt | . graded
: fa%%ytl?egﬁ)% Fé@/véephﬁei&‘f%es tg’argl% %%“ é%‘{e‘m(%(?.i gi nal
uni form conposition |ayer 40 of FIG 6. FIG 8 shows a
cross section of an inventive structure cagntaining

he..
© FIGE ianedhdmticaview g dre crosstsestionredbasirysaie of G kst h%a?SIGe
R N e ; Bt

ol By e, RS G E ) b Fer I (AR el dadea lloy

jcoggpogﬂnﬁns except that SiGe |ayers 43, 27 and 37

(original layer 41 of FIG7) and |ayer 46 have a
graded al | oy o :

FIG 10 is a schematic of the érqss section of FIG 6 where an additional single crystalline . -

uniform composition SiGe layer 44 having a greater atomic % Ge is grown epitaxially

on layer 40.
FIG 11 is.a schematic of the cross section of FIG 7 where an additional single crystalline
graded composition SiGe layer 47 having a greater atomic % Ge is grown gpitaxially on

top of layer 41.

FIG 12 is a schematic of the cross section of FIG 6 where an additional single crystalline



conposition. FIG 10 is a schematic of the cross
section of FIG 6 where an additional single

wonyeHabisone. uni form conposition Si Ge | ayer #dTha2008036969
a greater atomc % Ge is griown epitaxially on |ayer

| f FIG -
@ifork) Snhsitin 68 BRI & Bentlc B R RioR T ayGeadts deposited
Iwomqrpititialiy ofldyer 4@yl a stthided\iNgyed lsgde%&% o@ltteqbﬂa

is-grown epitaxially on top of layer 41. FIG
schematic of the cross section of FIG 6 where an

it & t 4/ 047 :
ARGl USRI D 2R B8 AL o ingi rvstattine
- uiBrmofcoimpesition SiGE LyRoR 0o ddentitall cayfosHidn ia§ tHéEtQﬁ’ oF 19k 41 is
‘G@ ggltamall on layer 40 and a strained Si layer’is -
PRt homasmitaag g lla&'irérl Agtrainef §i ¢a@p layerds depvsited bu layer 410,
. of the cross section of. FIG 7 where an addi ti onal
si-ngle crystalline wuniformconposition SiGe |ayer 410

R6 Mdemsclmmauc O iRSrdss G8ctdA of FEG Bohepé an AddBHorkl sﬂn§1e crystalline

. deposited haonoepitaxially on | ayer 41. A strained
“é’&;éﬂp syeposidoyBilayeds8 Rt ldzi’%ﬁal&ﬂz@lposmpn;tqlayer545as deposu'ed

, r G 8 where .an
ad di % i on i8 }pér} ng ﬁcgaéltu%ﬁ% Shgﬂl r%rﬁx PHI0EY QB dpng, the growth
oﬁﬂﬁeldyaye\rstﬁaﬁ&d(ﬁl ca@myeﬂ is depaxtep os lldgepnsd. 0 | ayer 45 is

deposited honoepitaxially on layer 45. Additional
- strain relaxation may occur during the growth of this

Fk@yg hsa @ch%fnraﬁb Bﬁﬁile\% osg @&tloﬁ%?% (%]§ vﬁlep 05! t éq?nghsigglgggfﬁtalliné

450. FIG 15 1s a sc e cross
udi fotne cmg@sl‘ﬂﬁdﬁiﬂﬂedmﬁﬁr 460 ogldenteay &bmbbélﬁ@n adhfhk k@ fgion of layer
05| tion SiGe | %er 460 of identical conposition as

4% ABUEROS! ?delgqraqpp&fm ep laygpdq. & %Iéa@@gi $ieegp layer 50 is deposited on
tPomeRi-lygyi al Iy on layer 46. A strained Si cap |ayer

O i.s" deposited on top of layer 460. FIG 16 'is a
schematic of FI G 10 where an addi-tional single

talli e ni form_ conposition | ayer 440 of simlar
F@%ﬁ 53 a‘g% 5{%19&0 %her}gén Iaéflbagml éal&lﬁawﬁﬁlﬂma%%ﬂ@my

composition layer 440 of similar composition as layer 44 is depos1ted homoep1tax1ally
-on layer 44. A strained Si cap layer 50is dep031ted on top of layer 440.

FIG 17 is a schematic of the cross sectlon of FIG 11 where an additional smgle
crystallme umform composition SiGe layer 470 of 1dent1cal composmon as the top
region of layer 47 is depos1ted homoepitaxially on layer 47. A strained Si cap layer 50 i is
deposited on top. of layer 470.

FIG 18 is a schematic of the cross section of FIG‘ 12 where a field effect transistor (FET)
is fabricated on the structure. The FET comprises source contact 100, drain contact 101,
gate oxide layer 102, gate contact 103 and gate side-wall insulation 104.



on | ayer 44. A strained Si cap layer 50 is deposited
on top of layer 440. FIG 17 is a schematic of the
wonosiw4ssat i on of FIG 1.1 where an additional sCmgisSe03/036969
crystal line uniform conposittion Si Ge | ayer 470 of
i dentical conposition as the top region of Iayer 47
i s deposited honpepitaxially on layer 47. A strained - :
a
PR 10392 ERlaio e 1R rSiERARIONSA 200 el Hopdy P Q“@DFEn
lwerswmduwfﬁepomtednamhemmréﬁéﬂ‘l)(?lZs fabricated on the
- structure. The FET conprises source contact 100, drain
contact 101, gate oxi-de | ayer 102, gate contact 103 .
Fe90984 Schehieic Watte drdts 4bMonT al e ‘10@1819@14&%@;5 erosﬁed on
PCT/ US2003/ 036969 11 FIG.19 is a schematic of
thoe gsstweof Fish1df  a n-type nodul ati on-doped FET
(MODFET) | ayer structure deposited on the structure
of FIG12. FIG 20 is a schematic of the cross section
FRE 28 iPa ot NPBFERE 3655 WedtHon® AQRASIFEHhER a N?IDQFET device is
structure of FIG 12. FIG 21 is a schenmatic of .
fahromtedgadhe stmuatires oSFIGS O nrdOnher e a MODFET deV| ce is
fabricated on the structures of FIGS 19 or 20. FIG 22
is-a schematic view-of the cross section of a
F3G PYGE M5 RRBR AW Hthé cdPsdctiah b & @tru&ﬁfé&ioﬁiﬁn@ﬁlg‘&fsu erlattice
alternating layers 550 and 560 deposited on top o P
censistitg ofaltematihglayers SAP ehd 660 deposted an tapdofthe sjapmrapé FIG 12
GS,. 23A.and B are AFM m crographs of a nearly
.“ﬁg’é’ﬂfﬁl&\‘?ﬁm‘rﬁe@ Syeap lﬁ?ﬁrtjﬁl ck” 'Si1,Ge,, layer grown
epitaxially. by UHVCVD on-a 'Si (001) substrate. In

- particular, gE 23A shows an as- gr own sanpl e before
FIGH| 204 and Brara: Marmieragianhs efrronaarly pse@Rmiapiig 334 nm-thick -

S0P B S AR AR ST RLARIAR, i i

zlsh%wHBgiaggﬁ&m Sar@le Bef@@@ﬁﬁpimnﬁt%mmemmgana R‘fg 23B shows
ayer an [
a sa;%;xple after nnplgantauon of He+t. The arrow in Fig. 23B pomts to a misfit dislocation

pile-up.

. Figs. 24A shows HRXRD scans of a r;eaﬂy pseudomorphic Si;.Ge layer and Fig. 24B
shows a strictly pseudomorphic Si;.,Gex layer grown epitaxially by UHVCVD on a Sii '
(001) substrate.

FIG. 25 shows the dégree of strain relaxation of Sii<Ge, layers of various alloy
composition and thickness with and without implanted He+ measured by
high-resolution x-ray diffraction after the sampleé were annealed at 800 °C for 2 hrs.



shows a strictly pseudonorphic Sil1 ,,GeX | ayer grown
epitaxially by UHVCVD on a Si (001) substrate. FIG

wa3oshansot he degree of strain relaxation' of BCTUS2008/036969
| ayers of various alloy canposition and'thickness

“wi.th -and wi t hout L npl ed .He+ t%s red.b , S

“hi gh-resol ution %%%MV e sanpl es T
’Fb%jlpies%ﬂf‘ﬁ%&ﬂma*whﬁﬁ révilléya ﬁ%ol%s§ of WBridR9Y Bifkadiafibstrates as well
PCT/ US2003/ 036969 12 Detail ed Description of the '

a5 slraetuies wofMaining the eamne,iwillowew desouibashinpaaereidgtad by referring to
tgr&c_\:@ess tf abri cat itﬂ vi~rttual .C%ﬁlbstrat es as well as .

- A7 PURPRRSSaet AEBUPRINI %Prteﬁeél 8PRHEANO. | | " how be descri bed
in.nore detail by referring to the draw ngs that :

acconpany theaxﬁr esent application. Reference is first
Rrferenecois Frasnada tCFIGH] 41, e ilusrase thecbasieqirecessing steps

: i t p| d_in fabri i t g

- i S Ela e SiBatYE P Rt s et iroa
subdtFateral usédUReéih 3 BenotSa staREurd Wi intRIdSEN SitBtrate (bulk Si or |
structure which includes a substrate (bulk Si or SQ)

SOfhthahhbes arclapdsioglesrystaliineciySicaldyentorgied thezeon, Mdpesin the

forned there erein the relaxed single

relAyET S o S e ol Py B R AE i gpoyt 00 nim. 2
thidading RIS caBOP dédsity ofless hafadi G2, Gind laQlegtde@T rél@XftiohMepending
of less than 106 cm Z, and a degree of rel axation

aethe Fyenidickoesst he betyesn 30 fok Alas 100 nen thigk lakesn aigh§4% for
zlﬁ?or@%out 1§gang%thick l ayers and 80% for about 200

A‘ﬁy& gﬁnﬂg % ."First, and as shown in FIG 1A a

thin, strictly pseudonorphic Sil,Ge, layer 6 is - :
deposited on a single crystalline surface of substrate

Birstygind gs shgpvreini Kledidala thinosttiady pystdeaembihPickCe-dayer 6 is

apahbl.e of .f orm ng,,such I f b
- GRRER G SRR R B Bt ] BBl e W R
predeRs ivlch iA\Bapable oTEbMihgbudhnClayidtesm tp b utsetaterss yhisstiategS may
“region that electrically isolates a top Si-containing = = .
beapmprisednt bl i ot SPLbeatel ML majgres! inglydes guried insulating
rgé{gg g%aggg%m a 1%{&‘81&%2&8{3‘ gi-b&h\{ﬁﬂ{l{gquertd:&ﬁ]a b§&5ﬂ1_c§i-|c¥mtaining
, layer. In one embodimen’t gf the present invention, thin, strictly pseudomorphic Si;.Gex

Tlayer 6 is formed using an ultra-high-vacuum chemical vapor deposition (UHV-CVD) |
proceés. The Si;.xGe, layer thickness exceeds the éritical thickness for misfit dislocation
formation by glide of a p“r,e-exis,ting'threading dislocation first proposed by J.. w.

Matthews, etal. J. Cryst. Growth 27, 188 (1974). This critical thickness decreases with

increasing Ge mole fraction x.

