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Field of the Invention
15 The present application relates generally to the fields of chemistry,
optoelectronics, silicon-germanium alloys, semiconductor structures, and related

methods and devices.

Background
20 Heteroepitaxial Gey.Six layers on Si(100) with high Ge contents are of interest
| due to many applications in key technologies such as solar cells, MEMS, quantum
cascade lasers and Si-based photonics 12 including high speed modulators and
pho‘code’rec’cors.3 However, these materials are much less developed in spite of this
high impact potential in IR optical devices. In addition, they serve as virtual
25  substrates for growth of high mobility, strained Si and Ge device channels, and are
also considered as a potential pathway to monolithic integration of I~V based

45  The best current route to these materials is

devices with Si technologies.

complicated and fraught with difficulties, requiring both high temperature growth of

thick (>10 pm) composiﬁonally graded films and a chemical-mechanical

30  planarization step to relieve the misfit strain between the GeixSix epilayer and Si
substrate and produce a flat surface, reSpectively.(‘

To circumvent these difficulties we have recently developed new chemical

vapor deposition (CVD) heteroepitaxy to produce device quality strain-relieved Ge-



rich films on Si without the need for graded compositions:7'8 Our strategy involves depositions of
single source hydride precursors with direct Si-Ge bonds such as the (H3Ge)xSi1314" (x=1-4) family
of compounds. These are routinely synthesized with semiconductor grade purity via straightforward
methodologies utilizing commercially available starting materials] Their physical and chemical
properties suchiels filgh volatilitithmid thaciledelac tivityemateertbreompd tiCutastpegefilvasveeagents in low

temperature figgranth.by: GivI. apd Gan SRHLGe HRIBRUIRADRRLD SRV S IYIEE) Qur inital growth

experiments hag\fﬁgield,ed single crystal films with compositions Si0,50GtD.50, Si0.33Ge0.67,
810.25Ge0.75 4hd B0 266E(338. é’@%&@ﬂfﬁﬁ%ﬁ’iﬂ& OSSP I EP T Erelr FeeisHaRg e cursors

Sil-13GeH3, (1-43G®RBt2aid3Be)3 SiH andttiH3@e) sicth Qutagsulisidamonstrateidhiat exact control
of the compositiony; shuchie, andstrgitrabihe atomic Isue! Ganhe aghicwed viaingospggation of the

entire Si-Ge framework of the precursors into the film The resulting films are of much. higher quality
than those preViSaSR rePYrtla s EER Sisn BT REESHHY gHfIFAEMITETRNER tiiiperatures
15that are compatisletwitfiGM@Stethadibgnd gad/ithicethis eompbsitiogalang@sSMpSi0,50Ge0.50

semiconductor system s é;g%rtg%%g%g@@gggegggayﬁggt&%ﬁp%ﬁ; ihgi éﬁgi)){%ggsgﬁ dimensions to

integrate fully strained Si channels exhibiting high electron mobilities into met icon field effect

transistors (MOSPETSY THes thute Hhaterali il eSaelify suREE S 20 e diges teEmological
applications in biglsppeddievicesrHS il awe; i GepR e RS Wwilhavelofsarset] that stoichiometric

S10.80Ge0.50, yll[hfraiiad deviadualiv PLoRIUss (Suilace RIRNALY Jalelpgdensities), can

only be grown near a maximum temperature of 450 C at a %rowth rate of only 0.2 nm/min which is too
low to be practiEaMHSr flGh Hr 8 GRPE Yelr B samEaisno Ney reibre St Jremer WasoBserved at lower
temperatures viasi3&@eSii8, tichilenfilfis withitiop dlirsu HaceSand highedislodati andensidies were

obtained above,; 0.6, dug IR dne I URALMIBMAER W oSHASHAIR 1ower 1 JHE.SyINESIS Of new

. L ! L r temper e ..
compounds with increased reactivities and |mproved propertes for device feabrlcgtlon reﬁatlve to

H3GeSi1-13 wiatrseeorgrehie IR Hos8m9iPeY- In this study we synthesize and fully characterize
the butane-like (Geli3)2¢8aI2)2 (bjnpositpatincuaentainiigs:itghly seantivedi? SSid 2 finctionalities
(rather than ST theSeelmall. dpede Wiibheshesn Wentied asdhe dorinantigactive |
intermediate in high temperature CVD via decomposition of conventional Si- hydrlggrs.erhese species
lead to highly efifieRtyrsh: Sramericepibing @%m%"&ﬁ% gl afikan desiyped to incorporate
these necessarfielll 28iSinRarbisitdingMisEesand pravideege nevtdanstarapasaliyredigiterdor development

of a broadanag gl SlzronANNG A iplR.Hate Wedamppsiralg fhe ulliy, ol () ig pgduce 5 device

quality Si0,500e0,50 alloys at unprecedented low temperatures o C./ T0- f’olﬁi(%lgrovement in
the growth rate TEEEPHHIMING RESCHBVEEIBE0RIENRIETS Growtir(@: 2 il /M ieayizrdas50 C via

S1FI3GeH3 leadingdauutiformlyaire ssethar stiairityelaxestindinmsidirestlyoarn & withplanar surfaces
and remarkably,gysed disiacatiandansiies, fndaute Jo ) e havg profcad the sgbutane analog
[ tlly c the

10 (Gel-13)2Sin(SiH3) (2) and have also isolated an haracteriz ‘e?rrli(% derivative
(GeH3)2(Sil-12GeER) (3). " RifteiR Lmbgerdieeimraie iffuitbisrtirpotdisabisiipitations in low
temperatuee synihesiswiGestiskopiosiectionieratioys vRUMPBHE! dhgdnventinntl Rin.ane aspect, the
bresent ivention RLAYIIRS GAMRGHRCS SOMRIRNC.ARISAR: AP ITANUM fydidg g pipula
(SiHni)x(Gcale)y, wherein x IS 2, 3 or 4; whereiny is 1, 5 or 3; :
thermal mismatch with the substrate.
The synthesis of new compounds with increased reactivities and improved
properties for device fabrication relative to HsGeSiHs would be of great value in the
30 art.
In this study . we synthesize and fully characterize the butane-like
(GeHs),(SiHa), (1) compound containing highly reactive -H,Si-SiH,- functionalities
(rather than SiHj). The H,Si=SiH, dimeric unit has been identified as the dominant

reactive intermediate in high temperature CVD via decomposition of conventional Si-

2



20wherein x y is 3.4. or 5; wherein at is independently 0, 1 2, or 3 for each Si atom in the
compound, to satisfy valency; and wherein n2 is independently 0, 1, 2, or 3 for each Ge atom in
the compound; to satisfy valency; 25with the proviso that n2 is not 0 when vy is 1; with the Thither
proviso that when x is 3 and y is 1, then n2 is 2 or 3; and with the further proviso that when x is 2 and y
is I, then n2 is Bydriesecondaspents tirdpreseizhipveiitomp ovidés semicoritctal Silictures,

30comprising aauRAIEALE AR ARFi:GF 1RYEEIQMedby-Jaiteduning RERLINS sHrkacs:of a substrate a

gaseous precursor. comprising one or more compounds acccording o formula 1. In further aspect, the

invention providBL RS IR F SEFCRUIEY [ N8 FPSTAYS SIS g8y RgRmr%iaG 5er comprising a
backbone of omenge wiofecompogndstatdertieg toformudstdate thdrutilhyird dspechrdbecpresent

invention providesenethedssior sxnthesizing ane.omare sliconermaniyyshygrides of formula |,

comprising combining a compaund selected from the group consisting of a nonafluorobutane-sulfonic
substituted disifafe AT S HATAIE SGHRARHE RIS AN NP SHHEB IR phidhiyiEede113 ligand
under conditionsonttier@ly thénsiigtenagerrhaaivia Rifdhigelisiéadine dolnefbauithsasgectothe present

invention provides;metheds,far deRosHBg ki WGS MaterakRR A HRSHAIRIR 3 fReHoN chamber,

comprising introducing into the chamber a gaseous precursor comprising one or more compounds

according to fof RNt EsHditohs Witele ) a Ty B CoRIpRYTAE 218l esbu At =198 formed on the
substrate.lln a fifitFasfetSihe HRe st haventionigravidesdmathpdsdarcdepesitirg@nrich

derivative (GeHs)(SiH>GeHy) (3). The latter is a moderately volatile liquid, with

potential applications in low temperature synthesis of Ge-rich optoelectronic alloys.

Summary of the invention
15 In one aspect, the present invention provides compounds comprising a silicon-
germanium hydride of formula I
(SiHa)x(GeHm)y,
wherein x is 2, 3 or 4;
wherein yis 1, 2, or 3;
20 wherein x + v is 3, 4, or 5;
wherein nl is independently 0, 1, 2, or 3 for each Si atdm in the compound, to
satisfy valency; and
wherein n2 is independently 0, 1, 2, or 3 for each Ge atom in the compound, to
satisfy valency;
25 with the proviso that n2 isnot 0 wheny is 1;
with the further proviso that when x is 3 and y is 1, then n2 is 2 or 3; and
with the further proviso that when x is 2 and v is 1, then n2 is 3.

In a second aspect, the present invention provides semiconductor structures,
30 comprising a substrate and an Si-Ge layer formed by introducing near the surface of a

substrate a gaseous precursor comprising one or more compounds acccording to

formula L



15epitaxial Si-Ge layer on a substrate, comprising introducing at or near a surface of the substrate a
gaseous precursor comprising one or more compounds of formula I, and dehydrogenating the
precursor under conditions whereby epitaxiai Si-Ge is formed on the substrate. In a sixth
aspect, the present invention provides a compound comprising 20(S03C4E9)2(SIH2)2. In a seventh
aspect, the present inwentiber pneviggs methodsfor By nteesiind (SO8L4RAR( Sk samprising

combining (P1Ql (S LR, AN BOACARS under condiions WhErehy he (SORCAF9)2(SIW2 is

formed, Description of the Figures Figure I: Molecular structure of the conformational isomer pairs
n-GeSiSiGe, gE¥EIBERIIAESIGeGe, g-GeSiCreGe} and positional isomer i-Si(GeSiSi). Figure 2:
Calculated IR spectralnt mGEeSSiG e ogpeesi SiGetianttd &l (S aSil)is Thesyatvesatiak ligh- frequency

range is shown upgoes (A AIL SIS B resnECHYGI  Famaligl requency sealing has

not been applied to the spectra shown here. Individual spectral features of tiie n-GeSiSiGe,
g-GeSiSiGe anfPPSEE &S SvBdhssZrw spsigrasirrrnaguorbrincradfdiively. Corresponding
molecular structubestare driwe aslinsefsinstietiowd idiaesncyiplatsonfriguecdmGadtigated LR spectra

of n-GeSiGeCeqnd g:Ga TGRSR ARY Pl RYERLNIRIRSHONR, IR panels {(@) ()i and

{(c),(d)}, respectivef'y. he spectral features of the n-GeSiGeGe and Og-Cie&Ge >e Isomers are labeled
"N" and "G", respectively [EFibATEcHtiEg BETeY SBSRHE PR edhodp Mieclrestiee $pdctra Sshown
here. Corrégponidingimalecidanisitaet uies i alnmes, ibagisividhedoddmgguensy plots. Figure 4:

Comparison of %%Qgg%%%@ -Qgﬁw%%ggﬁg@g@%%&@g {1}& @C%;a?n%)%sition of theoretical

spectra for the fn-GeSISi g-CieSISiGel combination: (a) equency region (500-1100 cm-l) and
(h) high-frequen€ySi2RI SESIFPBETOPPL rEsH 2800 (amyrisinsqtehey BriEdaeioreed 02984 and 0.975
have been applieesbthedheoretical spectra in low- and high-frequency regions, respectively. The

theoretical spectra co%i}sﬁ@{) &Q,m%%re%e%ft %%%t@h%(?éﬁ%@?% e?xrgf(% S(:SL%QS/% %-CB%%%%;}G& Figure 5:

Comparison of an experimental spectrum of a mixture' (Gel1:02(S 1) with a superposition of
theoretical ls”peC?Pé.t%’laltﬁé(iﬁ @i)(@é’?,i@?){bétf@féﬁ@?@é?ng introducing at or near a surface of the

substrate a gaseous precursor comprising one or more compounds of formula I, and
dehydrogenating the precursor under conditions whereby epitaxial Si-Ge is formed on
the substrate.
In a sixth aspect, the present invention provides a compound comprising
20 (SO3CyFo)2(SiHy).
In a seventh aspect, the present invention provides methods for synthesizing
(SO3C4Fo)a(SiHy), comprising combining (p-tolyl),(SiHy), and HSOsC4Fo under !
conditions whereby the (SO3C4Fg),(SiHa), is formed.

25 Description of the Figures
Figure 1: Molecular structure of the conformational isomer pairs {#-GeSiSiGe, g-
GeSiSiGe}, {n-GeSiGeGe, g-GeSiGeGe} and positional isomer /-Si(GeSiSi).
Figure 2: Calculated IR spectra of n~GeSiSiGe, 2-GeSiSiGe, and -Si(GeSiSi). The
low- and high- frequency range is shown in panels {(a),(b),(c)} and {(d),(e),()}.
30 respectively. Empirical frequency scaling has not been applied to the spectra shown
here. Individual spectral features of the »-GeSiSiGe, g-GeSiSiGe and i-Si(GeSiSi)
molecules are tabeled with “»”, “g” and “”, respectively. Corresponding molecular

structures are drawn as insets in the low-frequency plots.



