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The relaxed silicon - germanium layer located on an underlying silicon substrate has been

called a silicon - germanium virtual substrate. The growth of a relaxed semiconductor tayer
such as silicon - germanium can be challenging since it encompasses controlled nucleation,
propagation, and interaction of misfit dislocations that terminate with threading arms that
extend to the surface and then can be replicated in subsequently grown layers such as the
overlying strained silicon layer which will be employed for accommodation of a subsequent
device. The defects in the strained silicon layer propagated from the misfit dislocations in the
underlying relaxed silicon - germanium layer, can deleterious influence MOSFET leakage
and yield.

The crystalline quality of the relaxed silicon - germanium layer can be improved by
growing a compositionally graded, thick silicon - germanium layer at a thickness greater than
a micrometer. The compositionally graded relaxed layer can be achieved via increasing the
germanium content from the bottom to the top surface of the compositionally graded silicon -
germanium layer, with this sequence resulting in increased lattice mismatch at the top surface

of the graded semiconductor alloy layer. Another approach which will be featured in the
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present invention is creation of a conpositionally graded silicon -
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formed on a semiconductor substrate, with the highest lattice mismatch occurring at the

interface of the compositionally graded silicon - germanium layer and semiconductor
substrate.

It is still another object of this invention to form a compositionally graded silicon
germanium layer comprised with a highest germanium content in the bottom, and with a
lowest germanium content in the top portion of the compositionally graded layer, resulting in
the desired location for the greatest lattice mismatch, and wherein an overlying non-graded,
relaxed silicon - germanium layer can be grown featuring a low defect density.

In accordance with the present invention a compositionally graded silicon -
germanium layer is formed on a semiconductor substrate allowing growth of an overlying
fow defect density, relaxed, non-graded silicon - germanium buffer layer to be accomplished.
Epitaxial growth procedures are employed to grow a silicon - germanium layer on an
underlying semiconductor substrate in which a first portion of the silicon - germanium layer

is a compositionally graded silicon - germanium layer, wherein the germanium content in the
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is a conpositionally graded silicon - germanium | ayer, wherein the
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Fig. 4., which graphically represents the relationship of lattice mismatch as a function
of configuration location, with the configuration ranging from the top surface of the

semiconductor substrate to top surface of the non -graded semiconductor alloy layer.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The method of forming a low defect density, relaxed alloy layer on an underlying
compositionally graded underlying alloy layer featuring decreasing content of a component
of the alloy layer, extending from the bottom to the top of the underlying compositionally
graded alloy component, will now be described in detail. To facilitate this description silicon
- germanium will be used as the example of the alloy layer, however it should be understood
that other examples such as a relaxed InGaAs alloy layer accommeodating an overlying
strained InP layer, can also be obtained via the identical process sequence described for the
relaxed silicon - germanium example. Semiconductor substrate I, either N or P type,

comprised of single crystalline silicon is used and schematically shown in Fig. I. For the
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conprised of single crystalline silicon is used and schematically shown in
Fig. I. For the 3 InGaAs relaxed |layer a GaAs substrate woul d be required.
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por ti opodiondennd eﬂusbyheSlaﬁ'gesx ZatGee( 2nismatch will occur at the mtel face of silicon -
germanium portion 2 - semiconductor substrate 1. The large mismatch at this interface will
ultimately allow an overlying silicon - germanium layer to be grown in a relaxed form, while
burying the unwanted threading dislocations in the underlying silicon — germanium portion 2.
The result of the growth of silicon - germanium portion 2, is schematically shown in Fig 1.
The growth parameters such as pressure, sources, etc, are chosen so that the layers deposited
are epitaxial and smooth.

