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generally to the formation of strained sem conduct or
| ayers in the field of sem conductor manufacturing,
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silicon on silicon germanium buffer |ayers.
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| ayer during relaxation, which is a function of the
el astic energy of the |ayer and the activation energy
for dislocation nucleation and gliding. The critical

t hi ckness depends on a variety of factors, including
grow h rates, growth tenpergture, germanium
concentration, and the nunber of defects within the

| ayer underlying the SiGe layer. [0005]1n another
approach, a graded Si Ge buffer layer is deposited,
with an increasing concentration of Ge fromthe



substrate are provided. A SiGe buffer layer is
preferably deposited on a substrate by a CVD process
er of strained silicon is deposited
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Description of the Preferred Enbodi nent [0018] The use
of graded SiGe layers is well-known in the art. As




[0020] Strain relaxed buffer layers, preferably thi ck
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deposition is interrupted by briefly stopping the flow
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| ess than about 5 seconds, while the gernani um
precursor continues to flow during the interruption.
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Slhcﬂaﬂyyfﬂet hod knovvn in the art Pr ef erably, deposition is
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| ani nar flow reactor such as the Epsi | onTM CVD react or
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can be used to determ ne the deposition conditions




WD 2007/ 133358PCT/ US2007/ 008879 and DCS, the
tenperature may be graded from about 900C to about
wo@ﬁ&sﬁ%e preferably from about 900C to aboub~$RR%07/008879
Agai n, e skilled artisan can select the appropriate
tenperature(s) for a particular application with
routine experinentation. [ 0031] The pressure in
the reaction chanber during deposition is al so not
limted and the opti num pressure can be readily
in whildi thensubettath s ichatagted! Wit aavipos ahatngathaniurh iempound but not a
particuyl ar circunstances. In sone enpodi npents the .
vapor phase gilicon compapad, &y semp cabefippents, “G'F‘Egﬁe SiEe deprsitiop phase
the cAnEQfHERH BE GRS UVSpdd BRERS delmMiesh cWirpBudd PERate While the
bet ween about 1 and about I00 ton, nore preferabl
concegirpiian wiBsilicm sampennd rempins gepstent. | (pether embodiments, the
et 8 n i ot . [Len .
conocREliGh 2 Mnd WPMor Upliund kot 26 ERERBHIRTHE which the
depositiers sucazried opt wig batiickd behstant oo oty e vaiad, InG8AaTveliment the

Si buffer. | ayer may cogprise.a constant conposition
temp%r? rrea"i/S §a egdl’ %%eg‘?crﬁ%sgf@ eﬂ?f’flgfm?gocﬁ?‘gﬁ’ erably graded
f {001 H | odkofie epsbuidénents tha CVIDBfocesi AidideallyGoprises at least
hﬂ%%herﬁgﬁ ont.ent at an upper, interface. In sone
one caRieR i ePpsEOB RRfss in eh tesubsitala 19 Srniacieb it per phase
silicoh! SorhPhiINGSE -2 WRYSY Bhasel ?erﬁ{ neahaﬁir m QPR oS abhiRit SiGe with a
[ .

gradation profile is not For "exanpl e, 'in sone
consigitesuppestion:h & ione rmabodigenidt sangentratiops edipe istlicoprepmpound |
i d , : i iti
s sy, ARG s ORANL AGRIPI bl e degpion phoce
vdPP1Hg t Peefeiredsiicon ipeeaesarmivichicawithont limitatim silane, disilane,

- prec Linto t reaction. ch r, .one of_skill in .
wislales HERBIR Y, CricAfrb PR, B BRI rap iR, Srafiried, prmaniunm
precutsurs ehates odthbutsli@dtatiyn, aRymamd, dixdrieamynd gerbia@iudi tetrachloride.

[ Ii:?lllng, without limtation, adjusting the

d&@B i on CeTHbEIake Ay CREIPESE. %@ FABPYfe fo Bl Blcon layer or an
epitmﬁﬁg§a§§®ite@gﬁi¢§hi]ﬂg,.r_r el at ive Ge- and 'Si - precursor

flows, or by a conbination of the three. For exanple,

f dP0¥3hhi gHn camegmatadimeniswthedamperature ésheldeopstafitthagighout the

i S| j [ re. (e . q.,

depodf5H phébeds le 5,08 g iend o0 bR Pisrfla PRty tho
tempefabire écbetweoen ghmws 700UC tud tbautidDOAE.i ons (e. g., DCS and

Gala) tenperature is preferably increased and pressure

decreased (to, e.g., 20 Ton) during the deposition to

grade the Si Ge cBhpOBetdriptionldT thd Basingd enbodi nent s,

t% ﬁﬁ' atibye conpcentrations of Si, and Ge in the buffer

| P83y o FAGHEr bI1F g srphy Blofting siigen fand,gesmanpen. precursor flow
againge HER) istade S bideess Bire : isi
_g t he substr a_t_e%Si ge interface t 2 %F%gslégéef%ggﬁ%l il‘,réggfnpnsmg
Interryptigpel the SHCOBPFRHEORBoUt 10% Ge. I n sone enmbodi nent s

t co rats ' [ . e .. .
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precugsnyuilow GEaiBst tims; diystuafing alprpcess for tibgusiting e dinehrly @raded SiGe

9 .yet nore preferably. | ess than equal. to
butref B 6958 E5tiHf brR o ke el orr | hie Bk isgs: dravm
to scalbout 1% Ge at the WD 2007/ 133358PCT1US2007/ 008879

suﬁ]?]t rate/ Si Ge interface. Wiile the Ge concentration
at [UORE sufienss & &iae sraphs Mlefieg the relptive Praportians of gemmanium
LUk /XY I ' i -
P b GOSN ARR BRE AF R UhoPRRE i i butter tover
from |z ffliepn ipsequr ireanalb yehngtiom pivamrsohe TBe procasset catiprie linearly

af oihe .substrat.e/ Si interf nd . e as, hi gh, as A
sraa SHC GRS 20, PR S5 G PSS poet i o] igraption

bet ween about 10% and about 50% Ge at the surface,

nmore preferably about 20%t g about 40% The grading

profile may be selected to mnimze defect fornation.