15 combination: (a) low-frequency region (5004100 cmil) and (b) high-frequency Sil-11Ge-Fi region
(1900-2300 emil). Frequency scale factors of 0.985 and 0.976 have been applied to the theoretical
spectra in low- and high-frequency regions, respectively. The theoretical spectra consist of an
admixture of 68% i-Si(GeSiSi) and 32% g-GeSiSiGe. 70Figure 6: Comparison of an experimental
spectrum of (F&B8) 3(Sil-2i3ai2) [B)snitira supdigosition efdhedeticalbspébtrador tre fr-GeSiGeGe"

g-GeSiGeGel aombiaaion; (ALiAN:ieauaNGYRIION4SO0yLAAP Soy and bl hialy freguency

)3
Si-H/Ge-El region (1900-2300 enfil). Frequency scale factors of 9@5 and 0.976 have been applied to

the theoreticaPRFE@LRMSHOGHE RigHHEGRAR Fadfons S rEsFERRRE 118195 thedfstical spectra
consist of an dfinixtspectt &3. BmpBe8iGeBenanac7iho gSeSiGad erpigpdreo7thRetaxed potential

energy susfacgplas . unetionaidie Malsciar backbane lersiqn.angis.fog hutane fplack), telsasilane
(red) and GeSiSiGe (blue). Solid and dashed lines correspond to CCSD/L.A.NL2DZ and B3LYP/6-

303116+H-(3(§’f‘?§b%}03é’|18 ations, respectively. Figure 8: Temperature dependence of the first layer
growth rates fdfigiree HreCongorssod o2 |2t 6 aprdifkt8Gpi2(Sit ) 2 (Jckhe @divatidn energies for these

compounds arg, 135186 ANtk d-4% 8\bpsespestively - Glane R XHEetWidniciogiaphsefa
SlO.SOOeO,SOOI%Xer grown on Si(100) at 350 C. No threading defécts are observed within the field of

\Q !
view of - 2.5 O, IEESHHES arsisBan0h Uiy or324 0B)CH: gt 18: Bigsattoiadhtrast, high
resolutiori X TEM®hieBOgraphs BfeaSiasaGeo SotGdayer. 9o wmahoi(hoR) aed CorGed ke film is nearly

strain-free 85%).angl displays aatomiqally smeaisuriace, re@egfoﬁa,reﬁc%@&ﬁ@ffctfhgop)- The

mismatch with Si(100) is accommodated by dislocations located at the |nt0erface bottom left). Defects
originating at tHEIFREFASRESHOHTHE Bf&ﬁ@%’éﬁ%@ BENEH&E aawITRAPd M6 SEeSiatoy substrate
(bottom right). Z@kiguie Cdmfajifkivl mageeohSilbiEeanbton Bifhoo ) Skigv{igHbe @noss-hatch
pattern morphalagy wihandsis rauahngss.of &3am. ) AFM igRag aha stialgigipred and

completely planar film with an RMS roughness of 0.5 tun, Figure 12: Calculated thermochemical

(300K) a d Strﬁmﬁgi’ab@’}i@ﬁr?ﬂ‘é@“w region (500-1100 cm™) and (b) high-frequency Si-
H/Ge-H region (1900-2300 cm™). Frequency scale factors of 0.985 and 0.976 have

been applied to the theoretical spectra in low- and high-frequency regions,
v respéctively. The theoretical spectra consist of an admixture of 68% i-Si(GeSiSi) and
32% g-GeSiSiGe. :
20 Figure 6: Comparison of an experimental spectrum of (GeH;)o(SiH,GeHy) (3) with a |
superposition of theoretical spectra for the {n-GeSiGeGe, g-GeSiGeGe} combination:
(a) low-frequency region (500-1100 cm™) and (b) high-frequency Si-H/Ge-H region
(1900-2300 em™). Frequency scale factors of 0.985 and 0.976 have been applied to
the theoretical spectra in low- and high-frequency regions, respectively. The
25  theoretical spectra consist of an admixture of 23 % n-GeSiGeGe and 77 % g-
GeSiGeGe.
Figure 7: Relaxed potential enefgy surface of as a function of the molecular
backbone torsion angle for butane (black), tetrasilane (red) and GeSiSiGe (blue).
Solid and dashed limes correspond to CCSD/LANL2DZ and B3LYP/6-
30 311GH+(3df,2pd) calculations, respectiilely.
Figure 8: Temperature dependence of the first layer growth rates for thee precursors:
H3GeSiHs, G62H6 and (H3Ge)o(SiH), (1). The activatidn energies for these

compounds are 1.95, 1.66 and 1.42 eV, respectively.

i



conformational isomer pairs 1n-GeS iS iGe, g-GeSiSiGel,n-GeSiGeGe, g- 15GeSiCieGe} and
positional isomer i-Si(GeSiSi). The units for bond lengths, bond angles and energies are Angstroms,
degrees and Elartree. respectively. Figure 13A-B Exemplary sequence of macromolecular, polymeric
units based on interconnected (GeH3)2(Sili2)2 monomers (a-d), en route to a diamond cubic Si-Ge
lattice with conigrteatio X GEZSiXr(SitE0G e G603 @) Thisr mmeniah iBicbipprates the HOGe-Si-Si-Ge

molecular core;pf{GeHARARIIRI2 Bsthe stustural angicompasitienabBupding: hlogk, Figure .
14.Hypothetica#6§rowﬁ1 s%%quen%e<of@ two dimensional island of composition Si0.50Gea.50 containing
a random distriBUfgH St SR Ge't6Ms. The schematic process is viewed along the normal to the

(111) growth pfgeraid ilﬁ}ifﬂ‘ae@m@W@M&hi@&dﬂﬂﬁm?@?ﬁ@m&iﬁ@hmof&c&i@ﬁ%@ simultane_ous
abstraction of g malechlgsskeanndagtprk ofeles»GOdight girglese: Bi s%f%%wmf%g%'es - H. Figure

1.5.Hypothetical growth sequence of a twg dimensional island of compasition Si0500€0.50 containing
a random distrBUBGR A MY EeSHiBts HPh & sREM M Jrsch dLor vidhe a1 siBRg e hoinal to the
(001) growth pkifi@fand mvolves Bthe systématimadditionl oftnts eBiSiEe rialeauldsfand

simultaneous absiractipnafihCIRCHIEsHLLaRRA HaK LILGIES G Eedg CiIEaR R amall white
circles - H. Detailed Description of the invention
the Si(100) substrate (bottom right).
10 Figure 11: (a) AFM image of Sigs0Geoso on Si(100) showing the cross-hatch pattern
morphology with an RMS roughness of 2.3 nm. (b) AFM image of a strain-relaxed
and completely planar film with an RMS roughness of 0.5 nm.
Figure 12: Calculated thermochemical (300K) and structural properties of the
conformational isomer pairs {#-GeSiSiGe, g-GeSiSiGe}, {n-GeSiGeGe, go-
15 GeSiGeGe} and positional isomer i-Si(GeSiSi). The units for bond lengths, bond
angles and energies are Angstroms, degrees and Hartree, respectively.
Figure 134-B Exemplary sequence of macromolecuhr, polymeric units based on
interconnected (GeH3)2(SiH2)2 monomers (a-d), en route to a diamond cubic Si-Ge
lattice with concentration Ge2Si2 (Si0.50Ge0.50) (e). This material incorporates the
20 Ge-Si-Si-Ge molecular core of (GeH3)2(SiH2)2 as the structural and compositional
building block.
Figure 14.  Hypothetical growth sequence of a two dimensional island of
composition Sig s0Geg sp containing a random distribution of Si and Ge atoms. The
schematic process is viewed along the normal to the (111) growth plane, and involves
25  the systematic addition of n-GeSiSiGe molebules and simultaneous abstraction of Hy
molecules. Legend: dark circles — Ge; light circles — Si; small white circles — H.
Figure 15.  Hypothetical growth sequence of a two dimensional island of
composition SipsoGeose containing a random distribution of Si and Ge atoms. The
schematic process is viewed along the normal to the (001) growth plane, and involves

30 the systematic addition of #-GeSiSiGe molecules and simultaneous abstraction of Hs

molecules. Legend: dark circles — Ge; light circles — Si; small white circles — H



All publications, patents and patent applications cited herein are hereby expressly incorporated by
reference for all purposes. As used herein, the singular forms "a", "an" and "the" include plural
referents unless the context clearly dictates otherwise. In one aspect, the present invention
provides compounds comprising or consisting of a silicon-germanium hydride of formula I:
(SiHNi)x(GeHiiDetwileé@icxigian 3ichd i@wderein y is 1., 2, or 3; wherein x+ y is 3, 4, or 5;

wherein nl is independenly Q. &o2, Q400 g%fﬁééﬁt%iw&gomg@%%oﬁétk%%%a'ency: and

wherein n2 is independently 0, 1, 2, or 3 for each C-e atom in the compound, to 15satisfy valency; with
the proviso thaf¥Z S NP ePIRRERY 58 LSRR HrERSFoviso that when x is 3 and y is 1, then n2 is 2
or 3; and with the furthenprdviseithétewheniac srzratiel'y"mLatierme2ing @le 2048 usedtherein, the

phrase "tc gatisfy.valeneyReansiedpaintaindeiras valency of each Siand Ge atom in the

compounds of the invention. As demonstrated herein, compounds according to formula | can he
used, for example, in B R o BISERIBHIE IO BEY SrSi EARRAMAR ST possessing desired
properties for semitondudtosidgplicaticnsiintlutling qferiectly trystalline and epitaxial microstructures,
smooth morphologies g@g}yw@mw strain-relaxed states. The compounds of formula | are herein
demonstrated to be remarTga’bly stable over extended periods of time, and thus represent viable
molecular sources for'B§t&RtAISAdUStHal applications. Thus, in one embodiment of this first aspect, X is
2; in an altgrnative 30vérabodiizenxas33; in a further alternative embodiment X is 4. In embodiments

where x is 2, y can be},.2. ot 3 quge@Q[ySZ or 3, most preferably 2. In embodiments where x is 3,y

can be 1 or 2, preferably 2. In embodiments where x is 4, y is 1,
wherein nl is independently 0, 1, 2, or 3 for each Si atom in the compound, to

satisfy valency; and ‘
wherein n2 is independently 0, 1, 2, or 3 for each Ge atom in the compound, to
15 satisfy valency;
with the proviso that n2 is not 0 when y is 1;
with the further proviso that when x is 3 and v is 1, then n2 is 2 or 3; and
with the further proviso that when x is 2 and y is 1, then n2 is 3.

20 As used herein, the phrase “to satisfy valency” means to maintain tetra-
valency of each Si and Ge atom in the compoﬁnds of the invention.

As demonstrated herein, compounds according to formula I can be used, for
example, in controlled depositions to produce stoichiometric SiGe films possessing
desired properties for semiconductor applications including perfectly crystalline and

25  epitaxial microstructures, smooth morphologies, and uniformly strain-relaxed states.
The compounds of formula I are herein demonstrated to be famarkabiy stable over
extended periods of time, and thus represent viable molecular sources for potential
industrial applications.

Thus, in one embodiment of this first aspect, x is 2; in an alternative

30  embodiment x is 3; in a further alternative embodiment x is 4. In embodiments where
x1is2,ycanbe 1, 2, or 3 preferably 2 or 3, most preferably 2. In embodiments where

xis 3, y can be 1 or 2, preferably 2. In embodiments where x is 4, y is 1.



In a further embodiment of this first aspect, x is 2 or 3, with the proviso that ify is 1, then n2is 0, 1, or
2, and with the further proviso that if x is 2 and y is 2, then at least one of the following is true: (1)n1 for
at least one Si atom is 0, |, or 2; 5(ii)n2 for each Ge atom in the compound is 2; and (iii) n2 for at least
one Ge atom in the compound is 0 or 1. In a still further embodiment, yis 2 or 3and xy is 4 or 5,
with the proviso that ifxdsuZianembisizadhien aideastoneof the ollowingtis tideist.Gnlifor at least one
Slatomis 0, 1, of 2; Jg%fé" o ‘é‘?‘?!‘ S8 %é%%'enf&gﬁ%%%@ ound i$e2; %%réé'g N2 fgr.at jeast one Ge

H 2> ) T -
atom in the con%poun or 1. Compounds accor to foimula | inc ny conformational form of

the compound, Rfehadmef BtipdtHigtsdHe'g, and iso-forms of the compounds, and combinations

thereof 1.5Exemplary silicogpgermartisia: hydristlesagearding toofamula | comprise or consist of those

compoundssllsted in Table I Slﬂ:(l)g e(égh%gn%a '_r}nﬂﬂ% com O%lﬂgquag%éetravalent. Dashed lines

represent bonds between Sllf‘nd Cie atoms in the linear versions. In'the ischutene- and
isopentane-like isomers, theliSi antP &8 #tb5its e ldedne Bragkorraddirdttybound to the Si or Ge to
the left of the bracketsi theiSremheed0iipreNNESS outsiderof #he hracketsiatgheifar right in some of

the compoundstggte. {jiyr%%%go% , c&ha% {gsstéi or %e %nggc\lwemofitsq?ugrackets. For example, Figure
1 shows compound1 |->Sl|( IGeGe)."As noted In Ta ﬁe i,% Is compound is also referred to as

SIEI[(SIE13)(Gei-13)23. 25T4ble 1nl for at least one Siatom is 0, 1, or 2;
10 (i)  n2 for each Ge atom in the compound is 2; and

(iify  n2 for at least one Ge atom in the compound is 0 or 1.
Compounds according to formula I include any conformational form of the
compound, including but not limited r, g, and iso-forms of the compounds, and
combinations thereof.

15 Exemplary silicon-germanium hydrides according to formula I comprise or
consist of those compounds listed in Table 1. All Si and Ge atoms in the compounds
are tetravalent. Dashed lines represent bonds between Si and Ge atoms in the linear
versions. In the isobutene- and isopentane-like isomers, the Si and Ge atoms inside
the brackets are directly bound to the Si or Ge to the left of the brackets; the Si or Ge

20  in parenthesis outside of the brackets at the far right in some of the compounds are
directly bound fo the last Si or Ge inside of the brackets.

For example, Figure 1 shows compound 7-Si(5iGeGe). As noted in Table 1,
this compound is also referred to as SIH[(SiH3)(GeH3)2].

