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BACKGROUND

[0005] This invention relates generally to semiconductor materials. More
particularly, it relates to a method for growing epitaxial Ge-rich SiGe layers on Si substrates
using single source (H;Ge),SiHsx precursor compounds incorporating SiGe, SiGe,, SiGe;
and SiGey building blocks.

{0006] The growth of Si;xGey alloys on Si(100) substrates has been the
subject of intensive research over the past two decades due to applications in high frequency
electronic devices. Several comprehensive reviews describing fundamental issues related to

materials and devices based on Si-rich alloys have been written recently. These include P. M.



Mooney and J. O. Chu, "Site Technology: Heteroepitaxy and High-Speed
Microelectronics", Anna. Rev. Mater, Sci., vol. 30, 2000, pp. 355-362; M.
Tromp and F. M. Ross, "Advances in situ ultra-high vacuum electron
MEEWSHY12STowth of SiGe on Si", Annu. Rev. Mater. Sci., voPQBU$290%012157
pp. 431-449; and K. Brunner, "SilGe nanostructures”, Rep. Prog. Phése.
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Schaffler, “P-type Ge channel MODFETS with high transconductance grown on Si
substrates”, IEEE Electron Device Lett., vol. 14, No. 5, April 1993, pp. 205-207.

[0009]. Fabrication of Si;.xGe, alloys across the entire compositional range is
highly desirable to achieve comprehensive band gap and strain engineering in the Si-Ge
system. Materials with Ge rich concentrations are particularly desirable for the development
of virtnal substrates and buffer layers on Si for numerous device applications based on

strained group IV materials and for integration of II-V and 1I-VI optical semiconductors with

Si electronics.
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strain-free microstructure and variable compositions and lattice constants

are currently used in industrial processes as virtual substrates for growth
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(channels). See M. T. Currie, S. B. Samavedam, T. A. Langdo, C. W

Leil90L0ld E. A. FitaGeraldtyEontitifing Srudity o@ﬂ%ﬁ%ﬁ“&gnsm@s jryariable
com@ﬁlﬂaﬁl usinGgiadeenSime layersuaadighessical mmaﬁut:qirpomﬂwgé virtual

Appl. Phys. Lett., vol. 72, 14, April 1 171 O B
Subﬁ?ﬁ?%ﬁﬁ%’ir%(’évf r%ﬁ@%}-} %%%tgtr%lfr‘fgn %‘."&S nneei(§ elac e%nsfan Ge films
(chahotés)mdsititds Bf Sucae ISe Bra%aatmﬂymnfi‘ambeﬂamgdgn(i‘erwodﬁﬁz and E. A.

Fitz % &e‘@gﬁﬁ%ﬁ{ﬂg?ﬁ% ﬂg%c%%%c@éﬁgﬂg?{n(géﬂ&%ﬂﬁkﬂggﬁ%d SiGe layers

ansistor ard aterlal stack for strained Si CMOS devices

and heorjsetaneshanoak mitigimsd PyrtnBite Altniek St e LBufrarilayes (Rin! 718-

1728 SHYISCOMPRIION.RBradsr i eatin OniniRiens:malh MulgRteron and hole
compositions) and a thin ten sile-stressed Si chan el lay Ze?gﬁcall j‘l on oxide

mobikiiges A TAIRS SR8 BIFANABEHET AT et
semideHARERIEXYIO8Y ﬁHWcﬁ'ﬁﬁe@Ml@mﬁledﬂ’ﬁmmda@m matdRial sthétéor Seined Si

O 2000 355 S ar que uil )
CMégt ﬁalﬁco | ctﬁanne us:vlg) swlhona %@( &;éé?tﬁ &gﬂ (Wlth.a
singBi Ton@esjthuifer lgypded Witntlighr @émhtenwhmgwqwm%@@@é@q@ a thin

tensAEUEYE DI TRRiltieg 0. sKaRed,SI W@M%Stﬂfawns@ﬁh%%%&%y and J. O.

ayers. The mobilities increase monotonically with increasing x and
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[0011] The Si;,Ge, buffer layers and virtual substrates need to fulfill a
number of materials requirements such as low dislocation densities, low surface roughness as
well as uniformity of strain, Ge content, and layer thickness. Low surface roughness and
reduced threading defect densities are particularly important to ensure a uniform spatial stress
distribution m the Si and Ge overlayer channels, and to prevent interface scattering which can

compromise the strained-enhanced carrier mobility. The Ge-rich SiyxGex films, as grown on
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distribution in the Si and Ge overlayer channels, and to prevent interface
scattering which can compromise the strained-enhanced carrier mobility.

The Ge-rich Sit.XGe, films, as grown on 3 WO 2006/031257
PEPRIAIIED12157 Si under conventional temperatures, hoffel/&$2005/012157
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t ck S scribed. b T, [ al. f % Ge concentration
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problems such as degradation of keélél £ropertles [0013] An alternative
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Thle' Irre]:gulthg extreme film thickness and the CMP step make processing of the devices very
expensive and in some cases even create additional problems such as degradation of key film
properties.

[0013] An alternative approach has been reported to produce Si;<Ge, buffer
layers on Si substrates via solid source MBE. This approach is described by K. K. Linder, F.
C. Zhang, J -S. Rieh, P. Bhattacharya, and D. Houghton, “Reduction of dislocation density in
mismatched SiGe/Si using a low-temperature Si buffer layer”, Appl. Phys. Lett. vol. 70, No.
24, June 1997, pp. 3224-3226. In this method, a low temperature nucleation layer of pure Si

is deposited directly on the substrate surface at 400°C. Next, a series of distinct Si;xGex
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C. Zhang, J.-S. Rieh, P. Bhattacharya, and D. Houghton, "Reduction of
dislocation density in mismatched SiGe/Si using a low-temperature Si
bu er Ia/X Appl Phys. Lett. vol. 70, No. 24, June 1997, pp. 3224-3226.
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suitable for application in IR optoelectronics as well as SiGe films on low
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the SisRiaYsvdP018] Additional objects and advantages of the invention will be

set forth in the cription that follows, art will bea rent fr
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[0018] Additional objects and advantages of the invention will be set forth in
the description that follows, and in part will be apparent from the description, or may be
learned by practice of the invention. The objects and advantages of the invention may be
realized and obtained by means of the instrumentalities and combinations pointed out in the

appended claims.

SUMMARY
[0019] To achieve the foregoing objects, and in accordance with the purposes
of the invention as embodied and broadly described in this document, we provide a low-
temperature method for depositing an epitaxial layer comprising Si-Ge on a substrate in a
chemical vapor deposition (CVD) or gas source MBE chamber. The method includes
introducing into the chamber a gaseous precursor comprising (H3Ge),SiHs.x, wherein x= 1, 2,
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SUMMARY [0019] To achieve the foregoing objects, and in accordance
with the purposes of the invention as embodied and broadly described in
this document, we provide a low- temperature method for depasi an

i
g&tﬂ’)‘?%ﬁ%@%r comprising Si-Ge on a substrate in a (:hemicaF\(/:z"arf}(g)}rg005/012157
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a Si-Ge material is formed on the substrate. The method includes
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el e Sty EAR BB GRS P TSRO e i oy UFLY
CVInergeasoecedB3B andbiaiheibtadiesdpisektindy tovHonmetaNg: fAverange, from

abof 230°C 10 ABGt %b‘é‘i‘ga% Qteao%ﬁﬁﬁé% oW e TGP 1 WHY? Y@t 1east

gas source MBE and can be introduced at relatively low temperature in a
aboyahdertrdihe 4BEars POTHEEEUPONC diRedAsH SHREIS ERSi PP HIPS Ry A fomXture

comPROHE |3 ALY STatr ta:Ri legsinahom Bydode, BheIR3aasKERECGUESATEA hydride-
_be introduced as a single gas source or as a mixture comprising
hah‘élf“iﬁ‘,Ge)xSiHl. and a germanium hydride, a silicon hydride or a silicon

hyquoeten] halide. {20 IdEcameibaskaan hiporseohto dipasit anayswWosipaisng an
. alayer comprising.an epitaxial Si-Ge material formed as.a strained or
eplt?ﬁ%ﬁ/ b %%%‘g?%ga@%eé) an ralsnﬁﬁz%%rl%;% ComeTent foa alac‘—)nrar surface or as
coheratrislamded otsqusctardiivgsto Amerdiipeiotaict hep ot of ioninargitionic ersduatonductor
tructure can ke grown having @ substrate andhe.al-Gednatarial foened |
S““%‘éfa [ e%? I%;?%%gév%er in i@lgﬁagj 3ord. %?e SB%%U%’[G can be a silicon” aYEn

whestibstrate 2sdcif 4s Tha od)strtecsitbex Jaigercahsbetto st Silefhingy SiGe
layeP SN D ERJAVET DaiRg-a BlanansHRqR RE hEARDSE fRAREE Ace or it can be

quantum dots or coherent islands. The SiGex layer can have an

fornagd asi GHAYTBIRNSFS SGFRBEFHbIIAMS Gy bs HicknE8n &8 HRYR Bhatamisely planar
surfdd¥h FReRiiN cadaferhciensityipidess takd @bdcinBrddienpideredad@risian less

be doped with ement selected, from the group consisting of horo
thana G RE oL RPRAE TR O BRI o AP A ARG Ao age B0t
condigipga € brechiafesnicatbonpliatesicmtelectivad anvinldiois elilic siidooteubstrate can
be piaren 18 e IR AL RUGINRIION REKICES Bk QU lgmperature

Growtn: process leatling to Ge-rich fiims with low defect coricentrations

and@idoth surfabesngthtdeofowr depasidomieviiss ranges!ove tavasitauss growth

proc%:’s%. R:chﬁ% U SUHAGE Wi AP JeWE cORBLERY PR YRR BIR SSrfaces. At the
segregation which in turn can lead to compositional and strain variations
lowjdeposition temperatures the mobility of Ge on the growth surface is much lower, thereby

preventing mass segregation which in turn can lead to compositional and strain variations in
the film. In addition, the mass segregation of dopants is negligible at low temperatures,
which is particularly beneficial for development of devices that require layers with low
thickness. The deposited Si-Ge materials possess the required morphological and
microstructural characteristics for applications in high frequency electronic and optical
systems, as well as templates and buffer layers for development of commercial devices based
on high mobility Si and Ge chamnels. They can circumvent the need for previously-known
compositionally graded Si,Gei.x buffer layers and lift off technologies by providing suitable

SiGe layers having a uniform composition throughout the layer.
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the film. In addition, the mass segregation of dopants is negligible at low
temperatures, which is particularly beneficial for development of devices

thay senuise,layers with low thickness. The deposited Si-Ge mgggfialsos/12157
possess the required morphological and microstructural characteristics

for applications jigh BegHeRAVIAENOR T HIIRIAISERems, as well
as templates and buffer layers for development of commercial device

baskl§23h high miBBifty EREHYEE CREREST HIBy T RSP AR’ constitute
a poeettersprerioasys kilowte dnapositichatyegract thSheit e datieodayents of the

. and lift off technologigs,by providing suitable. SiG e [ .o
i e SRS B IS, RIS B0 e
of tRGTFARBR0050024 571 BRIBEDES R Db GErTHE DRl hepgiopiesof the