Growth of additional portions of the compositionally graded silicon - germanium
fayer is continued with each successive portion grown with less germanium content than the
previously grown underlying portion. Silicon - germanium portion 3, denoted by Si(1.«)Gexz
is comprised with a germanium weight percent x2, between about 50 to 0 %, wherein
germanium weight percent x2 is less than germanium weight percent x1, in underlying silicon
- germanium portion 2. Silicon - germanium portion 4, denoted by Sig1xmGexn 18 comprised

with a germanium weight percent xn, between about 50 to 0 %, wherein germanium weight
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is conprised with a germani um wei ght percent x2, between about 50 to 0 %
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hormgegamhyn aemhe sedbriviitgpoegoral Gadod silisoof g@atanium layer 1(hetwee formpout 20
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without germanium grading, to a thickness between about 2,000 to 10,000 Angstroms.
Silicon - germanium layer 5, homogeneously comprised with equal amounts of germanium,
between about 20 to 100 %, is obtained via MBE or LPCVD procedures, at a temperature
between about 500 to 600 ° C, using silane or disilane as a silicon source, while germane is
employed for germanium. Silicon - germanium layer 5, grown in situ in the same apparatus
used for growth of compositionally graded silicon - germanium layer 10, is obtained in a
strain relaxed form. If desired an optional anneal procedure can be applied, in - situ, to
optimize strain relaxation. The propensity of threading dislocations in underlying portions of
graded silicon - germanium layer 10, resulting from lattice mismatch, do not reach overlying
silicon - germanium layer 5. Fig. 4, graphically represents the magnitude of mismatch,
correlatable to threading dislocations, as a function of position in both compositionally

graded silicon - germanium layer 10, and in non-graded silicon - germanium layer 5. It can

be seen that the largest lattice mismatch occurs at the interface of compositionally graded
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61 . Anethod of form ng a sem conductor alloy |layer featuring the use of
only one underlying graded sem conductor alloy |ayer, conprising the steps
of . providing a sem conductor substrate; w thout the use of a seed | ayer
growi ng a graded, first sem conductor alloy |ayer directly on said

sem conductor substrate, wherein the content of a conponent of said graded,
first seniconductor al | oy Iayer is decreased as the growh of said graded,
first sem conduc al | oy r sald
ar aded. i st sanSORAT By RS RayIRG AN T Pra il SETRERAY LAY 5
|ayernnM§1mgggnﬂad@@huﬂﬁ@mmﬁgmaymgmrgbﬂ@@@mg$ﬁﬁﬂqd(ﬁEnlconductor aIon

| ayer on said graded, first sem conductor alloy |ayer, wherein the content
of said conponenﬁowﬁ“§ﬁH@“§%H@HﬁOF§§ﬁﬂ@6nductor alloy layer is uniform and
wherein said se I form
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| ayer ,Jaf@iractbi b mdhsem}gemdmmrunbmategwhlcmyremc cnstegteusfnnnl um and formng a
sem conductor |ayer on sajd. rel g,second enlco ctor. allo | ayer,
wherein sai d serfoEbRaERYrsaldagra “1 ”gdﬁﬁ¥?§lﬂdﬁﬁ?ﬂ) aNgs P e@?%ﬁﬁﬁs @a The
met ho 1€ . i
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wher eisaids aiadedyr Acke dienfi¢ansticteenilopndyet dor al $ibyor aygermiagiuna adloy i lewer, s
germani um | ayer or an InGaAs |ayer. 4. The nethod of claim1l1l, wherein said
gradedﬁ“PWFE% semi conductor alloy layer is obtained via nolecul ar beam
epi t axy (IVBE) OF oYyl 29}%1{1@?&%@&1rs%c&ﬂﬁi&lﬁ@éﬂdﬁ&@@%ll%?%@ﬂ bk 94d gldREVRst
procedures. f%e met hod of cl'aim|, wherein said graded, first
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sen1coﬁ@ud&@nféu@S@m@ne££U$$%@@aﬁﬁﬂkWFbﬁs&@%ﬁ@@§iﬁgdmelght percent of said
conmponent and b %lg' °‘“§%¥coﬁ‘éiuctt$}e 48P0 Wik AR s8@hd JhAdGduch: Foy

sen conduct or
layer,

wherein said semiconductor layer is comprised with tensile strain.

2. The method of claim 1, wherein said semiconductor substrate is a silicon
semiconductor substrate, or a GaAs substrate.

3. The method of claim 1, wherein said graded, first semiconductor alloy layer 1s
a silicon - germanium layer or an InGaAs layer.

4. The method of claim 1, wherein said graded, first semiconductor alloy layer 18
obtained via molecular beam epitaxy (MBE) or via low pressure chemical vapor deposttion
(LPCVD) procedures.

5. The method of claim 1, wherein said graded, first semiconductor alloy layer is
grown to a thickness between about 300 to 1000 Angstroms.