25  Tablel
3 and 4 metal variants:
(&) Linear
SiHz-SiH-GeH,-GeHas; SipGesHyo
SiHs-GeH,-SiH,-GeHs; SipGeoHio
30 SiH3-GeH;-GeH,-SiHs; Si»GesHyp
GeHa-SiH,-SiH,-GeHa; SinGerHio
SiH;z-SiH-GeHo-SiHs; SisGe Hjo
GeH3-SiH,-SiH,-SiHs; SiaGeHip
SiH;-SiH,-GeHa. SizGeHg



3 and 4 metal variants: (a) Linear Si2Ge,Hio Siiis-GEB2-Sil12-Ge}13;Si,Ge21-110
30Si113-GeF12-Gel-T2-SiH3;Si2Ge2li13 Si2Gei HE (b.) iso-butane-like Sill[(SilI3)(Gell3)21
Si.2Ge2H1c Si3Gel HI SIHRSI.H.712(GeH3)] 5 GeHr(GeH3)(Sili3)2] S12Ge21-110

(b) iso-butane-like

STH[(SiHs)(GeHa)y] Si,GesHio
STH[(SiHs)o(GeH)] Si3Ge Hio
5 GeH[(GeHs)(SiH3),] SisGesHig
GeH[(Gels)y(SiHs)] SixGeaHyo

" 5 metal atom variants:

1 Ge:

10 (a) Linear:
SiH5-SiHo-SiH,-SiH,-GeHs StsGeHyg
SiH3-SiH,-SiH,-GeH,-SiHs SiaGeHio
SiHs-SiH,-GeH,-SiH,-SiH; Si4GeHyz

15 (b) Iso-pentane-like
SiH[(GeHs)(SiHa)(SiH2)1( SiHa) SiyGeHyy

SiH [(SiHs)a(SiFL)}(Gel) Si,GeyHi,
SiH [(SiH;)(GeH,)](Sils) Si,GesHis
GeI[(SiF)y(SiH)](SiHs)  SuGeHp

20 SiH[(SiH3)(GeHy))(SiHy) Si;GeiHs

Neopentans-like

Si[(SiHa)s(GeHs)] Si4GelH)p
25 2 Ge:
(a) Linear:
SiH;5-SiH,-SiHp-GeHy-GeHs Si3Ge2H12
SiHa-SiHo-GeHa-SiH,-GeHs Si3Ge2H12
SiH3~GeHy-SiHo-SiHy-GeHs ‘Si3Ge2H12
30 GeHa-SiH,-SiH,-SiH,-GeHs Si3Ge2H12
SiH;-8iH,-GeHy-GeHa-SiHs Si3Ge2HI12
SiH:;-GeHo-SiH,-GeHy-SiHs  Si3Ge2H12

(b) Isopentane;lilce



ClieHRGeH3)2(Si143)] 5i20e4-110 5 metal atom variants: 1 Cie: 10 (a) Linear:

10

15

20

25

30

GeH[(SiHy) » (GeHyp)|(SiHs)
GeH[(SiH3) 2 (STH)N(GeHs)
STH[(GeHs)(SiH3)(GeHy) [(SiHs)
STH[(SiH3)(GeHs)(SiH)}(GeHs)
GeH[(GeHs)(SiHs)(SiH,)]SiH;
SiH[(GeHs) » (STH,)ISiH;

(c) Neopentane like:
Si[(SiHs)(GeHs) 2]
Ge[(SiHs) 3 (GeHs)]

3 Ge:

(a) Linear
SiH-SiH,-GeH,-GeHo-GeH,
SiHs-GeH,-SiH,-GeHy-GeH;
GeHa-SiH,-SiH,-GeHs-GeHs
GeHa-SiHp-GeH,-SiH,-GeHs
SiH;-GeH,-GeHa-GeHo-SiH3
SiHs-GeH,-GeHo-SiHy-GeH;

(b) Isopentane-like
GeH[(GeHs)(SiHz)(Gel,)}(SiHs)
GeH[(SiHs) 2 (GeH)l(GeH33)
SiH[(SiH3)(GeH3)(GeHy))(GeHs)
GeH[(GeHs)(SiHz)(SiH2)](GeHa)
GeH[(GeHa)»(SiH2)](SiHs)
SiH[(GeHs)2(GeH2)](SiHs)
SiH[(GeHs)2(SiH2)|(GeHs)

(¢) Neopentane like
Si[(GeHs) 3(SiHa)]
Ge[(GeHs) 2 (SiHs)z)

SizGeoHys
SisGeoHy,
SizGeoHyy
SisGeoHj,
SizGeoHl g,
SisGeyHiy

Sig}GQQHm
Si3G62H12

Si2Ge3H12
Si2Ge3H12
Si2Ge3H12
Si2Ge3H12
Si2Ge3H12
Si2Ge3H12

Si2GesHi,
Si2GesHy,
Si2GesH
Si2GesHp
Si2GesH
Si2GesH,
Si2GesHy,

Si2G€3H12
SigGe_o,Hu

10

Si4Gellit2



Si4GeiHn Si4GerH12 15 04 Iso-pentane-like SiHRGeH.3)(Sil-13)(SiH2)1( Sil-13) Sill
RSiki3)2(Sill12))(GeH3) S14Ge11112 Sill [(SilI3)2(Gell2)](Si113) SidGe71-112

10

15

20

30

As noted above, these compounds each include the » or g forms, and
stereoisomers thereof.

Figure 1 provides molecular structures of exemplary silicon-germanium
hydrides according to this first aspect of the invention.

In a preferred embodiment, the silicon germanium hydride is selected from the
group consisting of SiHs-SiH,-GeHo-GeHs; SiH3-GeHa-SiH,-GeHs; SiH;-GeHy-
GeHp~SiHs; and GeH3-SiH,-SiHa-GeHs), and SiH[(SiH;)(GeHs),]

This first aspect also provides compositions comprising combinations of the
silicon germanium hydrides. In a preferred embodiment of such combinations, x is 3
and yis 1, or x is 2 and vy is 2, for each of the two or more compounds. In a most
preferred embodiment, the combination comprises compounds selected from the
group consisting of SiHs-SiH,;-GeHp-GeHs; SiHz-GeHa-SiH,-GeHs; SiHz;-GeH,-
GeH»-SiHs; and GeHs-SiH,-SiHo-GeHs), and SiH[(SiHa)(GeHs)).

In a further embodiment, the compounds of the invention are substantially
isolated. As used herein, a “substantially isolated” compound of the invention is one
compound, or two or more compounds of the invention in combination, that are at
least 75% isolated from precursors and other contaminants, and preferably 80%, 85%,
90%, 95%, 98%, or more isolated.

In a second aspect, the present invention provides semiconductor structures,
comprising a substrate; and an Si-Ge layer formed by introduciﬁg near the surface of a
substrate a gaseous precursor comprising or consisting of one or more silicon-
germanium hydride compounds of formula I.

As shown herein, the silicon-germanium hydride compounds of formula I are
especially useful for fabricating SiGe semiconductor alloys at unprecedented low
temperatures that display homogeneous compositional and strain profiles, low
threading dislocation densities and atomically planar surfaces, Controlled depositions
have produced stoichiometric SiGe films reflecting the Si/Ge content of the precursor,
and possessing the desired properties for semiconductor applications including
perfectly crystalline and epitaxial microstructures, smooth morphologies, and
uniformly strain-relaxed states. ’

In this aspect, the substrate can be any substrate suitable for semiconductor or
flat panel display use, including but not limited to silicon, germanium, silicon on

insulator, Ge:Sn alloys, SiO2, sapphire, quartz, Si:Ge alloys, Si:C alloys, stainless

11



GeHRSIH3)2(SiH2)1(Sill5) Sj4Geill12 20 Sill[(Sil-13)2(Gell2)](Sil-13) Neopentane-like
Si[(SiFI3)3(Gelis)1 Si4Gell112 75 20e: (a) Linear:

10

15

20

25

steel, polyimide or other polymer films such as those used in the fabrication of
flexible displays. In a preferred embodiment, the substrate comprises Si(100).

In a preferred embodiment, the semiconductor substrates of this aspect of the
invention have an SiGe layer which comprises an SiGe film having a thickness of less
than one micron, more preferably a thickness in a range from 50 nm to 500 nm. In a
further preferred embodiment, the semiconductor substrates of this second aspect
have an SiGe layer comprising an SiGe film having a density of threading defects of
10%cm? or less. In a further preferred embodiment, the semiconductor substrates of
this aspect of the invention comprise an SiGe film having a substantially atomically
planar surface morphology.

In various embodiments, the gaseous precursor comprises or consists of one or
more of the compounds listed in Table 1, each in » or g forms, and stereoisomers
thereof,

In a preferred embodiment of the semiconductor substrates of the second
aspect, the gaseous precursor comprises or consists of a compound selected from the
group consisting of SiH;z-SiH,-GeH;-GeHa; SiH;-GeHa-5iH-GeHs; SiH3-GeH,-
GeH,-SiHs; GeHa-SiH,-SiH,-GeHs), and SiH[(SiHs)(GeHs)al.

The semiconductor structure may further comprise other features as desired,
including but not limited to the inclusion of dopants, such as boron, phosphorous,
arsenic, and antimony. These cnﬁbodiments are especially preferred for
semiconductor substrates used as active devices. Inclusion of such dopants into the
semiconductor substrates can be carried out by standard methods in the art.

In a further embodiment, the semiconductor structure may further comprise
varying quantities if carbon or tin, as desired for a given application. Inclusion of
carbon or tin into the semiconductor substrates can be carried out by standard
methods in the art. The carbon can be used to reduce the mobility of the dopants in
the structure and more specifically boron. Incorporation of Sn can yield materials
with novel optical properties such as direct emission and absorption leading to the

formation of Si-based lasers and high sensitivity infrared photodetectors.

12



Si3Ge2H12 Si3Ge2H12 'Si3Ge21112 30 Gel-13-511-12-Sili2-SiH2-GeH3 Si3Ge21112 Si3Ge2H1 2
Si3Ge2H1 2 (b) Isopentane-like GeHRSIns) 2 (GeH2)1(SiP13) GeFIRS1H31 2 (Si112)](Ge143)
SiIHRGe1113)(Sil-13)(GeH2)](SiH3) SIHRSIH3)(GeH3)(SiH2)](Ge113) GthifGeH3)(Sif13)(Sili2)1S1H3
SMUG-6143)2 (S1E2)1S1li2 (e) Neopentane like: Sil(SW13)2(GeH3)21.1 10Ge][(SIEls) 3 (GeF13).]
3 Ge: (a) Linear SiH&MWG&MM@i&E%@MﬁM&@W GeliZising

GeH3-Sill2-SiHZ:Gete Galld GeHBrib2aeH éﬁ%&ﬁﬁ@ &%‘%ﬁc&%ﬁgo@&!@%&%}“z -Sil-13 20 (b)

Isopentane-like Gell[(GeH3)(511-13)( eH2)] SiH i[(S1IH3)2 (GeH2)J(GeH33)

Sili[(Sili3)(Gel tAypsan4r5¢4qEEs3 Oz%é"Pﬂire‘élélifs)(& Sﬁ@n%‘ﬂ@%ﬂ%ﬁ EEH{EBIFHSIH2) 1(SiH3)
SIHRGeH3)2(Gebk2)1(SiHs) S1H[(GeH3)2(Sili2)1(GeH3)

5 " In g further aspect, the invention provides a composition, comprising one or
more compounds according to formula 1 in an inert gas. Such inert gases inciude, but
are not limited to H2, He, N2, and argon. Preferred embodiments are as described
above.

By using the compounds of formula I as precursors for preparing
10 semiconductor substrates, the semiconductor substrate will comprise an Si-Ge layer
comprising or consisting of a backbone of the compounds of the invention. By using
the compounds of the invention, as cpposed to the separate use of Si and Ge sources
for deposition, the resulting Si~Ge layer comprises highly defined and uniform
bonding arrangements and strain compensated Si-Ge atomic patterns, as opposed to

15 the random nature of prior Si-Ge films in which the Si and Ge atoms can exist as an

intimate mixture of several (or multi) atom Si and Ge clusters leading to

- inhomogeneous bonding and locally stressed configurations. In mismatched
heteroepitaxy applications these materials exhibit copious dislocations (at levels
unacceptable for most device apptlications), strain non-uniformities and high surface

20 réughness. A distinct and important advantage of our compounds, films, and methods

over conventional ones is that the incorporation of the entire Si-Ge molecular core
promotes the formation of exceptionally uniform bonding arrangements over the
entire crystal, leading to relaxed (or uniformly stressed) films with planar surface
morphology (no surface ripples). A crucial advantage is the unprecedented low

25  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.

The intact incorporation of the massive Si/Ge cores into the film also leads to

Jow surface diffusion and high sticking coefficients compared to the conventional low
30 mass compounds. The high reactivity permits promotes high growth rates which
increase systematically with the mass of the precursors

Furthermore, the incorporation of the entﬁe Si/Ge framework of the gaseous

precursor into the lattice is particularly important in the formations of SiGe nanoscale

systems (quantum dots and wires) because it allows precise control of morphology,
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SisGe21112 SisGe71112 SisGe,H12 SisGe21412 Si3Ge21-1112 Si3Ge21-112 Si30e2Hi2
SisGe21112 S12601-112 S i2 G e3H12 S126e31-112 Si2Ge31112 Si2Ge3H12 Si20e3H12
Si2Ge31-112 Si2Ge3Hr,, S12Ge31-112 Si2Ge3H12 Si2Ge3B12 S12Ge3I-112 Si2Ge3I-112 30(c)
Neopentane like SIRGeH3)3(SIE13)11S12Ge31112 Ge[(GeH3) 2 (51E3)2]5i20e31112 As noted
above, these cam;abumdmg@momkwerﬂaaﬂé @ragcﬂnnm&eaado&tgrﬁﬁgscw%ﬁotr&@@ﬁmn Figure 1
oo e ecUliie s OLEXmplaLy SRR ASIMAnLI INAces REALINAY (i Trst aspect o

the invention. Ina preferred em ment, t icon germanium hy fide 18 Selected from the group
consisting of Sifo¥Pssithongeise oeas: SRS U B HTE P BE TEIN SR G RIS 12-Sili3; and

GeH3-Sili2-S1H2hGe it RndiSHRaH ir&)é@@tdﬁ)ﬁlbpem% kistfissd @spesh lsadpravides compositions

ment of h
o end somblgins.of e Shen eeranm INAIdes, DA R Slet e e maRent of sue
combinations, x IS andyis 1, XIS IS 2, for eac tie two of more compounds Ina

most preferred BAIBESEHATEHRE, W%W@t%@%&tbﬁﬁm@@)ﬁﬂé gefecrel Fravertse group
consisting of S1&112o'il‘cl%-gc‘eeﬂcﬁkaa@ﬁrdﬁdé?zl&ciMBMEIZ&@%&&&H@U@@H%H&QH2 -Sil-13; and