. TI,R% I{:\ccompanying drawings, which are incorporated in and constitute a
mvention. ‘g . .
part of the specification, illustrate the presently preferred methods and

emli®RAfients of FAE- ifvEiTeh BACYYCtEF RS flothe MEPSPERLt GRS Hex

witBi¥en apoyeandithgidetailesd deactiptiesy afpftexpetesrachnfithods aidsubstrates
embodiments given below, serve to explain the principles of the invention.

accpyging]ie s MERIIHTBR hlar structures of the precursors (GeH3),SiHx,
withjegzly] 2, 3 andid. vehishsare fissdrogrgphw epitasisdrGeitich firhom8ric SiGe
substrates accordin the present invention, J0024] FIG. 2 i . .
ComRR ST PRE B ) i S Le o S Pl e AEIS GRS A8 Ao brieh
fielBi (168} sactondingptottiespre sdettmyenippsderiu FHLEMo pristogtmh fididhe entire
SoORRIRENQ 55! PR BN IGIRGARR Afepitaxial
lay @rﬁ%%@%&%ﬁﬁ@eﬁ%ﬁ%ﬁ%ﬁgﬁg r%j%(l?}ogrgp‘hgg‘qghe interggl%gﬂ _ epriae
aligegion Hoaing CEA cndoRAsaaraliGRHREnFistRve B SEroD) s SisiCe growth
on @@Eéébd?tﬂﬁ! BEGRI ALINHRE! 3R R SRANRPS KA IAFQYHAr DR IS BP Mtdifece plane is
_interface in which an edge dislocation that is parallel to the interface plane
visjblejrilRvisiil 9ihfyiS the step. [0025] FIG. 3 is a set of low-energy

elecfgopsinicroscopy:.(3EE M) denageis vsbomiygeayrob ydayecopywdEaM) images
SiGe2 on $i(100) according.tq.the inveption, including image Ing; :
Sh"(ﬁ)n@]iaﬁ‘?&?ﬁiﬁ 5 y%?‘é’q&e%fngéggrﬁf?a%;e‘f@%gp%cé %irll fltt%g%rgﬁja%g/ﬁég(csndudmg
imébes shown: ik tham(phohegshirtlalalean §00263; K ddpiestigraphtlahBuirgyer; (c)
the temperatur the first layer growth rates for SiIH3GeH3,
the§ﬁ9|%@§ﬁ§a)§l %@?ﬁg@# 'Si(GeH3)4 precursors according to_the
invelf36] as wellFA6féricegrathaianing opisanssruio dongdracesofths first layer
ard S WrogEARN AT ackifARR 18y SHRWEIR, Hd 8RIGeH;), precursors according to

the invention, as well as for GeH;GeH; for comparison.

[0027] FIG. 5 is an XTEM micrograph of a SiGe, layer grown on Si(100)
according to the invention, showing that threading dislocations are concentrated at the
interface region and do not propagate to the film surface, and that the layer is highly uniform
in thickness and displays an atomically smooth and continuous surface morphology.

[0028] FIG. 6 shows Rutherford backscaﬁeﬂng (RBS) random (upper trace)
and aligned (lower trace) spectra of a 200 nm SiGe; film grown on Si(100) according to the
invention.

[0029] FIG. 7 shows Raman spectra of SiGe, (bottom) and SiGe; (iop)
showing the characteristic Ge-Ge, Si-Ge and Si-Si peaks indicating fully relaxed materials.
The SiGe, spectrum (bottom) also includes an additional sharp peak corresponding to the Si

substrate



according to the invention, showing that threading dislocations are
concentrated at the interface region and do not propagate to the film
surface, and that the layer is highly uniform in thickness and displays an
atomiboaMyigsooth and continuous surface morphology. [0028pE1GSE005/012157
shows Rutherforrg (téa kscattering (RBS) random (upper trace) and )
alig?@d%ower trkE )%;}é& %6 #irgPothraiBres fod ptomically
smoatcdidiag 1o/ thezriweniioBi(00@Ohidsadid showseRamanspewita ah Sis®2atomic
bottom) and SiGe3 (to 1) howijng.the characteristic Ge-Ge, Si-Ge an
resoéllggﬂ;%gﬁlsl ﬁ%c‘éﬂ? 0 fé) ly r%|é&§§aﬁ% Sfale. S&f?uvémégeaey §§e§ rﬁé151 rﬁd’ agmpt and
perftisBitemieaisbntrsfiademisrogtdiiensal sharp peak corresponding to the Si
subgiiaie 7 WO 206603125/ ﬁg/}ir?ﬂ%ggz{%%g}%céjo%g ]al'i:égeds(i:?\ger trace)

bright field XTEM image of a strain-free and atomically smooth SiGe

sPeqiRaf o 600 Sh(210)ERear 8 i W A rdsis hai atiasset atomic
respipsign Z-contrastinage et ihe inissiagk regionshewings, Wellidstngte of a

abrupt and perfectly epitaxial interface microstructure. [0031] FIG.

SiGenfips s singidhf W¥piiace) and aligned (lower trace) spectra of a

SiGed3@01) layargrawrsa w8 KB s ceatding(tpbe waventan . J0834] [d@er trace)
10is.a XTEM i e showing the atomicallty flat top surface of a SiGe4
DAL BT 0 S5 FHeEU0D SH ORGSR S led Wbper

trac&e@aﬂd alignedcﬂomeg ‘é{(@eﬁif &%ﬁeﬁig?apﬁs’:\s%% €10k), @Yﬁﬁlﬁﬁ‘?ﬁi&d@%wn on
. e invention.with a thickne 0.5 m, [0034] E IS .a seto .

s BRI MR S ste ST ey pvine
the binghlmwehticnt (nol tdiagin(gopyfeckm)idht e thatTimMdoticod grefins v gotioen left)

- hi I ' f IGe3 n dots of unjform ..

o e 0t L R o AT, £ B R atgoment
as welyieh sisbeingndenséapitatadhesigmaidhoteswvighiisaa ShEM imaearifioming an
ensdhigianes e dhaitanistight) anud EMIMAPSSH oA IREMRIG8he an inset

dome_—sha&;@ed islands with a narrow size distribution and including an inset

enlaggad e Shewien dififgTisd 18e8sd islands. DESCRIPTION [0035]
Reference will now be made n@@gﬁ%ﬁﬁh the presently preferred
methods and embodiments of ‘our v ; as illustrated in the
acdoassanying dRafemgs: Willhitewédeuitiade Saribere deinlentihe prseatiyliyreferred
i fer SEeexalr d drawi the jnvention in its .
e TR P s IR o B SIBRng aravings
While we will describe our invention more fully with reference to these examples and

drawings, the invention in its broader aspects is not limited to the specific details,
representative devices, and illustrative examples shown and described. Rather, the
description which follows is to be understood as a broad, teaching disclosure directed to
persons of ordinary skill in the appropriate arts, and not as limiting upon our invention.

[0036] We have developed a novel method for growing epitaxial Si-Ge
heterostructures on Si(100) with Ge-rich contents (Ge > 50 at.%) and precise stoichiometries
SiGe, SiGe,, SiGe; and SiGes,. The method of our invention utilizes new unimolecular
hydrides with direct Si-Ge bonds derived from the family of compounds (HyGe),SiHa (x=1-
4) as precursors. According to one important aspect of our invention, we have grown
uniform, relaxed and highly planar films with low defect densities at unprecedented low
temperatures between 300-450°C, circumventing entirely the need of thick compositionally
graded buffer layers and lift off technologies. According to another important aspect of the
invention, we have grown, at temperatures between 500-600°C, Si-Ge quantum dots with
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representative devices, and illustrative examples shown and described.
Rather, the description which follows is to be understood as a broad,

teaching disclosure directed to persons of ordinary skill in the appropriate
amt® ANt Hs limiting upon our invention. [0036] We have de%%%%ﬁoé/m”“

novel method for growing epitaxial Si-Go heteroitruc res on Si 100 with ental
narre-Fed§ (HHEHEQE 1S HE HEY AR EEEs S iﬁﬁ'ﬁfétr PHEE L e
contSHo e and Simed 1dkee mathnd ef advimugatioh thtilizeshodwofiminolecaitien over

hydrides with direct Si-Ge baon erived fro e ' 0 dsin :
con(BSISBSITE 0t St L Sl IR, §§%ﬂ%ﬁ°§a§?§*§i§§c‘% sain
via tieGuednveation pfitbeentaeFomn famrmkrel dherssrinRipRBra AP fitn §m.
it dagy lefect dpnsiieS AIWNRIRRRARA (G RN nlBRRAA ARG PRIGE) SiTL.
~ 300-450C, circumventing entirely the need of thick compositionally. data and
withyredled- HuffEh 95y SHIEHEPT LG RIS AT Rle @A ARG %8“’&1”58??‘1%&lc ata and are
con%ﬁﬁ@&tws?éﬁﬁfﬁor%ﬁg&GmﬁﬁﬂmM% aw@ggmwmnat;té? nge;ﬂg re;fpplication No.
etween - , Sj-Ge guan S Wi s
PO ORS00 G516 DAL Aol P o SREONds it Silicon
andagerhighiynh oaganeas sedeMetitad ob Siarthetiting Semic’|evkhAimigesrporated
advantage of the methqd of inventi e ti S igstleR SiH,,
Her gl B DI o os e G iSi
(HsBepfibratioribiGarSntre dilGectdmbighrusiyhd ddsuuspisiirssrmhiynthetio
e B dQ0R S a3 the i aleeuAL PAREUS @S ribed in PCT
met?&ggg%%g%ﬁdﬁ%ﬁv%ﬁ%%%%%%%%?gmf:tqre%s] are deri\%(?gfrom arfgl fic;?
PatenicdAnrdiseer e BEEESHAS Yonfisdighrrelablibeiid Spriindnamyity make
the@SFlesGHRaY RS P ptani-ARPlinalon MapdRETAU SO 438 E it atowth. In
-December 31, 2004, entitled "Hydride Compounds_with Silicon agdb 25 SOUrCE
aceesdARrarNIHh SIS ARERROH BTG Sy Sa SRESHih by &

MBRCWROpasafrh erein imit S BmiretyIbyitisordfesesingic Bheseunelethkes depositions
. H3GeS|H3,.(H3Ge)2SiH2, (H3Ge)3SiH and (H3 i ined.i

S T S RS SH B e s R U DBk rcor. A

notebinmertial hapeitis ecstaeling thetenaksittrhthe etserilsdevil Feipcorporation of

the Pe%%@.@i?@gcﬁgg[ﬁv%?k ReHY %9@4&1%@15‘%11@%% high yolatilitcendiaciew growth

reactivity make em particularly useful as precursors in low temperature
ten(pootugs (ROPHIntedwith. In accordance with our invention, we conducted

depgg&é@ps of thesg LAMPAURIRIBY FRPERMEER MBE. IpWdRISSEEMPOHRds have

and UHV-CVD with only a single gas source. These depositions yielded
bespetpadified oM RFRHEERBEP A AR ™S S ghea

spaRECRHISRIw I o Rbleginsilt flitepdegiastennitel ofrtodyconyilisitioniatrates. As
_ the atomic level vig,incorporation of the entire Si/Ge framework of th 1511

iR b T NS 0 O o PR g e and

cruc30feqheMpnts as suitable candidates for development of lattice engineered “virtual

&iae parameter

substrates” on Si. Potential applications include integration of strained Si and Ge channel
devices on silicon exhibiting extremely high electron and hole mobilities. In the high
temperature range, depositions of the precursors yield assemblies of three-dimensional
cohereﬂtly strained islands (quantum dots) reflecting the stoichiometry of the precursor in all
cases without any segregation of either Ge or Si