Next, ions of He or other like light elements are implanted ﬂxrough pseudomorphic
Si;.xGex layer 6 into substrate 5 below Si/Si,Ge, interface 7. Although the implanted
ion may be implanted to any depth into substrate 5, a good value for the proj ected range



Mayer 6 is formed using an ul tra-high-vacuum chemn cal
vapor deposition (UHV-CVD) process. The Sil1l ,, Ce,
woayewo4t13d ckness exceeds the critical thicknes8Cctms2003/036969
Q m sfit dislocation forna;ilon by glide of a L
£ Y 8Pt 1o 9is! R 86 1904h ab AR 30D A [ rkftablf AR08 £1h RYab
T (et o 66 36100 S ooy i yReiSrably SHE EH0 Wabout
200 pidFeldw idtsifacecT. iAsi shawn il Fik hB sthe doplastad éansvipirh damaged
.lngreasing Ge nole fracti X. xt, .ions: of r
regigh fLatiun Repsaigin Ltap BitE et Hhelimpliphad Add i ergraLy
, fid efite SSkak befoRy thed life SWtbsb k8t 2 nhigiAn
\con%ilsflyi}_rﬁ??%,&&lenterfgce 7. %Il%{eh‘gﬁgh t%e irrplsz;mt ed ion
amonmy i mipipitadhdtents isocoatanedapttie ¢mitasiad liyst ansltag iBerfacegood
val ue for the projected range WO 2004/ 047150 :
PCT/ US2003/ 036969 13 of the inplanted ions is from

. FindOkla S4phOnaheié 1C3A01APlanicB s A1AN Yndhilar ldfpd:ures

_ 200" nm below interface 7. As shown in FIG 1B,
abotengS (°@phicinthetiplatelets Foarmforaredgé d depthgif ehowg 10 t¢1apout 200 nm

G Rt R e U B SRR e
” nucltegt?onsdt)ﬂg%lscﬁiro}i%'é?ll%éﬂﬁl Bt HiRCSla®Red gk hgﬂf'lf%o?; BUER to the Si/

anoun I npl anted "atons is contained in
Si1.Epi intettaak whagedongmdsfutdisionatiph aegments the iglievethe datdceas
. sho in FIGJ1 C. the inpla d substrat.e.i s .anneal ed
iR QP A L5 UGS 3D 616 ‘BBOR. SRR SUR SO S SR P i) Sgpgents
is lat‘sgkr RHRthaf36%PH0, 6f thaRatbe HAOhdtch AR 1@ el Tor 1BRIrOWS thin
' /SI1 XGeX interface 7. The high strain in the' regi on

as 564300 men, pespeetieds results in the nucleation of
~ dislocation half |loops (11) at the platelets. The half
| oops glide to the Si/ Si,,Ge,, interface where | ong

TheThwdnkilve gio%ké%qﬁsmes §ﬁgﬂg_e§§mm 300 £@h bavielly Readed! $ihgle
m smatch strain in-the SiGe |ayer are formed. The )
crystidiisd Siedfuffer Hyert ombulk 6¢ ar #opOEaipaEse svithj avara e threading

.. -enough that 30%80% of the,lattice ni tch. i N~LS

dlSI?c@I?J]()ggSI.&GIWO?'g1’ g}eqﬂé §§ Stom%i]eo.xs dgﬁ:% %@m&n %rrseios{)b 20, ?md

a hi%l? 36864 bivSiriice TRGothAETHMRNRNOUS SSed O ek ed gtdded SiGe

l ess than 300 nm) partially relaxed, single .

buffer layemsiof icpmp@iabls aay temposifer bayie Ihtiprdes ofgragpitudephigher
threggiggtdgs 50%&3\41 Eigns%]e\é ?gt‘)iealls%\ﬁ iarlléee}%ga{fgrg such as 5” or 8” diameter),a

surfaée roughness larger by at least a factor of 10 and total layer thickness larger by at

least a factor of 10 as well. FIGS 2 and 3 show a direct comparison of the layer thickness

and the surface roughness.

Specifically, FIG 2A shows a secondary ion mass spectroscopy (SIMS) profile that * -
indicates the Ge compoéition variation as a function of the distance from the wafer
surface; FIG 2B shows the surface ‘roughness as measured by atomic force microscopy

(AFM); FIGS 3A-B show the same types of data for a step-graded Siq.ssGeq.s layer.



di sl ocation density, e.g., | O cm2 for Sio.s5Ceo.,s

and | ess than 106 cm 2 for Sio,soGO 20, and a high

wdeg4aa7b surface snoot hness. The conmonl y usedTAISR@BA36969
rel axed graded Si Ge bufferi4l ayers of conparable all oy
conposition have 1-2 orders of magnitude higher

- "threading dislocation densities (at least on-|arger

- Thed MR riatCidqaisendéntOto dbtaiflileietvethieading dislodation density and smooth
roughnpess' larger by at |east a factor of 10 and total
ﬁ%@é‘?ﬂ@%@ﬁﬂ@@ﬁ@&é@buﬁ?lﬂmﬂ@ést a factor of 10 as

well. FIGS 2 and 3 show a direct conparison of the

Q00 L 1 Qs S im A b G i om Lavggunder conditons
SRR €t A8 SRR réiRkMoh RE@EIduEng BRtgrowl dhixabgsirdshem&Bod, such as

conposition variation as a function of the distance
YHY e VD donveatample, sihefedbe initklGr Al sintaes istexgemghf dean and the

R Cbralite VAN P D e B ERe (R IA Alfhogs thatcan be
éltgsﬁ%iriﬂ rebddt FVERSor clud¥ ol ¥iar bl Q9 OMBE), chemical
PCT/ US2003/036969 14 The inportant requirenents fo

statreepitasy ECBE)yhenrieal diaper dipesicom(GGR), gésssiatqnhanced chemical
RO G b P RS O SEP i T S s

REAHFNET D NHE aFerlexchBis the¥dtical ifGnesORd iR Rl ax 1 but no
that no strain relaxation occurs during the grow h.

drifiecds are quileatsd dummg hedayes griwths  UHV- CVD for exanple,
where the initial wafer surface is extrenely clean and
the growth tenperature is low (less than 550C). O her

HUTHeABHRatBnMahi gty Bordstikdiatercae), wa%maég@a@ d, dtf-depheof greater
igr esent invention 1nclude: nol ecul ar beam

. 1@y (bR the @S-Gl intdsenbi firt myartaBE) of Bnenptben like light

apor, deposi.tion. (CV] | a -~gnhanc cheri cal . .
RN CERBS hicki it el ARG TS, Prgip etonaton
JdeBrsHutiap BEthehee ah¥BAg (Sg., ARIbBSE SHPE forl abBut 1 bN®r equivalent
| ayer exceeds the critical thickness for strain

repidghermabantsal). no  defects are- nucl eated during the

| ayer growth. b) The formation of a highly defective

| ayer, i.e., damaged region.9, at a depth of greater

Having an ideal pseudomorphic SiGe layer in step (a) is key to achieve a low threading

dislocation density in the final structure, The high degree of interfacial cleanliness and
IoW growth temperature are key to avoiding any strain relaxation by the usual
disldcation nucleation mechanism at‘th’e S1/Si;..Gex interféce and the related dislocation
multiplicétion that gives rise to dislocation pileups during the layer growth. As long as
no dislocation multiplication occurs, the relaxation is exclﬁsively governed by t
individual dislocations nucleated at platelets. However, if dislocation pileups are formed -
either, during the growth of the SiGe layer, or during annealing, the threading .
dislocation density will be higher and the sufface will be rough.



than 100 M below the Si/Si, ,,CGe, interface by ion
inplantation of He or other like |light elenent at a

wdas®/insbhe range from about 5x1015 to about PEXAB13/036969
cm2. Strain relaxation océurs during subsequent
annealing (e.g., at about 850C for about 1 hr. or

" equivalent rapid thermal. anneal). Having-an ideal.
”ﬁb@ﬂmnmmﬁdsmorp&o&l |Gy fayet constiingl ¢ith airdlatiedly lag@ BB iiRpRint
{i\ ow threading dislocation density in the final

P, e drmportang e dheylodgios éesalrt 13 ﬁﬁ%@%‘é‘l‘l‘l@ﬂéﬁ f Hgegighin the
BRlioh B Ind STBRTALEE! 8 el BUeL OB RO e
mum}memsatbsbﬂved Snr/ thé ﬂrr_lplaﬁeiosesﬁndrcbaduaoﬁm&pbhed prev1ously using

el ated dislocation .nultiplication gi.ves rise-
R AR BRI R el FRORSNghe wumak%élpng wesp:ss%ﬁg oubbles
@Sse tHNLRAORRL Fi’fzmél é%cﬁloTWdh st tlte?% np threading

relaxation I's exc sively gover by i'nd
- dislsmmatemndmnglﬁxm ﬂteédie—atdupéchmﬁibmiﬁ fhe-rafey sucfadef In contrast,

Pt e e R 00
L ﬁt@xraﬁﬁg tHad resgl't 3 QEAN tikHER gg%ﬂﬁ? %Eﬁ Qh:ﬂ i 9BGhp RISy 8ilfrent

- surface w | be rough.
fe@m bod2he Biﬂﬁlﬂ6 ﬁfnahaniﬁn ]Sl'mddslmemmdtfonﬁe pﬂmptanf‘edlwacf@s and also

er. crrblned th a relati erIarg i mpl a
43%% THD & %X%ﬁﬁﬁa?%mm@@@e@hméy iR S TpEiewer 1
strong accunul.ation of He within the pseudonorphic

_layer and, nore inportantly, at the |ayer substrate
Thret revf ware effattive straicorolamatidn mechasismbsensrang ifdhe pieeent invention is

R AR SO TR ER DI BB,

OO aL | [ Ma]tlslol X
(t@he Si /a %% ag%@gn ilﬂﬁ?grﬁ/ﬁgzléwpg%g}ﬁg‘H%M| ch %?vecle%u:alﬁs etc{.bgr aph .

(ENTEé@sandon FIG HBeudhi ergss @csoret frasoriseon elediromnificrogiaph EXTEM).
d ubbletot e wa S ontr.a '
T eliRen R 98 Ve A SO AR FisTHAR SR SR IoIbHG i eigh
phiséibrr<anb>diesdoske dl%@iﬂo%qlalfflm%b%aviﬂgttﬁé %Hf &ériﬂé{on extend
result i.n strain relaxation by a nmechanismt IS
te Sirpinterfaby whietefthesedrposit & iosfittsoghenthaad iydisit thisneitidsbmnent
é%en\él Qe re\{mxr/o%ps%'ra}ned tfle(:) glé_lelay n1t egthw?‘genrn'ssﬁ Qqun1aeln§can be as
long as several 10s of a pm so that the actual platelet spacing can be comparatively large
(c.f. FIGS 4A-B) and nevertheless result in a high degree of relaxation. The tremendous

reduction of the threading dislocation density is a result of the nature of the platelets that

act as inténtionaily inserted sources for dislocation nucleation. In graded buffer layers
there is no control over the density and distribution of sources for dislocation
nucleation. Thus, an irregular array of dislocations result in very uneven strain
distribution in the relaxed SiGe layer, a very rough surface and regions of high and low
threading dislocaﬁon densities. In the case of a high implant dose or low implant depth,



the strain rel axati on nechani sm operative for graded

buffer |layer growh. The new very effective strain
woeb@watison nmechani sm occurring in the present PCT/US2003/036969

invention is di sl ocati on mmcleation at He-induced

I bl es tha ar I | tothe Si
%‘g&% sur alflquthrg%#e 3 ﬁugbel |gg1§}esgqeéwdes1rable :
'sMﬂWrS@ItQﬁhegleﬁﬂﬁmH{gdmammenﬁﬁ’éﬂ EIVI, and in FIG
4B, in a cross sectional transm ssion el ectron

nicrograph (XTEM . The platelets can be as W de as

' | | i n. t i ght .
BBe0 B A% 1SRl bl PR Il Ugr 8 B 3 A28 erion
Ahavrmbauwesrfbgﬂ tt 1OE iSe8t,aGE aAteei e i gHe@ ifhpRnt aksses f»ﬂe@the
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as sever a

tqollhair atrein fdcThe hﬁlﬁ[bo?@ afeqjmmdaﬁrd)m ehe/blhb &G0 tﬁ@la‘i'er surface,
FI GS_4A-B) and nevertheless result in a high degree of

atirartgd By image fprees ep explpined previcuglyde Hofr n@kaw et alp P"é@&hﬂhgs

LE eEP SLCPROPaRNA e B3 bierdtF RS Ao R
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there is no control over the density and distribution

demsit¥our ces for dislocation nucleatlon Thus an

I I N _Mery uneven
BUbIEI AL BB By sRhBLRE MRl B3 khads Tl Fndl Y Eln
sthallegforsiy b as sevarak 10e6f aApthad tHel PherBthnddorm taha aach Mgher

dlslocatlon densities. In the case of a high inplant
depsits apd thus Hhareds| ampctyapelier aVRrgwasiog petspeen them as shown in the

‘ ngg‘%%%e%?er XS A%Eﬁ ﬁu?lgig,g %ﬁbﬁlghgl%r tcrileaa@esaa lrﬁlgﬁ%grlls?tty of

dishda$on mkleatios saeestihalye $i€Ubfer Ir@uhin@h@émtlhraaﬁgh figeading

dislocaélon densities.  Bubbles that are_ induced USIngnn
uacﬂé%e aiglet regimgs the ope Bt Bas B Yempige obtain the

: 1@{&% %Bﬁ F&I@P&% t the Si/Si, ,,Gex interface

ant mhen t he. prOJected range of

t he lnplanted speCIes IS too close to the
inpterface. The bubbles that reside at

AbigEr i ot ihads Friods: fragtions( greater dham Qe ahit isrrliFfiguit tp geqyv 2
stHUt‘Bl/ ﬁ&hﬂ&ﬁoﬁ:‘ﬂfc Si1.Gex layer due to the higher lattice mismatch strain, which

