METHOD OF FORM NG A RELAXED SEM CONDUCTOR BUFFER LAYER
ON A SUBSTRATE W TH A LARGE LATTI CE M SVATCH
BACKGROUND OF THE I NVENTION (1) Field of the Invention
The present invention relates to nethods used to
fabricate sem conductor devices and nore specifically
to a method used to forma rel axed sem conduct or

buffer | ayer prepared for subsequent acconmobdati on of
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strain. (2) Description of Prior Art The ability to
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conprised with tensile strain has allowed the
performance of the MOSFET to be increased via
enhanced nmobility of carriers in the strained
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achi eved for several applications such as a strained
silicon layer on an underlying relaxed silicon -
(1) Figidrofielzi Ibvenkiayer, or an underlying rel axed I nGAs | ayer
on a GaAs substrate, acconmobdating an overlying
strai ned Iayer Met hods of formng tensile strained
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sem conductor | ayer such as silicon - gernmanium can be
chal l enging since it enconpasses controlled
nucl eati on, propagation, and interaction of msfit |
(2) Description of Prior Art

The ability to form devices such as a metal oxide semicoﬁductor field effect transistor
(MOSFET) in a semiconductor layer comprised with tensile strain has allowed the performance
of the MOSFET to be increased via enhanced mobility of carriers in the strained semiconductor
layer channel region. This can be achieved for several applications such as a strained silicon
layer on an underlying relaxed silicon - germanium layer, or an underlying relaxed InGaAs layer
on a GaAs substrate, accommodating an overlying strained layer. Methods of forming tensile
strained layers such as a silicon layer as an example, include forming the silicon layer on an
underlying relaxed layer such as a silicon - germanium layer. 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 layer such as silicon - germanium can be

challenging since it encompasses controlled nucleation, propagation, and interaction of misfit



di sl ocations that termnate with threading arns that
extend to the surface and then can be replicated in
subsequently grown | ayers such as the overlying
strained silicon |ayer which will be enpl oyed for
accommodati on of a subsequent device. The defects in
the strained silicon |layer propagated fromthe msfit
di sl ocations in the underlying rel axed silicon -
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| ayer. Another approach which will be featured in the
present invention is creation of a conpositionally
Thereaxiéalling quaieyrpf thegelanerhsilivan -apemanitn Wygesanfhedmprdvag by growing
decreasi ng germani um content fromthe bottomto the
a compoptiswly axdedfthithalicormyesmbriomdhyey atgr thibkdess greater than a
sem conductor alloy |ayer. This approach uses the
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germani um content in a silicon - germanium |l ayer as
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spread lattice m smatch mnim zing dislocation
decrepirgprgairiion cofibgt faddothe bottom to the top surface of the compositionally graded
semiconductor alloy layer. This approach uses the highest lattice mismatch, as well as the
maximum dislocation formation, near the underlying semiconductor surface resulting in yield
and process benefits when compared to counterpart compositionally graded semiconductor alloy
layers. Prior art such as Chu et al in U.S. Pat. No. 6,646,492 B1, Fitzgerald in U.S. Pat. No.
6,649,322 B2, and Cheng et al in U.S. Pat. No. 6,515,335, have described methods of varying
germanium content in a silicon - germanium layer as well as forming a graded silicon —
germanium layer to spread lattice mismatch minimizing dislocation propagation. The above

prior art however do not describe the unique sequence described in the present invention for

formation of a semiconductor alloy layer featuring a relaxed, low defect layer needed for
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prior art however do not describe the unique sequence
described in the present invention for fornmation of a
sem conductor alloy |ayer featuring a rel axed, |ow
defect | ayer needed for 2 accommodati on of an
overlying strained sem conductor |ayer, that is a
process sequence allowing the largest lattice

m smatch to occur at the sem conductor substrate -
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S|I|con - germanium | ayer. It |s anot her obj ect of
nterfgqgsi s j nvention to forma rel axed, non-graded silicon -
germani um | ayer on a conpositionally graded silicon -
germani um | ayer which in turn is forned on a
sem conductor substrate, with.the highest lattice
m smat ch occur r i SIGVMAMARNeOF THETNMENTION he
conpositionally graded silicon - germanium | ayer and
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an overlying | ow defect density,