[0039] Depositions of HyGeSiHs, (H3Ge),SiHy, (H3Ge);SiH and (HyGe)sSi at
450 °C, 400 °C, 350 °C and 300 °C, respectively, produced exclusively relaxed films with
SiGe, SiGe,, SiGe; and SiGes concentrations, respectively. The low growth temperatures
prevent surface segregation of the Si and Ge elements resulting in highly uniform

9



[0038] Targeted deposition experiments of the precursor compounds have
been conducted in the temperature range of about 300-700 C to delineate

the parameter space for growth of device quality films and qu %
Bl c%?;?%%ls%ﬁz:on substrates. As discussed in more detail belc?v%{Htﬂé ﬁrgzﬂsl 237

are obtained in.the low tempe n fi iak i .
o L o oS L MR RIS i G si-Ge
mokghbtraters” filbiateofermatiopsiceivisivcudermdgrdion srangsmenspver the
entB0E-RE channg! devises atnsllican sxhibiingexRmabldighne et apples).
hole mobilities. 1n the high. temperature range, gepo%ltlons of the film
predfP48ls yield gé@e’iﬁ‘ﬂ?ﬁ’é%l d??mg%lﬁﬁﬁghéﬁn 0 E‘r‘é‘?‘myf‘i’f?ﬁit‘f%dmugh s
andSianelsquantent slais) saffecting tdbustoiattiamnetrsinfléhpaprertrsordn tit growth
cases without any segregation of either Ge gr Si [0039] Depositions of. .
e S A B0 D B b AT e S 1 Ao LS o pntoned.
dep@w@ﬁm @umspecﬂ?é?ﬁ phooh @w@mm@nﬂ@w@m&ﬁmwﬁh planar
surBle® RGeS, IeEANWRIG %Qemmﬂ@%i@éﬁﬁ\éﬁb’ re él%«'g,"?‘:ic}ez, SiGe;

growth temper_étures prevent surface segregation of the Si an : )
ande fi pren s TReAVRLBRTA 9 SATHIRE (@ YWCDDBI3 138y layers obtained using the

methbd 07 900RE1id4 1 depsBiRRs ighpéantstiain ArQEles e MF0IC are of much
_level. The incorg%czzrgion of the %EL‘? Bi?:%% molecular core facilitates Iv obtained
highsiqaBl ShaaidRASVHRSHIPBBR Py AP HEBRRP AR PERfiPas!y obtaine
usisgyEsalidaasdingtaneauad:fisilattoptitensudac imeikggly(nthreading defect
surface.ripples)..J00401 aterial morph in_our.films{smoot .
derE ST R TS A A i e Ty B s fee
andsihiyelpaymetecjcentmigrgvettingyn ey ataed o giededfloxmpesitipukeor lift-off
nimolecul| (s previ \ ' itjgn, : i
e B e, urfce
fﬁgﬂiﬂé@%ﬁf%ﬁ@cﬁs@én’é@@%%x@ﬁ%lé%ﬁn‘i&CB‘IdSiGéllp‘éRH%demed low
tenﬁﬁ@ﬁ‘tﬁ{jé’ i8S 1388° @AY BEGe4ii e aRARIEY . SR 266OTHABACHDE surface
invention. The layers obtained using the method of our |nvent|0£| at
moglisiRElo BT AINSTH 455Re%t Ay seracsriraieth abrbpiggriece), (i)
strabEdy thandhasawdih.aaniRarakielificknesaaanthbiivpositons pievasitgly These
obtained ing.conventional sources under similar,conditions. Qur.films__
R T AT e B L G T A BTl P TR 8 devaBpment of
latiienengitiated &y tteaSkibteriast Witielationpstraintiredn dhel highytplaaarA range.
cirgumventing.entir (o) iti i . .
B Cned o Ge
chatwest slemisee. onigihightsSibiing oeessely thighicslrsHor nkdeipmguobilities.  We
mﬁatglu&%@ HRRLesaHRRIeH A JRMP SRR SHOtRERIR300-4RUh (Brformance

atomically smooth and defect-free surface morphology (mismatch

fie]dpltestl HansisterardFErn ARt BBINGENTHARI A HRBSINRIF A5 )Vl as novel photonic

devices based entirely on group IV materials.

[0041] Depositions of the H;GeSiHj;, (H3Ge),SiHa, (H3Ge);SiH and (H3Ge),Si
precursors above 500°C produce self-assembled quantum dots and strained islands with
narrow size distributions and highly uniform compositions reflecting the stoichiometry of the
precursor in all cases without any segregation of either Ge or Si. The growth of the dots
proceeds via the Stranski-Krastanov mechanism. The areal density and size distribution of
the dots is controlled by simple adjustments of the flux rate of the precursor and the growth
temperature, respectively. FIG. 12 shows an exemplary set of SiGe; quantum dots grown

according to the invention at 600 °C.
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strain-free microstructure, and (iv) excellent thermal stability of layer
planarity. These materials therefore fulfill the crucial requirements as

suitable candidates for development of lattice engineered "vir

tual
WAL Rith lattice parameters in the 5.5 A to 5.65 A ran5§%U82005/012157

Immediate applications of thesg yijrtual substratgs.include integration of
strained Si and Ge clARF&RS \%‘C%%‘?)‘r%?ﬁ(s:gﬁ tgéﬁ(igﬁi_ng extremely high
elgo04z] and holw enabiliticsd\stewainti€ipatectilnshes8i(lfOpsitbsates in a UHV-

cvu:%“@&%ﬁ%@%%%%ﬁ&%ﬁé&ﬁ@&i&fgg‘&ééﬂo@ ghhestepnaneenietdreiesh real time
ransistors and bipolar junction transistors as well as novel photoni¢
obsetiealice o e ety OSAsEr ol VaRsRETFISe (DD HEPBEIBAS bftHd  Tor
Film IHRs(HBGERRS 2 AB3GR) IR HandiE 3eeitei tpremisaabeyeursor
500C produce self-assembled quantumbg%? and straiped islands with used £
s i S o PR AP O LB 7 25 for
depaat@ighiometrsief dtetpreasisesinvall dabesraithioud anssegeegationvafich passed
either Ge or Si.T rowth of.the dots i s
g B AT L AN G P i e e e e postoncd at 2.5
cm fhendbtssissuats alfesh I givdld Gdpdmmariasef tHeefigkstatteniiie p-type Si(100)

(o ~SSHCRAS e SIONI ISTRRAUTS, IERRRENE G, 12iB00US Aoz e

r
emp a?f/lsg%? [ ots'grown according to the invention at

nati G0OxBle1 BP0 810 SIS AP ET s 2005102 105 7the Rt ase Steseprovided via
e1ec{§8‘ %&%%&éﬂi&%@ﬁ%ﬂé&é@dqﬂ%uﬁ{%ﬂ arovdhqhiShBaUmsan Si(100)

ubstrates in a UHV- CVD chamber equipped with a Jow-energy electron _.
mid948bpe (LEEXS) félsth éi?&%‘%i?@inf@p@%@?%ﬂ%?%eﬁro%m (H3Ge):SiHax

| compiRFasIn Ehadase oy agnm elahibe: eanace pRssdry 40210 Tolt. Teit Again, the
__growth was obtained by exposing the substratg éil%rﬁzce to g%g%sgous 7 the

Sx(lg%éu%sﬁt%sdwmf‘eaf?ﬁaraq SEAY PoTERIF 18 34ha"0 AR d R

nativ@Bxiab a8 viererise dsfotvitenasitprinteofuxbthe pieceubsiratasurface to the

delivered via a glass.1 inlet tube, v%:ich passe .7thi%ugf10]t[pe apertures in the
B2SeOH IR FOR &I  EERI P HR HidERER& was positioned at 2.5 cm from

the[eohsrate at amdangleef entititmstirtabeGFSitlsufkiceeSilarehGppsi and
i(100) (p -50.S2cm) and.wer fQr.epi e flashing,
G AR R e e e o e i 50,400,

350Hedthig oFthespatistrive twasqsiusei ddaspi srseliontBbRfE RiBfRiRonRgherford
baclgsgg@%%@&ﬁﬁs an habacksideafitie samrlsnfBod3hy\er sler comml)Ctide; and

n'reactions of the (H3Ge)xSiH4, compounds in a gas source
SiGMBEsereiivdler ninesasepraatfaealomeniel ronte A ie TEemrk of the

corSHRRHIRIE SIWEIR He PRIRRIDS epiddayspenentas st g & 224w doms in the

izet ti ide | . Fil th btained b ' .
stru\!ﬂ%jg gﬁéﬁfgd%g%xﬁgﬁe&sp{t@tgﬁng g\é\cl)evlvsthoter%g]e%atm%,ewxﬁl%}? ?sgconsmtent

with monocrystalline materials in epitaxial alignment with the Si substrate. As a
representative example, FIG. 9 compares RBS random and channeled spectra for a SiGe; film
grown on Si(100) at 380 °C. As in the example of FIG. 9, in most samples the ratio of the
aligned versus the random peak heights (Xmin), Which measures the degree of crystallinity
across the layer, was relatively low typically ranging from 30% at the interface to 7% near
the surface. The decrease of the Ymmn value across the layer thickness suggests that most of
the defects are concentrated near the interface region. This was clearly established by cross-
sectional transmission electron microscopy (XTEM). The bright field XTEM images in
<110> projection show common threading dislocations propagating along the (111) lattice
planes. Nevertheless, the bulk of these defects annihilated at 60-degree angles within 10 nm
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gaseous precursor at partial pressures in the range of 10" - 10-6 Ton.
[0044] Under these conditions the H3GeSiH3, (H3Ge)2SiH2, (H3Ge)3SiH
and (H3Ge)4Si compounds dissociated on the Si surface via complete H2

EORAPEOIASAL 450, 400, 350 and 300 C, respectively, to prodicdeUith&4i21s7

growth rates of 2-3 nn/min. Rutherford backscattering (RBS) in rand :
from, TR BB oo O SESEE SRS e A ST el fee of
threatBSPactical\haii agresnianewithetheiniein éntabpontéue oflithedgifice phase and Z-

framework aof the onding p rsQ h h :
contg A T e hps v
perfonill ceibpitel thdckoatryaswwes tanpeiedihe, (Vhiohlpticsrlansmtofyfite film and the
substRengeysialine naehiadn-aeitadakaligamanindid 4)e Sheusisalas Aained

representative example, FIG. 9 compares RBS random anﬂ?glhar;rl;ﬁled .
by atgmaieferes MHAASOR YA FY O RFN @é‘jﬂaﬁ’ﬁéﬁsé.hh@hﬁ B SpTEs e in

pi&’o

the 106>@, ihmesteanpleshenidiicnkiieasligaedadertussipedeaddoitcpetickness.
heights (Xmin), which measures _the degree of crystallinity. across th

The 5584 RIS VebAn/aR 9o

FERER PSRy TR ABIAE e do0 TR e s S a2eas In sddition
the sBFfake fignsttiaes ThwdecbeasenahlyetbieinyaldsEToss the layer

thickness suggests that most of the defects are rat s

R, o ooS g SR S 0 SOMAELR PP v
mvegt'gammmunmtrbmdim@sm@@ﬁmﬁw pHdHufe|dORRION AT ale Raman
speclfh 59%%?%‘%‘3%5@93%%%ﬁ?&‘ﬁﬁ%ﬁ@f?ﬁ@%@iﬁk%%@ﬂﬁx?@@@ﬂ?}iP&axed. X-

ong attiCe planes. Nevertheless, the bulk of these defects

ray rgeiplioitakepage BURReaf dee ARAR SRR L P HRTIORSWET Bt tpamsasire the lattice
consiamtt AbnRRPA IR 1a T frommdhatdimciniace(peR ks rtldle/uppeical in most
portion of the film is relatively free' of threadFng defects particul rlg1 &E%se h
samplen B E%BH ST RASITH SR B S E R B Ak S0cHIoR the x
ray HighresakdinRRY ElMristHgesshavedeshdth mpshivelipdefised Intedagdsiegrees.
with perfectl itaxi icrastructures in which t 1) latti
I R S e SO o Eo B Kot Ch e ST e x
ray Mecijphcibgypaktheaiimseamscexatinbovby atoringstimnilonsdbpy (Arhrpetion
consiy gqswﬁﬁeaf'l%%%eﬁtgﬂgw PYANAESUHBERASEURD Whsthe #R0600f A range.