Gel13-Sill2-Sili I d SiFl eH 02 & further emb e hef;%npounds of the
invention are sz% %1 %ao a(toz As“’aéaé‘ %irlg%n t%\grs?u S arrhaﬁ y |s,(:¥‘a}1t%1 compound of the

invention is Oneapproach the local stoxchlometﬁ_/ on the scale of the nanostructure size is even less
10 certain because reactions of various molecular sources cannot be simultaneousty
controlled at every site throughout the sample. Thus neither technique can guarantee
systematic growth of Si-Ge nanoscale structures with controllable composition, strain
and size.
Such highly defined patterns can be determined using standard methods in the
15 art, such as neutron diffraction
An example of an Si-Ge layer comprising a backbone of the compounds of the
invention can be found in Figure 13, which shows an exemplary sequence of
macromolecular, polymeric units of the invention, based on interconnected
(GeH3)2(SiH2)2 monomers (a-d), en route to a diamond cubic Si-Ge lattice with
20 concentration Ge2Si2 (Si0.50Ge0.50) (¢). This material incorporates the Ge-Si-Si-Ge
molecular core vof (GeH3)2(SiH2)2 as the structural and compositional building block.
Figures 14 and 15 illustrate schematically, the molecule-by-molecule growth
of a random 2D (one layer) clusters of SiGe film. Figure 14 shows the hypothetical
growth sequence of a two dimensional island of composition Sigs0Geg 5o containing a
25 random distribution of Si and Ge atoms. The schematic process is viewed along the
normal to the (111) growth plane and involves the systematic addition of #-GeSiSiGe
molecules and simultaneous abstraction of H, molecules. Figure 15 is similar, but The
schematic process is viewed along the normal to the (001) growth plane.
Thus, the compounds of the invention can be used to form a random alloy with
30 intimate mixing of the elements using the GeSiSiGe precursors of formula I. The
resulting Si-Ge backbone structure consists of polymerized units of the starting
compound of the invention, wherein polymerization requires dehydrogenation.
As will be understood by those of skill in the art, other macromolecular,

polymeric units of the invention, based on one or more other polymerized compounds
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compound, or two or more compounds of the invention in combination, that are at least 75% isolated
from precursors and other contaminants, and preferably 80%, 85%, 00%, 95%, 98%, or more isolated.
In a second aspect, the present invention provides semiconductor structures, 20 comprising a
substrate; and an Si-Ge layer formed by introducing near the surface of a substrate a gaseous

precursor Compising iRt &RRsISHNaILf ORa OS5 IR Hc A arRapiym ydide. compoynds of formula I.
As shown herei% € %%%{)ounds of formula | are especially useful for

.the silicop-germanium hydri
fabricating SiGe ééﬁ?f:éi(l)l #8?6?”5%?/%%18? ﬂﬁi?}lpgcg QHRSWSEemperatures that display

homogeneous compositideratand swanyyrofiles, dovictiare adifigrdistd cationfdensitiesaind atomically
planar surfaces, (gRptralled depgsitions have produced stoichiornetric SiGe films reflecting the Si/Ge
content of the precursor, and possessing the desired properties for semiconductor applications

including perfectly crystalline and cpitaxial microstructures,. Smoo orphologies, and 30uniformly
strain-relaxed states. I%t %132%%)8?? ’t%w%é: gﬁﬁ%ﬁg{\ée%é%nl?(reogln%ssrﬁlﬁtts?ﬁg érc%ﬁﬁzﬁfé; oisémiconductor or
fiat panel displayuserdriicelirgs e rsitdes ©f Snesh §éviani(resilicorheniinbealator, Get:Sri
alloys, 5102, sapghire; GastzeSkGnialioysm 5k Gl oy staialas:staal-Rabimide or other polymer
films such as thodslgﬂgsediig y}:e rl;la%gg ggnq olgi%eéi%&diﬁgcj{ags. I(y a grgferred 1(1eml%odiment, the
substrate comprises Si U A& preferred entoodiment. the Semicondiitor Kibatrates of this aspect
of the inventfon KaiseragrSiadumetiddénfeormbrisesraisidefibadmemgha teifknessol-loss than one

micron, more prefefabiy-authiokness dilkaaRge-fse moalania P Aonsinn2 further preferred

embodiment, the semiconductor substrates.of this second,aspect have .an SiGe layer comprising an
SiGe film having'a t rgﬁg@) %lé?'eFSe%%)lﬁastg%e% ts?g(]) Ii%aél cih% abff ’I%%?.%%%‘%%%&B%%rred embodiment,
the semiconductor sub$tvéieBippinist aspedesorihedniEmidanedhyriswam®icidditmiadving a

substantially atomiealdarianasswiasrniernhalagy nigyadeus-emiedineats: e gaseous precursor
comprises qrsconsis%s of one pr more o the compound Iistegb&n Tablg

Lo Oy O e SO0 s suitable f & gg(:h;n n.or g foons, and
stereoisomers thereor In & preferrad embodmient of the: semicsnauBtorSin SRl gt the second

15aspect, the gaseBuggbrerLRsBPSShprises or consists of a compound selected from the
In one embodiment of this third aspect, the compound comprising a GeHs

ligand is selected from the group consisting alkali and alkaline earth germanides. In a
preferred embodiment, the alkali or alkaline earth germanides are selected from the

20 group consisting of KGeHs, NaGeHs, and MRaGeHs, wherein M is a group IV
element and R is an organic ligand.

In a further embodiment of this third aspect, the method comprises combining
the compound comprising a GeHs ligand with a nonafluorobutane-sulfonic
substituted disilane, wherein the nonafluorobutane-sulfonic substituted disilane

25 comprises (SO3C4Fo),(SiHy),. In other embodiments, entire families of perfluoroalkyl
sulfonyl and alkyl sulfonyl substituted silanes (or germanes) can be used. More
preferably, the compound comprising a Gels ligand is KGeHs, and the silicon
germanium hydride is formed according to the equation A
(SO3C4Fo)(SiHy), -+ 2KGeH; — (HiGe)(SiHy), + 2K SO3C4Fs. Even more

30  preferably, the method comprises:

(a) adding (SO1CFo)a(SiHz)2 to a slurry of KGeH; in solvent at between
-50°C and -30°C (mbre preferably about -40°C) to form a mixture;

(b) warming the mixture to between -20°C and 0°C (more preferably about
-10°C);

15



group consisting of Sill3-SIEL-GeH2-Gel-13;Siki3-Gel12- (ieH2-SiH.3; Gel-13-S1ll-12-Sil-12-GeB3),
and SiH[(SiH3)(Gel-02].  The semiconductor structure may further comprise other features as
desired, including but not limited to the inclusion of dopants, such as boron, phosphorous, 20arsenic,
and antimony. These embodiments are especially preferred for semiconductor substrates used as
active devices. Inclusigg of syighrdepantsdnto,thier semiganductor substrates can be carried out by
standard methods in the art, .In a further em o%i}meqtso e ﬁemgonductor str ctus[)e may further
comprise varying quantities SRS SRC ST RS ERHSR Tor 2%ven apPRGASIETIREESH of 25carbon or
tin into the semiéértduetdr substrates can be carried out by standard methods in the art. The carbon

can be used to reduce the mahility ofihgdepanisihtine sitctyremngd more specifically boron,
Incorporatiog of Sn can yield materials with novel optical properties such as direct emission and

absorption Iéading to the formation of Si-based lasers and high sensitivity infrared photodetectors.
In tinter aspect, the inveritichipreiidesbetiricondiibise tstiusheresheomikidingrarsgbstrate and an Si-Ge

Iayefr corgpristi)ngc%smsg'sﬁélgogéfpa&a@ks%ﬁb@iﬁ 9@@@1@&{@ %%mmms%&%@é@g to the fO(;mula .
Preferred embodiments are as descri aboye, in.a further aspect, the invention provides a
SRR B B IR ole DA BB AR OER RO i P

composition, COMPpIisifig-one or more ¢ ﬁﬁ%)bas. Such inert
gases include, bicagemistdiyitty torRurecdNPrisng afgdh. Reefelr&Gethboditheniscare as described

ahbove. By q%ing émlglgmpgjmgﬁ gfﬁgﬁqegl@g@@ﬂggpﬁl@gq@f%preparing 10semiconduc;[)or ilébstrates,
the semiconductor substrate wi mprise an Si-G er comprising or consisting of a backbone of
the compounds of the @t\{/)é%eﬁi‘}h&g% giésgﬁ?g%?m@%&g t 3%&%&%@?; &3BgPFed to the separate
use of Si and Gerxsderebés fir detposiomritee resulting Si-Ge layer comprises highly defined and
uniform bonding arranggmenigqand stiaip.cosnsnsales BB alamis Raltes»asopRosed to 15the
random nature oggggor gi-}%%f&gns in v¥hjcbl] the Si_an%ﬁGe r??)toms can exist as an intimate mixture of
several (or multi) At ST And SR RISEEIRCIE AN 8 horbgehB5t Fonding and locally stressed
configuratiolfs. In misnfhtcheobhieteliyepitaycapplications tregeemiistiats éXitiliihaspious dislocations
(at levels unacceptahlgfosimest aevice applications), strain non-uniformities and high surface

{c) stirring the mixture under nitrogen; and
(d) distilling the mixture to form the (H3Ge)x(SiHy)s.
In this embodiment, low temperature (T <-10 °C) reactions of (SO3CFs.

20 p(SiHy), with KGeHjs afforded predominately (HsGe)o(SiHy), and impurity levels of
(GeHa),(SiH>GeH,). These species can be separated by distillation. In contrast to the
low temperature pathways, the reaction of (SO3CF3),(SiH,), with KGeHs at T =22 °C
yields predominately combinations of the positional isomers (GeHs3)(SiH,), and
(GeBs),SiH(SiHs) in varying proportions (a small amount of (GeHs)y(SiH.GeHy) is

25  also produced but this is readily separated form the bulk via fractional distillation
from the (SO3CF3)2(SiHy), and (GeHs)(SiH2GeH,) mixture.

In a fourth aspect, the present invention provides methods for depositing a Si-

Ge material on a substrate in a reaction chamber, comprising introducing into the

30 chamber a gaseous precursor comprising or consisting of one or more compounds
according to formula I, under conditions whereby a layer comprising a Si-Ge material

is formed on the substrate.
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20roughness. A distinct and important advantage of our compounds, films, and methods over
conventional ones is that the incorporation of the entire Si-Ge molecular core promotes the formation
of exceptionally uniform bonding arrangements over the entire crystal, leading to relaxed (or uniformly
stressed) films with planar surface morphology (no surface ripples). A crucial advantage is the

unprecedented low 25grewit tepeperaiuRSWhishHeosR SUHAReRabtiyeb themi.and Ge atoms and
prevent mass segregatian thereby resulting in highly uniform compositional and strain profiles at the
Tt asug&%% e Og'glyl ngafnﬁlﬁfécﬁl?ﬁtgi‘so leads to low

atomic level. e Intact mc%rporatlon 0 > m sSve '§t|rf§3%%
surface diffusiors 8t FigHeatieking Coefictent somparensisitretomvertionatdowedimass compounds.

The high reactivifyepeinits RremeEshighgmvdhiaiasihichinsreass yaiematically.ith the mass of
the precursogrs .gu.r ermore theﬁitnco orebti ntof the entire Si/Ge framework of the gaseous '

) eepi ﬁl fo1r|ne on_the S%l ate. . .
precursor into the lattice is particularly important in the formations of SiGe nanoscale systems
(quantum dots and wirBsYiseearsslie abwetp reeibe aorbitoiimuoiishiol 6gyserticraldlecomposition, and

structure that canroiae asspmplishecbiyapoidepositiensaf sepasaie silanes and gennanes, or by
molecular beamiggdfé%?( 82%81”(1%& agl%%e sources. The§r cise contro| of composition and
corresponding morphoiogy. both orwhich GRIMAtel Hetethiing the physiEAP BrSpemsss of these
nanoscale mate . iBod BudscinbisgU g Ebmspbsition s ationknhed éxistivithin and among
individual nemostiigpies Willpave a significant impact on the optical and electronic nrope,rties and on
the performance of de\glg:n%s. In the !\fIEE case an average concentration is assigned 011 the basis of

GHRERS Pl S TR VP R BF S T TR T8 AP EEciemBTHaHy on the scale of

the flux ratio utilized to grow the ma
the nanostructurésggs i egdnyfasemn Otertarmbicthesastbadtions Hitharicusmseddilar sources cannot

be simultaneoushyganipiedaiavelymsiteithroushoutihesanmele.LhKs peitheriechrigue can

guarantee syste@atic g{owhh of Si-Ge nanodscale struc}gres with &ontrollable composition, strain and
size oron, phosphorous, arsenic, and antimony. These embodiments are especially

15 preferred for semiconductor substrates used as active devices. Inclusion of such
dopants into the semiconductor substrates can be carried out by standard methods in
the art,

In another embodiment, the methods comprise adding varying quantities if
carbon or tin to the semiconductor substrate. Inclusion of carbon or tin into the

20 semiconductor substrates can be carried out by standard methods in the art. The
carbon can be used to reduce the mobility of the dopants in the structure and more
specifically boron. Incorporation of Sn can yield materials with novel optical
properties such as direct emission and absorption leading to the formation of Si-based
lasers and high sensitivity infrared photodetectors.

25 As demonstrated herein, the silicon-germanium hydrides of the invention were
used to deposit device quality layers on substrates that display homogeneous
compositional and strain profiles, low threading dislocation densities and atomically
planar surfaces.

In a preferred embodiment of the fourth and fifth aspects of the invention, the

30 step of introducing the gaseous precursor comprises introducing the gaseous precursor
in substantially pure form. In a further preferred embodiment, the step of introducing
the gaseous precursor comprises introduc'mg the gaseous precursor as a single gas

source.
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Such highly defined patterns can be determined using standard methods in the 15art, such as neutron
diffraction An example of an Si-Ge layer comprising a backbone of the compounds of the invention
can be found in Figure 13, which shows an exemplary sequence of macromotc,cular, polymeric units
of the invention, based on interconnected (GelB)2(SiH2)2 monomers (a-d), en route to a diamond
cubic Si-Ge lattice withh206mecantatinriceAsIR (Si0.L0880 £HO} (L) Ehisatatiatioegrporates the
Ge-Si-Si-Ge molecular core of gGeHS}a%#%gthﬁ%)c% as the structural algrgog%@?ﬁ)n%suégr‘;v%llbundlng block.