~ induces surface roughening or islanding. Therefore, to achieve relaxed buffer layers
having ar higher Ge mole fraction, it may be necessary to first fabricate a relaxed Si;..Gex
layer with x less than 0.25 by the method proposed above and subsequently grow a

- second pseudomorphic Si,Ge, with higher x, implant He below the upper Si1..Gex layer
-and then anneal again to relax the upper Si;..Gex layef This process can be repeated

several times, mcreasmg the Ge mole fraction of each successive layer, to achieve a

relaxed Ge layer.



to their strain fields. The half | oops are pushed from
the bubbles to the |ayer surface, attracted by inmage
woaoea7iE8 expl ai ned previously in H TrinkauspPCetusal03/036969
Appl . Phys. Lett. 76, 35527(2000) and M Luysberg, et
al., Mcroscopy on Sem conducting Materials, |OP
: Publlshl ng, Oxford 2001, and thereby create a hjgh
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ity. At -higher values of the Ge nole fraction (x
S“gf‘et%ag er than 0.25) it is difficult to growa strictly
pseudonDrphi c Sil XGex |ayer due to the hi gher lattice
m smatch strain, which induces surf e rou in :
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subsequently grow a second pseudonprphic Si
, oomnshvhq:pgh@pmﬁctqdﬁppmf th@lr@@lp.@tﬁﬁ f;wé:lq%f) greaigy _gll‘ra,n,l@ nm below
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th SY@ t% ayer ﬁ%% SE)?%C SS can Le@%xapeélte es%r\(/)g?sglamq
véry Bigh quhllilfg?r wab Isﬁ@o&f@rﬁﬁesl’(mlvﬁ fongltidse teso thagdatm) and threading

successive | ayer, to_achieve | axed Ge layer.. WD
dlglegﬁmdm%es:@ﬁﬁ o oBs Jaexmseied #d pltigig i ciaxation
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ani sm enents such as

‘ p&j&%ﬂ@&%@)&fﬂﬁ ineearited spm’)es 1sEie£sktham bOQ ruor frdsn (e mtqy@:@ﬁ)
(condmons that have been reported in the literature, e.g. m H. Trinkaus, et al., Appl.
Phys. Lett. 76 3552 (2000) and M. Luysberg, et al. Mlcroscopy on Semiconducting
Materials, IOP Pubhshmg, Oxford 2001). The mvenuve method of achlevmg a strain
relaxed SiGe buffer layer is also completely different from the graded buffer layers that

“are now commonly used as “virtual substrates™ for a vanety of devices.

The strain relaxed Si;«Gex buffer layers fabricated by the inventive process can be used ‘
as “virtual substrates” for a wide variety of silicon-based devices mcludmg field effect
transistors (FETs) of various types including strained silicon CMOS devices and

modulatlondoped field effect trans1stors (MODFETs). These buffer layers can also be-



i mpl anted, or when a conbination of elenents such as
H+B and He+B are inplanted. The sane el enent can be
wonpi4aatesd at di fferent depths using different PCmplSa008/036969
energi es. Conbinations of @i fferent el enments can be :
s : X ‘ i ‘ . h
e AR Sl S ATl AR Btfany Yifreremt
-applicatioad.i ng a rel axed Si Ge buffer layer can also be
appliied to patterned.Si or SO substrates or to o
sel ected regions on blanket  substrates. Surprisingly,
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with relatively | ow doses of He and subsequent thernal -
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Skiagey, buffatinyea ddreappliyationes iarfvirtual wbsfraet éaw wiretyodf
very high quality, with_snmooth surfaces (RMS. roughness
S‘Ffegcgn%] dEVIGRY NaYiRE 1 pHFARG HQT SifPs layents t9m 2efdiespeira of the
@6 cni Z. This unexpected and efficient strain
relaxation mnechanismi's distinctly different from
t he- bubbl e nechani sm that occurs when the projected

ran of the |nplanted species is less than 100 _nm L
ACCORInE S PR EmbP nt o1-hp gressryieventan aﬂfé#ms@éﬁo FIG 6, a thin,

: . Ceer . . , . '
SEFRTPREEHBnCS GEIN T is Gofty plutiayy 5hq iy ricHaving o
singlesivestglineturfice., TH psewaapyhio fayBe s growd we b iclegn environment
‘Materials, |1 0P Publishing, Oxford 2001), The invenfiy
UNEE RGN ek P bitrgigh-ye el xgaotsegho for AURV-CUD),
ga I IF : r d
o O Rl P AT BT oy
esibbdipreatsetie SialGealayarmaet ipclofle Ggbieres. The strain
- relaxed Sil1l_, Ge, buffer layers fabricated by the
“inventive process can be used as "virtual substrates”
- The suttrMeSein\ta6 165da bRf fof bkdn$R8 thilie Sflo0eM &@Shé Skl ERealline
field effect transistors (FETs) of various typés
- sunfiase i Trglagensalented fwink thegrowpospttsingBis Sarde., Ge, Sii,Cy,

ST R e i ko
cREdH URdR3{ 53886 dislo‘cation formation and due to the clean environment and

a low growth temperature no dislocation nucleation occurs during the growth of this

Si1..Gex layer. Helium is then implanted through the pseudomorphic Si;.Ge; layer into
the substrate below the Si/S1,.«Ge, interface. The He ions are implantéd at doses in the
range of from about 4x10" to about 4x10'¢ cm™, preferably in the range of from about -
7x10" to about 12x10' cm™. The wafer surface can be masked prior to iinplantation so
that the He is implanted only into certain regions of the v\‘/afer, not over the entire wafer
area. The projected range of the implaﬁted He is about 100 nm to about 300 nm below



1& used as "virtual substrates" for various types of

superl attices for many different applications: The
wonres@atisbnvent i on di scl oses several nethods f®8CT/US2003/036969

fabrlcatlng a strain rel axed epitaxial layer on a

si.n crystalli surf ce wWth a.m ched lattice
B Al irert e e RO ed oS P TR T U e H, D,
Bbngt on such a rel axed | ayer. More specifically, the
present invention discloses met hods f or fabricating a

partially strain rel axed SiGe, i.e; Sil, GeX, buffer
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According to one embodi ment present invention
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the single crystalline surface is of
- afomjefo Geland hatla SmowthtSthacgr(BMS roughess lasgthen, 1 Sk anﬂ@ethreadmg

Si i and it can be patterned or
d’rgg{“.at,wffh@‘[g dfnSItyC%flesslt%’efO €M ckness exceeds t he

critical thickness' for nmisfit dislocation formation
~ and due to the clean environnent and "a |low growth .
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ar S B SR T S T e 100 e Pl s reptaced
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The He ions are inplanted at doses in the range of
0f<x<sh0 abdetopiaf the 1&er. Ihatsomposision of Gie@raded lmﬂg cabriange
T he ae@“ag of from about 7x1015 to about 12x1015

.IBWF ?er surface can be masked prlor to
|nplantat|on o)

- Ina third embodiment of the present invention, the procedure is the same as described
" in the first two embodiments except that two different atomic species are implanted at
the same or different depths from the Sl/Sn Qe mterface

. In a fourth embodiment of the presént invention, the procedure is the same as described
in the first two embodiments except that the same atormc spemes is unplanted at two

different depths from the Sl/Sl] «<Gex mterface

In a fifth embodiment of the present invention, a thin (50-300 nm), strictly



that the He is inplanted only into certain regions of

the wafer, not over the entire wafer area. The
wonoj@atsd range of the inplanted He is about 2OOD/USR008036969

about 300 urn bel ow WO 20040047150 PCT/ US2003/ 036969
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invention, the procedure i's simlar to t e one

G@iéslomgﬂeybr iant gshcleaticn scemdms domdisibeatens md’aclt t‘rmtadt th ehe S1/Si,xGex
nFIG i s.replaced ,
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at the bottomand 0<x<1.0 at the top of the layer. ‘

The conposition of the graded | ayer 41 can change

I 4 sigthrdnybaglimenteyfthepresdnt invantidri, tik widxediSi€abuffer Inper is

SRR b g PR e IS A SR B et 0 SR B ppents ot
1ea¥Qwilief ﬁlgﬁlﬁﬁﬁngaéﬂf& EnSHERLRUGNR shEREAN &‘éicﬂfsed e third and

sare or fferent depths fromthe Si/Si 1
fqunthentbodiments This m@pedm@mam e mecrtssayy in hedep tce&émnﬁve relaxed

sh.Tc‘}ex“bt Iffoer layterge\m 1% ?segrgz{tgr an bgg ”nggll éexdlg}“i’e%rr}lgy ave a uniform
alloy compdsmon or a graded alloy composmon. Referring to FIG 8, layers 5, 10, 20 and
| 30 are the same as in FIG 6. Layers 42, 25 aﬁd 35 together comprise layer 40 of FIG 6 .
(i.e., the first relaxed SiGe layer) and therefore all haw}e thé same Ge content, whichis
between 5 and 35 atomic % Ge, and has a smooth surface (RMS is less than 1 ‘nm) and a
threading dislocation (TD) density less than 10° cm™. Layer 25 contains the second

implant damage region with a tlruckness of about 150 nm contammg platelets that give
rise to dislocation nucleation. Layer 35, like layer 30, contains dislocations that fhread to
the interface to layer 45 where they form mlsﬁt segments. Layer 45 is the second

relaxed uniform composmon SiGe layer whmh has a larger atomic percent of Ge than



in the first two enbodi nents except that the sane

atomc species is inplanted at two different depths
wbnowhesoSi / Si 1, Ge, interface. In a fifth enbedirmsmios/036969

of the present invention, &ithin (50-300 nnm), strictly
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epitaxially on a substrate having a single
ctystal line surface |ayer. The substrate can be, for
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hi s Ge, layer. The wafer is then annealed in a

ﬂrblﬁrstéiye eaiﬁoﬁenq:m mdm@s subgbieatly Soteglefl oo that strelastlas@on fnay

Du. def h
om0 B ar e e e Ted o1 s R b e FTRS"
cdhdsAfRtdrons M ohsteeamgtt® FId €0, Phyedlid,_wRIER is grown epitaxially
interface and formmsfit d| sl ocati'ons that reflieve

on top offlavaf A0 PAFIChE ishbatweerGE) and 2(ferm thisk prefesable between

: f th { t

GEPRERARAG 1Y o8 Ml 57 Bkt 5 P P, et B =

| préRsaNy Beshebm 20 Bed B0%Sth mod 12@9@@7 gfm@%mtoﬂ@er 41 of FIG 7,

| east twi ce, inplanting either one or nore atomc
isbgtrcsen$0and 368 om thigk, prefarshdy fiamr )0t @0P mu, tapd has a graded
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ar@rigaigher (pad x21 25 at {1 @opﬁbf th& a9¥r. W esmPHRIt feyEha graded layer
-uni form alloy conposition or a graded all oy

47:@amm§1gngq1@warlmréﬁepwwg to FIGS8, layers 5 10, 20 and

30 are the same as in FIG 6. Layers 42, 25 and 35

toget her conprise |ayer 40 of FIG 6
~ Asmentioned before, the methods described for the preparatlon of strain relaxed SiGe

- buffer layers on a Si containing single crystallme surface can by applied in similar ways
" to fabricate strain relaxed epltaxml layers of dlfferent materials on smgle crystalline

“lattice mlsmatched surfaces

The relaxed Si;xGex buffer layers fabricated by the methods described above may be

~ used to fabricate SiGe-on-insulator substrates for integrated circuits using wafer



(i.e., the first relaxed SiGe |layer) and therefore al

have the sanme Ge content, which is between 5 and 35
weabkewoa7Z Ge, and has a snooth surface (RVS i SPCEAS2003/036969

than 1 nm) and a threadi n@2di sl ocation (TD) density

o b sl e ey T S iiGe bO iR oy o ve vsea

ad IVt BiisEtateR Ufop kb9 tof intb@tted iciteuity iaving 2 least one -
di sl ocation nucl eation. Layer 35, l|ike. |layer 30,
sepigerdustordiesicecat i ons that thread to the interface to
| ayer 45 where they formmsfit segnents. Layer 45 is
t he second relaxed uniform conposition SiGe |ayer
Thb btelctliras obtalndd B9 theietiibds Pseient abdlve Cen béAurthdexpanded to
. 2004/ 047150 PCT/ UsS2003/-:036969 21 |ayers . 42,25 and 35.
" fabrigate snase complexsigviemsameusse ol herevite diyer REnees AP bin FIGS
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ofPB®sition with x=0 at the botton1and 0<x<1 0 at the
“top of the layer. The bottom of 1ayer 46 has a
‘conposition equal to that of the top of layer 37 and