Ickness range, h considerably exceeds the expected critical,

Rentiwfoip stmilph ety RS et el vaniedb BameRAters shifi 46 g Sics 54 Ge and

Ge-(fﬂe XA RYRAS RAAMI AN IBE (S UNMGEE HIRANAE Y s RISt Brlf in these SiGe
thermally stable up to 750 C. [00451 Raman and high resglutjo

X-ra .
ey BN U USRS RS P GRSl B R enetraion
deptﬁgamrﬁéﬁffg%%ﬂ&ﬂ {Han %émﬁﬁflzt’icybakstﬁﬁi Rammfa@)mmadfeﬁ:ﬂh mcliicating that

SiGe2, SiGe3 and SiGe4 materials s ed that the films are. fully re Qi
the Sy R O HEE s B e GBSO o0k MR o o1 S si-Ge
mat&ﬁmeﬁsw&dhgdﬁﬁm@f Gﬂys_wﬁts_,rimig_hial emitiopakatisbtdttheointispfaseand uniform
allo? laﬂ?érl-h%%ﬁxw ee—ﬁ/éﬁ%uacl%&%ﬁ%ﬁgﬁén EE{QStuniformly stressed or strain-relaxed

microstructures. A key to the successful synthesis of our films is the unprecedented low

growth temperatures which reduce surface mobility of the Si and Ge atoms and prevent mass
segregation thereby resulting in highly uniform compositional and strain profiles at the
atomic level. In addition, the incorporation of the entire Si-Ge molecular core promotes the
formation of exceptionally uniform bonding arrangements over the entire crystal, leading to
relaxed films with planar surface morphology (no surface ripples).

[0046] In the high temperature regime of the investigated temperature range,

we observe exclusive growth of self-assembled islands, or quantum dots. Presumably these
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samples indicating a lack of strain distortion from perfect cubic symmetry.
In addition the x- ray data indicated highly aligned heterostructures with

rg‘pégﬂéaosﬁ?g?ds as low as 0.1 degrees. In contrast to SiGeXPQ‘%%&ﬂ@S/mzly
the SIGe a

oys possessed substantial residual strain. The x- ray

fonéegigti%%oﬁeﬁggu% Mmeaswamnenis.horesd 3o slogoalion ARt INRIiEving the

irection consistentwith atetraé%onal distortion. The calculated strain was

straip eResgbbyOloomirgRichrshaPRaBr dirn S Siedrita ged termakeskiffieqt the Si
sublipm Raman shiftsipkihe Bk Hl8itGerangpes-ErphenpinansesRafietting
was used to investi@g\ et distribli%in of I%traiq\’g] thesa SiGe etla1 %r%lg}/ds were
laysh sAsurPePHaYBiSo B fred iR ARPERIGN0SY (HEBINEE At Sffen
exapeneliatiafNeptiSTEM EKGtshowed thatthatRamaAReaalegaid istands grown
apge .wit indicating that_the strain. ofvar .
o e T T e e B R AR ey ifom
in grewtthoficapsrafinesthidenyiopiiatiaitimedth] corfingels abi Wigdinficld XTEM
mic?grgééréﬂéllgﬁ%wgg]e%%fﬁiﬁﬂmﬁv QAN MR GRSl 88ef @lcture and with a
ain-

strain-relaxed microstructures. A key to the successful synthesis of our
narfimsies wsttibpiese deied TRATEFBRRhOR R S i Strie SRRIpRedeTa Z-
conp ity £h the.Sh el Ge AIDDE anthpreYestcrsassinegagatinméedaneyesence of
. resulting in highly uni%)?rm omﬁ)ositipnal and strain rlofiles gt thr? atotﬂ}igm
disfagh iSRRI o o ROTAGTPEPERC Bntnd SRS Gl R aspe hickmess as
shopip e teserescianmatismmpl e xrehitoh aljy(Hatbe)sHiHondirg thataing@ererttsst images

aver the entire cg/s

tal, leading to_relaxed films with s
AR A R E R
wetthegitayestigated tensplarahiyebrighirs, thae tbbvaded virelSsive growth of

self a2 bled iglaRds» qt GUANLIT ARt P SIUMARIYEEmAAIYOhnd quantum

2006/031257 PCT/US2005/012157 form spontaneously during the
dotapimaerirgektFherSece Rt s shame dit BriaminGRes stidif Bighlygoherent
nathhé (8 QMg betees bedrrgesitirsedatiesmansytbersmualed latteiohed by

the Si substrate, In_our experinhen,ts th&jsla ds first ag%%gr after the o th
therBamanRIGTR PR ARRYY IRpEAS1813AGh Big R0 th e e M SHRESIeYyme o the

latttbstrftigninod sizelofsthetislardsubsrae e xarainsd (BBS-hMaritotithMnergy loss
FIG.12 s representative. AFM i e.of isla rown at.600

PR GIACEIDS A T IR SRS B LoD eH g s clemenal

horreasneinblyTiriformpositus wittha istgadsoxireatfoudntsityed Rititn tlhioaf aBdxSiGes,

reﬂ%gﬁxé%%ez_sﬁgﬁﬁimgmée@ $he %Md@fé‘r!&%%@&ﬂ%?éf"&ﬂ @Qﬁg{mlﬁl%ebSiH and

C ent islands with defect free microstructure and with a narrow Size

(HaiskHutierpertieeicrsed ferueze ibpe RiESor o psisional vaspdllsx asress the dots
rev¥ified r6RBHRS1 AGHh ReREMAdR A stiiad 2RO haddiesier AR imentEnportant

confirmed the presence of distinct islands grown on the substrate surfac

advp{ags B G Iger ior cRTBRTicinhal ers bR tBPUSIpREX g A ihe clements
acrSMAle Rfeduseddk (HBRaNFSibseNetE i pirE Griraghhdagas grown on Si at

T>550°C. This type of Si interdiffudision from the substrate into Ge islands represents the

most commonly reported method to form Si-Ge quantum dots on Si with Ge>50 at.%.
Unfortunately, this interdiffusion of the elements depletes the Si at the base of the islands to
form a trench several nanometers in depth. In addition, the Si/Si-Ge dot interface is no longer
distinct. A wide and blurred transition region with a graded composition develops across the
original interface. Substantial gradients of concentration are also found in the vertical

direction across the entire dot. Our single source approach circumvents these difficulties.
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the intensity is proportional to Z"7, consequently the Go containing islands

as well as the wetting layers appear considerably brighter than the
underlying. Si. [0047] FIG. 12 is also representative of the most commonly
MIGEAREIM dot microstructure showing a perfectly sharp BAH U#67H 2157
interface. The highly coherent nature (no defects are observed) of the

quantum dots dreAESRFReRsE MsasLregmmin eh By GRaSEman spectra,
whiglyggjow thattie istaoeis aiediightyfisteaisiet; @sSiKpe RGeSt B Ge);SiH
lattice mismatch of the dots with the sybstratg. \We RB le
and g I e ooy TEEL B8 10k o o e i were
investigetuid métey HEN | e InaradicHembgaetitgtidn ensoenpoiitivissest iz desorption

ot RS MBS AL BESIGE2niRiE a3 A0 SIFa e LEHRIHINANS measuring the
stoichiometries of the unimolecular grecursors (H3Ge)2SiH2, (H3Ge)3SiH

SrOwUIA{FIBG LB FBEP ERTiGEI)E PRsPRRIHCIE LIS siipisgiraEgics for the Si-
Ge Rrefilegackpss thensinie drevemadmemarkalit unformuelementatiata indicate that

distributions at the_ nangmete le. Ap important advan with regard
T ESH o BT PPl TG 6 b LA NG 6 P IEBh e Aok hat of
digdheadesiareiasdbity picatly-ebgelved terhpargiure Gepisiziods migegroammpmable to
di Si at T>550C. This type of Si interdiffudision from the substrate into Go
REERS represents the most commonly reported method to form Si-Ge

qualii®] dots onTBiviiitiab dass0 Tt bayeuntortired Sy, apneppitadgifiagigufored in
Simtge%/eﬁra m.nt%ﬁiﬁg l%ﬁ%ép%vé]ea{aﬂ%ﬁ Q@&eaoﬁyﬁ? (’J?IW&? sfoam (ﬁitﬁﬂ@@)-(Z x 1)

S anometers in depth. In addition, the Si/Si-Ge dot interface is no
usingrife)dkfivatiznierrand Buiet iaAakibh redlolsintasa Yhigiedre separated by
sinFIOTRRILIAGIE QIORS Actass: thec Sfiginat inedara o Drsiamita gfRstediaditions.

_of concentration are also found in the vertical direction across t%rgreh
Thigidt, &6tQiAE LB RS ST SHRITCHEGRTVEREO TSRS iR TE®: 1 shows an
exeRPREI03L30MELC DIUBEBNG/GhAET oAcBi@tproensSig)depsudermEntiolCVD of