6. The method of claim 1, wherein said graded, first semiconductor alloy layer is
comprised of a group of semiconductor alloy layer portions denoted as Si(1.Ge,, wherein x is
the content in weight percent of said component, with the maximum amount located at the
semiconductor substrate surface and with decreasing weight percent of said component and

being Jowest at the top surface of said graded Si-Ge semiconductor alloy layer.




7 7. The nethod of claim1l1l, wherein the content in weight percent of said
conponent in said graded, first sem conductor alloy |ayer, ranges between
about 50 to 0 % 8. The nethod of claim1, wherein said second

sem conductor alloy layer is a silicon - germanium|ayer or a InGaAs

javer. 9. The MERodyohof & Bhi @Q%&J@m R qm?@@gm REBLCRROURT O &bl oY

| ayer is obtained via nol ec am epi t ax OW pressure
chen cabmyapat indepbshidd first (;hi?fé‘dﬁllucpn@d:legd lyes rarigds ba'tl‘:r&emnbdmd()ocﬁ 0¢bai m 1,
wherein said second sem conductor all gy i S th| ckness

bet ween abofit 2, 368 %Y %066’@’%@?{6}%%’% sai lseCQ*H‘escr?% PRIl#HEL IS kher ei n

sai d segand. &M GRRIHGEOL: Ahla%sh is conprised vmth a wei ght percent
of sai 1corrp’gneral1 mg ?véeeln abouts 0 to 100 % 12. The method of claiml,

wher ei n sai é. semIbenﬂthd)cbloflcaymr 1 gheregi Balémncdraiyeenniﬁmrductohailsylliasaezrnis-

ger mani um exanpl e, o | nP | aye the | nGaAs ex he net hod of
Or e m PRl owssiar Bett caationapty ayr 8 BhtarmarTurd Waer dgPsiRh Lpav
procedur @Sy Al packiiekness between about 100 to 200 Angstroms. 14. A nethod
of formng a stra| n relaxed silicon -germanium|ayer featuring the use of
only a singlle, gffadedetbod iofeirim g,ewhemuuamﬁ a@yetrnddsqueemcylcm a@ley uararisyi ng

sem conduct or strate co ri s provi ding a sem conduct or
subst r %9 % ﬁaﬁ’sé%eﬁ”e&*& q&q%ﬁ%oﬁ ?ﬁlﬁlm | ayer directly on said

sem conduct @, syBsthah&d wrtdrmmt 1taﬁeﬂéﬁﬁ-q@s RBordneekicyidigiosegdy| layar is
wherein the content of a germanium conponent in said graded si I i con

ger maniomplisylerith 8 waidi perset ohsaid kemgprsntrbebreesaibaugilagddd “of i rst si| | con -
ger mani um | qyer %18%0%? de§ LIQ%OW\H%QH S%d%él%?:@?lhudt&olﬁ%el i9§" ﬁﬁ@hw l on

said graded Silic a paratus use for

gr owt h yigf sils@ind g&frﬂ&iﬁdm&ithpmmora gﬁ’riawlfumhba:y@a{/\s aradeer e| n the content of
ger mani um conponent in said relaxed silicon - germani um I ) ]Eor m
and formingla silhesethodedclam lsarhgre pag samsPIsucHn ayegésr ?ﬁﬁl@ﬁfé

situ i Qry ﬁ%‘l%\%%g&%#ﬁ%s d?’cpﬁ %’ﬂ@{s@e &:@1' %(ﬁt’ 10048 QO@% §tr61§% corrprl sed wit h
tensile strain e net a| m wherein said sem conduct or
substrate i d4a siA nednd drciopgdusttaar rdatest giladoa. -germanium layer featuring the
use of only a single, graded silicon - germanium layer directly on an underlying
semiconductor substrate, comprising the steps of?
providing a semiconductor substrate;
growing said graded silicon - germanium layer directly on said semiconductor
substrate without the use of an underlying seed layer, wherein the content of a germanium
component in said graded silicon germanium layer is decreased as the growth of said graded,
first silicon - germanium layer progresses,
growing a relaxed silicon - germanium layer on said graded silicon -
germanium layer, in situ in same apparatus used for growth of said graded silicon -
germanium layer, and wherein the content of germanium component in said relaxed silicon -
germanium layer is uniform; and
forming a silicon layer on said relaxed silicon - germanium layer, in situ in
said apparatus, and wherein said silicon layer is comprised with tensile strain.
15. The method of claim 14, wherein said semiconductor substrate is a silicon
semiconductor substrate.
16.  The method of claim 14, wherein said graded silicon - germanium layer is
obtained via molecular beam epitaxy (MBE) or via low pressure chemical vapor deposition