1o 8 {205,004 100 1072 e BLEAL Sl @B SOERASIALLAD, hickness.
béeers DOOER dnidr1©80 nin, @fef&tablg\hes;eeenaoeememmsmgmme TD
i s-anot her variation of the method for fabricating

‘dmntaxe@ptglwr thepfthatof laypred0. Layean i aaﬁ%‘ébfdﬁaudomorpmo strained
SPlpveraiie py N v L RS SR ol B W0nn,

according to one of the procedures descrlbed in the
first five enbodlnents and, t hen subsequently anneal e

- TG Hatayst #50 1 arl0alaer 81t htsythe semaplomrm /s e gs fisifap Oglayer
’ 4Pr'ﬁ1e i Rn@S Ig'f Sr Kﬁj %8 e%h%o nlnﬁ%frggl C’d&z}%m :}ﬁ ferddly between 300

COMPOSI |on greater tha ring to

mllde| 58061m 4dd thetTxdensiy Grronhighpt thaxitiedt by layerd 1. d.;aycrfSO isa
Iaéer 40 of FIG 6, is bhetween 50.and 500 nmthic :
stricty peeagpropRtiGetErnedi $idayen ovithra R3S eé%ee&t-*ttﬂﬁ"é 0

 p%#e$g§§B#B§§mtmegﬁrzgoéngezgggnlﬁsFﬁgflg?q?ayer 47,

~grown on'top of layer 41 of FIG7, is between 50 and

; hgglg‘ﬂgdanlgy@r 2l5<0 1spar glfG%rlgy?ér ¥hat Ii]o n%h% %gm‘e %to%:%g /”%e a rl]ayep 3. the
thickness of layer 450 is between 100 nm and 1000 nm, preferably between 300 nm and
500 nm and the threading dislocation density is not higher than that of 1ayer 45. Layer

50 is a strictly pseudomorphic strained Si layer with a thickness between 50 and 350
nm, preferably about 200 nm. | '

In FIG 15, layer 460 is a SiGe layer that has the same atomic % Qe as the fop of layer
46 The thickness of layer 460 is between 100 nm and 1000 nm, preferably between 300 .
nm and 500 nm and the threading dislocation density is not higher than that of layer 46. R



conposition with Ge atomc %at the bottomthat is

equal to that of the top of layer 41 and is higher
woupo4toa7rsel. 0) at the top of the |ayer. The CcORpDAISEI06/036969

of the graded | ayer 47 cam3change Iinearly or

‘ ntlone fore, «t;he nethods des ri-bed
LRGN B oty TR0 RGO Shahe sy TR BB S ot ch 50 ana
SBGyﬁrpnﬂawmyibo@ﬂmmamnlng single crystalline surface

can by applied in-simlar ways to'fabricate strain
relaxed epi t axi al Iayers of different materials on .

SLE 1500 30 ol e T BB RS2 4 S5 Bie  B v

4merﬁwtﬁ&kde@wfudyed4m§%etmﬁ 10@ nmi/&R01 609 Iﬁﬁgiréi@r%?y between 300
Si Ge- on- |nsulator substrates for integrated circu
sPgatiersity 6310 dadeothan that of layer 44.
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BSmhﬁmpﬂﬁﬁﬂﬂyE&mnaooaﬁiety of integrated circuits
having at |east one .semni conductor device. The

structures obtained by t he met hods descri bed above can
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471 2Fhe thigkesa Of Riyel 4701 iy bétaleeh ¢60. 8eh 4 W00 rasﬁbty &@@éen 300

epltaX| al layers on the structures of FlI 6-11.

nipjagd $H0 oy ﬂlﬂﬁge@dén&diéioa;ﬁqna%ﬁ@sitx isarot higher then ﬁratnef layer 47.
, 10
L3P S S B BBt sl 0 i w5 Y Pafefg ne

SSUlunﬁmﬂﬁkﬂﬂyﬁﬁanOOhngher than.that of |ayer 40. Layer
50 is a strictly pseudonorphic strained Si layer with

a thi ckness between 50 and 350 nm preferably about-

T@%Qrd%ﬂheé &Esgﬁlgéd]ai éegtyde ﬁég 1'231 7a$a§|b%%1se@ Y hbti E‘I]zﬁt has

e sanme atom cC
setficaiduetos deficdsapae eﬂb@dﬂr&nbﬁt&tﬁﬁ&gﬂeﬁ& ﬁfﬁuﬁ%nﬁ;&ﬂ% o1t least
referably b@%meen 300 run_and 500 nm and the TD

eYayeandpctongevies Rk as thedield pldect Grnsisipe (FET) showy iy FIG01 8. The
FEPsifdwn i in FIG 18 is fabncated by way of illustration on the layer structure of FIG 12.
‘In FIG 18 the source contact is 100, the drain contact is: 101, the gate d1electnc 1s 102,
the gate contact is 103 and the mde-walls are 104. The device structure of FIG 18 could
also be built on the layer structures of FIGS 13, 14, 15, 16 and 17, where layer 400 \
would be repiaced by layer 410, 450, 460, 440 or 470 respectively. -

The modulation-doped field effect transistor (MODFET) layer structures shown in FIGS
19 and 20 can also be grown epitaxially on the layer structures of FIGS 12-17. The -
structure of FIG 19 is fabﬁcated by way of illustration on the structure of FIG 12. The
structure comprises a SiGe layer 120 of the same composition as layer 40 and 400, an

n+ doped SiGe layer 121 of otherwise the similar composition as layer 120 and a



strictly pseudonorphic strained Si |layer with a

t hi ckness between 50 and 350 nm preferably about 200
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SilGellayee 50 6 othé 18O 0r/stithé LoRpbEHoA BV 43ER6R0, 28iGe layer 48 of
Layer 50 is _a stri C“ﬂé pseudonor phic strained Si |ayer

the Pamecernpesitinasas laver ¢ and 400, arngeudmaorphic compiessivblyystrained

1. n 1R FlG Layer, 44Q. i.s | Ge._layer :
FRRE 150 Vo e bort e o YBtadees B 457 40 4md 400, 2
- Silve liyer ¢5M65the@imé ytBpositidtDas layd AUVERT PR dSRbAIRE SHAHLA i
nm_ preferably between 300 nm and 500 nm and the

AP alinheine sy ashuctgre wantiotbe bugt aethetdtrhare ofBIGS Hatl4, 15,16

la . 50015 2§t rict donmpy.phi ,
B S Aoy R0 R AL P TR TR Bl
1ay#p@10M50pned, analbl ¥7@hepdctize9. nm I n-FIG 17, layer 470
is a SiGe layer that has the same atomc % Ge as the

top of layer 47. The thickness of |ayer 470 is

- ) ferabl y.bet 300 1
ARl A0 O PR 00 RESLS B X RSLIEER: $90otlcor
deoice Bughayr tht MODRETAE i0istlatiyien FAT 21, Tiay®videQhb®nan FIG 21 is built

strictly pseudonorphic strained Si layer with a

oprihe lESYTUsBTReERCSE- dnBIG Bb dayen4Q penprisasiall tapluers 2bove layer
408728 destiBed i MEL 14 The gﬁ[%ﬁlb&gnﬁ%%g gmﬁ'gg c&ﬂa&ll(ii é’rgih]c?mtact ‘

can be used to fabrica
144, and T-gate 150. Alternatively the MODFET can be fabricated on the layer structure

of FIG 20. In this case, layer 540 in FIG 21 comprises all the layers above 400 as
described in FIG 20. |

Strain relaxed SiGe buffer layers can also be used for a variety of otherrapplicati_ons.
Sorhe.potential applicatiéns, e.g., thermoelectric cooling devices, require a superlaftice
structure which can‘be grown epitaxially on the layer structure shown in FIG 12, but

. without the strained Si layer 50, as shown in FIG 22. Layer 400 is optional. The
superlattice structure consists of a repetition of alternating layers 550 and 560, both
pseudomorphic strained epitaxial layers wherein the composition of layer 550 is
different from the compositions of layers 560. In a specific case, the alternating layers



sem conduct or devices. One enbodi nent is an integrated
circuit consisting of at |east one sem conduct or

wdevispe7souch as the field effect transistor (FECI/UShmaN036969
in FIG 18. The FET shown i28 FIG 18 is fabricated by

8B, Qf G SAL1IGECO WAL Ein xan@" ] 2.
In EFI(/S ?Lxgy Hﬁ]eﬁsoslﬁgvé contagé‘?ayﬁ ga%%gfﬁ%%%%%lz%&’l

Teeneetively asd 160d ychrbeequal th whe dheidesirbed Gaperlattive sgattare can
SRR ety op B FuiBBer v TG B e dert Ianetpaydhe
stafriedl (4 685 1a9br 40, @l‘ﬁeﬂeigye%ﬁoo YRulde RBcdd by %gg{ & 46435(5 1460, 440

400 woul'd be replaced by |ayer 410, 450,
oA G0 resprstively eThe deFerebedupériatti eerstriofmecicani agtidnetlf eebuilt on the

SRS Wdioarsbhaa. 1 BN aberiolt 5 FARERg: Fag over s0.and
vitHoue tHéN8Fer©h1 07 USH, 468; 440 orl4®), rsbédisblyr € of FIG 19 s

fabricated by way of illustrafion on the structure of
FIG 12. The structure conprises a SiGe |ayer *120 of

th i1 40 and 400, d
s Ge Phyerel BOR hacbadhh 82508 aaiy elien shnger Pri Tgiers witn
- thraydifg BlocaBbl desitiés 18R0AAD X AP RPN RABALASS 968, temethod

_pseudonorphic strained Si cap |layer 51. The sane |ayer
of tipy dmplantation ahdenepabing dsserthied above.ucvanr whenfthéig8al epitaxial

3~.14. 15, 16 .and 17, where.]| 40 ul d_be »
shigesfg B P ya0Y Ry B0 AP s J0 R by Bentomonic. By
ne@$P §bihdedporhidl werMedd \edtYihete & MOREETIdwYRhsity of 60° misfit
structure in FIG 20. can be grown epitaxially on the -
diplqagtions & the SEKGed inderfaoutAst dnecxatpdd, Mlemifitidasjevatib density in

Thi t [ + d Si I 60 of .
< BN SRR i 8 b B e atic
palaGfetdray @ie 98B, layeh ShovdBoERPRASotd SdlaBFioha¥ehe KRicBMsmatch
- 400, a pseudonorphic conpressively strained  Si Ge

straipdn theRGgilayer of less Buntdénand praferibdy tagh Sraafh a$ ngasured by high

i i aver 40 anpd 0. a. SiGe Jayer 135 of - L
Qplih LRAT dlBab@ieT sifee i (0B Risitd sedll .8 Bpilomorpic
SkldGo R 8lyeBiis 0.008) thit corbosad® d dtfdassin eicd hEismatth 3trsid of less

be built on the structure of FIGS 13, 14, 15, 16 and:

thep, 0.69Qdoand prREERDLY ks dhand)- 90 6 SiWhery oo och sirin eelmiafion ocours
d&lqgg g&%ﬂ oPehd iﬁﬁiaﬁgﬁ.gGQ(ylayer, the threading dislocation density after implant

and anneal will exceed 1x10° cm™.