(H rSiH4-x [00481 The decomposition prafjles of H iH3,.
SR o S P A S e i 2 G 3 mage () shovs
the %@h&@bﬁi&eﬁl@m $i@gfa¢ﬁpmme(bmm§ at@dd@gmgipg pf/the first full
mo&ﬂg'%y'?ﬁaéhg c?téﬁ%&% é‘?e{&éﬁ}@’%hr%%#&,%@%%@m SH96 1R third full

supgtrate &tire e was determined for each of the compounds by
monedssurifgeticlgrdwiert atd vamedsepiiania Torrerkinghe 61-6 hdigy @) terraces
is ﬂ@r@g&i\{ﬁﬁﬁ'atﬁ{ge'%giﬁ%fl[%fﬁﬁ% Gevnplecuies WRIeRRINNAsadigdhale LEEM
e

measured for digermane. data indicate that  (H3Ge ZS{HZ,
confpasiheyaf-A T INESEEA Ly HUp L PG BIRATB ST SHAAMBIEI [&iar to that
of digsupane antibevelystarernviertoRtaia pesalayer depdaiitoniaftesperature

ble to di , The, initi -by- .
waSmparatie to, doeimane, (0040 The Nl St UIRISY SHoMP SIE nyarae

compound decomposition on Si(100). For comparison the activation energy of pure

H3GeGeHs was also determined using the same method. FIG. 4 is a graph showing plots of
the temperature dependence of the first layer growth rates for H;GeSiHs, (H3Ge),SiH,,
(H3Ge);SiH and GI3Ge}4Si as well as for H3GeGeHs. The plots show growth rates for a
range of temperatures from about 420°C to about 540°C and a gas pressure of about 1.0 x
10 Torr. The data of FIG. 4 are consistent with the first-order H, desorption kinetics and
yield activation energies of 2.0 eV, 1.7 eV, 1.7 eV and 1.5 eV, for HzGeSiH;, (H‘3Ge)zSiH2,
(H3Ge)sSiH and (H3Ge),Si, respectively, and an activation energy of about 1.7 eV for
H3GeGeH;. As can be seen from FIG. 4, the higher Ge content compounds clearly favor low

temperatures routes comparable to pure digermane.
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situ by LEEM. Video images were taken over a field of view of 8 I'm on
Si(100)-(2 x 1) using (1/2,0) diffraction beam. The (2 x 1) and (1 x 2)

grasesy Eg'(r‘h are separated by single-height atomic steps, gitefped§ 12157
contrast from dark to bright under these conditions. This is due to the

rma[ﬂ@@l‘?f the difpgr ¢ el QD ARE02Si8HABIeR G B $ReVE @ desorption
exemplary sequence of LEEM images of SiGe2 on Si(100) produ,ceﬂ}\?/ia

kingtig Shes|ppR GEpFH G TS HHEs BRI 4) S ol A RBIT RERE ik e vation
enefglﬁvr@]ﬁu@@ﬁel éa)eshgm Il}ﬁdﬁ?ﬁbfﬁﬂl@l@wmm&rﬁﬁu&maﬁmagﬁn a pure

ows the os|ti 0 Irst noiayer . Jma ics o
G D R R TR B e (e S B A B et of
digételdnefonieniserBtimmmnd vontiespredarsidsprpiion 2nthin fiver rows) ef gaeapium”,
I. v‘t%cef’%é‘?’ife%ﬂxlﬂﬂiﬁé‘%ﬂ @ﬂ%.rszgégy@&qw;% Al 18 FRUE MORONBIbett, Q.

I%EM contrast became diffuse presumably due to new growth of
Lu,ibdinpiete Ny Brelqoddo ATHEsEe Aage gRoViAFFFate Tore(RB 1A rgrTaurogsgolecular
beafH ’;Eai%ﬂ}pt)@@@@f@g}t%ﬁ WAS thgigil}gﬁﬁ okeEEM g aRie f:ﬁﬂ&i&khemd surface
activation energy of the Si-Ge hydride oun C osition.on
oGBS o BBl PR e R ATE S or SO TS AT dgoh e
vs. ddapelateraines: USiRM forsamE1Gestibel c61@odnd gageaphashivating gletgy of 2.0
of .the temperature dependence of the first laver. r for
o S AR DAL UV ROl ot
repbt8GefoeHilhe (fitkhddgroithoraths Tekahadng e of taipYratliretkazawa, 1.
Ka\gz% %&ﬁdd;%%ﬁeuabgyﬁéé%a@%@&% AERIHES GfiBRoM hAvth 18 disilane

Ooff. ta of FIG. 4"are consistent with the first-order H2 desorption

gasiipaeInaier s BeaRtivEten e futdicRiyr Lot ok 78e W01 ZelpnmiP? ks pp- 2776-
27RY, T 3G I3 i3 Gepaitite (d3feaintlasmdbiHae)dSi; is essentially a

respectively, and an activation energy. of t1.7 eV for S
corga RSB R S AP A E o SR e
low [ppsmeratureThewas eitARakaReréoulisne digiemiathe . dbdohifidsition kinetics of
2006/031257 PCr/UsS2005/012157 511 The straight line-i G. 4]
the GHAFACILILT O S AR R o R el O o et tha
thesh eogipsuntisc rarsimeg codtbgrdem entherit Sk Jactiv Al Séiergh wettdirgly they
of 1.7 eV and € | ' f : ion Bactivity of
rer g e o S N S i, TR ety o
@@méikﬂn&ﬁ@@fsﬁﬂg%mghmﬁ%‘&m e immsiigie digyelopment of SiGe

seniESRERUGRs 'M@g&éimﬁ%@a&fs GRIMBA W hstahd YREcR6ingd RERNPhtthed/Md high as
11, No. 5, Sep-Oct 1993, pp. 2463-2471; and T. R. Bramblett, Q. Lu, N.

30Q5C gishies Tiastisy swstiates4issr fulexiple &5RlE; "Ge(001) gas-source
molecular beam epitaxy on Ge(OO&%Zéll ﬂnd Si(001)2xI from Ge2H6 -
growth kinetics and surface roughen?ngy, 4 Appi. Phys. vol. 77, No. 4,
Feb[0058, pp. 15T4elfilBwingtariynyfley withtaferther explain the invention. It will
be understood, however, that the examples are illustrative of the invention and that the

invention is not limited only to these examples.

Example - Growth of SiGe
[0054] The growth of SiGe layers was accomplished via gas source MBE with
a precursor flux of 5x10” Torr and at a temperature of 480°C. Above this temperature
strained islands (quantum dots) were obtained rather than smooth layers. The films were
examined ex situ by AFM, XRD, Raman scattering, RBS, and high-resolution XTEM. The
elemental concentration, thickness and crystallinity of SiGe were determined by RBS. The
random backscattering spectra indicate a film thickness ranging up to 100 nm and a Ge
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vs. temperature in the LEEM for the H3GeSiH3 compound gave an
activation energy of 2.0 eV. This value is intermediate to our measured

@J@g%flg%ggmane (GeH3)2 (1.6 eV) and that reported for diﬁﬂqﬂ%zqosmlnm

eV) by J. Takahashi, Y. Utsumi, H. Akazawa, I. Kawashima,

con Hg of édrﬁp"/; Sh)f rb“g!?égﬁﬁgﬁ't ragiationexciad SbaritR Akl Vs YsiRGwork of the
Isilane gas sourcé molecular beam system", Apé)l. Ph¥S: Lett. vol. 58,

cormppopdingR 8T pigcurros- Drertisneg Pertydicr b ovpfalline material
in e%aﬁiﬁsu)ﬂ ;ﬁ%ﬁ@ﬁﬁ%@@@tﬁ?ﬁfsm @Hg%&s wmn@gw%% abb%mﬂ gxﬂsszness, which
a e ,i.e. (SiH3)2 + (Ge -a eH3). .
exoapHs SEARARTON LI SRS tgf}%i?fﬁ5111(?%%6&%3’%%88#50&ﬁ%%@?%é%@%%ﬁ%ﬁ& gave
RMSEReméHSBe)X 16HEnX (s=2rdhartoramarkatbly simiesato thdisetinf(@RkS) 2urface
and, suggest that these compounds are.more reactive than either (SiH3)2
oGS 5 RGO heg TEbrdoBRE Ut o eaehalas e (004
reﬂ@ﬂmneﬁﬂl&lbicm@@eeaﬂﬁgh.ﬁd@élf&m |KRéQacnvluylmg (p8Te)@Sitage maps of the
(ooé?éxge?ﬁﬂéﬁk%&tﬁ%%ﬁé@%VE&B%W%QQM ﬁ‘a?@l’%‘}?p%?fé%lo%%ﬁﬁloiﬁgnment

. emiconductors on specialty substrates that can withstan
witlpae sdiiigitemperatures as high as 300C, such as plastic substrates

usegpasflexible dispinysxExamIes.d0RR3 LIhe luNinsi engraplasifigwih of
to further explain the invention. |t will b nge,r%mf ,dhowever that theﬁm1 "
s R U AL PRHAETB A (VR CHANCTESL (A0 FRASTGGHIR Bt s with

100lippiteghiorh deeshase fexaoiplatafxamiibesBoawth of Sieen BS54 dvEReof samples
growth of SiGe layers was accomplished via gas source MBE wit .
SO B i B S8 TBAa R o S 2 RIOCE A Bvel o in TEM
midiegRsiatUTBe Sippieekinistarfdartgiantdisl dotanyenelibiainet fatsahaha’-10%cm”
smooth la . The films were .exained.ex situ by A -XRD, Raman
Whlgcell?tg?ilrl‘lsgl;%é , glr?gf ﬁ?gr\{nr%?o uattlgﬁgff'%ﬁc @1%1 ojgn%/br;tgl concentration,
thickdsed and cryiglitirisplotiSiGeinvges deterpalnedbfeRBS. Tormmensoms  and

mm?(?ég&%ﬁﬂ%g\%é@%@rmgma RS AR 4R R O0GH 806k edge
a 15 WO 20061031257 PCT/US2005/012157 content of 50 at. % in

dislaeptionnarrrovRhsgiEcd| &4h siehs @b e stbitiMe elarn arnsabAdrldfenm apart with
no GRISEHAANEING H3iea ik Brarussurthe aitsedRpesia-dsicateddiab ter face

crystalline material in epitaxial alignment with the subsg%zgg. Q}F studies atch
plang fpds2GitHC60 W HiNiRIfell RMERTERCSBEYS RETAEADY e Spectmae
betRaticahshitkness dfeaSpetienthyep STtudamatphicf Sige dijfdventiRMVIB tadsresaofples is

--- 1.6 nm for, 10,pm x 10 pm areas indicati lanar surfac .
suplSih S8 GRes ! %?%S Sirraa %rgl éjht 6d 2 s%sg?gysﬁ%%eaﬁ?%%ggeagﬁlgﬁ%ﬁr?as am?
stadkiag GBd}s reflectibangfltmeralifectstruc il sibighxplsoitivorisRDd thacliedinen the Si
surfate %E?(égln%ﬁ%?léﬂ%ﬂ%sofo?}ﬁe formation of these defects. The Raman spectra showed
the three main features that correspond to the “Ge-Ge”, “Si-Ge” and “Si-Si” lattice vibrations
at frequenéies 295.8 cm’!, 414.3 cm™ and 497.7 cm™, respectively. These measured values
are significantly blue shifted with respect to the expected positions for a strain free
SipsoGeosy alloy, which are calculated to be at 293 cm™, 410.5 cm™ and 492.2 cm’,
respectively. The Raman shifts indicate that there must be a substantial residual sirain in the
material. Analysis of data acquired using laser lines with variable penetration depths showed
that the frequencies of the Si-Si, Ge-Ge and Si-Ge phonon modes are the same throughout
indicating a uniform distribution of the strain in the layers.