As di scussed above, in some enbodi ments the grading

profile wll reflect a SiGe layer with a |inear change
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[0041] I n one particul ar enbodi nent, 117 is used as a
carrier gas and is provided at a flowrate of 40 to 80
WORMTHBI358 The reaction chamber vol ume is about PET/USEQH7/g08879

and silicon flowis interrupted while continuing

ger mani um precursor flow (such as GeCl4) for about 0.9
seconds to 3.4 seconds. [0042] One or nore

i nterruptions can be provided during the process of

ot he huffer layer. |If nore than one
phas 308 Pk Bl ot dranit 1 89, s P s e pbasos rindicato that

the siliconqeecuridrefiéw e ifterrupRa whitd e StiaRfing ]
det er pi ned: Thus, t%ghiti ks Bpeciifsgr flow continues

i ndependent |
but aﬁ’l?%&ﬁ?ﬁﬁ?‘iﬁy FrEegsthiiat Pl sarmenivar issdeneyite] ffmng the interruption
phasd?aBhigHdu¢h deFostiodRIfdshiBie! Fupt i ons are provided at

regul ar intervals. After each interruption, the

silicon precursor flowis resuned, thus leading to

resunption S 0S1 §EQN.w [ 004 one
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eposIt ed: Rﬁﬁf’t?e&-ﬁ’wafl?ﬁ’m HRUprRielorsyers rarp dncreasingly
used.pr Dypidaill, a “virtuall SftddhieWidiBpdifie iy rgéﬁgﬁgingg semiconductor
mateq{fr ofile Ff’y ,ﬂave varioqus shapes, as di scussed above, )

18 Breferabetilienm ouisk s besre Temagseby depesition gveea strain relaxed
buffe ¢fe,Mvhivhi PNnad Jvea; L ha £ i s higher .
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ingN | ot dra o0 scale and thus are not
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bulk gig@?;ﬁ SObRL (5t o R das agowilhsceapiee dhatrinimethods described

eripeac b agpdd vt L0808 e oD AR e e on
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waferfdtoRt waikpike it BYELT SINRAN AL ' deposition . ..
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the epifgxial gilicer 13yt en mixeh o SiGhbuifer 150eriis dammitbd ban bEtHe surfice ofa

ol 89FB0xn % 1k UBRSAI 0 od BRSEL S, 55 (. evionty

interruption phase Is
deposiod pryistbsteatel under | ying Si Ge | ayer, while at | ower

t atu r u ermani um | ayer may be .
priog_uged gﬁ?lﬁnrg E%BP%% ?fﬁ’tl?r&ﬁ%rﬂﬂliéé?k prjed SiGe layers, can be
formetl; wetiy | rpduredd it Ghorlsithf esmb@¥ar +6abMenGRISbERS: Qiyers by
interru%:% féigndae S|.b.| con precursor and a germani um
recq’u_r Gr CPSHER" 88° BETIUR §0tsin 51 dersitonlisde@idipteiiey briefly
stoppidig pihs i fldve HfPhe ﬁs%SEa@&@ kR ble/ sGBI %ﬁ@c;hw £l 1688 Hian_about 5

sec %ing@gggee%gsi tion p es 10 and one of re-interfup
econ ,ECHEATIYTY BEGCHESEH cpminticg de dlov diming iee interruption. The
inte desRtatin SROMEfle B hOhelO8 pah O
. deposi ti or:nphg%{eééf aB bbbl fy g’%‘é P?H%éﬁe% PEEEL agd,gubsequent to
the inferyption. Elepprding prdbe pediculss preicss eomiitiond tike HORIAYh may or

5 0] 1] ni i
ey oAl B e B 5 o T
AE0a2d) t| aPeofisalslo the yincus eSust GBS DOEL! Ohotfiod B 4 process

o buffer |ayer caonprising a_germani um concent Ion
OMPHRS Q3% 85 MOr BYPIrYPtiRns 8 Silie prequssordiog of thehmbstrate is reduced

portion. [0046]1n a particul ar enbodi ment, during the
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pressures and flow rates. Preferred silicon precursors include, without limitation, silane,
disilane, trisilane, dichlorosilane (DCS), trichlorosilane, and tetrachlorosilane. In some
particular embodiments, DCS is preferably used. Germanium precursors include, without
limitation, GeCly, GeHy and digermane. Other silicon and germanium precursors that
may be used will be apparent to one of skill in the art. The optimal precursors and
reaction conditions can be readily determined by the skilled artisan for a particular
application without undue experimentation.

[0028] In some embodiments, a carrier gas, such as Hy, is flowed throngh the
chamber continuously during the deposition process, for example at a flow rate of about
1.0 sim to about 100 slm. In one preferred embodiment the concentration of germanium
precursor, such as GeHa, is about 10% in the main carrier gas. The flow rate of the carrier
gas may be varied to produce the desired Ge gradation profile based on the preferred flow
of DCS being used, as can be determined by the skilled artisan based on the particular
circumstances.

[0029] The skilled artisan can also select the appropriate deposition
temperature to ensure the optimum deposition rate based on the particular circurmnstances,
such as the nature of the germanium and silicon precursors being used. In some
embodiments the temperature is constant throughout the deposition process. Preferably
the temperature is between about 700°C and about 1100°C. For example, in some
embodiments the SiGe buffer layer is deposited from dichlorosilane (DCS) and
germanium tetrachloride and the temperature is held constant at about 1050°C throughout
the deposition process. In another embodiments the SiGe buffer layer is deposited from
DCS and germane and the temperature is held constant at about 900°C.

(0030] In still other embodiments, the temperature is varied during the
deposition process. For example, the temperature may be graded, either increasing or
decreasing, over the course of the deposition. In some embodiments the temperature is
graded to deposit a film with an increasing concentration of germanium and/or a
decreasing concentration of silicon. In particular embodiments a decreasing graded

temperature is utilized. For example, during deposition of a SiGe buffer from germane
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and DCS, the temperature may be graded from about 900°C to about 700°C, more
preferably from about 200°C to about 800°C. Again, the skilled artisan can select the
appropriate temperature(s) for a particular application with routine experimentation.