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 low 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



rel axed, non-graded silicon - germanium buffer |ayer
to be acconplished. Epitaxial growh procedures are
enployed to grow a silicon - germaniumlayer on an
under|yi ng sem conductor substrate in which a first
portion of the silicon - germaniumlayer is a
conpositionally graded 3 silicon - germanium | ayer,
wherein the germanium content in the silicon -
germani um |l ayer is continuously decreased as the
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preferred enbodinents with reference to the attached
applicgtiong arﬁglscop AaHer iSEE Wi en thejrgjgxed, non gradeghsilioon - @hineanium component,
schematically in cross-sectional style describe the
with thesiligindges féaturinghibe desiraditengile srhina r el axed silicon -
germani um | ayer on a conpositionally graded silicon -
germani um | ayer wherein the graded silicon - germani um
| ayer features decreasing gernmani um

BRIEF DESCRIPTION OF THE DRAWINGS

The object and other advantages of this invention are best described in the preferred

embodiments with reference to the attached drawings that include:

Figs. 1 -3, and 5, which schematically in cross-sectional style describe the key stages in
the formation of a relaxed silicon - germanium layer on a compositionally graded silicon -
germanium layer wherein the graded silicon - germanium Jayer features decreasing germanium

content extending from the bottom to the top of the graded silicon - germanium layer.

Fig. 4., which graphically represents the relationship of lattice mismatch as a function
of configuration Jocation, with the configuration ranging from the top surface of the

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



content extending fromthe bottomto the top of the
graded silicon - germanium |l ayer. Fig. 4., which
graphically represents the relationship of lattice

m smatch as a function of configuration |ocation,
with the configuration ranging fromthe top surface of
the sem conductor substrate to top surface of the non
-graded sem conductor alloy |layer. 4 DESCRI PTI ON OF
THE PREFERRED EMBODI MENTS The nethod of forming a | ow
defect density, relaxed alloy [ayer on an underlying
conpositionally graded underlying alloy |ayer
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das srethodiod forgiing alow defesd density.uaiangd lloydaygs enlamgndetiping
exanpl e of the alloy layer, however it should be
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InGAs all oy |ayer accommobdati ng an overlying strai ned
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process sequence described for the relaxed silicon -
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layer, semilsobriehtzined viatheridetiticaliredesy $equensk dessibed for thenelaxed silicon -
germani um | ayer featuring a | ow | evel of threading
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propagating fromthe underlying
GaAs substrate would be required. The essence of this invention is the formation of a relaxed
semiconductor alloy layer such as silicon - germanium, via a lattice mismatch with an underlying
semiconductor material, with the relaxed silicon - germanium layer featuring a low level of
threading dislocations so that an overlying semiconductor layer such as silicon can be grown on
the underlying relaxed layer with a minimum of dislocations propagating from the underlying
relaxed silicon - germanium layer into the overlying tensile strain silicon layer. To achieve the
above objective a compositionally graded silicon - germanium portion will first be grown with
the largest germanium content introduced into a first or bottom portion of the layer, and with

successive portions grown with decreasing germanium content. This will be followed by growth

of an overlying, non - graded silicon - germanium portion, comprised with relaxed strain.



rel axed silicon - germanium | ayer into the overlying
tensile strain silicon layer. To achieve the above
obj ective a conpositionally graded silicon - germani um
portion will first be grown with the | argest
germani um content introduced into a first or bottom
portion of the layer, and with successive portions
grown with decreasing germaniumcontent. This will be
foll owed by growth of an overlying, non - graded
silicon - germanium portion, conprised with rel axed
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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 layer is
continued with each successive portion grown with less germanium content than the previously
grown underlying portion. Silicon - germanium portion 3, denoted by Si(;.x2Gexz is comprised
with a germanium atomic percent x2, between about 50 to 0 %, wherein germanium atomic

percent x2 is less than germanivm atomic percent x1, in underlying silicon - germanium



Fig 1. The growth paranmeters such as pressure,
sources, etc, are chosen so that the | ayers deposited
are epitaxial and snmooth. Growth of additional
portions of the conpositionally graded silicon -
germani um layer is continued with each successive
portion grown with | ess gernmani um content than the
previously grown underlying portion. Silicon -
portio# ! RRtoH MoBAniu pettiofl @ N8 da BY Sﬁl,g,)lGe%fnzx)s g@rﬁériéeﬁ with a germanium
conprised with a germanium atdom < percent X2, between
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portiog e dihe gunpasitignally gipdedsilicon e germenivm gﬁ@ﬁh@“’@ sghematically in
is greater than zero but |ess than the germani um
Fig. 2gwilt lsdonipnis¢cheitil thedarigesy lathatenisyiately asthk iterface ofj ilio@ni geamanium
portion 3. The conpositionally graded silicon -
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- gernfATRP R L 1PN ¥orlh A8 St i hGBBns of silicon - germanium in which the
germanium content decreases from silicon - germanium portion 2, to silicon - germanium

portion 4, is schematically shown in Fig. 2. The thickness of compositionally graded silicon -
germanium layer 10, is between about 200 to 1000 Angstroms. It should be understood that
although only three thin silicon - germanium portions are shown in this description the grading of
silicon - germanium layer 10, can be comprised with numerous thin portions, with each overlying
thin portion comprised with less germanium than the underlying portion. Graded silicon -
germanium layer 10, can be formed during a single growth procedure featuring varying growth

parameters such as reactant flow, during the growth procedure.