) 60° misfit dislocations nucieate by various mechanisms during epitaxial growth
ofa Sil.;Gex layer. At low lattice rnismatch, the dominant mechanism in Si,..Ge, grown
on Si(001) is Frank—Reéd multiplication’ (F.K. LeGoues, B.S. Meyerson, J.F. Morar, -
Phys. Rev. Lett. 66, 2903 (1991); F.K. LeGoues, B.S. Meyerson, J.F. Morar, P.D.
Kirchner, J. Appl. Phys. 71, 42304(199‘2),‘US‘patent #5,659,187; K.W. Schwarz and »
F.K. Legouse, Phys. Rev. Lett. 79, 1877 (1997); KW Schwarz and J. Tersoff, Appl.



| ayer 410, 450, 460, 440 or 470 respectively. Another
enbodi nent of an integrated circuit consisting of at
woeeasHo4o13¢ semrmi conduct or devi ce such as the MPDFEF2003/036969
illustrated in FIG 21. The device shown in FIG 21 is
Riys. Leett. 69) 12D@(1998R). IS tHid' fleblidisdh, iddg diflocd '
14 5% co (rl s)?s all the Ia%r shg?bove tg’}?glfﬁﬁg%eatedateach‘
d%‘ﬁ% farmingméstifidiztecation pileipscontaining several or even as

p 4 15 ’
A nar?ﬂé% |1999ﬁhﬂﬁ%ﬁ§$°%%ﬁsb§éﬁe£g%c‘§?§’§e%fﬂ hgonditions (D.J.
Rczb}oms SIL. Glhspef; DOWATS AT, CHrétiils ACRYEddURY8d W 1Tkong, in

1 conprises all the | ayers above 400 as

L&é@ﬁ? swatahed Ehip Bigns, Side Bid El@gasaé@(&e@dmmals eVletalsy & Materials

s varj.ety of.other I ons.
| S%%ngﬁ l\g%}rée}l?? | afﬂag%) Cat | olnl§ Xesuﬁface & rcff% at}‘g]b 1s associated
vdtiotdch g0d endsfitedislotaipnl Thud e RAEhtaSH the Qurfadd $teh W ciated with a
Whl ch can be grown epitaxially on the | ayer structure

diglesaton pilenpds 2 meagire of fhemvsther phmisfitrdisloeatioss irl tpepileup.
50,. ‘as shown in FI'G 22. Layer 400 is optional. The:
- superlattice structure consists. of a repetition.of

al t eMhatrhisft dRYRatiord d6nsitydinShese E’tﬁid@ure@i@&wmb%&i by atomic

stralned epitaxial layers wherein the conposition of
forgg aniceseonys (AFMD+ pependestrycsivet method nbes iallows sthef observation of

SR e Sph B SRSl 85 B8, WGelib g W O bu®ER, eysi

irferfack Fig523@ shawnd adids-gfown Geeafly ps\éﬁkﬁfrf%r@hié 816l Gk, A"18yer on a
dl&fée nt fromz and _w, respectively and x and y can
SK8 trgte. SEgly myHE %lél@é@tiqyéo(vgnfp&mtatmctsé endt mwcﬁtt uiléocatlon

pﬁéﬁi‘)s {&Pdﬂﬁgpﬂﬁéq& sePrgo Vt%nhftg tc{l)%St H Bs u%gnaélgf%lﬂ %rgﬂmcrographs

of alylean&G ankh enieeal edly 81,4605 Wstdldtudee shawhragc adhigy 4G¥RY of misfit

dl(lgo 450, 46Q ﬁ'lé or 470, respectively. The
' qfﬁe’aldscaﬁ%% ¢ pybstansial siaimrelaxatinn dgs pmquytheBB shows a

oAk R 5180) 6Ol bl g s o
lnn}ﬂmthtax;&emxl ahhOalingb I cetfifhst, dedstarctdd Of Fig IBewhd ¥BEMall OIy a strictly

Qur, recent. work has_shown that good qualilty rel axe
‘p&fpflo %1 lg}jﬁtrf!éq Irpg:yéﬂgo%npﬁ pllegups arg seen in this image ,The practice

of this mvenﬁon results in AFM images similar to those in Figs. 2B and 23B.

The degree of sfrain ’relaxation of the initial nearly pseudomorphic layer is
typically measured by high-resolution x-ray diffraction (HRXRD) also a nondestructive
measurement method. Fig. 24 shows 004 rocking curves for two samples before
unplantatlon and annealmg (a) is a 334 nm-thlck, nearly pseudomorphic, Sio, slGeo 19

. layer and (b) is a 460 nm-thick, strictly pseudomorphlc Sio.ssGeo.s layer. Note that both
the SiGe layer and the Si substrate peaks of curve (a) are broader and that the thickness
- fringes assoc1ated w1th the SiGe layer peak the nearly pseudomorphlc layer (a) are not



t hreadi ng di sl ocation densities |ess than 1x106 cni
can be fabricated using the nethod of ion

wonp4aatEbi on and anneal i ng descri bed above, evemUsh®B/036969
the initial epitaxial Sir 27, GK layer is not strictly

_psgudonor phi but, is instead nearly pseudonmorphic. By ‘
aﬁé@ﬂ’ﬂs Bss ab HisoitHety pRSHUERPRIYarH(B) o The Sy &pipxatio in both
SEAPRS ks BeafRed o S e MiPRAHIOGHOB s ol s But thei
ddesityiin yhik strueusiis t@olesot2Gh$t a detectablerobandednl the bettideoparameter
E’I%% g]at t he change of the in-plane, lattice
Og FeP°bf the Si, _xGe7e |ayer should correspond to
a relaxation of the lattice msmatch, strain in the

Si.Ge layer of less than 5%and preferably |less than 2%
as  mbamgrthel mothodi afhion-ireplehiatiom andk ameylingi 4 deactibaiabove, we can

e s RSO 1o B o GRS (root mean
& )istrthéd Fduphindds SRR fAn 0.8 3ind) Ad hasw ke dislocation

° . 0004 and preferably | ess than 0.00016. Wen too nu
destsityti (fess Sanxiatl Poomdy whes thalinifial $iglewldyenis ndaelyi pseadahorphic.
i, GeX Layer,. the t{hreadi ng.dislocatio ensi t.
 Th P TP OTP IR o SO B8 GOUF D38 TGO i preferably
1688 $hdnt 7000 hl AL 1 RBEndIHEl08ohE Y, WR! hBSS cHREBNLS MRA epitaxial
during epitaxial growmh of a Si, .Ge, lTayer. At |ow
“ghoartth icorditipsardihe atd neFgo 26 show thetcthe megreeiof s8iail fédaxation after

ofledlflo &S TR SISOl B e, By SOt planting e

b&ibw 8993 6429 1ﬁtédg%é@igrﬁﬁ§\éﬂﬂ§§n|h§w§% e%fo'Sg%inleaxation that

Morar,, P.D. Kirchner, ys. 71, 42

. pl .
o¢cLepdringlagnemingnever Fothdckesayerk. TableScevems datarfor SE.Gex layers of

ous Phys, .Rev.' t. 79,1877 997) : \\V. .
SR Ao oo BN nf fhickph il e GaRRHY pEGIe implantation and
antfedliMS2BRINRIGAP Uisi FtiBh Ygrsityab typi@Ply 1d228ad 2990 enh?, even for
In this nmechani sm nany dislocations are nucl eated at

- theckehnedrlyasrudresdplio $ieeie: kafiers. formi ng ni sfit
di sl ocation pil eups containing several or even as
nmany as several 10s of nisfit dislocations, depending

S on't irgblgr PWhewE QREll ddgpdts of RelhxatidROPdrfage rduthnest amACthreading
D. Wallis, A C. Churchill, A J. Pidduck and WY.

dislogpfion depsity in implanted and annealed layers. The uncertainty in the degree of

relaxation is plus or minus 2%, in the alloy composition is plus or minus 0.05 and in the
 dislocation count is ~20%. The Sil.ngx layer thicknesé was measured by high-resolution
x-ray diffraction prior to strain relaxation. The threading dislocations were counted
~uéing atomic force microscopy images, and also by planar 'view transmission electron

-microscopy for selected samples.

. Table |
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Fig. 2B was originally a strictly pseudonorphic

no msfit dislocation pile-ups are seen in this

The practice of this invention results in AFM

i mages simlar to those in Figs.
degree of strain relaxation of the initia
pseudonor phic | ayer is
hi gh-resolution x-ray diffraction (HRXRD)

nondestructi ve

rocki ng curves for two sanples before
s a 334 nmthick,

and anneal i ng:
pseudonor phi c,

nmt hi ck,

Not e that both

peaks of curve (a) are broader and-
fringes associated with the Si Ge | ayer

2B and 23B. The

nearly

typi cally measured by

al so a

the structure

nmeasur enent method. Fig. 24 shows 004

(a)

"Sio.s, Geo. 19
strictly pseudonorphi c,

near

| ayer and (b)
Si 0. 85Ce0. 15 | ayer.

the SiGe layer and the S

i mpl ant ati on

Iy
is a 460

substrate

pseudonor phic | ayer (a) are not WO 2004/ 047150
PCT/ US2003/ 036969 27

that the thickness
peak the nearly



as sharp as those of the strictly pseudonorphic | ayer

(b). The strain relaxation in both sanples was
woreasHmedot o be 0% the msfit dislocations i nPCOAISE®3/036969

| ocal strains, but their a@nsity in this structure is

too . low to cause a detectable change in the lattice - -

par alekable L, stperyeaipt| aiacierte atonis iforge freroseanysgd srpersript b

g s e SR

| ayers with snooth surfaces (root nean -square (RVB)
surface roughness less than 0.8 nm and _a | ow

t hr eAdifg layies thet i thigker tham gheyPitial gaglapied and aapenled pyffer JAB)
, oS ! iy o] .

e Pl e it Mo BAE THCReMBREI hoqnd i Gy Tpver of the
sany#ioy RBpbEitias asmhehinisial AN hyenortddecénd Pii gGerlaypdrwhere y<x that
. less than 700 nmthick, depending on the Si1l GeX alloy . ..
iscenspaised be el 18pl A0k glaxed; BRY P SHUVR | GheXiaky oy zﬁ’% initial
. ] ig. 5 t t‘h%.t‘ga? ) [ e [ 3
uﬁﬁ?@f@ a%%naergﬁg:%% l?frﬁr:efeases \?\ﬁg %%%e%?éﬁ%séﬁg?{s t ﬁcgueved by
seliclingX@exallcgy@mpmisitiohheftthé 8l Getlaya sdethathihle datticd parameter of the

Si, xGe,,/Si interface significgantly enhances the o
segenyt layerdp the disgatiop amaligh foghe PR SUEfAGe S SaHEtp gt of the partially
--eg,g_'fa itiEVEN, & inilifi i SPHR FinedaPbeté BRGNS data
31%2}?? | ,%e‘?ﬁﬁ%i/”é(?észq%lglalgﬁ ér ent‘agflfoy COITpOSIﬁ?I on and
t hi ckness that were rel axed by He+ inplantation and
- anneal i ng. The, threading di sl ocatjon density is.. '
typi WAeny Seeqd (Shafveplaypos £0vD SDiguAY 67  fst i, Ge layer, for
a0 F . 9)5'??41 RAbEnted bn@annl AYE b ffer Fa@al shibstrate”,
e%ﬁ‘lg\?\g&{; ﬁrebglggg%égﬁ%%mre axaﬂ%gn, surface roug%rn'ess_ and
it nfayee diesigabl el tesinitiza¢ thergraetisoftspbsequentppitasietlaye with a thin layer
‘anneal ed | ayers. The uncertainty in the degree of
of Shaliet NOAing & PP et (QateBty, SheriBehly 2 iy had 0.1 preferably
ﬁ%%?i |eOhid U Als HedHdtda@Pdnblid B6t exceed the critical
0 [ s[focﬂeoﬁn%%lﬁﬁgt I's -820% The Si fp Ge., layer V ,
thidkineds fessranaselaratisn pedesosibéd gravioespl .uti on  x-ray
diffraction prior to strain relaxation. The threading
~di slocations were counted wusing atomc force
m croscopy i mages, and al so by planar. view :
transmi ssian el ectron microscopy for selected L
sanmpTesfollbatihgexamples are given to illustrate the inventive process used in

fabricating a ‘“virtual substrate”, i.e., a thin relaxed epitaxial S'ill.,(Ge,x layer formed on top '
of a Si or SOI substrate as well as the use of that “virtual substrate” as a component of

an electronic structure.