[0031] The pressure in the reaction chamber during deposition is also not
limited and the optimum pressure can be readily determined by the skilled artisan based
on the particular circumstances. In some embodiments the pressure is atmospheric
pressure. In other embodiments a reduced pressure process is used, with a pressure of
between about 1 and about 100 torr, more preferably between about 50 and 100 torr, and
still more preferably about 80 torr. In still other embodiments , such as when ultra high
vacuum CVD is employed, the pressure is preferably below about 1 torr.

{00321 The SiGe buffer layer may comprise a constant composition or may be
graded. The SiGe buffer is preferably graded from a lower Ge content at a lower interface
to a higher Ge content at an upper iaterface. In some embodiments the buffer layer is
linearly graded across its thickness. However, in other embodiments the gradation profile
is not linear. For example, in some preferred embodiments a graded layer may comprise
one or more regions of constant composition.

[0033] Although discussed herein primarily in terms of varying the flow of the
germapium and/or silicon precursors into the reaction chamber, one of skill in the art will
recognize that grading of the SiGe layer can be accomplished by any method known in the
art, including, without limjtation, adjusting the deposition temperature, adjusting the
deposition pressure, adjusting relative Ge-~ and Si-precursor flows, or by a combination of
the three. For example, for a high Ge content, low temperatures are preferably used to
avoid islanding, and high pressure (e.g., 100 Torr) may be employed. Where lower Ge
content is desired, for some reactant combinations te.g., DCS and Geli,) temperature is
preferably increased and pressure decreased (to, e.g., 20 Torr) during the deposition to
grade the SiGe composition. In preferred embodiments, the relative concentrations of Si
and Ge in the buffer layer are controlled by varying the flow of the germanium and silicon
Precursors. ' )

[0034] Preferably, at the substrate/SiGe interface the SiGe layer comprises
between about 0% and about 10% Ge. In some embodiments the Ge concentration of the
SiGe film at the substrate/SiGe interface is less than or equal to about 10% Ge, more
preferably less than or equal to about 5% Ge, yet more preferably less than or equal to

about 2% Ge. In one embodiment the SiGe film comprises about 1% Ge at the

-8-



100 (linear (scorn; 10% Ge/90 25 ranp from 50 ranp
rom.100 25 to 50) 50 to 100) STEP NAME

Wﬁ% %‘g’g)&?ﬁéﬁ TEMPERATURE (t) DEPOSI T OR VENT H2 %i"%%“sm
(sl m VENT_PRESSURE DOS (sccn) Ger mani um
Precursor (seem 10% Ge/ 90 %y) STEP: 6 100-135

substrate/SiGe interface. While the Ge concentration at the substrate/SiGe interface is
typically less than about 10%, higher concentrations are possible.

[0035] The Ge concentration at the surface of the SiGe buffer is preferably
higher than the Ge concentration at the substrate/SiGe interface, and may be as high as
50% or more. In one embodiment the SiGe film comprises between about 10% and about
50% Ge at the surface, more preferably about 20% to about 40%. The grading profile
may be selected to minimize defect formation. As discussed above, in some
embodiments the grading profile will reflect a SiGe layer with a linear change in the
concentration of Ge, while in other embodiments the grading profile will reflect a SiGe
layer comprising one or more regions with a graded Ge concentration and one or more
regions with a constant composition. One who is skilled in the art will be able to
optimize the gradation profile, and hence the composition of the buffer layer, without
undue experimentation in view of the disclosure herein.

[0036] In other embodiments the entire SiGe layer has a constant composition.
In one such embodiment, the SiGe buffer layer comprises about 50% silicon and about
50% germanium (Sig.sGeg.5). _

[0037] As illustrated in Figure 1, at one or more points during the deposition
process, SiGe deposition is interrupted by stopping the flow of the silicon precursor to the
substrate while continuing to flow the germanium precursor. In other words, in preferred
deposition processes the germanium precursor flows continuously to the reaction space
while the silicon precursor is provided intermittently. This may be accomplished, for
example, by venting the flow of silicon precursor away from the reaction space. In other
embodiments the flow of silicon precursor is turped off.

[0038] Interrupting the flow of silicon to the reaction chamber while
continuing to flow the germanium precursor leads to formation of an interface in the
buffer between the SiGe deposited prior to the interruption and the SiGe deposited after
the interruption. The interface may or may not comprise a pure germanium layer.
Preferably the thickness of the interface is less than about 500 A, more preferably less
than about 200 A, still more preferably less than about 100 A and yet more preferably less
than about 50 A. ‘

[0039] The time for which the silicon precursor flow to the substrate is
interrupted may be varied depending on the particular reaction conditions, including

pressure, reactant concentration and temperature. However, the silicon precursor flow is
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preferably interrpted for a time that is greater than the residence time of the silicon
precursor in the reaction chamber. In this way, at least some germanium precursor is
flowing into the chamber in the absence of available silicon precursor. However, the
residence time of the germanium precursor will not be long enhough to have a pure
germanium and carrier gas environment in the whole chamber.

[0040] Under typical reaction conditions, for example deposition from DCS
and germane at 900°C and 80 torr, the silicon precursor flow to the reaction space is
preferably interrupted for less than about 10 seconds, more preferably for less than about
5 seconds and yet more preferably for between about 0.1 seconds and 4 seconds. Im one
embodiment the silicon flow is intermupted for about 2 seconds, while in other
embodiments the silicon flow is interrupted for about 1 second.

[0041] In one particular embodiment, H, is used as a carmrier gas and is
provided at a flow rate of 40 to 80 Its/min. The reaction chamber volume is about 8 liters
and silicon flow is interrupted while continuing germanium precursor flow (such as
GeCl4) for about 0.9 seconds to 3.4 seconds.

[0042] One or more intermptions can be provided during the process of
depositing the buffer layer. If more than one interruption is utilized in a particular
deposition process, the time for each interruption can be independently determined. Thus,
the time of each interruption in a particular process may differ. Preferably two or more
interruptions are provided at regular intervals. After each interruption, the silicon
precursor flow is resumed, thus leading to resumption of SiGe deposition.