Figures 14 and fiftstrate schematic y, the moclléjéyulllg- %/S-er(r)\%ié)éﬁfe growth of a random 21) (one

layer) clusters oRSIGEFtHEFgURETIsICSHWEERE ty et e sy Rewier SSYURACE P Wdidimensional
island of composition Si0.50Geo5r, containing a 25random distribution of Si and Ge atoms. The

schematic process is het‘ﬁ’g‘%' aasloerg% tﬁe normal to the glc%%)bgr(%wg%iflgge and mv%ves the systematic

o - / ble S
addition of 1-GeSiSiGe molecties and Simultahecus abstraction of H2 :%nagPesclﬂ%s. Figure 15 is similar,

but The schemalfiepitie 5 i Rad el G eHE oY 6 Trae@d) §reWIH RENGCTHES, the

compounds of thegaventianscapibebseskitdotntacandos alayiviith Bointisnate: Rixingof the elements

using the GeSiSiGeCFp#ecursors o&f rmulfal . The resulting Si-Ge backbone structure consists of
t

. .va% 0sItion, and atomic aalfm:r GﬁOSIUOH. h . . . .
polymerized units startihg compound of the Inveéntion, wherein polymerization requires

dehydrogenation. As vidllaseciiigdratoed ipprhelseedp il drdtF&nrepettiengaseortolecular, polymeric
units of thejimveniion:basas 00t BaiRethebPRixmekizec campesndsnRfdhe invention can also

a0 S o i (e el A0 st o s grgpitn of s
aspect of the inviemmerture/rapid growth process include (i) short deposition times compatible with
preprocessed Si wafers, (ii) selective growth for application in high frequency
devices, and (iii) negligible mass segregation of dopants, which is particularly critical
15 for thin layers.

In various further embodiments of the fourth and fifth aspects, the gaseous
precursor is introduced at a partial pressure between 10™ Torr and 1000 Torr. In one
preferred embodiment, the gaseous precursor is introduced at between 10 Torr and
107 Torr (corresponding to UHV vertical furnace technology). In another preferred

20 embodiment, the gaseous precursor is introduced at between10™ Torr and 100 Torr,
corresponding to LPCVD conditions.

In various other preferred embodiments, the Si-Ge material is formed on the
substrate as a strain-relaxed layer having a planar surface; the composition of the Si-
Ge material is substantially uniform; and/or the entire Si and Ge framework of the

25 gaseous precursor is incorporated into the Si-Ge material or epitaxial Si-Ge.

In a sixth aspect, the present invention provides a compound comprising or
consisting of (SO3CsFo)2(SiHy)s, as well as methods for making the compound. As
disclosed herein, (SO3C4Fo)2(SiHy)s 1s useful as an intermediate in the synthesis of the

30 silicon-germanium hydrides of the invention. In one embodiment, methods for
synthesizing (S03C4F9)2(SiHy), comprise combining R(SiH,), and HSO3C4Fs under
conditions whereby the (SO3C4Fg)»(SiH,), is formed, where R is an aryl substituent.

Such aryl substituents include, but are not limited to, p-tolyl and benzyl.
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In a third aspect, the present invention provides methods for synthesizing one or more
silicon-germanium hydrides of formula 1, (SiFTi),(Gel-1"2), wherein the method comprises combining
one or more perfluoroalkyl-sulfonate-substituted ciisilane with a compound comprising a Gen; ligand
under conditions whereby the 10 silicon-germanium hydride is formed. In a preferred embodiment, the

perflt;loroalIgyltsuIfona}g%%@ﬁ%y&t@t%%ﬁ%&m&{%%g@m %ﬂ%@{@%%% singefa t
nonafluorobutane-sulfonic sybstitute an stituted disilane us, this aspec
provides methoG& 0 he dﬁﬂe@ r%éié é Ff‘%éﬁ “!Erﬁh é%fn%ﬂré RS HEE e Fibed herein utilize
high yield singleS$tepsuliStRutica @E'reéctﬁmﬁrablyiéhd S¥mibdnditctal.grdoemimedalzsuitable for

industrial applicafign angimanufacturing processes. In one embodiment of this third aspect, the
compound comprlsmg a GeE3 i and |s§elected from theﬁgroup conS|st|ng alkali and alkaline earth

germanides. Inaprefé‘?rg’éygﬁ%‘ inent e kar dr Sikafire @i élﬁfﬂ]élﬁf@es are selected from the

20 group consisting ofMK@gHSeidEGalic 13 tanctriRBSeH3, whereln M is a group IV element and R is
an organic ligand. A a -fuhers %n@g@é@ggt@ftg% |{ﬁ2%sglg§g0w&mpy}g&%{npnses combining
an

the compound prising a Gel-13 with a nonafluorobutane-sulfonic substituted disilane,
wherein the non%’ﬁ‘%%?) %\W§6§u1?8nqca§€lQsﬁﬁﬁ’t@ﬁrﬂ%ﬁ&ﬁ@rﬁ&omprlses (S03C4F9)2(SiH2)2. In other
embodiments, entire fémiliesvefrpefithonpatiyt sulfomdeand alkyl 23FOnyl substituted silanes (or

germanes);egan be usqg) Moggrgggfg{@m&t&pae gampound comprising a Gelis: ligand is KGel-13, and
the silicon germaniu dride is formed according to the equation (SO3C4F9)2(SiH2)2+

21(0el-1. 3CHBGe)2(S§?é12)§‘Le§T€ 3t ﬂ% KB 30 preferably, the method comprises:

(a) adding (S0304F9)2(SiH2)2 to e slurry of KGeH; in solvent at between -50C and -30C (more

preferably about -40"C) to form a mixture; (b) warming the mixture to between -20C and 0C (more
preferably abouttemrplys

The synthesis of butane-like (GeHs)(SiH;), (Referred to above as GeH3-

15 SiH2-SiH2-GeH3)(1), (GeH;),SiH(SiH3) (referred to above as SiH[(GeHs;)(SiHz)]

(2) and (GeHs),(SiH>GeHy) (also referred to as GeH3-SiH2-GeH2-GeH3) (3) Si-Ge
hydrides with applications in low temperature synthesis of Ge-rich Si;xGey -

optoelectronic alloys is herein demonstrated. The compositional, vibrational,

structural and thermochemical properties of these compounds were studied by FTIR,

20 multinuclear NMR, mass spectrometry, Rutherford backscattering, and density

functional theory (DFT) simulations. The analyses indicate that the linear

(GeH3)(SiHz), (1) and (GeHs)o(SiH,GeHy) (3) compounds exist as a mixture of the

classic normal and gauche conformational isomers which do not seem to interconvert

at 22 °C. The conformational proportions in the samples were determined using a

25 new fitting procedure, which combines calculated molecular spectra to reproduce

those observed by varying the global intensity, frequency scale and admixture

coefficients of the individual conformers. The (GeHs)2(SiHy), (1) species was then

utilized to fabricate Sios0Geoso semiconductor alloys reflecting exactly the Si/Ge

content of the precursor. Device quality layers were grown via gas source MBE

30 directly on Si(100) at unprecedented low temperatures 350-450 °C and display

homogeneous compositional and strain profiles, low threading dislocation densities

and atomically planar surfaces. Low energy electron microscopy (LEEM) analysis

has demonstrated that the precursor is highly reactive on Si(100) surfaces, with Hs
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(e) stirring the mixture under nitrogen; (d) heating the mixture to between 25C and 45C (more
preferably about 35"C); and (e) distilling the mixture to form the (1-13Ge)2(SiH2)2. S In an
alternative embodiment of this third aspect, the method comprises combining the compound
comprising a Gel-13 ligand with a triflate substituted ciisilane, and wherein the triflate substituted
disilane comprim&$@ﬁ@ﬁﬁiﬁé$ﬁtﬁﬁ&awlelte preterabby Hhdwonpatipd wacprisinga%Gel-13 ligand is
KGeF1.3, and t %sdllco 1Mdrlde is formed according to the equation
(SO3CFE3)3(Sill2 2 SiH2)2+ 2105030173. Even more preferably, the method
comprises (a)addlng (SO3CF3) (S|T12)2to a slurry of KGeH3 in solvent at between - 40C and -10C
(more preferabl;}‘ﬁﬂﬂtﬁ‘ta%e)sfasﬁi?ﬂ} a mlxture 15@)optionally warming the mixture to between 10C

o S e et SRS (i alhe e Al e g i v
(SO3CF3. 20)2(%7&)@%@11@%?@ arRsiered ﬁfe%ﬁﬁnmétyfmsf@aagwﬂumzsaﬁamﬁnmﬁ.ty levels of
triflate substituted disilanes (C4FoSO3)(SiHy): (4) and (SO3CF3)(SiH), (5) as
illustrated by Eq 1 and 2 respectively. The starting materials (4) and (5) were
prepared via reactions of the corresponding sulfonic acids HSO3Cy4Fy and HSO3CF;
10 with 1,2-(p-tolyl)2(SiHz)2 (Eq 3 and 4, respectively).
(SO3CFo)a(SiHo)s + 2KGeHs — (HaGe)o(SiHz), + 2K SO3CFy (1)
(SO3CF3)(SiHy), + 2KGeHs — (HzGe)o(SiHy)+ 2KSO3CF; (2)
(p-tolyD)a(SiHy), + 2 HSO3CsFg — (SO3C4Fg)2(SiHa), + 2(toluene) (3)
(p-tolyl)(SiHy)s + 2 HSOsCF3 — (SO3CF3)a(SiHy), + 2(toluene)  (4)

The route described by (Eq 1) consistently produces pure, single-phase
(HaGe)o(SiHy), (1) as a colorless, pyrophoric liquid. Here the replacement of -
SO3C4Fy by GeHs occurs exclusively at the 1,2-substitution sites of (SO3C4Fg)(Sity);
(4), as expected. However,.the route described by (Eq 2) yields a mixture of products
20 (Fig. 2) including (GeHs)»(SiHy), (1), the isobutane analog (GeHs),SiH(SiHs) (2), and
the Ge-rich derivative (GeHs),(SiHxGeH;) (3) depending on reaction conditions.
Specifically, low temperature (T <-10 °C) reactions of (SO3CF3)(SiHa), (5) with
KGeHs (Eq 2) afforded predominately (1) and impurity levels of (3). These species
are separated by distillation and the minor low volatility fraction (vapor pressure of ~
25 1 Torr at 22 °C) was characterized by a variety of spectroscopic methods as the Ge-
rich derivative (3) possessing a heteronuclear H,Si-GeH, core (Fig. 1). In contrast to
the low temperature pathways, the reaction of (SO3CF3)(SiHy), (5) with KGeHs at T
222 °C yields predominately combinations of the positional isomers (1) and (2) in
varying proportions (a small amount of (3) is also produced but this is readily
30  separated form the bulk via fractional distillation from the (1) and (2) mixture). In
this case the replacement of SO3CF3 by GeHs initially occurs at the 1-substitution site
of (SO3CF3)(SiHy), (8) as expected. The second replacement likely produces
germyl disilane, SiH3SiH,GeHs, and a stable germylene intermediate (GeHy) rather
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(G413)2(SiBI2GeH2). These species can be separated by distillation. In contrast to the low
temperature pathways, the reaction of (SO3CF3)2(SiH2)2 with KGel-13 at T L22 00 yields
predominately combinations of the positional isomers (Gel-13)2(Sili+ and (Gel-13)2SiH(Sill3) in varying
proportions (a small amount of (GeH3)3(Sili3GeH2) is 25also produced but this is readily separated

form the bulk weghfagc%%nall gilér:,tg %&glg ?amethﬁ&ﬁ%%:(egﬁz( I1)2 asng gGel 1@2](181HZGeII2) mixture.

In a fourth aspect, the present mventlon rovides or deposmng a Sice materlal ona
substrate in a redEtiotteRefn D cofn pi méqm%(ﬁé{nﬁt@hé%ﬁ%ﬁ&%%ﬁsé@ﬂ@brecursor
comprising or c@mxstmgm&iwﬁg:ﬁr(mrgse@mp@umdﬁ @es@fmwfmmm bebkﬂd@d’cﬁ%ﬂ@htlons whereby

a layer comprisi f%h%éo&%mxﬁﬁeéé%!ﬁt{g{@ f%g i ayep% e 1% flfth h.aspect, the present invention

provides methods epositing-an epitaxia nasu stra e comprlsmg mtroducmg near a
surface of the s@b@trﬁt&as&és@&i@ precursor comprising or consisting of one or more compounds
according to formula 1, and dehydrogenating the precursor under conditions whereby epitaxial Si-Ge
is formed on the -Sifbstride Cebthisashect StHe Sikb<tdie ic@pbeafyshihstiid(eiBuitable(for
semiconductor or flat panel display use, including but not limited to silicon, germanium, silicon on
insulator, Ge:Sn alloys, Si02 S$dapfhireSiGuar&HohrGEiHNRFEISIHG)alloys, stainless steel, polyimide or
other polymer films. In a preferred embodiment, the substrate 10comprises Si(100).  Embodiments
of the gaseous precursors are as described above for previous aspects of the invention. For example,
the methods may furth% com rise a h@g a dé)epscrl anyl th,i(EUb trate |chu but not |m|ted to the

CSIs O
inclusion of dopants SUC?] oron, orous, arse an imony. ﬁ %em%oﬁlments are

especially i@preﬂ‘éﬁ@%ﬁ%@ééﬂ?ﬁ&@ﬁ@uéféﬂ%ﬁ%&%@@hﬁﬁﬁé Bt dgiceesn pridikieh vt such dopants

into the semiconshugtoigsuhstoatess canobe)sasEdout Rystaadatidmethadsiie phedttwork In another

embodiment, th megfg%gs (I:rgorpeprlse 9dd|pga}1/%rcyg|g{g %uantltﬁ-:-s if carbo on.or tin, {% 2 unI;llICOI‘]dUCtOI’

convenie Toac usmo réa avalia
substrate. Inclusion arbon or tin into t PP Y

fragments as the coupling agent Compound (5) is obtained as a highly reactive liquid,
which is difficult to fully handle and purify. Consequently its reactions with KGeH;
15 are complex and produce mixtures of products as described above. In contrast the
newly prepared compound (4) is readily crystallized as a robust molecular solid that is
completely isolated from the reaction byproducts and other contaminants, thereby
leading to high purity (HaGe)»(SiHs), in subsequent steps according to (Ed 1. The
compositional, vibrational and structural properties of the newly synthesized

20 compounds (1), (2), (3) and (4) are presented below.