Silicon - germanium layer 5, shown schematically in Fig. 3, is next uniformly grown without



- germani um | ayer 10, now conprised of thin portions
of silicon - germaniumin which the gernanium content
decreases fromsilicon - germaniumportion 2, to
silicon - germanium portion 4, is schematically shown
in Fig. 2. The thickness of conpositionally graded
silicon - germanium | ayer 10, is between about 200 to
1000 Angstronms. It should be understood that although
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“Tattice mismatch not reach overlying silicon -
the lnﬁ%WcUmpbﬁﬂ&{all? graded silicon - germanium layer 10, and semiconductor

substrate 1, with a reduced lattice mismatch resulting from growth of non - graded silicon -

germanium layer.

If a device structure such as a MOSFET is desired silicon layer 6, shown schematically in
Fig. 5, can be grown on relaxed, non- graded silicon - germanium layer 5, via MBE or LPCVD
procedures, accomplished in situ in the same apparatus used for growth of the silicon -
germanium layers. Silicon layer 6, comprised with tensile strain, is grown to a thickness between
about 100 to 200 Angstroms, at a temperature between about 500 to 600° C, using silane or
disilane as a silicon source. The strain relaxed form of underlying silicon - germanium layer 5,

allowed silicon layer 6, to be obtained with the desired tensile strain. The use of underlying



Fig. 4, graphically represents the nmagnitude of

m smatch, correlatable to threading dislocations, as
a function of position in both conpositionally graded
silicon - germanium | ayer 10, and in non-graded
silicon - germanium | ayer 5. It can be seen that the
| argest lattice m smatch occurs at the interface of
conmposi tional ly graded silicon - gernmanium layer 10,
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chang@hindorns ad detailsingaydre nigdecdthonodepbring Sieeh the spicic amthwedpd & this
a channel region of a MOSFET device which wl|

inventi @2 {Rbr €xAHi]18 B e6eked AR dnl-@ad 0 RidtalA Yay@s ceh BeBihdd & anlUi@erlying

tensile strained |layer, and will also feature a |ow
compgs%cﬁﬁh densd i @aytmh S hRIAR R tis fatm@d bPYGaREKAMIRate, with the
devi ce 53 resul non- propagat i ng

highest lattice mismatch occurring at the interface of the compositionally grade layer and the

substrate.
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di sl ocations fromunderlying layers. Wile this

i nvention has been particularly shown and descri bed

with reference to, the preferred enbodi ments thereof,

it will be understood by those skilled in the art that

various changes in formand details may be made

W t hout departing fromthe spirit and scope of this

i nvention. For exanple a rel axed, non-graded | nGaAs

| ayer can be forned on an underlying conpositionally

graded I nGaAs | ayer, which in turn is forned on a GaAs

substrate wWth the highest lattice m snmatch

urrln at the interface of the conpositionally
Dl er and the substrate. 9 Wat is clained is:
nethod of formng a sem conductor alloy_ |ayer,

c&w&rmgﬁﬂ%ﬁﬁqan@géﬁgmwnduwévpmaﬁg eoraRIHinE el siEpOtT:

substrate; growing a graded, first sem conductor all oy

Iayemﬂmh@ngaﬁmnhemhmwteﬂﬁﬁmﬁ;a conponent of said

graded, first sem conductor alloy |ayer is decreased

as t lreovghgwiehaded, firk ssdicdndiicadatioy fay&Sthes@ntieadieat ¢a
all oy layer progresses; growi ng a second sem conduct or

al lcgipbiRhesT AN %i@de@ GFsPeksfleorlduéit alﬁﬁ"l&fep RAELed aeme%mh of
Iayer wherein the content of said corponent in sa

SCSRA b REH ARG A By 14 BYEDak el TOr M- and

wher ei*n sai d second sem co dy layer is in a
strain .relaxed,form senlgonducto

Ly g A S P B s Al I oh i ST P miconductor

| ayer,
alloy layer, wherein the content of said component in said second semiconductor alloy

layer is uniform, and wherein said second semiconductor alloy layer is in a strain
relaxed form; and
forming a semiconductor layer on said relaxed second semiconductor alloy 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 is a

silicon - germanium layer or an InGaAs layer.