[0043] In some embodiments, interraption phases 50 are provided after about
4 to 7% of the SiGe layer has been deposited and after about 10 and 15% of the SiGe
layer has béen deposited. Additional interruption phases 50 can be provided.

[0044] While the SiGe gradation profile may have various shapes, as
discussed above, in preferred embodiments the shape reflects a Ge concentration at the
top of the film that is higher than the Ge concentration at the bottom of the film. In some
embodiments, the gradation profile is essentially linear in each stage and substantially
linear over the thickness of the buffer layer. Several deposition processes are itlustrated
in Figures 2-6. These figures are not drawn to scale and thus are not indicative of the
relationship between the time of the interruption phases 50 and the time of the SiGe
deposition phases 10. Further, the peaks comesponding to the interruption ﬁhases 50

indicate germanium precursor flow in the absence of silicon precursor flow. They do not,
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interrup'tion phases 50 is possible. For example, at high deposition temperatures Ge from

the interruption phase is likely to diffuse into the overlying and underlying SiGe layer,

while at lower temperature a more pure germanium layer may be produced during the
interruption phase.

[0045] A linearly graded SiGe buffer layer can be deposited by CVD from a
silicon precursor and a germanium precursor, such as DCS and GeH; or DCS and GeCly.
The deposition process prefer.ably comprises two or more SiGe deposition phases 10 and
one or more interruption phases 50, as illustrated in Figure 2. In the embodiment shown
in Figure 2, during the SiGe deposition phases 10 of the deposition proces, the flow of
silicon precursor is maintained at a constant level, while the flow of germanium precursor
increases linearly. Each SiGe deposition phase 10 in the deposition process produces a
graded portion of the buffer layer comprising a germanium concentration that increases
linearly across the thickness of that portion.

[0046] In a particular embodiment, during the SiGe deposition phase 10 from
about 4000 A to about 10000 A of SiGe is preferably deposited. The grade rate during the
SiGe deposition phase is approximately 1000 A/% of germanium and the growth rate is
on the order of 1000 — 1500 A per minute.

{0047] In other embodiments, the SiGe deposition phases 10 preferably
continue for about 1 to about 10 minutes or more, depending on the total thickness of the
SiGe buffer layer to be deposited and the process conditions, more preferably from about
1 to about 2 minutes,

[00438] During the interruption phases 50 of .the deposition process, silicon
germanium deposition is interrupted by stopping flow of the silicon precursor. In these
interruption phases 50, the germanium precursor continues to flow, preferably at the
highest flow rate achieved during the preceding SiGe deposition phase. However, in
some embodiments the Ge flow rate continues to increase linearly during the interruption
phase, preferably at the same rate as during the preceding SiGe deposition phase. Each
interruption phase 50 results in an interface within the buffer layer. Each inferruption
phase 50 preferably comprises turning off the flow of the Si precursor for about i to about

10 seconds, more preferably from about 1 to about 2 seconds.
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[0049] The SiGe deposition phases and interruption phases are repeated until a
buffer layer of the desired thickness is has been formed. The buffer layer is preferably
thick enough that it relaxes. The deposition process preferably begins and ends with a
SiGe deposition phase 50.

[0050] In the deposition process illustrated in Figure 2, a SiGe buffer layer
with a linearly graded Ge concentration is deposited by a process comprising four SiGe
deposition phases 10 in which a constant flow of silicon precursor is provided along with
a linearly increasing flow of germanium precursor. The SiGe deposition phases 10 are
separated by three interruption phases 50 in which only the germanium precursor is
provided. _

[0051] In other embodiments, a SiGe buffer layer is deposited in. which the
gradation profile compriges both linear phases in which the concentration of germanium
increases at a steady rate and constant composition phases in which the concentration of
germanium and silicon remains constant. In the deposition processes for producing such
buffer layers, for example the process illustrated in Figure 3, two or more distinct SiGe
deposition phases are utilized in conjunction with one or more interruptions.

[0052] In the illustrated embodiment, a graded SiGe deposition phase 20 is
followed by a constant SiGe deposition phase 30. During the graded SiGe deposition
phase 20, the flow of silicon precursor can be maintained at a constant level, while the
flow of germaniwm precursor increases linearly. Each graded SiGe deposition phase 20 in
the deposition process produces a graded portion of the buffer layer comprising a
germanium concentration that increases linearly. During the constant SiGe deposition
phases 30 the flow of both the silicon precursor and the germanium precursor can be held
constant. Thus, each constant SiGe deposition phase 30 produces a portion of the buffer
layer comprising a constant concentration of both Si and Ge.

[0053] The deposition process also includes one or more interruption phases
50, in which silicon germaninm deposition is interrupted by stopping flow of the silicon
precursor. In these interruption phases 50, the germanium precursor continues to flow,
preferably at the highest flow rate achieved during the preceding SiGe deposition phase,
resulting in an interface in the buffer layer. Preferably the interface comprises less than
about 3 monolayers of germanium. Each interruption phase preferably continues for

about 1 to about 10 seconds, more preferabl)} from about 1 to about 2 seconds.
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[0054] The order of the constant SiGe deposition phases 30, graded SiGe
deposition phases 20 and interruption phases 50 can be varied to produce a SiGe buffer
layer with the desired structure. Preferably the deposition process does not begin or end
with an interruption phase 50, but rather with either a graded SiGe deposition phase 20 or
a constant SiGe deposition phase 30. More preferably, the deposition process begins with
a graded SiGe deposition phase 20 and ends with a constant SiGe deposition phase 30.

[0055] In the embodiment illustrated in Figure 3, the deposition process
begins with a graded SiGe deposition phase 20, followed by a constant SiGe deposition
phase 30 and an interruption phase 50. These three phases are repeated twice, but in
practice can be repeated any number of times, to achieve a SiGe buffer layer of the
desired thickness. As shown in Figure 3, the process preferably ends with a graded SiGe
deposition phase 20, followed by a constant SiGe deposition phase 30. _

{0056] In other embodiments, such as that illustrated in Figure 4, the
deposition process comprises an interruption phase 50 between the graded SiGe
deposition phase 20 and the constant SiGe deposition phase 30, rather than only after the
constant SiGe deposition phase as in the embodiment illustrated in Figure 3. Again, the
process preferably ends with a constant SiGe deposition phase 30.