[0057] FIG. 2 shows an example set of micrographs of a SiGe layer grown on

a Si(100) substrate according to our invention. The top image of FIG. 2 is a bright field
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(004) and (224) reflections revealed a partially strained layer in perfect
epitaxial alignment with the substrate. [0055] XTEM examinations confirm

U%ﬁg‘}l highly epitaxial growth of smooth, continuous @E‘}/Hgﬁfﬁ%‘?@mm
é%yggayers. TEM bright field images show that films with 100 rim

XTéW§qg%§%ﬁr85 thE 8{”&% WH&Q'%? ‘ﬁ%i @?ée'%a%ﬁt%ﬁf&tﬁc si‘dW&‘ ¥h@f absence of

samples “shiowed no defects penetrating through'the layers within a field =
threafinidefrtsmithinifha ERd pfidisyraphs brfieny fbinrsr shamactgitrjerface region
havﬁl'gﬂg&@&w@%imliEzs Aaserisilessinah 105-406tomaibahich is Laussabionger. The
material with 50 at. % Ge dir&c ly grown on Si, [0956 High-reélolutio Th
bott g igAss) S A CEMAEASTINSINE Pid SRS SisBfgftace. These
defdfttesfacesivilly caedydefegi reehmBirastfactand. fadtdsionibedge strain due to
dislocations, wer. served (at steps on the substrate surface) spaced
the Wiggegélfgﬁ?ﬁ?ﬁ%%né%ocaﬁon cores penetrating to the top surface.
These defects are paralleitg,the dnteriacs, Hangeand are likely to alleviate
the differential stress generated by the lattice mismatch between the film

and W38k substiie EPTEhAE SiHER (bF o A WENTARSTHARGEERYM sl vie gas
soulSe BURDYISIRAIBsR SIS e1Rs edumaters!fhgicalplic plag il Hathsrptin@nation

dislocations tacking faults.rather than planar defects. A plausible )
of Bl (TP RD EIHPOT IR s ERHALS A0t i HiC AR SNy it
perftefaimmaticnrtictdse défedis. ThetRsambprspéctaeskidhiedetiyetiiree and 5x10° -
main features that correspon the "Ge-Ge', "SiiGe" "SI-Sit Akt
Tory prechEiss pé?ﬁ‘érqeuvgnscﬁs gdgdrgggr%‘%e 4%51.%? ?ﬁgé%’ntg%fgg%v%rﬁ%e (ﬁgﬁﬁd to 1.0
nm/respéetise e Tiowsrieresiretl leatarss doedsigiiticansty:olgensadieidongowth was

obsERRRARN IR TG REERHROSHART fAL & SHARIERARIS SUFRI:HP HI8Y¥ compound.
which are calculated to be at 293 cm 1, 410.5 cm 1 and 492.2 crl1,

resfRlely. Thelheamtam etk Marsitinma e il thieless Sfbdiartige: layers
wer@@%}%ﬁ]iﬁ%ﬁ@%imiﬂﬂ@%ﬁd%- ﬂ&%&ysﬁa@f&%ﬁéﬁﬁ?yim @pimi?sr?igiﬂﬁ@t were

with variable penetration depths showed that the frequencies of the Si-Si,
exaeE ST SN Yol S R S LU T TRGRAR g Speics for
a sauipfergrodvatribusotCofidhimstaafiinn tieklayperst [R05MhFHGE 2 Soswstamt of 67% in

xample set of micrographs of a SiGe. lgyer Qr on a Si10Q) sub .

perfg%tcoa ﬁweg %ﬁoL’f‘r’l|tlr1(}:v((?31?1€tioEn}}q3 The %16 i(r)na%}éeo %{%ﬁgg Or]i%h? ier?lde 1%[ '?é%)zSIHz
comMOIR00BI0 25D RETUBR06 310121 87 bX RBMisvionsgripritbifiha diglpeess. The

.thickpess.of the Sj ' sen readi
TS ST USSP st s o

defects wi e
cryseljioity hexdsgthe taer.dpitelady iigamermndies feaon 27 i tioointeniraedae 7% near
the 3%%&@5 Sigg Y RL.iReBAtag M mAesshoyvs AR-8d0SIHRIRcAlQRn the Si

e to a step region at the inferface. These defects are typically located

subgiraiestdrom R lughen faeacs o dechpmpliBgaseotidhsialar fige tesion, suggests that

the majority of the defects are located in the lower portion of the film close to Ge,Si/Si

boundary and the dislocation density is decreased with increasing the film thickness. This is
confirmed by bright field XTEM images, which show that most of the threading defects
annihilate within an area of 10 nm above the interface for a typical 200 nm-thick layer. FIG.
6 shows the RBS spectrum of 200nm SiGe; film on Si(100). The sharp drop of the i value
from 27% at the interface to 7% at the surface illustrates that the defects concentration
decreases dramatically with increasing the film thickness.

[0060] The XTEM images also show that the films are atomically flat which is
confirmed by AFM images in contact mode. The as grown materials with thickness of

40 nm and 400 nm display RMS values of 0.4 nm and 1.2 nm, respectively, for areas in the
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the mismatched Si and SiGe materials. Example - Growth of SiGe2 [0058]
The growth of SiGe2 (i.e., Siq.33Geo.6i) layers and quantum dots via gas

source MBE was investigated in the temperature range of 40 rd 065 012157
\Wgé%%%rl(%gnation of (H3Ge)2SiH2. The highest depositior?)Q /g

te rature that yi conjinuqus layers, with perfectly planar surfaces is
e B o S A e B Sl
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mealREHSERURIINSSAEGHER [8hsARRMPISOEWITRY, 4806 aviftydflrant thickness are
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listehia EeblohteHpore esvplianfiadaiasnal dirsesiadins LhinfoiEndeposied
onto K1eL 6t gRNERBRAIMLAEMRasUeed byiiRBayis eghsiartaéthtilihe in-plane lattice

thickness. The ratio of ,tf;g aligned versus tg% ranésjﬁ&nt%ea Eleirghts L .
paraffieh fraed dRESPHBALGHEY Of i BEAMMTY derasy the tsysr™ i Pefiivel§ -
(a L 194Y/EANTIRG InNn2¥Hecat vhi inienfagsde Fitionensitle $0riace28)1isThe value of

indicates monoctrystalline material in epitaxial alignment with '

B Ste et A TR e-of GEEHB LI Hss I 202005 +
0.0Q&Q@ ﬁv}ﬁ?gr%eﬁs &Jgij@z 4?@5‘Bﬁaiotﬁysclsrhhérﬁp]faﬁsz|@mhlam& doims'tamflj(fwem' e films
... partion of the fi ose to Ge2SilSi ndary.and the di tion densi .
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of ulRGAHEPRG LB EaIES ADahHhit GRiaktS LARe SO EI8EHeBBaR Siy33Geosr films
dramatlcal%wnh increasing the film thickness. [006 ]d'#}e XT-Ebl\glﬁméaga% 7 enr’

(botigy) S tha CHERIFRS UL B SASAREARP IR MY by SER(4V7 om™)

and I9939Q878 epritprktBedebrilienas Thevwsamataiiasvith dbisknasswith40ltinelaxed
and 400 rim display RMS values of 0.4 run and 1.2 nm, respectively, for

matefidhs in the 17 WO 2006/031257 PCT/US2005/012157 range of 5X5 m2
to 10X10 m2. Tiaese RiiSavaltesi@r@demadkabiyxionendbesidhaseyers

well as gther MBE m Igr%n Iayerrse]g;(-z%bdﬁ

ethods uthmgT_%l a I(]JIIS.lGe nucl

nm). films in-plane (nm) out-0Tf-plane unstraine
Sig50G¢0.50 0.5504 0.5564 0.5538 68%
Si,y33Ceq.67 0.5585 0.5590 0.5588 97%
Sig 255475 0.5562 0.5615 0.5592 8%
Sig20C0€0.50 0.5599 0.5615 0.5608 95%
[0062] Annealing experiments were performed to establish the thermal

stability of the epilayers at temperatures between 480 °C and 750 °C, a range well within
actual device processing temperatures. The XRD lattice constant, the (min values of the RBS
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[0061] X-ray 9-28 diffraction measurements show a strong peak
corresponding to the (004) reflection. In-plane rocking scans of the (004)
refleaiiendigsre a FWHM of 0.3 which is typical for this type ofpitighig2005/012157
mismatched heteroepitaxy. The measured out-of-plane lattice constants

aligrell Epe&ia 333 en-OXHRY arstwit hod iferantrbieknessretefolistrchimcbadi @abiples and
Under the assumptiop of a tetragonal distortion far a SiGe I '

compt T TR S AR ae e\ AP (U ERES B 0o

not $botheuiy-plarestatticorperameteréa (eiv) anchpéipandiraling rlie®’C for 14 hours.

Tmfv%@@%&e{h&?"%’%}ﬁ}iﬁﬁ%ﬂﬁéi9&&%@8 5 LdndiAth gaﬁf.ﬁjﬂyl??/@oﬁ'u@] ihe XRD

ich v Is the Poisson ratio of Si-Ge (0.27-0.28). The value of unstrained

and BRS3dizewl srasimcemanaitd haiterrstar nreberuahly shaesssbeforsaag after

anne’mﬂag.om 4143, 0860ds WhichAivas a5iBe = B6RBENMGENS lydtene80°C. The
apsloe lattice constants for the films with different concentrations %rt%

onqRE TPPHBIERSS PR, T SRR B AR SO RN (i e 2 grown

laye@ivamdypgaszetapsicehrad)ifditecatis) deheittes It GubfBds aml isr¢tfelirelaxed at
Substrate |attice.constant...Table 1 sh that a 40-nm-thick j o

o OFLRR e (O E APl R B B 5 Ateg 1sp oc.

Si033Geo,67 layer is extremely, (o4 Maes of unstrained relaxed

film. As shown in FIG. 7, the Raman spectrum of the Si0.33Ge0,67 films

(bot@93 shows tHee @RaraBeF Siken i deSbonaspsh YR aTCRCED) (yes cmducted
by thirmhGRKIE Lhfabibrapd (Sl!z?ﬁ)(ﬂﬁl @ﬁlftgéaiﬂ@ yci]blr?itiglﬁ@- T geqoe@k Strfain—ﬁ:ee
pOSI_tIOFIS are consistent w relaxe aterial. oummalrty or.
oy bR SO N e Q0 D BT oL TR AP Gepied by
gas Soiiref piBmEeatidr ) iisained irrMBlaxkatieno 3. Safpde. 5o0@:5507 6 BB were
0.5538 68% 8i0330ee.67 0.5585 0.5590 0.5588 97% Sio25Ge0.75
sub BRSSO A B0 RS JLLG P EDS L1 Rbg it Toughness
(RMOGS2) Ani)edling eupdiirarnis 4567€ perforinadh tpee stirhiiskithed i maleptionally
. .stability of th ilayers at temperatyres between 480 C and 750 C
gl AU TR SR o PLdbite (oebeie e, aflyes, The
conposisiant fthi miiesaludsaftnedIBRAB WOR0G6E031 3H25Geo 75 corresponding

PCT/US Q95/ 12157 aligne t r :
. t1
o ﬂ\l/\?e?remfﬁe%lsueﬁe%é?%ggﬁgeﬁigﬁﬁa an%ggé{%vit a%%gé@\g/%a%lg%gca ons

origbfatiieati$hyr dnber facecidl SeSrinastewitlith a tHickmesegsmagoptientle infgiface. No
thregﬁsk%g AL IRCIRASE ARRUHR R rang NARBR 4IRS CYER AL ARG AiNthAlield TEM

. for 14 hours. This indicates that the planarity of the surface in our_
miceographss i§¥He iy roBLSTENGI0RES of i HRE-Hrged gogugally smooth SiGes
layedEspansteed thed)threeweke 10 RlSerébienchangesdvaione BIG. affedefects are

concentrated in the lower portion of the layers and most annihilate within 10 nm above the
interface.

[0064] The pile up of most defects at the interface was evident in the RBS
ché.nneling spectra. The typical Xmn value is approximately 20% at the interface decreasing
rapidly to 7 % near the top surface. FIG. 9 shows the RBS aligned spectrum of a SiGe3(001)
layer grown at 380°C. The Ymin is 25% at the SiGe/Si interface and decreases to 9% at the
surface. The sharp peak at the interface indicates high concentration of defects which
annihilate toward the surface.