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

deposition (LPCVD) procedures.

10
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wherei n said sem conductor layer is conprised with

tensile strain. 2. The nmethod of claim1, wherein said

sem conductor substrate is a silicon sem conductor
substrate, or a GaAs substrate. 3. The nethod of claim

1, wherein said graded, first sem conductor all oy

layer is a 15 silicon - germanium | ayer or an |InGAs

| ayer. 4. The nethod of claim 1, wherein said graded,

first sem conductor alloy |layer is obtained via

rmlS??hg @Ethggﬁmlﬁ I,%)érc(i T %eﬁt ih%ﬂd%ﬁ%&%rﬁtﬁe iconductor
chem cal vapor eposition f procedur es’. g

The nefhod of @Jain11 mherq'nlsaid conganent in said

gr 402618 e sUieh cBRMAELEY 2oy I BF [S§FEP2 By 2 il con

- germanium alloy layer, is germanium 6. The net hod

of claim1l, wherein said graded, first sem conductor

al 16oyhe mptlpd pEclgimplhrivhesein sait graked st isernigerdrctanalioy BPG is grown
to 1000 Angstrons. 5 7. The nethod of claim1l, wherein
saitaa thcoled, befwaes tabse 306 ontiddt Argsabhay | ayer is

conprised with a group of sem conductor alloy |ayer
portions denoted as Si(1-x)Gex, wherein xis the

cont eRd mbthod@bPHhitn PENIEBHA sAf opald eARBANSMuct® Aoy layer is
wherein xI is the content in atomc percent of salé

' ' ' ded... fi .
COTBRRRE | s DB LR AR AP A st oo

substrate.surface and wwth 10 decreasi ng atomi . .

e PSHEN B B QG R UABH: PAeb G iy ponent cand igrsipc is the

wherein xn is the content in atom c percent of said

copERrn apmie pecend pf spid eereronent is hecpogticroelgaidigradsd, first
semiconductor alloy layer located at the semiconductor substrate surface and with
decreasing atomic percent of said component denoted by x2, x3, and xn, wherein xn is

the content in atomic percent of said component at the top surface of said graded, first

semiconductor alloy layer.

8. The method of claim 1, wherein the content in atomic percent of said component in

said graded, first semiconductor alloy layer, ranges between about 50 to 0 %.

9. The method of claim 1, wherein said second semiconductor atloy layer is a silicon -

germanium layer or a InGaAs layer.

10. The method of claim 1, wherein said second semiconductor alloy layer is obtained

via molecular beam epitaxy (MBE) or via low pressure chemical vapor deposition

(LPCVD) procedures.

11
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sem conductor alloy layer. 8. The nethod of claim1,
wherein the content in atom c percent of said
conmponent in said graded, first sem conductor all oy

| ayer, ranges between about 50 to 0 % 15 9. The

met hod of claim 11, wherein said second sem conduct or
alloy layer is a silicon germaniumlayer or a | nGaAs
| ayer. 10. The method of claim1l, wherein said second
sem conductor alloy layer is obtained via nolecular

be . . _ . ;
donos) 1 mane PR, Pnbich SR RLAE S orbA 5} AR 1RER eromn
claim,1,, wherein sai n i,conductor alloy |ayer

i s%%%}\ﬂ‘“%%ggﬁ?f‘ 8@%"33@@3‘? :ﬂ%@ﬁdnéﬂ%%ft"”?; 000 to 10, 000
Angstrons. 12. The nethod of claim1, wherein said

second sem conductor alloy layer is conprised with an _
at dfi Ehegeetbechef dfimshvhereimsnicheasend ssationadnctanalloy 126r isgomprised
100 % 5 13. The nmethod of claim1, wherein said

s emithamditraio petcentarf saig campoteint; betwleay elsout 20 td 1 %i | i con

- germani um exanple, or a InP layer for the I nGaAs

exanple. 14. The nmethod of claim1, wherein said

Sens CPRAHSHET off AR 1, wheRiH @icﬂ%i&ﬂrﬁu&@ﬁag& i¥h &LibGEMRr for the
procedures at a thickness between about 100 to 200

Angsit r o : f ] in.rel axed
oA e IO Ut AL A0S A bl
provi ding a sem conductor substrate;

14. The method of claim 1, wherein said semiconductor layer is obtained via MBE or

via LPCVD procedures at a thickness between about 100 to 200 Angstroms.

15. A method of forming a strain relaxed silicon -germanium layer, comprising the
steps oft

providing a semiconductor substrate;

growing a graded silicon - germanium 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 sjtu in said

apparatus, and wherein said silicon layer is comprised with tensile strain.