[0057] A further embodiment is illustrated in Figure 5. In this embodiment,
an interruption phase 50 is provided in the middle of a constant SiGe phase 30. That is,
after an initial graded SiGe deposition phase 20, a constant SiGe deposition phase 30 is
bégun. After a period of time, an interruption phase 50 is carried out by tuming off the
flow of the Si precursor. ~ Following the interruption i:ahase 50, the constant SiGe
deposition phase 30 is continued until another graded SiGe deposition phase 20 is begun.
Similarly, in other embodiments an interruption phase may be provided within a linear
SiGe deposition phase 20. Following the interruption phase 50, the graded SiGe
deposition phase 20 is continued until a constant SiGe deposition phase 30 is begun, as
ittustrated in Figure 6.

[0058] In one embodiment of the invention, an overlying Si layer is formed
directly over the SiGe buffer layer. Preferably a single crystal silicon layeris
heteroepitaxially deposited over the SiGe layer such that the Si Jayer strained to match the
lattice structure of the fully relaxed SiGe layer. The Si layer is typically deposited by
CVD, preferably in the same reaction space as the deposition of the SiGe layer. For

example, afier deposition of the SiGe layer, the flow of the germanium precursor, such as
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GeHay, can be shut off, and a layer of single crystal silicon can be grown from the silicon
precursor, for example trisilane, at the same deposition temperature. In alternative
embodiments, the deposition of the Si layer can occur at a temperature different than that
of the SiGe layer deposition.

[0059] The tensile strained Si layer provides improved electrical carrier
mobility in devices fabricated from the structures described herein. For example, in
transistor fabrication, the tensile strained Si layer allows fabrication of transistors having
faster response times. In another embodiment, the relaxed SiGe layer is covered by a
heteroepitaxially-grown compressive strained Ge layer. Likewise, the relaxed SiGe layer
can be covered by a heteroepitaxially-grown compressive strained SiGe iayer with high
Ge content.

[0060] It will be appreciated by those skilled in the art that various omissions,
additions and modifications may be made to the proéesses described above without
departing from the scope of the invention, and all such modifications and changes are

intended to fall within the scope of the invention, as defined by the appended claims.

Example 1

[0061] A substrate is placed into a reaction chamber and heated to a deposition
temperature, preferably about 900°C. DCS and germane are flowed to the reaction
chamber for about 1 minute in a first linear SiGe deposition phase. Preferably the flow of
DCS is about 20 sccm and the flow of germane increases from about 10 scem 1o about 25
scem during this linear deposition phase. In a first interruption phase, the flow of DCS is
turned off and germane flow is maintained at 25 secm for about 3 seconds.

[0062] In a second linear SiGe deposition phase, DCS is flowed into the
reaction chamber at about 20 scem and the flow of germane increases from about 25 scom
to about 40 scom over the course of about 1 nxinute. In a second interruption phase, the
DCS flow is stopped and the germane flow is maintained at about 40 sccm for about 2
seconds.

[0063]) In the a third linear SiGe deposition phase, DCS flow is resumed at
about 20 sccm and germane flow is increased from about 40 sccm to about 50 scem over
the course of about 1 mimute. DCS flow is then stopped in a third interruption phase,

while germane flow is raintained at abont 50 sccm for about 1 second.
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{0064] Finally, in a fourth and final deposition phase, DCS flow is resumed at
about 20 sccm and germane flow is increased from about 50 sccm to about 58 seem over
the course of about 1 minute.

[0065] The SiGe buffer layer may be such that the layer is strain relaxed. In
other embodiments, the SiGe buffer layer is caused to relax, for example by annealing,

[0066} A layer of Si is heteroepitaxially deposited over the SiGe buffer layer.

Example 2

[0067] A SiGe buffer layer comprising two interruptions was deposited in an
isothermal process at atmospheric pressure and a temperature of 1050°C from DCS and
GeCls, according to the process described in Table 1. Interruptions were provided in Step

3 and Step 7.
Table 1
STEP: 1 STER: 2 STEP: 3 STEP:. 4 STEP: 5
STEP NAME Stabilization 25 - 50 FLAT 50-100 FLAT
DURATION (seconds) 15 122 1.7 145 1.7
TEMPERATURE {°C) 1050 1060 1060 1050 1050
DEPOSIT OR VENT VENT DEPOSIT DEPOSIT DEPOSIT DEPOSIT
Hz FLOW (sim} 80 80 60 60 60
VENT_PRESSURE ATM ATM ATM ATM ATM
50
DCS (scem) 50 50 Vented 50 50
Garmanium Precursor 50 {linear 100 (linear
(sccm; 10% Ge/g0 25 ramp from 5¢ ramp from 100
%l2) 25 to 50} 50 to 100)
STEP. 6 STEP: 7 STEP: 8 STEP: 9 STEP: 10
STEP NAME 100-135 FLAT 100171 FLAT PURGE
DURATION
(seconds) 100 0.9 100 320 50
TEMPERATL{'%E) 1050 1050 1050 1050  Ramp down to 900
DEPOSIT O DEPOSIT DEPOSIT DEPOSIT DEPOSIT VENT
Hz FLOW {slm) 60 60 60 60 Ramp down to 20
VENT_PRESSURE ATM ATM ATM ATM ATM
50
DCS (scom) 50 Vented 50 50 4]
135 171
Germanium (linear (linear
Precursor (scem; ramp 135 ramp 171 0
10% Ge/90 %lH,) from 50 from 135
to 135) to 171)
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WO 2007/ 133358 STEP NAME DURATI ON (seconds)
TEMPERATURE (C) DEPCSIT OR VENT H2 FLOW (ai m

WOV

1 ARESSURE (torr) DCS (scam) Gernanium Pre
(‘scam 10% Ge/ 90 %H2) STEP: 11 FLAT 20 1050 Di

BO 85 200 STEP: 12 FLAT 0.9 1050

Example 3

& ?{Poygossw

[0068] A SiGe buffer layer comprising three interruptions was deposited in an

isothermal process at reduced pressure and a temperature of 1050°C from DCS and

GeCls, according to the process described in Table 2. Interruptions were provided in

Steps 4, 8 and Step 12.