(H3Ge)o(SiH3); (1): The (HaGe)(SiH), (1) species is prepared as described by the
reactions depicted in (Eq 1,2) and was isolated and purified by fractional distillation
(vapor pressure of ~8-10 Torr at 22 °C). The FTIR, *’Si NMR (proton-coupled) and
25  mass spectra indicate a 1,2-digermyldisilane with a butane-like structure as shown in
Figure 1. The IR spectrum shows the Si—H and Ge-H stretching modes at 2147 and
2073 om’, respectively, and a set of absorption bands between 910 and 442 cm™
corresponding to the bending modes of the molecule. These assignments are
consistent with those made previously for the (HyGe)sxSiHx (x=1-4) family of silyl
30  germanes.” A more detailed interpretation of the full IR spectrum is obtained from
quantum chemical calculations and the data show fixed combinations between the

butane-like normal and gauche conformers of (1) (see section below for details). The
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90semiconductor substrates can be carried out by standard methods in the art. The carbon can be
used to reduce the mobility of the dopants in the structure and more specifically boron. Incorporation of
Sn can yield materials with novel optical properties such as direct emission and absorption leading to
the formation of Si-based lasers and high sensitivity infrared photodetectors. 25As demonstrated
herein, the silicoisoenmanism: hydidessabtbedvenyan wearetised d03denasit devigequality layers on
substrates that display,homogeneous compositional and strain profiles, low threadin, .}gi§location
densities and até?n%%%ﬁif%%ﬁg%u%u cré)g? gr[i)léxeS e xevré;’fé‘(‘zl We% %ﬁir%gﬁlt%fx %h“évl\%bﬁr%ﬁ zfng1 ifth aspects of
the invention, th&Eb<tePotipleduciig thecgaddisuspratarsofedifp el mroriiBing the gaseous

precursor in substantiadha pure*farmvitpcariuter prateredermbodimetsthepstepefintkeducing the
gaseous precursor comprises introducing the gaseous precursor as a single urce. in
another emb%dirrclleOﬁ? Bf%setgb_r? Ijrgn%eﬁ%ﬁw %s%?e%@, %ee%téff% ﬁlﬁ%?gdaﬁc%r?'g)l tﬁggg%ézgop@g precursor
comprises introdiseisgtitidy g asiesitis p e dFsOrfrterhfivere shitivan i erptarfetogalsd IFthi$iembodiment,

the inert gas canth@giorspxamplendsRdaraomdt? aoMN2.0bnthese aspagisithemgasgousgprecursor can

be deposiied by sy sulabje ischmifus, nluding buLnatimitsco das saures falecyler beam

epitaxy, chemica \C/’apor'depops%?(jn, pﬁgﬁ%sg%%an%‘éﬁg emical vapor deposition, laser assisted

chemical vapor deplsitigirsamesansriicdayaotsnesitiba phieat praféricdedmbodimastostpe fourth and
fifth aspects,ithe gaseousiie PEasH $ofdasiikadiee thab terpeaiiie-ofhetwesma08C and 450C,

more preferably between 350C and 450C. Pragtical advantages associ ith tTis low
temperature/rapig Eésro?/fﬁ%h%rogce’rsfé}ﬁ{gfﬁ%e ?Pﬁ gﬁ%ﬁ%@ﬁ%si?ﬁ?# ?farlgglréb‘ pati le®Wi %Slﬁregrocessed. Si
wafers, (ii) selectivengrowehifisr Epplicatorethbiigndespreerc)y /By fispssizings (fif) theghighsienhass
segregation of dapastssavitighsis partiGsileidySsiGahL dpHiBlayersims wi ¢aniousfyrther
embodiments of thgefo.urth and }flj%p aspnects the gg%r%%g}s precur. ﬁ{ IS mtro%uced at a partial pressure

reflecting composition o €2 CQre e molecule. .
between 10-8 Toft and 667 1ot fnone pré erre odiment, the gaséolis precursor is introduced

at between 19-8 TOIT and 10'5 Tor (corresponding to liTIV vertical furnace technology). In another

preferred 20embodiment, thgigase@us. preswsorisimiredusedsat betyyeen-8 Ton. and 100 Ton,

(GeH3),SIH(SiH3) (2): The isobutane-like structure of (2) was determined by S and
'"H NMR studies. The proton NMR resonances are present as a mulﬁp}ét centered at
20 3.049 ppm due to —SiH, and two doublets centered at 3.213 and 3.404 ppm
corresponding to the (-GeHs), and -SiHs protons, respectively. The integrated peak
intensity ratios of the —SiH, (-GeHs), and -SiH; are 1:6:3, respectively, as expected.
The peak intensities, the coupling patterns and the position of the peaks in the
spectrum, collectively point to the isobutane-like structure in which an Si center is
25  terahedrally bonded to two GeHs groups one SiHs group and an single H atom. This
structure is further confirmed by 2D 'H COSY and 'H-®Si HMQC NMR
measurements. The 2D 'H CQOSY spectrum showed cross-peaks that correlate to the
central SiH, and terminal GeHs and SiHs resonances at 3.049, 3.213 and 3.404 ppm,
respectively, indicating a HsSi-SiH-(GeHs), connectivity, which is consistent with
30  the proposed isobutane structure. A proton-decoupled ‘H-*Si HMQC spectfum
showed that the H atoms at 3.049 and 3,404 ppm are directly bonded to Si atoms at —
121 and —93 ppm, respectively. The g chemical shift (~121ppm, in CsDg) due to
the central Si atom in this molecule is similar to those found for SiH(GeHs)s (—113

ppm in CDCls) and Si(GeHz)s (128 ppm, in CDCl3). A close correspondence is also
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corresponding to L,PCVD conditions. In various other preferred embodiments, the Si-Ge material
is formed on the substrate as a strain-relaxed layer-having a planar surface; the composition of the
SiGe material is substantially uniform; and/or the entire Si and Ge framework of the 25gaseous
precursor is incorporated into the Si-Ge material or epitaxial Si-Ge. In a sixth aspect, the present

invek?tign fprovids&lgd [ataslatelVls e Qclaipy Eﬁiﬁmgip&@@%s@tiﬁﬂﬂf &g@@%g%%(iﬁ%g;%}gmaﬁgvell as
methods for making the compound, As disclos erejn, is useful as an
intermediate in t gggf[kfﬁgéﬁ of %ﬁg‘%ﬁ%‘%?g‘g? mn}uyr%li %/%‘?%’ggof the invention. In one
embodiment, methodsGer-gyntheisern(SIO8CAR ) 2(Silly) Zxprriprats dSibifingR¢{SHR)2 and
o AT S s s e
substituent. Such aryl substituents include, but are ngt limited to,.p-tolyl. an nzyl, In a preferre
embodiment; me%%%@% gﬁﬂ?ﬁ%%ﬁ%%@ﬁ%@i@%ﬁ i rﬁﬁ‘ﬁrgtoerrﬁbgﬁfs?é&%&ﬁlﬁﬁi§§ (%Q%Wi)z(smz)z
and 1-1S03C4fowindeis congdition switherebyuthe{ 80304 £D) 2¢StH R skefohmbifeereteitibdy, the
(S03C4F9)2(Si-H2)gsisHanmed Recarding t9ithe egustionR-Heiv )Rk 2 et Zpectra, The

11803C4F9(803C411.F9)2 S1112)2 + %g[é)luenej or e# rably, the method comprises (@)
combining HSOZEAFb, TARtoRy1)2 (8 PE2S5 SAri SBHveH TS FERLHEENSHBEP B Betivells -50C and 0C
to form a mixtureSi:Ge.Fha) weamingaire shixthrento BetwEemOC einth@5CB(c)stierifigtthe mixture; and
(d)filtering the solig(SQ3CARRUFLIR2 Fxapiples.Theayntkesis plhytangalike L 1d13)2(SiH2)2
(Referred to above as Gel-T.3- .

of the individual (1) and (2) components. The spectrum of (2) was theoretically

determined since the compound could not be completely separated in pure form from

(1) via our distillation method due to the similarity in their boiling points. The

contributions of the each compound in the experimental IR spectra were then

15  determined using a fitting procedure involving both the observed and the calculated

spectra.

(GeH3) (SIH GeH ) (3): Compound (3) is a byproduct of the reaction described by
Eq 2. Its-gas-phase IR spectrum shows the Si—H and Ge-H stretching bands centered
20 at2145 and 2073 cm™, respectively. The intensity of the Ge-H peak in the spectrum is
significantly stronger than the Si-H due to the greater number of Ge-H bonds relative
to Si-H bonds. The "H NMR spectra showed 2 set of two sextets at 3.30 and 3.03 ppm
ensconcing two triplets at 3.23, 3.13 ppm. The integrated peak intensity ratios of the
sextet-triplet-triplet-sextet sequence are 2:3:3:2. The integrated intensities the
25 coupling patterns and the position of the peaks in the NMR spectrum collectively
point to a HaGe-SiH,-GeHy-GeH; molecular structure in which a central SiH,GeH;
core is bonded with two terminal GeH; moieties. In particular, the sextets at 3.30 and
3.03 ppm can be associated, respectively, with the SiH; and GeH, protons of the
central -SiH,GeH,- while the triplets at 3.23, 3.13 ppm correspond to terminal GeHs
30 protons. The SiH; and GeH, NMR frequencies in this case correlate well with those
in the previously reported (HszGe),SiH, and GeHsGeH,SiH; compounds.7 The
assignment of the sextet at 3.30 ppm to the Sikl, protons was further corroborated by a
'H-#Si HMQC NMR spectrum, which indicates a direct coupling to a single **Si
resonance found at ~98.2 ppm. In addition, a 2D "H COSY NMR spectrum was used
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15SiH2-S1112-Gef13)(1), (GeET.3)2SiH(Sili.3) (referred to above as SiH[(GeH3)2(SiE13)] (2) and
(Gel-13)2(Sil-{2Ge1-12) (also referred to as Gel-13-Sil-2-Gek12-GeB3) (3) Si-Ge hydrides with
applications in low temperature synthesis of Ge-rich optoelectronic alloys is herein demonstrated.The
compositional, vibrational, structural and thermochemical properties of these compounds were studied

by FTIR, 70 muliinuglear bR, massgpecirapeity. Rutherosd hackscattering. apndidepsity functional
theory (DFT) simulations. The analyses mdicatet aﬁ%tthe I{Qfear GeH3)2(81112§r213§)19.%§ﬂnd
(GeFf3)2(SiH.2CEFIITE) cOMPERAS SXIEA" Hitkite BFth S TTRS SO REIRAT &the

conformational igdfmersiwhith pomot lssenvduckp@adorneeecat 22 Co THEcoftdhmatimmahproportions in

the samples wetg dgterminedrtising a 25:nemafittingpiesedure, whichoompingscaleuated molecular
spectra to reproduce those observed %varg% the global intensity, frequency scale and admixture

coefficients of thE TRER MUETEBKIERTERE Fre (L 13RS BpatREE PR HReAiRfized to
fabricate Si0,53®e0;56rsemicond(8icrAlloy sréflectingrenttity theiSitGeousstant witthérprecursor.
Device quality laygfs.\vere gswn via gas source MBE 30 directly on Si(100) at unprecedented low
temperatures 350-450 C and display homogeneous compositional and strain profiles, low threading
dislocation densities and atomically planar surfaces. Low energy electron microscopy (LEEM) analysis
has demonstrate@#at@ae(SiBours@ is Righbpreaddyé oncBil0e) Shvfages] with Itoelserption kinetics

comparable o thsepf a2kt snitadhe Rissence-ef strand.sifribopgs e nelegular structure.
Results and Discussion 5The synthesis of the main r%'%dpct 1,2-digermyldisilane, (H3Ge)2(Sili2)2 (1)

was accomplish&d%/i re4c AL SrREYE P RHN e ndlaft Bl SR SAE AR substituted
disilanes (C4179808)2(SiHDR (i) AAG{SDICFE)S(Gi FaR) S Bieaslitustrite Ty Eeptline 2

respectively. Thesarting:materials(HAnd (bhwsreiRepesed Hiaraactions:af the carigsponding
sulfonie acids HSO3C4F9 and EISO3CF3 10with 1,2-(p-toly1)2(SiH2)2 (Eq 3 and 4, respectively).

(SO3CLF9)2(Si1%2)? Fakeisiisisadtsdysierts o) £51¢d SEh0HeeR (ot paf s r12)2 +
2KGel-13(1513GE2{BLH2)P THBHSORB(2) (R tolyk)R(BIHR)E-F 31 IROAG 4RHSD8@4ES)2(Si142) 2+
2(toluene) (3) (1AL RRIA22s 12 FIRQSERIP QBGEDR(R 1262 OIMENEID) These

values are consistent with those observed for the triflate analog (SO3CF3)(SiHa),

(5).10 Compound (4) was further characterized by FTIR, mass spectrometry and C, H,

F elemental analysis and the data are fully consistent with the proposed structure (see

20 experimental section).