[0065] High-resolution images in phase contrast and Z-contrast modes (see
FIG. 8) showed sharp and well defined interfaces with perfectly epitaxial microstructures in

which the 111 lattice planes of the film and the substrate are completely commensurate. The
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annealing. This also confirms full relaxation in the as grown Si0.33Geo0.67
layers at 480C. The annealing experiments showed no degradation or

imprave f the quality of the as grown layers. They poss%??r]ﬂg‘énos/mzlm
tm%)azgpr%}]%?s%gcation densities, flat surfaces and are fully relaxed at a

. thi less than 400 ispl kabl il

i T G e T
perfealy Siwit28@lenEsiieyaYsoMSHIT0) ThasReontucnsdtrag thé ilrmalSiosGeors films
Ereehgr9gsnatinnel (HAGRIASE iR be mnge YBSASE peAR0 fa BEABHESFonding

layers with smooth surfaces (RMS 1.5-2.0 run) and thickness up to 20(9
freqengierdtfisrseifedily Fhebmetitbe M by fradionelayprayided further
conFiri@8of - sTample frosonmatal sthl G wersicbsiardially Thickepetinthgtal lattice

m range, and displayed a relatively high surface roughness (BRMS 35
PSR N e I ASDC AR B A RN O g e Lo

exceptionally high reactiviy, of the ce BFS‘WJ@? at these moderate
growth temperatures. The composition of all samples as determined by

RBI0R6M consistEnay BiadSise 75 colmsisondiy o WS EABP Bisegducted by
theNRICRHAIERLR RIS RIECH SR Kl Edhebawed Yratiinent flistosRieNs 300 °C and

originaté at the interface and terminate within a 10 ran region abgve the

5%} e FaBen e Ho e BRI Gefd A4S hEtFat ATt SPLy Aad dfiian layers were
obteRsermadatasduaitialiscs b MictaaiaphThe S Bhaw soaal XilEMwere in the

image of a strain-free and atomically smooth SiGe3 laygr grown on )
cangF Db SR 5 6L VRO Ao MR R 5, BBl A XTEM image

shangend algdiinfibetbpwerfpas idisafdhallay RB8ndalyest affaikiateitithickness up

0 nun above the jnterface. [0064] The pile up of mgst defects at.t
0 HRLREENRE SR BERES TRy DSHEe TS B e bgaytoraedral
corgadiiehis pepuesdmaliy. 20%slatvth & Bieriadentd eorkabgngdreysichsp tdowes trace) of a

. hear th surface, FIG, 9 shows.the RBS, ali f

T T e

defittie r?a@pr_awlﬁﬁﬂm?_%admﬁateétathhe mmﬂszw Fhéestharpppeagatithef the film is
interface.indicates. hi ntration efec n

T e e

intgHfeonarabstavmdabiebly FoEre)tdnswtdckhesp aaddoverdie hiraar sweferiesce FIG.
T rf&%ﬁvﬁﬁpg@e@aﬁ@i&{;émwégws whighs the el latlicecBlRRgssOhdicating

the IIm andthe Substrate are completely commensurate. The 19 WO
straipdG8Pral PETPErtEh05/012157 inset of FIG. 8 is an atomic resolution

Z'quﬁifé‘ﬁt image showing pwslitleinethsakURtANCy P aHEFH P BFRdse having
interface microstructure. The Raman spectrum, of the Sio.236eo.7g5 filc%s "
skiff-is the @b RS IG R R CRAFRIRHEH Re¥eEddEprl ARAUREST Gadimghtcations.
Fothg aplespRngif@od of the present invention can be used to grow Si-Ge materials on
substrates other than Si substrates, such as for example glass substrates. Moreover, the facile

reactivity of (HaGe),SiH,, (HsGe)sSiH and (H3Ge)sSi paves the way to growing SiGe

materials on specialty substrates that can withstand processing as high as 300°C, such as
plastic substrates used for flexible displays. As another example, the method can be used to
form a SiGeN layer by mixing the precursor with a nitrogen source to create the SiGeN layer.

[0068] Therefore, the invention in its broader aspects is not limited to the
specific details, representative devices, and illustrative examples shown and described.
Accordingly, departures may be made from such details without departing from the spirit or

scope of the general inventive concept.
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frequencies indicate a fully relaxed material. The x-ray diffraction data
provided further confirmation of strain free material growth in the SiGe3

S¥Jehissiiesexperimental lattice parameters matched the thepggiiggdoos/12157
values which were determined using Vegard's Law. Example - Growth of

w};‘ﬂ%%"(ﬁ@%%‘.th of SiGe4 (i.e., Sie.20Geo0,go) layers on Si(100) was
conducted by thermal dehydrogenation via CVD and gas source MBE of
Si(GeH8)4ahSBE-E depo8 imAARIE¥d Cafed on pimbatsos pressirtiot/otanber, the
hese conditions smooth and uniform layers were obtained at reasonable

me%?gi?/ﬂwmpa{]tsensl%f 2 nm /minute. The AFM RMS for all films were in the
randreroducidgl iBto thdohsuzies e@aeadng B PHeX BOANF e fdsCRpEHG igvherein

Xzﬁ‘a,éﬂfkf,' &H&Q%oﬁﬁ&%iﬂ%%&@ﬂ%&%&%ﬁémﬁes%% iGad M RBRed on the

analysis of layers with thickness up to 500 mu gave a Sio.20Geo0.go
subgidfpental content, which reflects that of the SiGe4 tetrahedral core of the

precursor. FIG. 11 shows RBS random and aligned spectra (lower trace)

of a2 SiTROGel gD (A0 hiay ér whtheanthiekstep o0 dncifipeliorgaseous precursor

channeling,data ested that the, def epredominately
corg %Sggﬁ?#ac%é%%ﬁgtﬁggﬂeecﬁa%g while t e%%%%%ofﬁf?ﬁ of the film is

relatively defect free. The XTEM bright filed images copfirmed the pile u

of défedtacapeodibriate Ambrevaaisdifighty CbHErRMTaFe thRARGLPrecursor
corfplshRaHesdycplames stodases 4secifid(s gabGouiddD analysis gave the

expected Vegard's values for the lattice constants indicating strain free

groyth as e yﬁt%tgddf{%%ﬂ rromLIbe Rreoaing AlRGoswe e eIk ous precursor

understood ose having skill in the art that the present invention can
corhniss it S FapTREGEO B HHCHTB YR BB 98, IEHCaRAFH AR, the method

of the present invention can be used to grow Si-Ge materials on

substrates atbebihechinubsikates, theichraar fgrsexampitegiiss substrates.

Moreover, the facile reactivity of (H3Ge)2SiH2, (H3Ge)3SiH and

(H3Ge)Rl v beay InprameSlamemaRHAl o specialty

substrates that can withstand processing as high as 300C, such as

plastic substrates used for flexible displays. As another example, the.

metfod &EnBERRE P1o B & gﬁﬁ@fﬁ?l%e BB R R THE Y R TSRS B Lov
preitiRgdensioul eeper dgaidtibe. SiGeN layer. [0068] Therefore, the invention

in its broader aspects is not limited to the specific details, representative

devigesrang, IS aive Sxemplescabawnardidescibed: ifaepsdiRalby ulira-high

departures may be made from such details without departing from the
vagiritchensealeRAt HENSH I inventive concept. 20 MCSLLP WO

2006/031257 PCT/US20051012157 WHAT IS CLAIMED IS:

9. The method of claim 1 wherein the gaseous precursor is deposited by gas source

molecular beam epitaxy.

10. The method of claim 1 where wherein the Si-Ge material comprises a quantum

dot.
11. The method of claim 1 wherein the Si-Ge material comprises SiGeN.

12. The method of claim 1 further comprising the step of doping the Si-Ge material
with an element selected from the group consisting of boron, phosphorus, arsenic, antimony

and an indivm.

13. The process of claim 1 further comprising a Si substrate patterned to achieve

21
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1. A method for depositing a Si-Ge layer on a substrate in a reaction

chamber, the method comprising: introducing into the chamber a gaseous MCSLLP
RieCHIRAeamprising (H3Ge)1SiH4.~ wherein x--I, 2, 3 or 4, waigus2005/012157
conditions whereby a layer comprising a Si-Ge material is formed on the

seleSHOS RS f HResnehpd efislaimde Wheteir the step of introducing the

gaseous precursor comprises introducing the precursor in substantially

pur%%"mf Sthidg feied ofclaim | Qefﬁ%ﬁg %@Q&&%ﬂd&%&&éﬁ' 09 Nfixture
gaseous precursor comprises intro uci%g the precursor as a single gas_
conguisivg (H:GHeSifethaelor ermmrnivmdxsindpe sidisar Wiodang gilcon hydride-
hali§@seous precursor comprises introducing the precursor intermixed with

an inert carrier gas. 5. The method of claim 4 wherein the carrier gas

comprises H2, 6. The method of.claim 4 wherein the. carfier.c rises
N2. 7 %E%W&ﬂ% ocf?% alr%‘f W eér%e% i H%%carggégﬁxg%rﬁeg%sufris?g%e fg{ggposited
by low pressure chemical vapor deposition. 8. The method of claim 1
whelrittnaghisd i pracliebrrRRIScSREE Y WEPRIMGh(Halénmi
chemical vapor deposition. 9. The method of claim 1 wherein the gaseous
prequsiesmeepasifethby fashsmindhe preteculncdepnseifaie)HT he
method of claim 1 where wherein the Si-Ge material comprises a quantum

dot. k1r{ b6 MeHee aiclpin drdierrinibauRbGe mpies gises
SiGgSI\'I. 12, The method of clairen 1 furtrril)er comprising theqs%tﬁe%@cﬁ doping

the Si-Ge material with an element selected from the groyp consisting of
bordr; B’HBH&E%?@&%E%%@%% y ° %Sgr%e aram: 1311 process of

claim i further comprising a Si substrate patterned to achieve 21 MCSLLP
WO22006£08¢8¢ ¢fciriny Epphsreniheyilica coprgrsnii(bithe Si-Ge
material on the substrate. 14. The method of claim | wherein the gaseous

precursphdShteduegdodsia Mixihereonherigingoild3ieduSibtdix amcbduced at a
germanium hydride, a sji hydride or.a silicon hydride- halide. 15. The
tenwfgﬁj;‘lbra %{%ﬁ%e&gb ufs Eﬁ%ﬁ: a¥8 a%ou? 780 Hf |

wheré e precursor comprises H3GeSiH3.

22. The method of claim 21 wherein the gaseous precursor is introduced at a

temperature of about 480°C.

23. The method of claim 1 wherein the gaseous precursor is introduced at a

temperature of between about 250°C and about 450°C.

24. The method of claim 1 wherein the gaseous precursor is iniroduced at a pressure

in a range from about 1 x 107 Torr to at least about 5 Torr.

25 The method of claim 1 wherein the Si-Ge material is formed on the substrate as a

strained or strain free layer having a planar surface.

26. The method of claim 1 wherein the Si-Ge material is formed on the substrate as

strained coherent islands.

27. The method of claim 1 wherein substantially the entire Si and Ge framework of

the gaseous precursor is incorporated into the epitaxial SiGey.

28. The method of claim 1 wherein the composition of the Si-Ge material is
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16. The method of claim 1 wherein the precursor comprises (H3Ge)2SiH2.

17. The method of claim | wherein the precursor comprises (H3Ge)3SiH. MCSLLP

18. The method of claim 1 wherein the precursor comprises (Hl;’,c(%%jz% {).5/012157

19 Or8AEH3d of claim | wherein the substrate comprises silicon. 20.

The method of claim 10 wherein the silicon comprises Si(I00). 21. The
subgtanfielly SPLSHR 1 wherein the gaseous precursor is introduced at a

temperature of between about 250C and about 700C. 22. The method of

clair?o2 Therreedindhé driseb i preadhscyiis rmaigtiebd Brmed HjdsrsQndigms that

C. la@ﬂgiﬁmpd of claim 1 wherein the gaseous precursor is

Sub%l%r%{o%%cﬁ?e%méﬁga%mperature of between about 250C and about 450C. 24.