Table 2

STEP NAME
DURATION (seconds)
TEMPERATURE (°C)

DEPOSIT OR VENT

Hz FLOW (sim)
VENT_PRESSURE (torr)
DCS (scem)

Germanium Precursor
(scom; 10% Ge/90 %H:)

STEP NAME
DURATION (seconds)
TEMPERATURE (°C)
DEPOSIT OR VENT

Hz FLOW {sim)
VENT_PRESSURE (torr)
DCS {scem)

Germanium Precursor
{scemn; 10% Ge/90 %H2)

STEP: 1 STEP: 2
Stabiiization 25-75
15 102
1050 1050
VENT DEPOSIT
Ramp up to 70 70
80 80
85 85
75
25 (linear ramp
from 25 10 75)
STEP: 6 STEP: 7 STEP: 8
75-150 FLAT FLAT
102 20 0.9
1050 - 1050 1050
DEPOSIT DEPOSIT DEPOSIT
70 70 70
80 80 80
85 B85 85 Vent
( 150
linear
ramp from 150 150
75 to 150)
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STEP: 3

FLAT

20

1050
DEPOSIT
70

80

85

75

STEP:. 9

FLAT

20

1050
DEPOSIT
70

BO

85

150

STEP: 4 STEP:

(7]

FLAT FLAT

0.9

20

1050 1050
DEPOSIT DEPOSIT

70
80
85 Vent

75

STEP: 10

150-200
70

1050
DEPOSIT
70

80

85

200
(linear ramp from
150 to 200

70
80
85

75



DEPOSI T 70 80 85 Vent 200 STEP: 13 FLAT 20 1050
DEPOSI T 70 80 85 200 PCT/ US2007/ 008879 STEP:
WQAWTEBETEP: 1516 200- 250FLATPURGE 7426630 10861549 3808879
DEPOS| TDEPOSI TVENT Ranp 7070down to 20 808080 85850
250 (linear ranmp 2500

STEP: 11 STEP: 12 STEP: 13 STEP: 14 STEfs‘ STEfg
STEP NAME FLAT FLAT FLAT 200250  FLAT PURGE
DURATION
toooonat) 20 0.9 20 74 266 a0
TEMPERAT‘?% 1050 1060 1050 1050 1050 900
DEPOS{E,?,? DEPOSIT DEPOSIT DEPOSIT DEPOSIT DEPOSIT  VENT
Ramp
Hz FLOW (slm) 70 70 70 70 70 downto
20
VENT_PRESSURE
o 80 80 80 20 80 80
DCS (sccm) 85  85Vent 85 a5 85 0
Germanium 250
Presursor (scom; (linear ramp
10% Ge/90 %H,) 200 200 200 from 250 0
200 to 250)

Example 4

[0069) A SiGe buffer layer comprising two interruptions was deposited in a
variable temperature process at reduced pressure from DCS and GeH4, according to the
process described in Table 3. The temperature decreased from about 900°C to about

800°C over the course of the deposition process. Interruptions were provided in Steps 4
and 8. '

-17-



from 200 to 250) Exanple 4 [00691A Si Ge buffer |ayer
conprising two interruptions was deposited in a
tenperature process at reduced press
wo%!%’ﬁﬂ%gfs@lm according to the process descr1i‘,(fbl§<[j]gilrogmo8879
Tabl e 3. The tenperature decreased from about 900C to
about 800C over the course of the deposition process.
Interruptions were provided in Steps 4 and 8. WO
2007/ 133358PC17952007/ 008879 Tabl e 3 STEP: 1STEP: 2
TableSTEP NAMEPURCGE RAI\/P (5-10% DURATI ON 604: 30

(m n: seconds)
VENTVENTDEPCSI

STER R ?%@s%xﬁ@éf?éé‘:

15 L Ow (ST 4040 SERT: PRESSTRE dbso T ©

DURARIsebbrfasyt51: 00360
900 Ramp to 850
DEPOSIT

TEMPERATURE {°C)
DEPOSIT OR VENT VENT
Hz FLOW (slm) 40
VENT_PRESSURE 80
{torr)
DCSE (scom) 20
GeH, {sccm) 2

STEP NAME

DURATION
(seconds)
TEMPERATURE
(°C)

DEPOSIT OR
VENT

Ha FLOW (sim)
VENT_PRESSUR
E {torr)

DCS {scem)

GeH, (scom)

40
80

20
15

{ramp from
2 to 15)

STEP: 86 STEP: 7 STEP: 8

RAMP
(10-15%)

6:45

Ramp to
825
DEPOSI
T

40

80

- 20

27 (ramp
from 15
to 27)

FLAT
1:00

825

DEPOS!
T
40

80
20

27

FLAT

3

825
DEPOSI

T
40

80

20 Vent

-18-

27

m 2(regngy from ,2,,6& 1515) ELAT

I\IAI\/EFLATFLAT (1 %

1:.00
850 850 850
DEPOSIT DEPOSIT DEPOSIT
40 40 40
80 80 80
20 20 Vent 20
15 15 15
STEP: 9 STEP: 10 STEP: 11

RAMP (15-
FLAT 20%) FLAT
1:00 6.05 10:30
825 Ramp to 800 800
DEPO?} DEPOSIT  DEPOSIT
40 40 40
80 80 80
20 20 20

58 (ramp from
27 27 to 58) 58



(seconds) TEMPERATURERanp to 825825 (C) 825 DEPOSI T
ORDEPQSI DEPCSI DEPCSI  VENT H2 FLOW (sl m) 404040
VENT_PRESSUR 808080 E (tom) DCS (seen) 202020 Vent 27
(ramp Cel-14 (sccmfrom 152727 to 27) STEP: 3 FLAT