WO 2004/ 047150 PCT/ US2003/ 036969 28 all oy | ayer

strain RM6 ' Threading Conposition, thickness
woeb@atison roughness " dislocation [nn] [% POWjUS2003/036969

density x X105cn2 0.15 460086 0.60 0.8 3,b 0.15 250

82 0.62 2.0a,b 0.17 101 47 0.29 2-3a 0.19 97 46 0. 39

<2.0a 0.19 170 70 0.40 <2.0 ,b 0.19 256 84 0.52 <2.0

a,b.~0.19 334 90 0.79 <2.0ab 0.21 110 64 0.28 0. 4a

%1 C%lsuész%ggg‘? Go‘gé-égp %Bﬁ%?zﬂrﬁ% gde%ocs% i &a 1.00 nm t}uck

psfudomotyhi@SGe. § iyercorn bulk$i ephstrared The ReaBaH lsﬁﬁctm‘é was then
tefers. to pI gnar-vi ew transm ssi on el ectron

HRlrsd 3pth Hel ata dasq efabout ke e} wping ep implant ensegy of about 21
(2T AL DG E A LA) 55) 5 B 1

ﬁﬁé@ﬂﬂjn&shr@ﬁﬁmts dfeey ann@ﬂmg bleow ﬁﬂiﬁél %l dfalye Eﬁf@@l@l&ﬁm&fi strain was
: jnitial IAB | a r cond Sit_,, Ge, ayer
Wli'& 2% sipple had gn ? aﬁ%aou ngss of H‘aﬂuT|0929m¢@danetch pit
V zepltaX|aIIy on-the initial
{an%?faéﬁggydé'%‘régggln)%ea ed buffer "virtual substrate". The

| atter case is achieved by selecting the alloy
conposition of the Sil ,,Ge% Iayer so that the Iattlce
paraneter of the xample 2

. A second implementation of the inventive process was also done according to the

stmctufe of FIG 6, where layers 5 and 10 are a bulk Si substrate and layer 40 is 2 100 nm

thick pseudomorphic SiggsGeo.is layer as measured by HRXRD prior to ion implantation.
Hé‘" was implanted at a dose of about 1x10'¢ cxﬁ'z, using an implant energy of about 21 -
keV. The wafer was subsequently annealed at approximately 850°C for about 30 min.
The SiGe layer was about 38% relaxed. B

‘ Example 3
A third iIanlementation of the inventive process was also done accordmg to the
.struqture of FIG 6, where 1ayers 5 and 10 are a bulk Si substrate and layer 40 is an 188 ,
nmthick Sio»Geoz: pseudomorphic layer as measured by HRXRD prior to ion
implantation. Hé“ was implanted at a dose of about 0.8x10' cm™? and at an energy of
about 31 keV. The wafer Waé subsequently annealed at approximately 850 °C for about
1 hour. The SiGe layer was A69% relgxed. The RMS surface roughness was about 0.47 .

nm, and the etch pit (TD) density was about 2.7x10° cm™

Example 4

A fourth implementation of the inventive process was also done according to the .



second layer in the direction parallel to the wafer
surface is equal to that of the partially

webko@ia7rsel axed initial Sil, Gex initial inplantet/uanm3/ 036969
anneal ed buffer Iayer Whersla second Sil_,, Cey Iayer

e, it ety § i ate bl S ot ter v on 188
nantecld Sxdulothbhic' Sib 54! la}%’f‘ B tdeadifed by e?#i’éar to ion

desirable to initiate the growh of subsequ
implantation| He* a\ye& isnphantted at adose of eyt 1.2 0" Gin? addGetZin energy of

B MRl S B SR SR 88 B o
1iHde m'fﬁcslefeqa}leam 63%%ia§éedl e RMBEGHLIS Y 'dgkis Ak about 0.48 nm

thi ckness for strain rel axation as descrl

. apd the efelspiy (TIDhdenbity ekt 89abfl s are given to
‘illustrate the inventive process used in fabricating
a "virtual substrate", i.e., a thin relaxed epitaxial
Sil,.Ce |ayer f or med on Hx@fhpldd a Sl or SO
substrate as well as the use of that "virtual : :
subsQngtexample of a:@mldrmmdomorplan laeleemtar 4600 omsthick i uce, x=0.15

& A B S SES o BN s o

- rdl&dniad Rbslan REBUGQFRE RBLEhneED 08 TH ‘i‘nﬂ- Qnbay %e&ﬁné‘ dislocation

bul k Si substrate The resultant structure was th
density 08K 10f en”He+ at a dose of about 1x1016 -em 2
usi ng "an i nplant energy of about 21 kéV. The
structure was subsequentl|y anneal ed at approxi mately
850 C for about 1 hour. HRXRBIsEasurenents after
anneal i ng show that 41 %of the lattice m smatch '
. st r aifoties expapleeniey neazﬂnepwdpmernm layier IRNS Bdrfimedhick SiiGex .

S48 Ry 154 AT 00, BP0k s s

rougph&IRADA irf An@b thireedihONETOChNE RNORPEE<MAD® iSO done
according to the structure of FIG 6, where'layers 5

and 10 are a bulk Si substrate and | ayer 40 is a 100
nm thick pseudonorphic S:E a{%g . 15 | ayer as neasured
by HRXRD prior to ion inplan ion

An example of a second SiyGe, layer grown on an Si; xGex IAB layer where y<x
is a 76% relaxed, SiogGeozo initial implanted and annealed buffer layer upon which a
100 nm of SipssGegis was‘grown. After the | growth of the second layer, the initial
rSio‘goGeo.Zo IAB layer was found to remain 76% relaxed and the second SiggsGeo 15 layer

was measured to be 100% relaxed.

‘.Example 8 &
An example of the use of an mterlayer between the initial Si,..Gex layer and a
second S11 5Gey 1ayer is to first grow 15 nm of SipesGegos followed by 100 nm of
Sio19Geos: on top of a 256 nm-thick, 84% relaxed, SiowGeon initial implanted and A



He was inplanted at a dose of about 1xI 016 cn®, using
an i nplant energy of about 21 keV. The wafer was
woeubsiguesnt | y anneal ed at. approxi mately 850" CPC®DUS2003/036969
about 30 min. The SiGe |ayer was about 38% el axed. ‘
: e hird i nplenmentati on of the.inventive
m%%%ggggﬁ%ggygiso done according to the - structure of
FIG 6, where layers 5 and 10 are a bulk Si substrate
~and layer 40'is an 188  nnthic j 0. 79CG2Q. 21 .
Whale tleropres et mevepfa%hasima%@avléﬁy gbo‘mﬁ%gﬁﬁ%?d ¥ihjrgipect to
o L WAIPh ' si@fle@POME art that the
pljgf%lf? ogrgnﬂ?ﬁ;%ﬁr%tq t an eﬁg{r%%tg%d @}é\g{gﬁ? 1%_1 keV. The
fo]}“;égfoﬁfgbmﬂsotﬁabﬁlaﬂgtem Ecymg rancg df:te'ds amy@pmgg?i wighaait 961%01;]gﬁom
or about 1 hour. The, Si yer, o r.el axed. T
thrpeiri apd seapeod thsrrTeat Wé{%nt%f&oﬁtls &eﬁ?f?w fﬁnd‘g%ﬁ*afﬁ‘s prebént
in§bbeld: of TkitdA98 Fhd kalidrADAM dRailxdQEribaPandTHasTAE, fut fall
\ our Impl'ementation of the inventive process was
withiniahe st eatdor dipenddadalaime, WO 2004/ 047150 - :
PCT/ US2003/ 036969 31 structure of FIG 6, where | ayers
5 and 10 are a-bulk Si substrate and |l ayer 40 is an
188 nmthick pseudonorphic Si079Geo. 21 | ayer. as
measured by HRXRD prior to ion. inplantation. He' was
i npl anted at a dose of about 1.2x 1016 cm 2 and at an
energy of about 31 keV. The wafer was subsequently
anneal ed at approximately 850T for about 1 hour. The
Si Ge | ayer was 68%rel axed, the RMS surface roughness
was about 0.48 nm and the etch pit (TD) density was
about 0.9x105, cm 2 Exanple 5 One exanple of a nearly
pseudonor phic layer is a 460 nmthick Si, .Ge. x=0.15
| ayer grown by ul tra-hi gh vacuum chem cal vapor
deposition (UHVCVD) that is 86% relaxed and has an
RMS surface roughness of 0.6 nmand a threading
di sl ocati on



density of 0.8x105 cm. Exanple 6 Another exanple of a

nearly pseudonorphic layer is a 334 nmthick Si1l .Ce.
we20041R71sayer grown by UHVCVD that is 90% r el arew/uape3/036969

has an RMS surface roughniss of 0.8 nmand a

t hr eadi ng dislocation‘densgﬁ%ﬂwg <2x105 cm 2. Exanpl e

7 An exanple of a 'second ., Ge, layer grown on an
~Sil ,,Ge, |AB layer where y<x ‘is a 76%rel axed,

Si 0.80Geo. 20 initial inplanted and anneal ed buffer

Hayyreg thupdescribedouranveh@on in détar, othaSive cBEHGao NS and desire to secure
: r.0 the growmth of the second |ayer, the -
Abgrh#\qgﬁlﬂﬁ%’é%o 20 | AB.l ayer was found to remain

76% rel axed and the second Sio.85Ce0.i5 layer was
measured to be 100% relaxed. Exanple 8 An exanpl e of
It hemetbed 6fr fanniingtaepllaa%frpit@etatx\éiekﬁqxh@er wiithiadow-density of -

i1., 2 , . and .a ond Sil , A Ce I is.to
Repibd Rl St S e smBREEE SpdeeortiistrasY et f6 of
.Si0.19CGe0.81 on top of a 256 nmthick, 84%rel axed,
'Si0,19Geo.81 initial j.nplanted and /04715
dpzqsxl%zee%ﬂﬂm oy AR e of gl?xt%ay‘é?lﬂ 2 (e eecrﬁt%“me
%lon has been particularly shown and

escrlbe respect to preferred enbodi ments
t her eof , |t wi || .be understood by those skilled in the

art that the 0 and other changes in forns and
ot e o PR Sl b Sﬁ‘éﬁ&?ﬁ“iapf‘g B om the spirit
and scope of the present invention. IS therefore

i ntended that the present invention not be limted to

t hanrexlacg saf Osubstrandt degictagudebeyd ddid"@nd i | | ustrat ed,
but fall mﬁthin the scope of the appended clains. WO

229’%1 /m%t 7o 5(% C? laim Ps%groexsr{ soa§a6 %strate is a bulk Si substrate ora

‘ Si—on—insulator substrate.

3. The method of Claim 1 wherein said single crystalline surface comprises a layer of Si,

. SiGey, Ge, SinyCy ; or SiiuGely .

4. The method of Claim 1 wherein said nearly pseudomorphic epitaxial layer of
Sil_xGe,; is deposited using a high vacuum deposition technique selected from the group

consisting of molecule beam epitaxy (MBE), chemical vapor deposition (CVD), plasma
enhanced chemical vapor deposition (PECVD), atomic layer chemical vapor deposition

(ALCVD) on assisted depositi.on and éﬁemical beam epita?(y.

5. The method of Claim 1 wherein said nearly pseudomorp’hic Si;xGe, layer has a



33 CLAIMS Having thus described our invention in

detail, what we claimis, new, and desire to secure
woyoddsautsns PATENT is: 1. A nethod for form ngPrPaT/US2003/036969

rel axed epitaxi al Sii YCGe,, 34ayer with a Iom#density

th di t
iy SOESRNATEh A Rt R 08 Tl r e e ErpraguED L B pgpuc 1, o
- a @aﬁ%ﬂ@@ﬂi@bﬁﬁbﬁ Wit thé‘@efﬁ'ach@ﬁ( Rhin@éasRlplirdfFoXathe Hlt@tface w1&h said

. single crystalline surface of a substrate; Inplant t
topsgrastalling surifaget todtighme taluen i thiedangelstfrean ehow D1 to about 1 at

\ ai d Sy bstrate at a tenperature above 650 C.
theggﬂﬁ{gécﬁ&f SaP5 @%ﬁpﬁ* e[ AMerein said substrate is a .
bul k Si ‘substrate or a Si-on-.insulator substrate. 3.

> The FELBEdr efaid lafu?@hl-ré’m% %ﬂkstﬁ@'sgg%'f@l%éelcglr ée&f%lclape

surface conprises a | ayer o
pol@ihing (OBIR) spidoready psetdom@eptGs SiiGé. lajkneo aetifiagt rofighdesy imthe

: er id ne pseudonor phic epitaxial |ayer of
“mgF'fﬁ&ég? §% %F%%lﬂg?ng a hi gh vacuum deposi tion
t echni que selected fromthe group. consisting of . .
mol ecul e beam epi taxy (MBE), chemi cal vapor deposition

VD), a enhanced chem cal vapar deposition
ﬁé &5 aﬁs gﬁfih&f%% NEHWRSE 0%’5@# et {ayPohas a surface

%ﬁ&g}’/ d _chem cal beam .
pitax thggm?g%ﬁt&ﬁngg%%g)?g%h&gﬁ%ﬁ? YWerein said nearl y

pseudom)r phic Sil xGe,, layer has a WD 2004/ 047150

- PCT/ US2003/ 036969 34 uniform conposition with a Ge

8. The&letda of d1fint D&HARY ﬁleQInpﬁ{gl%@ 1@9@&&?&15(3]&[ tI-(I)e qytN &t

or a graded conposition wt racti’on
mijtnes daséafg from 0, at the interface with said top

' crystalline surface, to higher x values in the range
.of fromabout 0.01 to about 1 at.

9. The method of Claim 1 wherein the implanted ions are He ions.

~ 10. The method of Claim 9 wherein the He ions are implanted at doses in the range of

from about 4x10% to about 4x10'¢ cm‘z.

11. The method of Claim 1 wherein the implanted atoms are essentially concentrated in
said substrate, far below (>150 nm) the single crystalline surface so that a minimum
amount of implanted atoms is contained in the epitaxial layer and at the interface

between said single crystalline surface and said epitaxial layer.