Ab initio simulations of molecular properties
Structural and thermochemical properties: In order to corroborate the identification
of the (GeHaz)s(SiHy), (GeHs),SiH(SiHs) and (GeHs)a(SiH,GeHy) described above we
25  simulated the structural, energetic and vibrational trends of these compounds. In prior
' studies’ we demonstrated that B3LYP hybrid density functional theory (DFT)
simulations provide an excellent account of the ground state structural,
thermochemical and vibrational properties of the (H3Ge)ySiHix family of molecular
hydrides. In particular use of the 6-311G++(2d,2p) basis set yielded small typical
30 bond length and frequency discrepancies (on the order of 0.4% and 1.4%,
réspectively), Accordingly, our first attempt at reconciling the observed IR spectra
with those calculated was based on the same procedure, and on the assumption that
the fundamental structures are n-butane like. Although this approach provided a close

match to most of the main spectral features observed, several strong low-frequency
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15 The route described by (Eq I) consistently produces pure, single-phase (1-fiGe)2(Si142)2 (1) as a
colorless, pyrophoric liquid. Here the replacement of - SO3C4F9 by GeH3 occurs exclusively at the
1,2-substitution sites of (SO3C4F9)3(Sifl2)2 (4), as expected. However,, the route described by (Eq 2)
yields a mixture of products 7() (Pig. 2) including (GeH3)2(Sil-10)2 (1), the isobutane analog

(GeH3)2sili(Sil-13)42), endithe Gestishdeivatived GeHRIISH LaGeH), (Rl depanding,on reaction
conditions. Spemﬂcal% low temperature (T <-10 C) reactions of (SO3CF3)2(Sil-12)2 (5) with KGeH3

(Eq 2) afforded SredSmMataly (1) BRG I pUFiSP RS othes ) PHiags dedralesilvsafiiaied by distilation
and the minor lowiovelatilityrrastionniviapthe pressurectthe2rithtsreadt@ACindasichaeactetized by a

variety of spectrogeopicimethods A theGRLich: deriatie LRSI ANsIconMElRar
1-12Si-Gel-I2 core (I%% 1). In contrast to the low temperature pathways, the reaction of

(803CF3)2(SiF1593' &) With'k &84 13181ed out S RS pddrin A IPEsTBmasbsbithe positional
isomers (1) and ¥2nim asarpihgsphepariionsd dlsmadltamod uninet (33 i alsGr@tuced) batthis is readily 30

separated form the ulk.yiadsactiona! distiliationfriamdhedhdand (@) mixturel ndhis case the
replacement of SO3CF3 by GeH3 initially occurs at the 1-substitution site of (SO3CF3)2(SiH2)2 (5) as

expected. The sECORT FBNREALTh IR S BrEHTEE S B RPRATER aHEPY HES (92 88T 25aHd a stable
gennyiene interrmedidte{GebkBitdthen-thiittte bkt digeshyidisjlane ;- 1S3G)2(Sil di)@n(1).Insertion of
Getiz o $1- 135146251 33hen 1y R GEL D2 UL U5 1D By sl

insertion mechanism (discussed in detail in subsequent sections) has been obser d in‘the

photochemical gEHEFAEGH OFG a8 pHAER Y SIACPPO RSP P ks Hhtes thsiPxrelinear
5SiH3-SIE12-SiEdBfEge/f S H2ESIR2 8ol SnfdemBnrs: Sills -SiTI7-GeH3 + G0142 -4

(Gel- 19251145 L)@y BIFR(LIAZSINSI LD The INGSiR oL Shisdessrbed by al

and has been previously 1.0 demonstrated elsewhere. Its (p-toly1)2(Sill2)2 starting materials has
been produced \}fét%ﬁgﬁﬁEtFé{é’cfﬂBﬂgeéfoéfﬁ?éwﬁﬁﬁﬁf@@ﬁﬁtwﬂ}dé?@&rﬁt’f‘i’ﬁH"r‘i‘?ﬁiam@t‘ffé‘ present work
we adopt a Miorercoavenignt; mmwmoﬂmﬂmmommﬁiﬂgrr@i_mw@v@leﬂw_ees@m_}fyagaegnts as the
coupling agent. Gampennd (5) is ohlained.as abighly.tRacliye ligwd, which:is diffigulttg fully handle
and purify. Consequently’its reactions with KGel-13 15 are complex and proguce mixtures of

products as desCAEEHAHEVESITRehtAst h& ey Breharet cemiisduntt (2) &seBaiy ¥stallized as a
robust molecular3dofid-tHiatisrchimpietelynisetaindfionditaureasiionebypfoducts and other contaminants,
thereby leading to high-grity (1-13Ge)2(3 in ¢ st ording to (Eq 1). The
compositional; vibrational and structural prggg%rz%%gl c?%d ﬁ%ﬁsﬁé\?\l{l}gﬁ%ﬁ]ﬁ%ﬁ%ﬁ co%%ggﬁqggg(l), (2), (3)
and (4) are ?p(}eséﬁxfg]aabé{&mesented in Figure 12. The figure lists the bond length, bond angle and

bond torsion data for n-GeSiSiGe, g-GeSiSiGe, n-GeSiGeGe, g-GeSiGeGe and i-
Si(SiGeGe). In all molecules, the skeletal structure exhibits typical Si-Si and Si-Ge
bonds with the gauche conformations exhibiting slightly (0.0024) longer/shorter Si-
Si/Si-Ge bonds than their linear counterparts. In the iso-butane like isomer /-
25 Si(SiGeGe) the Si-Si bond lengths (2.351 A) are found to be intermediate to those in
the other isomers while the Si-Ge bond is dilated to a value 2.400 A. All the Si-Si
values, 2.350-2.352 A, correspond closely (~0.1 %) to that found in bulk silicon
a~3/4 = 2352 A where a (5.431 A) is the lattice constant of crystalline Si in the
diamond structure. The Ge-Ge values found in n-GeSiGeGe and g-GeSiGeGe, 2.446
30 A, is also close to that of bulk germanium (2.449 A). The heteronuclear skeletal Si-Ge

bond lengths exhibit a distribution in the range 2.396-2.400 A and represent an
average of the Si-Si and Ge-Ge values (2.399 A).
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(173Ge.)2(Sirl22The (H3Ge)2(SiH2)2 (1) species is prepared as described by the reaction.s depicted
in (Eq 1,2) and was isolated and purified by fractional distillation (vapor pressure of-8-10 Tarr at 22 C).
The FTIR, 29Si NIV1R (proton-coupled) and 25 mass spectra indicate a 1,2-digennyldisilane with a
butane-like structure as shown in Figure L The IR spectrum shows the Si-El and Ge-H stretching
modes at 2147 and 207BecenHresp eetiNclynand aiseiochabsaiptienybandathe ttvbe mSitfeand 442 em-1

coresponding (o e-EnGNAMANeR o1 i moleeulesThees Assiunmenis Al eansisignt wih those

made previously for the (li3Cie)4 =1-4) tamily of silyi 30 %Ermanes A more detailed

interpretation of #é ﬁuﬁﬁk&sﬁéiﬁ‘?&‘i*ﬁei@ &Btglﬁéﬁrf?éﬁ’ﬁ enERniEREmicares Aatidh ol the data
show fixed comhisatitns! bativeaendting hutanerdd(esmntmw aind gachewepnfermarsvafiéthésee section

below for defails), the, NP &%9?&5@1{&\(@31'&&9@ﬁ%ﬁ 20BN %d/%ena]’e&% %&% ppm

corresponding to foe’Si-H and H protons, respectively, which is consistent with a H3Ge-SiH2-
SiHrGe143 moIe‘@ﬁF&P@t@I@ﬂE’reaS“r‘FﬁEe%f?écf&‘l‘% 18 fHtHEARD AR 2B CS6 8 Visamdr1 1-1-20Si

[-11MQC NMR expetinentsh Eheizd) Silid L0 s peciriunmshoned Sitsagaakddhateqselate to Si-ll
O o e R AR AR A SSRRE AN AR I d Bt cagnectiviy. A

proton- decouple 'H-S1 1371v1QC spectrum showed that the 14 atoms at re directly
attached to Si atém&sdp 485 WW@%&%’@E@CW&%M@H%H%@W@Wb%% &5%0-196 amu as
the highest mas&a&akeﬁ@ﬁteﬁm@dghgﬁwéhem&m o, Si2Ge2tdit)t The assaciated 19

fragmentation pafiel s cNBISIENLIIN 16 RIABOSS SUG, The sxistense. ol (1) yas further

corroborated by Ruth scatterln (RBS) analysis o monocrystal films pro Uced by 'single
source MBE depb@ﬁlﬁdﬁ%g&tfﬁedéérﬁﬁweﬁ‘@%tweé%)d m@iﬁeéreq@ﬁéﬁ@%ﬁ%&%f the films
was conS|stentIy&%&eﬂgaﬁmm&%ymﬁﬁﬁﬁmﬁﬂlmm the Si2Ge7 core of the molecule

(H3GO2SLID2 (925) 1325iG¢ () THA(99HE) (GeHRRISITINP Ihe otupre e

structure of (2) was determlned 29S| an 4 NMR stu ies. The protoniv resonances are
present as & multipié c@@ﬂé%edsat“?@ 3VAPHIAYALED Bﬁ@?ﬁ?@ﬂ%ﬁﬁﬁlé’zgr’é&n@?eﬁﬁ%&ﬂm and 3.404
ppm correspondiagtadhel (b@@é‘éﬁ)ﬁlaﬂﬂna‘ﬁ;lllﬁuﬂféﬂomﬁe fﬁﬁpeﬁﬂ&ﬁﬁbﬁn-[@ﬁ)ﬂﬂtﬁ'@{@{@@{mkl|nten5|ty

ratios of the SithGESHRIEANNL-SIEI3ae L G esnsd kel Ancxpacted dhe peak pfensites, the
coupling patterns and the pc posmon of the peaks in t ectrum, co olfecti pomt to %ﬁe Isobutane-like

structure in whiclt aHiSheemtas i Zélté)r%H@diagWSb&Hﬁe %@hﬁb@eh@‘bﬁ@ﬁﬁ@ dAelSillitgRsup and an
single H atom. Thisstuieiukel ®Tuibraaeniicngd b&ﬁ&@%&%ﬁﬂé&?&&b&%@f@m

Measureme%s T?\%@%l aucg:e c§nf0§t[r)§§g mx%b%\’\{g% I‘OSS S é)f%%hgrtldc gﬂ%lla{% entral S. and
4

terminal GeH3 an resonances at 3 m, respectively, |n catlng a

f0Si-SIE1-(Ge 143y &mRkehvits, Rﬁﬂ@ﬁsﬁ‘@wﬁsﬁeﬁéﬁt@wﬁm@%%? Boibat e trigrReiscture. A
proton-decoupledhid 296y hddQ G s picietiim sh&we@fﬂsa@émeﬁ@t@msrat&%&@edc&@4 ppm are

directly bonded QS Si Latoms, af - :lI211anqh 93:.ppm e 29 Si chemical sglﬂé 121ppm, in
C605) due to the central{gl atom in this molecu ep'rs Simi ar tot osgrf%oﬁlno atl ?—fl/a 1 3 (-113 ppm

in CDC13) and Sif@8#I8)4 (-128 ppm, in CDC13). A close correspondence is also found between the
29Si chemicad shift (-93mpm) dralto the teeminalhaton and-thaserahdhaoterminahSilddgroups (-92

ppm) for H3SiGe|tk|1§ ‘total ground state electronic energy Eg, and its value corrected for zero point
energy correction (Eypg), thermal energy (Ecorr). enthalpy (Heorr) and free energy

(Georr) at 298K, In the case of the Ge;SizHio molecules our calculations indicate that

i-Si(SiGeGe) isomer is slightly favored at room temperature, with a free‘ energy

30  difference of 0.0008 Hartree or about 2.0 kJ/mol (note: k37" @ 300K ~ 2.4 kJ/mol)

relative to n-GeSiSiGe. The latter molecule’s free energy is, in turn, more stable than

‘that of g-GeSiSiGe by about 2.8 kl/mol. For the GeSiGeGe impurity compound mé n-

GeSiGeGe isomer free energy is lower than that of its gauche conformation by 0.0020

Hartree (5.3 kI/mol).
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Gas-chromatography mass-spectrometry experiments (GCMS) of samples containing (1)
(H3Ge)2(S1kl2)2 and (GeH3)2SIEI(S1l1i3) (2) indicated the presence of 6 two major fractions that
displayed slightly different retention times in the GC column, which is consistent with a mixture of (1)
and (2) possessing slightly different boiling points. Furthermore, these fractions displayed essentially
identical mass spectra, The highest mass peak is observed in the 210-196 amu range corresponding

to the (Si2Ge2l-Ix+) parent ions of (1) and (2),. Samples of the mixture were farther aracterized
using FR spectrﬁ%)i%ﬁfz%%ngﬁié%té élrreeésgé)efr?ﬁ%ﬁ %%g%wgrgr Fﬁ%ﬁﬂr%w(??ﬁh%iﬁﬁﬁﬂﬁgl) and (2)
components. Thepspecte miofliRdizesvibedieart ity uctets aihodesiiies thdhesnmourd gslild not be
completely sepajatad-inpuLsifeem framd(Eyigiour sistijationsmettostdus igithessimitagty in then
boiling points. The contributions of the each c ound in the experimental IR spectra were then 15
determined Gsind SIS BHOLAITE AU BI0TG BBt TS BEE R A R LAt et
(GeH3)2(SLELGeik)ify: EXd¥BolAd (8)nissianbly prothscE e/ fedictibn-thdsernbedebst ENp2. Its

gas-phase FR spegtidn shaws the SisFhandGardlbstetshinghandsssantersd 240.atRdds and 2073
cm-, respectively, The n;ée,%sé% of th,% Ge-?g{)gak in the s}pectrum I%SI nificantly stronger than the Si-H
due to the greataPHThBEF G & PP HEHa L FalisiRr t8 1B BT Hei PP IR R aieiPa showed a set

of two sextets attB:30cand B3 pprrenscohomgdelly stidlsts at 3.23, 3.1.3 ppm. The integrated peak
intensity ratigs oGiNg;sexehIIPIallrPIsleS KRl SRGHAE 68 MR Acdidizs shBGNearalekiniensities the 25

coupling patterns and the position of the peaks in the NMR spectrum coIIectiveIch[Sr)oin_tito a

1-12Ge-S1H2-GEMS XS4 3 dIe U TSI CEAPEh e R e SRt iRt 8H 7 et e bBnded with two
terminal OeH3 Msieties: kxpaiticular btihedsaietS eth 3180 kgt 208 pprircarriby asgsociated;

respectively, withiihe Sit'2.and G&l32Rraiens atinsesatrah-SiHRGeH - Whilethe dripleds at 3.23,

3.13 ppm correspond, to teiminal GeH3 30 protops, The Sill2 and Ga ,tNIVIR frequencies in this case
correlate well with 5 §Bt frequency overestimates obtained using this level of theory, has not been

15 applied to the calculated spectra shown in these plots. The interpretation of the high-
frequency spectral features (Figure 2) is straightforward: the lower frequency pairs of
peaks designated ng and n; in #»-GeSiSiGe (Figure 2(d)), g1, and g2 in g-GeSiSiGe
(Figure 2{e)), and i;; and i1 in #-Si(SiGeGe) (Figure 2(f)), correspond to symmetric
and anti-symmetric Ge-H stretching vibrations, respectively. Siniilarly, the symmetric

20 and anti-symmetric Si-H stretching vibrations are designated ng and ny in #-GeSiSiGe
(Figure 2(d)}, g3 and g« in g-GeSiSiGe (Figure 2(e)), and i;4 and 15 in i-Si(SiGeGe)
(Figure 2(f)), respectively. The calculated splitting (13-14 cm™) between the
symmetric and anti-symmetric bands (in either Si-H or Ge-H) is approximately the
same in all isomers, however, all of these bands are systematically lower (~ 4-5 cm™)

25  in frequency in the gauche isomer. In addition to these features the high-frequency
spectrum of the positional isomer /-Si(SiGeGe), shown in Figure 2(f), also exhibits
an isolated vibrational feature near 2077 cm™ (designated by iy3 in Figure 2(f)), which
corresponds to the central Si-H stretching vibration.