(LPCVD) procedures, to a thickness between about 300 to 1000 Angstroms.
8




16. The nmethod of claim 14, wherein said graded silicon - germanium | ayer
is obtained via nol ecul ar beam epitaxy (MBE) or via | ow pressure chem cal
vapor deposition (LPCVD) procedures, to a thickness between about 300 to
1000 Angstrons. 8 17. The nethod of claim 14, wherein said graded silicon -
ger mani um | ayer iThe rgdthvhofislang B4, lvaieciorsafdli giatleheiliasn a ghhardon lagerrice, and
usi ng gernmane as_a germanl um source. 18. The nethod of claim.14, wherein

sai d gRERIEHUERS HEGA O diglaneesia i Gon SOE’GﬁﬁflﬁdéJéH‘gvﬁefrﬁa%? ﬁradi?ﬂn@fmwowan -
ger mani um pqgt i oRg . ASRRLEdo A il 114! wHR¥ein WART gjiﬁltle)((l kidicod Ne oW pgr cent
of said germani um conponent, W th the maXi num ahount | ocate at t

sem corougtiosd Wuh)stgxampaoﬁ silitace g garmsniirh podénsekaokd ansighGepevivent xorfs sai d

ger mani um c nponent being | owest at th surface of said ded
Si -Ge §1éfn’i"’€‘c$ H%"?Qﬂi Oéﬁﬁlgy‘ge”ll 3%‘?‘ Coi@"“ﬁf*ﬁewﬁgtt%ﬁ%gmé’f‘m&? arrmua&ﬂw%m?sﬁﬁ t he

wei ght %ﬁfc%ﬁ(ﬁﬁct(ﬁf S&Q{rﬁerﬁum& And %f@h c%%gﬁ s»éigmolsercefwfnﬁm Wech A @h
ranges between about . The metzf'uod of claim 14, wherein said
reI axedosipbi@onnd bgergnlamestmtl télyetoplssn fa@b@ﬁsm@@adeé M@S@hl&ﬁn@@m adloyt axy

(MBE) Er via | ow pressure chem cal vapor deposition (LPCVD) procedures at
a thi ckhRéss bet ween about 2,000 to 10,000 Angstroms. 21. The nethod of
claim 14, wherei r’rhé%ahdsceb%%nsm IWIRRein tHE WBRIH: YWadeAl 8f gbinan@mOWWD stigi Ng
silane or disilane as a silicon source, and using germane as a germani um
sour ce grad2g siliThe - gemtotinotayet !@ﬂﬁ@ﬂbﬂtwmieqb@ilfrﬁ%@l%%r el axed silicon -

germani um | ayer i C i per et ween about
20 to 100 %% 1%ﬁé %@%8@ gafm ﬁa zi“ S\Ahereg}x\r,]\@s% “ #@%ﬁ“&‘ b 2@ B
obt ai negraica W cuk a)emh%%@(pmmwﬁ &% Ry p1e'&;1hir@ Kiﬁtﬁﬁiﬁalb@b\m&époabﬁut 100

to 200 Angstronms. 24. The nethod of claim 14, erein said silicon layer is
grown G5PRYDIipregsdurst at afthiskpayidekccn abafrse00 tg 10 000 Angstroms.
21.  The method of claim 14, wherein said relaxed silicon - germanium layer is

grown using silane or disilane as a silicon source, and using germane as a germanium source.

22.  The method of claim 14, wherein said relaxed silicon - germanium layer is
comprised with a germanium weight percent between about 20 to 100 %.

23.  The method of claim 14, wherein said silicon layer is obtained via MBE or via
LPCVD procedures at a thickness between about 100 to 200 Angstroms.

24, The method of claim 14, wherein said silicon layer is grown using silane or

disilane as a source.