12. The method of Claim 1 ‘wherein said ion implantation-depth is in the range of 90 to

300 nm below the said top single crystalline surface.



the top surface of the pseudonorphic |layer. 6. The

met hod of Claiml further conprising the step of
wohenfoaalso mechani cal  polishing (CWP) sai d neaPCy/US2003/036969

pseudonorphic Sil rGex lay#dr to a surface roughness in

the range fromabout 0.1 nmto about 1 nm 7. The

met hod of | wherein said nearly pseudonorphic

- H.The nfsthod EyElhinh d wharein sdid amnealing Bpeefosmed ir @ﬁoﬁ-@fdﬂ@zmg
fromabout 0.1 nmto about | nm 8. The nethod of -

anbiFRh of agErdy Pxidieng apbiAted | ons conprise H, He. D,
B, N or mxtures thereof. 9. The method of Caim1l

. ein the I ant ed i.ons .J 0 1 The rrethod

fa‘v? methed afifdria h vihResipEe;r ﬁéeigpétatwgﬁaﬁ%éd laypr g gedensity of
| a Ax1015 to about '4x10t6 cm
tbﬁ:a%ﬁ% d"ﬁil&%goﬁ]o%e %gd g(?% “wherein the inplanted

atons are essentially concentrated in said substrate,

far bel ow (>150 nn) the single crystalline surface so

% dhe methiodi ofiGirina hwibeteiotheiretpkanepstdxial BheGeslayeomitaaiasediace
in the epjtaxial |ayer and at the interface between
reyghyess Wg}h%raé‘gﬁ/gf%@lrllaﬂ?@“fs%tf%@?@uéﬁ&“éal d- epitaxi al

| ayer. 12. The.nmethod of Caim1l wherein said ion
i'nplantation -depth is in the range of 90 to 300 nm

182 Ao thb e fSrdiréhatiap aTelaféPerita) Rl 811|XG6,?la$éH(fna@§ingI\éerstalhne
2004/ 047150 "PCT/ US2003/ 036969 - 35 13. The nethod of

CHacerwdmpusergethe steps df:anneal ing is perfornmed in a
non-oxi di zing anbient or a'partially oxidizing
anbi ent. 14. The method of C aim 1 wherein the rel axed

béiaxd @headlylhs¥émdraiielepR@galda@eds 51,Y.Gef atobhreadé Bxgjstame
%?sl oc%tl ons of less than 106 cm 2. 1IS The net hod of

sGHacanfla swhetrae;n t he rel axed epitaxial Sil_xGex |ayer
has a surface roughness in the range of from about -

0.1 to about | rim
ion implanting atoms of a first type of 11ght elements in said substrate

jon implanting atome of a second type of light elements in said substrate; and

annealing said substrate at temperatures above 650 °C.

17. The method of Claim 16 wherein the implanted ions of said first type and said
“second type comprise H, He, D, B, N or mixtures thereof. o ‘
' 18. The method of Claim 16 wherein the implanted ions of said first t}ipe are He ions.

19. The method of Claim 18 wherein the He ions are implanted at doses in the range of

from about 4x10" to about 4x10' cm



16. A nethod for preparing a rel axed epitaxial
Sit xGex layer, on a single crystalline surface
woamw3isng t he steps of depositing a nearly PCT/US2003/036969
pseudonDr phi c epitaxi al Isﬁyer of Sil xGex atop a-
Si e_cry I|n sur f f a subs [rate
207 Hi oA gt s oyh g bl SRFGRE Sl e gomprse
H,iespl d substrate; ion inplanting atoms of a second
“type of l'i ght elenents in sai d substrate; and
anneal i ng sai d substrate at tenperatures above 650 C.

| 211%1% spofl o Ly o il i BRI 7 st R AR e

ntedat BosediiPtheFhrdeldont E&fu@@i}O'ito&boThﬁlthdﬂOﬁ of
aim 16 wherein the irnplanted ions of said first type
are He.ions: 19. The nethod of C aim 18 wherein the:

| s N RdeRtind Snted aioﬂ% dréBgenteflly chh&Mirated
3 22; %%1?1@ Oalgldéﬁﬁo aboute 4x F1?1?}%1 cm'. WD 2004/ 047150

in E’behlﬁﬂ@&’,%fdﬂ:%%»gthe 3mghOrystaibnersurfasd sgﬁha@aammnmn amount of
: wher ein the i

f d d t
B’ﬁ%ﬁdl agQms ’rsl ©8 Bl 32‘1 el'lq%gtg O]t lﬁg%la&fis gﬁfqﬂ%e%g%]egyeen said
Sl&é{f@ﬁ%‘lﬂ@gﬁq deQd safl gﬁéﬂaﬁ%‘é?nd type are inplanted

ses In t e range of from about 4x1015 'to about
4x1016 cm z. 22.- The nethod of O aim 16 wherein the

i npl ant e e, essentj.all centrate

234 Hhs teitod o i Shemay fgibeBRPEE Bebf e el e

- salnRk ﬂo%pgwm@@yaépt@‘ I mpl anted atons i s contai ned
Int %e epi taxial layer and at the interface between

said single crystalline surface and said epi t(aX| al

l %f: mq:thzozg)f gggsn?égggrﬁg{tpg antl@gdéaglt\émﬁg{ §ggﬁ%ala%e‘6{hﬁsn 3 pensity of |

a ere 242 The nethod of Claim 16
th{m@‘fl\é\%ﬁij % O?S(I’é&sé’g fqam al Si 1 _XGex | ayer has a
density of .
25. The method of Claim 16 wherein the relaxed epitaxial S1;xGey layer has a surfaoe

‘ roughness in the range of from about 0.1 to about 1 nm

26. A method for preparing a relaxed epitaxial Si;.<Gey layer on a single crystalline

surface comprising the steps of:

(a) prbviding a substrate having a top single crystalline surface;

(b) depositing a first néarly pseudomorphic epitaxial layer of Si;.xGex on top of said .

single crystalline surface; . -

(c) ion implanting atoms of light elements in said substrate;



t hreadi ng di sl ocations of |ess than 106 cm 2. 25. The

nmet hod of Claim 16 wherein the rel axed epitaxial
wei200404@s8 | ayer has a surface roughness in tReTABDEM/036969

of fromabout 0.1 to about37 nm 26. A nethod for

preparing a relaxed epitaxial Si,_xGex |layer on a

single crystalline surface -conprising the steps of :

: G
(DaohERtle B a0l ERbeRIRY B, SOPCOLIP P |
pseudonDrphlc epi taxial layer of Sil xGEx on top of

single crystalljne surface;. (¢) ion.inpla

A Z%ﬁgfogmgsgms fahleds KISt Bereinsot FRARiaIgRyer beyord the.
FRUHOHA R, BETHARPR0RU0R0RAR oty (e SEARUCHT rer

ﬁmmhmmﬁh@gﬁﬁahpgs@b) (d) at |least twi ce, wherein the .
epi taxi al |ayers beyond the first one may not be

strictly pseudonorphic and X in the subsequent step is
27. ﬂhﬁ gwthod affplaim Qﬁ “th«?éelrpﬂ@c@é g%dsatt@rps agerssepiallyrgerssntrated

in sald s%%'aé? %grb ncen 3t a%rig 815"5@111%‘3 %a azlmlm%ng ?unt of 4 '

essen ThSal

impldiReBitBaik & Ednyshed inl theesitikfabbesand zhahe thtdftatt BYtReen said
amount of inplanted atons is contained in the

singlp pryairllime spefpes andrrgidgpiterial lagierer f ace bet ween sai d
single crystalline surface and said épitaxial Iayer
28. The nmethod of Claim 26 wherein said ion

28. TP hasiit 6 Olafe Rb Rvticseih Baill Reh Indpl@etatbn e@Mis BQhé ngeef from
nm bel ow the i nterface between the | ast epjtaxi al

90 toa gl ngnbelpwethsriates@rngetweay dhe lasb epikerial yer sk the preceding
Qpreparing a rel axed epitaxial Si,,Gex layer on a

S|ngle crystal'line surface conprising the steps of:

29. (2A rpethyd Bdrngrepariighs rélated épammg S& . G@p [s/kngh @ single crystalhne

crystal line surface;
surface comprising the steps of!

lay

- (a) providing a substrate having a top single crystalline surface;

(b) depositing a first nearly pseudomorphic epitaxial layer of Sij.xGex on top of said

_single crystalline surface;
(c) ion implanting atoms of light elements in said substrate;
- (d) annealing thé substrate at temperatures above 650 °C;

" (e) depositing a second epitaxial layer of Si;.,Ge, on top of said single crystalline g

surface, wherein y > x;



(b) depositing a first nearly pseudonorphic epitaxial

| ayer of Sii_XGe,, on top of said single crystalline
weundsaaerso(c) ion inplanting atons of |ight el e0CEAIS2003/036969

said substrate; (d) annealsing the substrate at

t enperatures above 650 C, (e) depositing a second

epi taxial layer -of Sil yGe,, on top of said single

cifyatrehlihfeaid sebistraesruvhies £ itdnperatudes 2009 E44 50

PCT/ US2003/ 036969 38 (f) anneal ing said substrate

structure at tenperatures above 650 C, and (Q)

1%%;F8E§§ﬂmﬁ§& nge foadlleast once. 30. The nethod of

eps 3 and (f) are repeated at

l east one tine nDre 31: The nmethod of C aim 29

wherein said first and subsequent epitaxial Sii_,, Ge,,

ayers have a uniformconposition with a Ge fraction
30 xThmeeodr af Géaiof 23 mbrreabetaps (=) Chdt @) abrptatidd aBRastThe: time

thod of Claim29 wherein said first nearly

pseudonor phie Sii_xCGe, layer has = a graded conposition

with the Ge fraction x increasing from0, at the

i ' si ngl cr tallnesurfac .t o
31. ’ﬂlte%étﬁ&? 0 zbm%l grein rsgilqgg fSP SERALEY Lﬁpltémsﬁslﬂ_ 8ex layers

gher X va ues i'n

ha@wﬁfoum ‘Iﬁogﬁloh%tlpé Gk RGcfidd St @e%ﬁ%l W%ﬁ@&%

- layer, met hod of O aim 29 wher

aboé;ltjibsequent nearly pseudonorphic SiiyGey |ayers have a
graded conposition with the Ge fraction y changing
fromthat equal to the value at t he top of the

2 SRR oFCRMOTURILE P AT R e s

a giaded aatp&itiddeith wRseggedtion )@M@fe%smé‘fron;r beatke h@&fé&é with said
G aim29 wherein the subsequent nearly pseudonor phi ¢ ,

singlp prygladyne sualpes. thhighar yraldedinsbapost of GnmwtenedP! th ebout 1
at t@to{a ro?%e Rkt ¥1e5r‘°fy p@uﬁér%lorp%lcelgual to the value

33. The method of Claim 29 wherein the subsequent nearly pseudomorph1c Siy yGey
layers have a graded composmon with the Ge fraction y changing from that equal to the
value at the top of the precedent pseudomorphic layer, to higher y values in the range of

from about "0.0.1 to about 1 at the top surface of thé subsequent layers.

34. The method of Claim 29 wherein the subsequent nearly peeudomorphic Sil_y(‘}e;
layer has a graded compositibn whereby the Ge fraction y is initially equal to the value
at the top of the precedent nearly pseudomorphic layer and then inycrease’d in a linear '
manner fo higher y vaiues.in the range of from about 0.01 to aeout 1 at the upper surface

of the subsequent nearly pseudomorphic layer.



at the top of the precedent nearly pseudonorphic |ayer

and then increased in.a linear manner to higher y
woabuaa7ism t he range of from about 0.01 to aboBCTIUS2103/036969

the upper surface of the 3ubsequent nearly

pseudonorphic Iayer WD 2004/ 047150 PCT/U82003/036969

5. The neth im29 further c ri.si’n
53¢ ShhesPeBReAT € lmﬁéﬁ%?r&ampnﬁl&s.%mo ﬂ%ﬁwl ec lcal |
f r

oI5 AGUIRRE NS B0UE TR UG, Do b1
‘naear |y pseudonorphic Si i _yGey |layer has a surface

roughness in the range of fromabout 0.1 rimto about

1 nm 37. The nethod of  C aim29 wherein the top )

rel axed epitaxial SiGe IaK has ‘a density of
3phFeaniethgd of Sllawatd whereinfthe agarly mndqroerpém&l 3@ layprgas a

t hod of Cd aim 29 wh axed epitaxi al
RS TONgHAEHS ‘I‘i’égn ﬁnggﬂfgﬁ@éngﬁgLH&‘s a}D &0 ange of
fron1about O 1 to about 1 nn1 39 . Anethod for

| T
39r g égl?(% a&?tl(g vﬁ%l A ?éaéctefiggﬁ;ﬁmal §1@i¥?£ye¥‘115e§1a dens1t?f

S on si'n
ofﬂysﬁﬁﬁgd@ﬁmauﬁkamﬁmsdmnﬂogmn@ the steps of: prOV|ding
a substrate having a top single crystalline surface;.
depositing a first epitaxial |ayer of sane material -as

AP R s
sﬁﬁéée%h%{nels%eiﬁe oS BPRoMBLEN B tASHJube niAl d t op - :

single crystalline  surface and containing no
“additional C atoms; depositing. a third nearly

S e UdBIRHRNES (RBpdriRg] a?‘&elh;@%deéplﬁﬁuaslSu_,,,G&ﬂay&nwttﬁ)Do@f den31ty of
said single ,crystalline.surface; and annealing the
tiseading tiislochtions @ta tieglp eryataUrresudb@/@nﬁﬁ‘@n(g theygeps of:
2004/.047150 PCT/ USZOOS/ 036969

prov1d1ng a substrate having a top single crystalline surface;

depositing a first epitaxial layer of same material as the said top single crystalline.

surface and containing additional C atoms;

. depositing a second epitaxial layer of same material as the said top single crystalline

surface and containing no additional C atoms;

dépositing a third nearly pseudomorphic epitaxial layer of Si;.xGex on top of said single

crystalline éurface; and

annealing the said structure at temperatures above 650 °C.