1: 00 850 DEPOSI T 40 80 20 15 STEP: FLAT 1: 00 825 STEP:
4 FI AT 5 850

WHAT IS CLAIMED IS:

1. A chemical vapor deposition (CVD) process for forming a strain relaxed SiGe
buffer layer over a semiconductor substrate in a reaction chamber comprising:

flowing a silicon precursor and a germanium precursor into the reaction
chamber to deposit SiGe in a first SiGe deposition phase;

interrupting the flow of the silicon precursor into the reaction chamber while
continuing to flow the germanium precursor into the reaction chamber in a first
interruption phase; and

resuming the flow of the silicon precursor into the reaction chamber while
continuing to flow the germanium precursor into the reaction chamber to deposit SiGe
in a second SiGe deposition phase, wherein the SiGe deposited in the second SiGe
deposition phase comprises an increasing concentration of germanium.
2. The process of Claim 1, wherein an interface layer is formed in the SiGe

buffer layer in the interruption phase.

3. The process of Claim 2, wherein the interface layer has a thickness of less than
about 100 A.

4. The process of Claim 2, wherein the interface layer has a thickness of less than
about 50A.

5. The process of Claim 2, wherein the interface layer has a different

composition than the SiGe buffer layer.

6. The process of Claim 1, wherein interrupting comprises stopping the flow of
the silicon precursor into the reaction space for less than about 10 seconds.

7. The process of Claim 6, wherein interrupting comprises stopping the flow of
the silicon precursor into the reaction space for less than about 5 seconds.

8. The process of Claim 1, wherein the temperature is held constant throughout
the deposition process.

9. The process of Claim 8, wherein the temperature is between about 700°C and
about 1100°C

10.  The process of Claim 1, wherein the temperature is varied during the

deposition process.
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DEPCSI T 40 80 20 Vent 15 STEP: 10 RAMP (15- 20% 6:05
Ranp to 800 DEPCSIT 40 80 20 58 (ranp from 27 to 58)
STEP: 5 FLAT 1:00 850 DEPCSIT 40 80 20 15 STEP: 11
FLAT 10: 30 800 DEPCSIT 40 80 20 58

I1.  The process of Claim 1, wherein the silicon precursor. is selected from the
group consisting of silane, disilane, trisilane, dichlorosilane, trichlorosilane and
tetrachlorosilane.

12.  The process of Claim 1, wherein the germanium precursor is selected from the
group consisting of GeCly, GeH, and digermane.

13.  The process of Claim 1, wherein the silicon precursor is dichlorosilane and the
germanium precursor is germanium tetrachloride.

14.  The process of Claim 1, wherein the silicon precursor is DCS and the
germanium precursor is germane.

15.  The process of Claim 1, wherein the SiGe deposited in the first SiGe
deposition phase has an increasing concentration of germanium.

16. A method for depositing a SiGe buffer layer with reduced defects on a
substrate in a reaction chamber comprising continuously flowing a germanium precursor to
the reaction chamber and flowing a silicon precursor to the reaction chamber, wherein the
flow of the silicon precursor is interrupted one or more times, and wherein the SiGe
deposited in the SiGe buffer layer after the first interruption comprises an increasing
concentration of germanium.

17.  The method of Claim 16, wherein the substrate comprises a bulk silicon layer.

18.  The method of Claim 16, wherein the substrate comprises an epitaxially-
deposited silicon layer.

19.  The method of Claim 16, wherein the SiGe buffer layer comprises an
increasing concentration of germanium from a lower interface with the substrate to an upper
interface with an overlying layer.

20.  The method of Claim 19, wherein the overlying layer is a strained silicon
layer.

21.  The method of Claim 16, wherein the ratio of germanium precursor to silicon
precursor increases while flowing the silicon precursor to the deposition chamber.

22. A method of depositing a SiGe layer on a substrate in a reaction chamber

comprising:
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DEPCSI 40 80 20 27 VWHAT IS CLAIMED | S: 1. A

chem cal vapor deposition (CVD) process for formng a
strain relaxed Si Ge buffer |ayer over a sem conductor
substrate in a reaction chanber conpri sing:

flowing a silicon precursor and a gernmani um precursor

into the reaction chanber to deposit SiGe in a first

Si Ge deposition phase; interrupting the flow of

the sil i towingr emilics)orpriecursnrttml p egahamumcp@cdrssr o e reaction

cont n f t he germani um precursor into the
rea&%efng?? g‘l’f&‘?ﬁﬂﬂ?"u\é\fﬂ irst interruption phase; and

resum ngstbﬁﬁ n%'tﬁ’é”ﬂ@@v &ﬂ“ﬁlesdlllldoﬁoﬁe&frﬁ)? Ulﬁt%ot'he r@éc%oﬁ RBamber while
reaction c er while continuing to

ger Aemingingie dlow de geimendumn ipescnisactol @pos:h&uﬁwt oti@or more intervals

depqsi.t in.a second 0Si.ti.0 h
v\,hergeluhg ?ﬁ% °E%8°%re]8’ %rleweg %G{a hcgepg%tggr?g’c g %@ping the flow of the
dep@ﬁlbéﬂ plﬁclﬂﬁtﬁ%@n@ﬁ%%rah&iﬁﬁrea%ﬁlglcﬁﬁéeﬁﬁfﬁﬂldiﬂof“g@ﬂﬁﬁfﬁrﬁ ation

sernanlun1 The process of Claiml,
&in e mﬁﬁhéﬁlpéé?@lma@}ewherﬁmfsmdm oF mophistesyatearc each less than
ab&Hﬁb%&mh er in the interruption phase. 3. The

process of Claim2, wherein the interface |ayer has a
t hi 2knesShomethed f idm 28) ahierelDfhe Aow of the silidon PpREursor is stopped

ingtrocess of lqég m 2, wherei.n the interface |ayer has a

paskieiatepyaly uing thedepanlion: soA. 5. The
proeess r
G ror ont s Sremieh &0 CURE L2 MRS B SRS (fhuORY Roving an
maﬂcmmheg@&ocess of Caimi1l, mhereln interrupting

|se sto 9 e % 0 the sili.con precur or
| nt 851 he TPEEHD Qi?éfeé ¢ SherPloghe e reckfogs T 65 O
seconds. A method o? forbifg Y A&8RE Dicok] lﬁjifemcﬁ’l a @Qﬁfc@hdﬁctor substrate
interrupting conprises stopping the flow of
COPIIIEHN precursor into the reaction space for Iess

t han abo o) C

1 ner oo PHBE FCHRp perpanivbutt] TBR IFRE Phvalepoh chemical
t hevaimpdmdsitmn (GW@Q@S@ess and 9. The process of CI aim