The method of claim,l wherein the gase recursor |is.| c =

oresBlrts T o T AR T3 L0 O Cacc SDat Yoy =12
3 o fiehmetbibddfotmirmsibgyherein the Si-Ge material is formed on the

substrate nq%dﬁgi?l ad.Prstraindieeayer stlﬂﬁwe_aa%%w.@ WifaGRsGeomprising

The method of claim 1 wherein the Si-Ge material is formed on the

sub§tt)aSitbtramdd coherent islands. 27. The method of claim 1

wherein sustantaliyathe anbirpr&hans Geifamanwadaofviechasamtigial SiGe, is

precursor is incorporated into the epitaxial SiGex. 28. The method of claim

| whi¥eridi98 B5aHsERGn of the Si-Ge material is 22 MCSLLP WO

2006/031257 PCT/US2005/012157 substantially uniform. 29. The method

of claimTheviretbid thicBinG & fnatesieinigifostvpdolitfcedvommtitibaseasgeus precursor

substantially limj r . epositing an epitaxial
COTREEX %%/rgﬁf %ér?}g s%%é%‘;{{%ﬁvﬂ?e%‘élﬁr% ka@%'@;}ﬁg (f)?{f' the method

comprising, introducing near, the surface of the substrate a gaseous

prec%?sg?‘Edﬁ‘Fﬁf?Qrfé] %ﬁ%é?gpﬂ%i’%%%ﬁgﬁg BRATAE the precrsBree ™
copasisGanditiens WheebyrapimdatigiBetsisoderened on the substrate. 31.

The method of claim 30 wherein the step of introducing the gaseous

precyssqr COMBHges NTRIUe NIHER GEWRET I SUBaRMIE Y P BESIRE Brecursor

comprises introducing the precursor intermixed with an inert carrier gas.

34. The method of claim 33 wherein the carrier gas comprises Hy.
35. The method of claim 33 wherein the carrier comprises Na.

36. The method of claim 30 wherein the gaseous precursor is deposited by low

pressure chemical vapor deposition.

37. The method of claim 30 wherein the gaseous precursor is deposited by ultra-high

vacuum chemical vapor deposition.

38. The method of claim 30 wherein the gaseous precursor is deposited By gas source

molecular beam epitaxy.
39. The method of claim 30 wherein the precursor comprises H3GeSiHa.
40. The method of claim 30 wherein the precursor comprises (H3Ge),SiHa.

41. The method of claim 30 wherein the precursor comprises (FHzGe)sSiH.
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32. The method of claim 30 wherein the step of introducing the gaseous
precursor comprises introducing the precursor as a single gas source. 33,
The method of claim 30 wherein the step of introducing the gaseous
precursor comprises introducing the precursor intermixed with an inert
carrier gas. 34. The method of claim 33 wherein the carrier gas comprises
H2. 35. The method of claim 33 wherein the carrier comprises N2 36 The

method of claim 30 wherein the ou cursor is deposited b
pressdre che ?}QB& é 3§ e% ﬁ%&%e?ﬁur Ot Gl 39 ﬁSI'

the gapeous gr,f;”f%ﬁo Oﬁcgﬁos'%dw%yér '%h s@gt%%m ?rpgcs%x&ror

deposition. 3 Emetiod 6t cial herein t e gaseous precursor is

deposj gd byﬂeesni&%%romﬁﬁ%'9%%%%9@%%@36I@&g@r@e ag Od .

claim 30 wherein the precursor comprises H3GeSiH3. 40

claim 39 whefgin the, BIESHERRHCRMPISE R (tHS Gl orfx Fhg mathod
of claim 30 wherein the precursor comprises (H3Ge)3SiH. 23 MCSLLP

42. Thesmethpgkoh slgdan cIQ whe i e et UGB REERSI (ESHEMS.

43. The method of claim 30 wherein the substrate comprises silicon. 44.

The method gfielaietBewbereininthe Gubstrate comppisses ﬂii(lﬁl@ﬁx 45 dopimg the

method of claim, 30 wherein the su §{ e camprises glass. ;46 E]De .

SPIGENGU SK S SO HTGTEIE ¢ G AL QR EHIGUE gy O gron, arsenic
pheipieshef, alaimi 3Q:fitititerycond piiling. the step of doping the epitaxial

SiGex with an element selected from the group consisting of boron,

arsenietS phodplkonshadsehdamntit doytlardeimdiumingSparteenmngt it sibstrate to

im 30 further co g pattern chieve selective
aﬁré@vt%se %tlvcr%{a%a%l %Stlg { 1 3 epsgﬁ%]sfra&ég ﬁggﬁ %ﬁt%% tr%nethod of claim 30
whereip,the %ﬁ?@e AL EFSPE%‘IH%W%HQ%?E%@ Qsegu)étbﬁr@cmgqm%duced asa

(113Ge)xSiH4_x and a germanium hydride, a silicon hydride or a silicon
thizdricke doatiplasisg. (FhEendiiiba shdl nzgowtisreihstadgagesilison hydride or a

SQL%SH&?\(O)% aér%@(aléced at a temperature of between about 250C and

out C. 51. The method of claim 30 wherein the gaseous precursor is

introduged at-f, deMARIAWIEIALABOWKBOG the gaseous precursor is introduced at a
temperature of between about 250°C and about 700°C.

MCSLLP

51.  The method of claim 30 wherein the gaseous precursor is introduced at a

temperature of about 480°C.

52.  The method of claim 30 wherein the gaseous precursor is introduced at a

temperature of between about 250°C and about 450°C.

53.  The method of claim 30 wherein the gaseous precursor is introduced at a

pressure in a range from about 1 x 107 Torr to at least about 5 Torr.

54.  The method of claim 30 wherein the epitaxial SiGey comprises a strained

or strain free layer having a substantially planar surface.

55.  The method of claim 30 wherein the epitaxial SiGey comprises strained

coherent islands.

56.  The method of claim 30 wherein substantially the entire Si and Ge

framework of
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52. The method of claim 30 wherein the gaseous precursor is introduced MCSLLP
at a temperature of between about 250C and about 450C. 53. The

method of claim 30 wherein the gaseous precursor is introdu B005/012157
&85@8?@31?12%7range from about 1 x 10-7 Torr to at least about 5 Torr. 54.

The method of claim 30 wherein tgi?ﬁe itaxjgﬁgicczex comprises a strained
the gHSEAuH R REY 1Ay R AL B ShfistNASIAha Soirface. 55. The method

of claim 30 wherein the epitaxial SiGex comprises strained coherent ) ]

islapAisTE® . metbaneth cdesn cRAnvBereimdhsircempemiion O e epritexal apigiex is
Subs%gﬁgw%pf 24 MCSLLP WO 2006/031257 PCT/US2005/012157

the gaseous precursor is incorporated into the epitaxial SiGex. 57. The

met f clai %0 %erei the composition of the. epitaxial Sicex | diti

subggﬁﬁgllyﬁ{r@?ﬁ rPn\f.l gmrr%gv %eé o%‘?&"’éﬂa‘?r’ﬁ”ﬁ v%%gl’éllﬁ {%g%gpi%%f concitions
that SiGexnisaldy iedt umade treospditions that substantially limit mass transport.

59. A semiconductor structure comprising: a substrate; and a SiGex layer

formged by dmiemdaing: Reasthe euifaasngf the substrate a gaseous
precursor comprising (H3Ge)xSiH4_x, wherein x=1, 2, 3 or 4, under

conditions? %Wé?@ﬁ? 8 SiGex layer is formed on the substrate. 60. The
semicondd @G sttagttferafed aininh® dubieireth hSiGixctayEthis sidhstretd bygaseous
dehydrogenation of the K 61. icondyictor stryctyres of . sin
claif B8 Wheromihe < Eg?%%g‘ggrlﬁﬁ’rigﬁs%g%}%g%%GZ.’Ttﬁe semiconductor
struwherebof hlafiB1 wieeieifermedseb theatebsbatprises Si(100). 63. The
semiconductor structure of claim 59 wherein the SiGex layer comprises

SiGgp, Ghe Hemsomicondyaianat ugtuis:al steimaBinviier SiGH) da5¥sex formed by
4 Ia&er comprises SiGe2. 65. The semiconductor structure of claim 59
€

BEENRHAE EEPIEE Pomprises SiGe3. 66. The semiconductor

structure of claim 59 wherein the SiGex layer comprises SiGe4.
61. The semiconductor structure of claim 59 wherein the substrate comprises silicon.

62. The semiconductor structure of claim 61 wherein the substrate comprises Si(100).
63. The semiconductor structure of claim 59 wherein the SiGey layer comprises SiGe.

64. The semiconductor structure of claim 59 wherein the SiGey layer comprises
SiGez.

65. The semiconductor structure of claim 59 wherein the SiGeyx layer comprises
SiGes;.

66. The semiconductor structure of claim 59 wherein the SiGeyx layer comprises
SiGes. |

67. The semiconductor structure of claim 59 wherein the SiGe, layer comprises a

SiGey film having a thickness of less than about a micron.

68. The semiconductor structure of claim 59 wherein the SiGey layer comprises a

SiGe, film having a thickness in a range from about 100nm to about 500nm.

69. The semiconductor structure of claim 59 wherein the SiGey layer comprises a

SiGe, film having a density of threading defects of less than about 10°/cm’.
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67. The semiconductor structure of claim 59 wherein the SiGex layer
comprises a SiGex film having a thickness of less than about a micron. MCSLLP
68. The semiconductor structure of claim 59 wherein the SiG

: . : . : 012157
(:‘891?)%3@%%57&6& film having a thickness in a range from a(ta)%éu?%%r Or?rsﬁ !

to about 500nm. 69. The semiconductor stpucture of c{gf’g W. ‘?i@oﬂtﬁ .

: Sicaa)&( = PEBIABHIES R %}Etél;(efi?m ?1}31\%55 a density o ?ég?gaing%efect rises 2
SiGef fdsslithangaholstd5 4 2t25 b SiluRr wdaee 08 pBe Ry

PCT/LS20051012157 70. The semiconductor structure of claim 59

wherginghesSiGanRyecomprisesod §ie, dmhaviitg theulstantihlyiGe, layer
atomically planar. syrface morphology. 71. The.semiconductor struct f
conETET 66 e o Bt PR TRy TR S0 HPA LN Ay s er
having a substantially uniform composition across the layer. 72. The
senfizofbiuctoniswnduster ¥R 9 \vplaisinStherdsraridhsieiargle SiGex layer

con%‘%{mf%ﬁ}%%@% Ryerdaveranavinsha:sHbstaatal b sk s tiRimyer.

cross the layer. 73. The semiconductor structure of claim 59 wherein the

epit xiaiSiGex.la er comprises a SiGex buffer layer that is nog.__ . . laver
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comwhetenSiGeSiGx layer behiprisesopesitionidhe sadited islands. 75. The

semiconductor structure of claim 59 wherein the SiGex layer comprises

one79r e coNRIaRN S| aREturbof claim 59 wherein the SiGey layer comprises one

or more strained islands.

75. The semiconductor structure of claim 59 wherein the SiGe, layer comprises one

or more coherent islands.
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