12
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growm ng a graded silicon - germanium | ayer wherein the
content of a germanium 5 conponent in said graded
silicon germanium | ayer is decreased as the growth of
said graded, first silicon - germanium | ayer
progresses; growing a relaxed silicon - germani um

| ayer on said graded silicon - germanium |ayer, in
situ in sane apparatus used for gromh of said graded
silicon - germanium |ayer, and wherein the content of
ger mani um conponent in said relaxed silicon 10

g en Me%th@&/ & cldith 1‘5”%81%{%‘ saﬁqu%mflc%qlqugr subi;strate 15 a hrﬁ:on

ayer on sa relaxed srli germant um rayer
s itu Jn Bgaratus and mhereln said silicon
IaﬁngP%‘QBEﬁW¥ '§ with tensile strain. 12 16. The

nmet hod of claim 15, wherein said sem conductor

substrate is a silicon sem conductor substrate. 15 17.

Thé 7rherethest ofdlaiinnh 51 Sherghneraisd gradedistlicgn agethasivm kager is obtained
germani um |l ayer is obtained via nolecular beam
epivisaxypldchMBE)eanr epiiagy (MBEPSsES Wveprelsard ¢hainidadPgpor deposition
deposition (LPCVD) procedures, to a thickness between

abeueC BB plote dPR0toANE Rk AQTBetwkE abbie3dPRhN0d0 AlgGldhldN

15, wherein said graded silicon - germanium |l ayer 1s
grown using silane or disilane as a silicon source

an n ermanj u rce.

e o fe L TTHSm™S, AP O RGPisER- afianbit taver is grown
gernan|Tn1|s pqgﬁrlse with a group of silicon -
ge MR FIANe 95 ASTYIF s GSHISPR BOWES, 8¢ YSING EERANGFich gepRaniumource.
the atom c percent of germanium and wherein x|l is
the atom c percent of germani um

19. The method of claim 15, wherein said graded silicon - germanium is comprised

with a group of silicon - germanium portions denoted as Si(.xyGe,, wherein x is the
atomic percent of germanium, and wherein x1 is the atomic percent of germanium

in the portion of said graded silicon - germanium layer located at the semiconductor
substrate surface and with decreasing atomic percentages of germanium denoted by x2,
x3, and xn, wherein xn is the atomic percent of germanium at the top surface of said

graded silicon - germanium layer.

20. The method of claim 15, wherein the atomic percent of germanium in said

graded silicon - germanium layer ranges between about 50 to 0 %.

21. The method of claim 15, wherein said relaxed silicon - germanium layer is obtained
via molecular beam epitaxy (MBE) or via low pressure chemical vapor deposition

(LPCVD) procedures at a thickness between about 2,000 to 10,000 Angstroms.
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in the portion of said graded silicon - germani um

| ayer | ocated at the sem conductor 5 substrate surface
and with decreasing atom c percentages of gernani um
denoted by x2, x3, and xn, wherein xn is the atomc
percent of germanium at the top surface of said

graded silicon - germanium |l ayer. 20. The nethod of
clai m 15, wherein the atom c percent of germaniumin

said graded silicon - germanium | ayer ranges between

aboyt Tl@m&tﬂo@of/ﬁlaiﬁpldﬁ% boherbiesalPlRR64 QiicdH AleMhdmum layer is grown
wherein saild relaxed silicon - germaniumayer is
obtu%\f'nneganevi ﬁ{ qol ecul ar beam epi %axx éI\/BE or via l.ow

pr 6STaPE*ERENSCAL® ¥ AP5I°CBEPEET- EP DR ] A BEBHUPESOuree:
at a thickness between about 2,000 to 10, 000

Angstrons. 13 22. The nmethod of claim 15, wherein said

r el%dx e wethpd ehclaimyks, whateimsaidiplaxed siligarovgermanivg layer is
silane or disilane as a silicon source, and using
gercmepssasvith gesrmaniummatsoigrpesent] bet®8en dHoat Htonldd %6f

claim 15, wherein said relaxed silicon - germani um

| ayer is conprised with a gernmani um atom ¢ percent

bet 3 qRe alReHHd of Qlal® 1300 ein 34id silR6n PRENOELhe S L RIMBE .

wherein said silicon layer is obtainéd via MBE or via

LP j
200 s P dreceielh P bhst BERRP P D 820 rkdrorhe
said silicon layer is grown using silane or disilane

as ource. 14
2%. ”Fhe met%od of claim 15, wherein said silicon layer is grown using silane or disilane

as a source.
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