8, wherein the t? ture i s between about 700C and

about 11fpesitnga aye‘i streingd siligepever die g bitar lavgker ei n

the t enp@fﬁé}jéhﬁrﬁe'@VEaﬂrbgégs QHIE’]EH&S atﬂ?ea%eﬂﬁf‘ 'Sgd}é) d osition phase in
process. he process o al m

t hewdichitbo ﬁulptreteus $ontactsd s‘ethea:vqﬂ)rfpﬂmm stllmmgrrmmund and a vapor

conS|st|nﬂFof si | ane %ISI ane,

G CRERE i SRIHORRG.S SefabteS i Witk A abreesing cpugsatration of
12. gdhRnidhD @88 St WasChd fﬂtelfutp%@r HRAsR thhghise Eﬂéaiﬂbkmte is contacted
precursor is selected fromthe group consisting of

GeCM?h a(yeper phask girmarivmrempound but nea vapheplmsg sifisen @impound.

silico precyrsor

di c%’l!;‘nor oswgl{]egﬁognépﬁwaelmgg?nan P ﬁlré'hgu}hs?& (jeg deposition phase the
corgeritiaioh WiitHeaap@ohasy dedi@anium compodr indfegsepr ocess of

Caim1, wherein the silicon precursor is DCS and the

ger fani uﬁhepﬁ@éh?ﬁseﬁ Glaimg &7, ggherein during thesSiGendengsisiopsahase the
corf?:_(entgt h ¥ the VDG Halk hﬁon%oﬁﬁ)oﬁlrﬁp@e%}etageq in the first

S Ge ep03|t n ‘phase has an 1 ncreasing concentration

of @@r melfharmethod of Cldifi. 2A whthimdddritg depSikict He®si@ion phase the

Si buffeé | ayer with reduced defects on a substrate

wnﬂﬁ”@”?&ﬁ??fﬁn chanber conprising continuously flow ng

a germani um precursor to the reacti on-chanber and

flowing a silicon precursor to the reaction chanber

wherein the flow of the silicon precursor is

interrupted one or nore tines, and wherein the Si Ge

deposited in the Si Ge buffer,]ayer after the first

i nterruption conprises an increasing concentration of

ger mani um



17. The nethod of C aim 16, wherein the substrate

conprises a bulk silicon | ayer. 18. The net hod
of Claim 16, wherein the substrate conprises an
epi taxi al | ydeposited silicon | ayer. 19. The

met hod of Claim 16, wherein the SiGe buffer |ayer

conprises an increasing concentration of germani um

froma lower interface with the substrate to an upper

i nt &df ac @"thdihtahob(EMiMy?oﬂggwlhea@ierthe temperaturgds detreased during the

aim 19, wherein the overlying layer is a
S@Efiﬁqoﬁ’éﬁng #%con 1 ayer. 21. The nethod of Caim

16, 3pher ghd iR drALC18nPD7, deER 'tHér@VD\?a}Héé@%dcﬁt@o ally gomprises at
silicon precursor increases whil ng the ST
least et penstent §iGendepdeiion iphassnincMaintp dre. substrate is aﬁxtackd w1th a vapor

t I a S er o str
ol SRk coRBRER: ML g SkRbound 5, taoty SOE wilh Groonstan
cofpedtisicor and a germani um precursor into the reaction
chanber S|nultaneously, and stopping the flow of
t he 33i | | dbempsthedniddpim 32.ovhenein dueing thereonsiantifsGe \dhposalon phase

B D T R

wherein the Si Ge deposited after stopping the flow of
the silicon precursor conprises an increasing

concentration of gernmani um 23. The net hod of
Claim22, wherein said one or nore intervals are each
| ess than about 10 seconds. 24. The net hod of

Claim22, wherein the flow of the silicon precursor is
stopped in at least two intervals during the

deposi tion. 25. The nethod of Caim 22
additionally conprising continuously flow ng an inert
carrier gas 26. The nethod of C aim 25, wherein
the inert carrier gas is H2 or N2. 27. A net hod
of formng a strained silicon [ayer on a sem conduct or
substrate conpri sing: depositing a silicon

germani um buffer |ayer on the substrate by a chem ca
vapor deposition (CVD) process; and depositing a | ayer
of strained silicon over the Si Ge buffer |ayer,
wherein the CVD process conprises at |east two Si Ge
deposition phase in which the substrate is contacted
with a vapor phase silicon conmpound and a vapor phase
ger mani um conpound to deposit SiGe with an increasing
concentration of germanium and at |east one
interruption phase in which the substrate is contacted
with a vapor phase gernmani um conpound but not a vapor
phase silicon conpound. 28. The nethod of C aim
27, wherein during the Si Ge deposition phase the
concentration of the vapor phase gernmani um conpound

i ncreases. 29. The nethod of C aim 27, wherein
during the Si Ge deposition phase the concentration of
t he vapor phase silicon conpound decreases. 30.

The nmethod of Claim 27, wherein during the Si Ge
depositi on phase the tenperature i s graded.

31. The nethod of C aim 30, wherein the tenperature is
decreased during the Si Ge deposition phase. 32.
The nmethod of Claim 27, wherein the CVD process
additionally conprises at |east one constant SiGe
deposition phase in which the substrate is contacted
wi th a vapor phase silicon conmpound and a germani um
conpound to deposit SiGe with a constant conposition.
33. The nmethod of Caim32, Wwherein during the
constant Si Ge deposition phase the concentrations of
the silicon precursor and the germani um precursor
remai n constant.