40 40. The nmethod of Claim 39 wherein the C atons in

sai d second epitaxial l|layer are at concentration in
woheowoange of 1 x 1019 to 2x 102 ° cm;. 41. ThReT/mskiwemM36969

of Claim39 wherein the thiockness of said first carbon

contai ning epitaxial |ayer ‘is between 20 amand 110

. The nmethod of C ajmg39 whereip said firs
BmernnosFhinmhe o e o el s oA tayer ace o
_ | ang S foopiabeyl 0.1 nmto about 1
céﬁ#ﬂggﬁéiﬁgﬂﬁ%?%og of Claim39 wherein the t hi ckness
of said second epitaxial layer is between 90 nm and
300 nmthick. 44. The nethod of C aim 39 wherein said

41 et R @R RIo @Xdidl 30Svher@®, the BNEnchASH sAidd@Rsedryon &ntaining
t hreadi ng di sl ocations of |ess than 106 cm'. 45. The

episttidddapf idawaesl) whendilnOmRe rel axed epi t axi al
Si1 YGex layer has a surface roughness in the range
- fromabout 0.1 to about 1 nm 46. A nethod for
greparlng a relaxed Si1_xGeX_|layer on a sjng

42y The method of Qﬁlma%%wh@swt%ﬁ E;C%TP@’ %qnéqagmgfeptt%eslal layer hasa -
SQ&QVIIQh&gf%I%ggg{agl %?roﬁlaz\ﬂoﬁlgo.q PR ol gnfrystalline -

ace eposfPting a first nearly pseudonor phic,
epitaxial layer of Si,_xGex on top of said single

481 Yk dhdthdioflafrge swhfein tHthickidsa0F k4@ safoamp@zimln@yar is
elenents in'said substrate; WD 2004/ 047150

bPEReyS200820B3YBYN thick.(d) anneal ing the substrate at
t enper at ures above 650 C, (e) depositing a second
| ayer of Si, - y on top of said single crystalli

44y h%@@thm@rf@fﬁm %P—wh@fﬁlw@;é rejexed $pigaxiE S o f e E?Sn&} density.
gng\hEr e|1 nlgf’gatiqgnsfo'f hSt tha}argldlOsubsziequent epi t axi al o

45. The method of C1a1m 39 wherein the relaxed epitaxial Si).Gex lrayer has a surface

foughness in the range from about 0.1 to about 1 nm.

.46, A method for{preparing‘a relaxed Si;.Gey layer on a single crystalline surface

comprising the steps of
(a) providing a substrate having a top single crystélliné surface;

(b) depositing a first nearly pseudomorphic epitaxial layer of Sil_XGe?( on top of sajd

single crystalline surface;

(c) ion implanting atoms of light elements in said substrate;



have a uniform conposition with a Ge fraction x in the

range of from about 0.01 to about 1. 48. The nethod
\Voh0@MHVnm46 wherein said first nearly pseudonmBCphise003/036969

Sii_,Ge,, layer has a graded conposition with the Ge

f h
- LR e nRSrERL ek ok SRy her v val ves

in the range of from about 0.01 toabout 1 at the top
of the first nearly pseudonorphic layer, The

(Pedepositing a pegndhlayst wﬁ%‘n £t onrep 8fjsid alaélﬁcryﬁé%l}m‘; surface wherein
yg§%¥d onorphic Sii_yGey |ayers have a graded

: conp85|t|on with the Ge fraction y changing fromthat
equal- to the value at the top of the precedent nearly
pseudonor phic layer, to higher y values. in the,

© 4f afiye methodraftlaipo 46 Whetin s@d dlsefiand subsequiet Qpﬂpx@h Sflaﬁsx layers
of t he subsequent, Iayers The net hod of
he 2 SINHOFRA COBPREE AR SHEh AL gyctbgleﬁ ao T FAReE Og ‘?{ry é?yut 0.01 to
ab&y@r has a graded conposition whereby the Ge fraction.
y Is'initially equal to the value. at the top of the

© precedent nearly pseudonor phi ¢ | ayer and then

4BNPRERARRHd o ?C?auln' merelﬂ%&ﬂeﬂrstt&ahy %@ﬁddfné’x?hiée&l 1.Be, layer has

the range o rom about 0.01 to about 1 at the upper

asg,@{ﬁ(feaQ:@mp@éltlbxh @ithuhs aq fiastiomne aicreaspgdidn Opatthe intédgoenvith said
51. The nethod of Cl aim 46 further compr.i Si Be ste
selcestlbag syrechan nesier X yalues iy the range of ffogt 2 ﬁPé% to about 1.

Fﬁx%l‘fc%)gptﬁlg ﬁn@éﬂa‘;g%ggﬁﬁghq%ﬁfc {:9e2 surface rOUghn?SS in

Fange 17 om nn1t about 1 nm WO
2004/ 047150 PCT/ US2003/ 036969 42 52. The net hod of
- daimi6 wherein the first nearly pseudonorphic Si:
49y Taymkthpd of RiEma6 whareiadke subsensatrearky mﬁ@mh}%&l +Gey

f b 0.1 b 1 53. Th
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Vg%l% a@th%qglg bEthe ﬁPé‘ce&éHi ﬁ@ﬁl%e@doﬁﬁ Bici 1908, t@fhl%lﬁa‘i% Jahi@8 A the

e method of° Caim 6 wherein the top
raingea»fé'tdmemduaﬁloalto Shaut Y@exhe tay emrfzh‘a@fahe subsequent layers

50. The method of Clalm 46 wherein the subsequent nearly pseudomorphlc SijyGey
layer has a graded composition whereby the Ge fraction y is initially equal to the value
at the top of the precedent nearly pseudomorphic layer and then increased in a I1near -
_m.anne'r to higher y valﬁes in the range of ﬁo’rn about 0.01 to about 1 at the upper surface

of the subseqﬁent nearly pseudomorphic layer.

51.The fnethod of Claim 46 further comprising the step of chemical mechanical
polishing the first nearly pséudqmorphic Si,.«Ge layer to a surface roughness in the

range from about 0.1 nm to about 1 nm.



surface roughness in the range of fromabout 0.1 to
about 1 nm 55. A nethod for preparing a rel axed
wei20040@20501 ayer on a single crystalline surfaceCT/US2003/036969

conpri si ng the steps of (ad2 providing a substrate
having a top 'single crystalline surface; ((b) - )
depdbe methpdapfiGlaisid6dzartiy thys s thorady phéwdopirplaix |Saa;LyGey layer has a
| ayer of of said, single crystalline
55%?‘5668”@%"??5_ V’oGtﬁ F%FQ%?‘P%&@%%“&”H bght | Bmenent s i n.
said substrate; (d) annealing the substrate
tenperatures at tenperatures above 650 C, (e)
depositing a second |layer of Si;_,,Ge,, on top of said
B n@hemethy)ébﬁlﬁlaxﬁm&swhéraﬁ)&hmrremﬁed ¥prtax @l SYGé(layérGhas a density
E mef, hog of (O aim55 wherein said first and

151@5?"%‘3&%05 esssthian i @ogmy ayers have a uni form
corrp03|t|on vvlth a Ge fraction x in the range of from
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t 0.
3?:%?5@6 ﬂ@g ‘ﬁf%@?“tﬁ%@m@‘?ﬁ%%‘@x@l &iin{Osslayer hasa -
[ [ n Ge,t layer has
B C%&‘agé?{an TSN BRAL &y gt 6
increasing fromO0O, at the interface with said single
654 nddthdd'@r prophAsEa rdifkiFher: xPs nua?s°1 & IR
of frem aboutﬁtbg 01%@“5 about‘h_ ¢ t e tg%l C?}tgﬁ]wﬁ |?%C€,
peepduns thstepsiodyer. 58. The rret hod of - Cl ai m 55
wherei n the subsequent pseudonorphic Sil_yCey | ayers
have a graded conposition with the Ge fraction vy
th anyiidigs Rsubsttabeliavergrtoptsmg dierystalline surdicet he top of
- the precedent pseudonorphic layer, to higher y val ues
in the range of from about 0.01 to about 1 at the top
rdepegting of fiRt a8RBLHUAREMbARE! t§ y
g’ale?i] 55 %\,her ein tﬁggsubsrgq%ént §If)lsaeu e Cﬁeé %96 %HG%)V of said
singlercrystadline sugfaaded conposition wher eby the Ge
fraction y is initially equal to the value at’ the top

(c) ion 1mplant1ng atoms of hght elements i in said substrate

(d) annealing the substrate temperatures at temperamres above 65 0 °C;.

(e) depositing a second layer of Sii.,Ge, on top of said single crystalline surface wherein

Y=X Or y<Xx.

56. The method of Claim 55 whereéin said ﬁrst and subsequent epitaxial Si;. xGex layers

have a umform composition with a Ge fraction X in the range of from about 0.01 to

about 1.



t he precedent pseudonorphic |ayer and then increased

in a linear manner to higher y values in the range of
wonewoabsat 0.01 to about | at the upper surfaeeTai2008836969

subsequent pseudonor phi c 43ayer. 60, The net hod of

Caim 55 further conprising the step of chem cal

mechani cal polishing the Sii_,Ge, to a surface

roughness in the range fromabout 0.1 nmto about 1

nrn. 61. The nethod of- Caim55 wherein the

ps &t ddronethbd oSClaimGSywheasiosaiddystpseudoramphicrbughndsyss has a

in the range of fromabout 0.1 urn to about 1 nm 62

Ther aﬁ‘éﬁi prsapetitian withtissCefastiqn: | W‘ré"aﬁlﬁé fog Qx?édhe interface with said

Sp'liﬁltfl %{Sgﬁg%;drf%? rt"?‘?{’é‘h‘i?iggmé f'r%he g%\gggﬂﬁ t O'Of] 1o abgut 1

O i the B 91hBE Sidt psdidoinemliielagered epi t axi al S| a. Ge
| ayer has a WO 2004/ 047150 PCT/ US2003/ 036969 44

surface roughness in the range of fromabout 0.1 to
about 1 nm

58. The method of Claim 55 wherein the subsequent pseudomorphlc Siy.yGey layers

have a graded composition w1th the Ge fraction y changing from that equal to the value
at the top of the precedent psendomorphic layer, to higher y values in the range of from
about 0.01 to about 1 at the top surface of the subsequent layers.

59, The method of Claim 55 wherein the subsequent pseundomorphic Siy.,Ge, layer has a

graded composition whereby the Ge fraction y is initially equal to the value at the top of
the precedent pseudomorphic layer and then increased in a linear manner to higher y
values in the ’rangc of from about 0.01 to about 1 at the upper surface of the subsequent

pseudomofphic layer.

60. The method of Claim 55 further comprising the step of chemical mechanical:
polishing the Si;..Ge; to a surface roughness in the range from about 0.1 nm to about 1

.

61. The method of Claim 55 wherein the pseﬁdomorphic SiyyGey layer bas a surface

_ roughness in the range of from about 0.1 nm to about 1 nm '

'62 The method of Claim 55 wherein the top relaxed eplta.XIal Sch laycr has a density

of threading dislocations of less than 10° cr?

63. The method of Claim 55 wherein the top relaxed epitaxial Sip.«Gex layer has a
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surface roughness in the rangcA of from about 0.1 to about 1 pm.