The low-frequency non-skeletal vibrational structure, also shown in Figure 2,

30 s oonsiderably more complex and involves in- and out-of-plane, symmetric and
antisymmetric Si-H/Ge-H wagging vibrations. The most striking difference between
the spectra of n-GeSiSiGe and g-GeSiSiGe (parts (aj and (b) of Figure 2, respectively)
is that four distinct features (ns-ns) of the linear isomer are effectively split in its

gauche counterpart. For example, the strongest band in n-GeSiSiGe, n,, corresponding
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in the previously reported (H3Ge)2Sill2 and Gel-12GeH2Sil-13 compounds: The assignment of the
sextet at 3.30 ppm to the Sil-12 protons was further corroborated by a 1H-29Si HIVIQC NM'S
spectrum, which indicates a direct coupling to a single 29Si resonance found at -98.2 ppm. In addition,
a 2D 'FI COSY NiVIR spectrum was used to unequivocally establish the specific ordering of the
Ge-Si-Ge-Ge b#tRisBhestomstitisetits. wagmaepebiesien et an s e mealnertiseckbers Fesonances at
3,30, 3.23, 3.13:pndidDBppminihaseearsspord arspestivel yaiomSitole: &endifterainal) connected
to Gelt, Ge-H3 (terminal).connected to.SIR2, and Gel-12. The mass spectra showed, an isotopic
envelope at 25(%503“8’ %?n% ‘gégtﬁlgﬁpéﬁ%lsgtl r%’cl)atshse rgégﬁ E%I}%rlé-égﬁ?)%%ﬁ%%e% ﬂ%énﬁlgr‘é%stvt:{(l)%j}e@theSHx+) and
a fragmentation prtteles corEmte Mt WiththlstHe e ascstriegi exhibiC fEoSEEysy Siensip (4):
Compound {4) isrisalaiediat@kYinirid-asa golotrss.Gkomimpherieusolidwitha melingpoint of 68 'C.
It is readily soluble in ethers, CHC13..CH2CI2 and slightly soluble in toluene. T \TLIYIR spectrum
showed a singlectoggﬁfg?gfoa%%Sgsp%%a@ ggﬁ?%%%c}gegtﬁg&nae%rd géﬁn saltné}ﬁfengg% 1§.1 ese exhibit a
triplet of triplets WitPPE SPHIBAUIS R LHaptRg BortPMpanenditiH B-Bondi-Coaplngwidme Hz. This

indicates the presgnceref B-see0nendit2 gsauR qangistenicndtistae - 4HsSiESIH 2518088 Furthermore,
a proton decoupled 1H-.29§i__'!hHl\/.I C sh%/g%g} utrtl]c%t tzt&% %rot%%resonance at ppm is girectly attached
[

.08
to a Si atom at 30 L ppm- These varies are ConSIStent wi t?‘?b%%%%%é?\/eag!oar e tifidte analog
(803L.:(43}#(S1a2¥R (@)?i@@éﬁ?pde kP ysprmsrsu rﬁh@f?@ﬁ&lﬂapi@ﬂz“éﬂ By & IRaNt38s8pectrometry and
g(,) H, F ?|em?nltéis9itip§1¥2§l8a§w%§g%ga@ f:t_ﬁ@ f%mn;x&t&nl tyvéiBde Gfg?;@sﬂﬁxﬁt@@@;liﬁﬁ'(see ol
experimental section). Ab initio ions of molecular. properties. Structural an nochernica
properties: In orffgﬁlgeccl)(r}éo %Ifla{?giﬁlgl entcati %‘”%ﬁ%ﬁ%{(55’140%58%?4?2%2{“(@&&%?‘2%?&(SiHs) and
(Gel-13)2(Sal2Cil- teeesciibdd Bpeseams2edisnantedinessfadtonds) erdyetielahehdibrational

trends of these gempawads. i RETIsiudies/ivedemonsitated BalB3LyRhyhdd density functional

theory (DFT) simulations provide an.excell unt of the ground state structural, th.ertnochemical
R PO M B A ST ER S TG S

and vibratiohal properti X amrﬂfll%cflrﬁolecular hydrides, in particular use of the
6-311C*1(2r1,2p) basislsetlgiciecarmalbrypical 30 HOHB{esith seavfréedbgioy diserépancies (on the
order of 0.4% angghdeikespesiiveld) shcerraingbuounifist attamntatmecepciing.thenebserved IR
spectra with thos\%/e S&!&Ulatecﬁj w%s 1l:l)g\sed 8An th%s%r%%%gr cechJrr , and %P the assumption that the
fundamental structires are n-butane like. ﬁtl‘?oua 'this approdth ?)rreovﬁ SHEB0SB MAtEh to most of
the main spectraisieamsisabpservidisevedalisironpipswtivesuenci(fiGnges fémdmeidahaccounted for

in the calculatedibRpattesn. dooview of the pHeksHELRsSOhB3L¥RRPMeashwe sanskided that
n-butane like mo gﬁla,r strL%ct%ures aloarll%glgiuld nog %%lg%nt for the teggectrum of :?? %/nthesized

compounds. We ereto %%xp%ﬁeérél our caléutations to ireiude th g%sﬁgﬁ%e%c %%Sﬁé%al isomers in
which a these vibrations. In the SiH; terminal group the Si-H wagging vibrations (i10) occur at
~ 951 cm™. Finally, features is and is are unique to the 1-Si(SiGeGe) molecule, and
involve perpendicular Si-H wags of the SiH moiety.
25 SiGez;H;p molecules: For the n- and g - (GeHs)o(SiH,GeHy) isomers we corroborate
the NMR characterization by directly comparing the observed IR spectrum with that
calculated for a ~ 1:3 mixture of n-GeSiGeGe and g-GeSiGeGe conformations (a
detailed explanation is given in the following section). The calculated IR spectra for
both the »~ and g- isomer, convoluted with a Gaussian of wigith ~20 em™ to simulate
30 experimental broadening, are given in Figure 3. Both the high- and low-frequency
regions are shown (no frequency scaling has been applied). Peaks in the simulated

spectrum originating from »-GeSiGeGe or g-GeSiGeGe conformations are denoted by

Ny and G, respectively.



5 terminal Gelfi group is rotated out of the Ge-Si-Si-Ge (or Ge-Si-Ge-Cie) skeletal plane, as well as the
iso-butane like positional isomer i-Si(SiGeGe) (Figure I). These isomers are completely analogous to
those previously reported in tetrasilane, and related molecules, and in subsequent discussion we
simply refer to them as 71- GeSiSiGe, g-GeSiSiGe, n-GeSiGeGe and g-GeSiGeGe, and i-Si(SiGeGe),
as shown 10 in Figure e G rEsanaH At STRER P BBEe e S Gpéeta Bt e Brifttary products
and the minor irGpsitteompbunds:aigitamplétabrcaceolinted far by-adlinear admbdurenof the n-, g-,
and (type confouRaliansang adMlRLAASIS SRCAREIARNER (esia showad thal gyl gsglution of

differences in thé calculated propeérties of the conformational/positional isomers requires an even 15
more stringent tFESHSHt HHaf th&AYLEd RH5E JrF stlieics ondo 1 SB4SinL 40T FgarRiedO particularly

with regards to esjatiiated vibrationahpropesties shechedingdypattiof the Baleslations deswibed in the
present work werg carried Q1 at 1, RRIATEAS: 340G Lok, 209 el as implerpenied n the

Gaussian03 code.l%[ The resu ructural optimizations, obtained using "tight” convergence 20
criteria, arc pres8ntid ATEIGUBMY THERFIHEIOME D SRE T8HEHE BSmdvanatEiatidisdid torsion data
for n-GcSiSiGe, gz 3BiGe r-eSiGe G eply-brSitedatand (5i( Sk e); |mall-aalesules, the
skeletal structure exhibits.typical Si-Si. i- onds with th e conformations exhibiting
slightly (o.oozA)‘ﬁ%Iﬁé%% l%yﬁ‘érsé%%ﬁf%qge%ﬁ%%ﬁ%’angt A iﬁéga?%gﬁl%?éﬁéé?% lpﬁtﬁgn%o-butane like
isomer 1- 29 Si(SiGE&GE) the Si-Si bond lengths (2.351 A) are found to be intermediate to those in the
other isomers while thenSiGiebandusellaiegt tef thvalue 240 KA HiAdl the s SoMalyesica350-2.352 A.
correspond closgly (-0.1 Va) t that found.in bulk silicon a-J/4 it 2,352 A where a %Léc.gﬁﬁ A) is the
lattice constant o crysta{ﬂlne &i'if the diamond structure. The Ge-Ge valtes found I n:GeSiGeGe and
g-GeSiGeGe, 1486230198 86 SlcibSevtesting HPBUROg S niarrAY S a0anyeahastatérohuclear skeletal
Si-Ge, bond lengtbsi@xbihitvardistribudion ieathe range 2:396:1400i4 asdsapresentsamaverage of the
Si-5i and Ge:Ge yalues, (2,398.4) . Theand, Geclband isnaths gpayr @xabisively gs ceniral St
moieties an termlnaf%raﬁpgrouﬁs%n the n. and gu GeSISiGe isomer . With values o 17286 A and
1.539 A, respeciiAgin theatiorredbdiing GesiceitieissintrSthe SRIPbeRBRREsHCRed with the Sift
moiety has essegtidllyith:samevalesd4ss Aoikile the @eHz: maighiexhibits: a5lightly longer Ge-H
bond (1.542-1.548 A) in a Gel-i3 terminal group, as cted, Dye tg its unique structure the
i-Si(SiGeGe) isolt}]l"l%rr &)hsglé%iss(éosu 1%¥ﬁa¥fesr iﬁglgill?pﬁ%ér Gaeglf?g%grglﬁps@ﬁd%e Pﬁ&fg §ﬁ—|$%"/foiety. Here the
GeEl bond lengttirassodinemodiiinte @eRfGr CongygroapORava theTsafretvaéenotsso A) as in
GeH3 groups of ethexjsemerswhiledbe coreseending tanmival groviaisi-ia 1 Rangidengths are
slightly contracte(ge%AS% A). The longest Si-FT bond length is associated with the central SiH moiety
and has a value 1. ?&.F&)Ilectively, these bond length trends are consistent with those found
previously in the heavié$enieatibersissarie (3 EEINISITEN NPENBEI By el &F molelies. The data
presented in Figuwenks alsashavwsithatahednternnaiallimseleiptdal hang-anglessasawell as those
involving hydrogen-metal bond e essentially unchanged between all isomers stu i?ﬁg. The only
exception is founﬁétl%l?haéslgﬁlé%c—%ﬁ/?ﬁgo%%%‘?gf[rs U |8rl;§c, Vvﬁ%ﬁgp%%%é sﬁoé%l%/segr% %aﬁ%é%se iﬁ’e e linear
n-GeSiSiG&isorerdngaalipiguisariecipalieofpes oth &g eaisbeGers SiiGe Boldrbrsion in the linear
molecules is 180pingigating thaltbe metal A0S Rre.caHinacto.3 samman alaney20iiwhile the
gauche conform%gonr%belﬁd}il%it to%si1 nan Iers %}‘166 an GIA_fIin Ge-SESi-ﬁBet nd %eNSi.-Gt -Ge,
respectively. It is A SVIAERT TR the data that the ftsr-maeaTiic aikd rie §I’-Jf‘f§/ rogéh Band lengths in
the [-Si(SiGeGe )isbAti apentfiny ef ageceeiobsmo il retetirapaivalines Telin proses gredicted for the

other conformatigpal/pesitional QS is split into two modes G; and G; in the gauche isomer in

30 which symmetrical wagging occurs independently in the two GeH; terminal groups.

Isomer Admixture Analysis: 'To estimate the molar concentration of the
comformational and positional isomers in the observed spectra, we adopt an approach

commonly employed in “multi-phase” fitting of x-ray spectra, in which a normalized
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25Figure 12 also lists the thermochemical energies of the molecules, including the total ground state
electronic energy Bo, and its value corrected for zero point energy conection (E555), thermal energy
(EcoRR), enthalpy (HooRR) and free energy (GcoRn) at 298K. In the case of the Ge2Si21-IK.
molecules our calculations indicate that i-Si(SiGeGe) isomer is slightly favored at room temperature,
with a free enerd§ BB R SARE OB OIS HARHHEIE S PSS BRES [ RA AR F R S PROT 60K - 2.4
kJ/Moe relative tpataeStSiGe chhsitattenoolécul@sifgethe nergyisdniturn amorestablerthan that of
g-GeSiSiGe by ahait. 2,8 IHifmol, FALINSCENCRGaIMRUHY campoupd theNGesiGeGe isomer free

energy is lower than that of its gauche conformation Ct%éo.OOZO Hartree (5.3 Id/mal). Vibrational

spectra: in order RS TEHYARE REIHRERD SRR SRS Jl5seibed BHRISHACHASHe ealfilEdd the
vibration_a_ll fr?eq_uamies amh ?iengiti@ afrthe mmﬁomatimaaidswmmmﬁee%lﬁmamhgﬁeSiSiQe,
and positional 'Sa@ﬁﬁeﬁsdéség)%ﬁﬁén‘af HJ%&@B‘H&%PEW Lé%{mﬁ%é’é{e!;%@ér@%ﬁ . Ahemigor species
n-GeSiGeGe and g-GeSiGeGe, using the B3LYP DFT functional at the 133LYP/6-311G-H-(3df,2pd)
level. No symmetA5aLsisgednts the st tiansneariint Hepliaisy pae SEC ARt aIriv6Rcules studied
exhibited a positi{\recei@ﬁﬁihh:,spéeﬂﬁm@@}f hﬁtm«miﬂiorfaequsmﬁ@s_ﬁi&di@a@a@iﬁﬁﬂth@gmmIﬁﬁ state ‘
structures are dyparmjoallyIabiey 1AGRRAENRMAlRCHIER-FidHes Shas A gis gl e calculated

spectra of n-GeSiSiGe, g-GeSiSiGe and |-Si(S|GeGe§hconvoluted with a Gaussian of width - 20 cm-1

to simulate ExpefiFRtal b AHEAMGSBOHT1FRS RigHS andolihredaeaty rigidis SRaEHsin. It should
also .be notgd thgiﬁeqmﬁ@yﬁe@jmmmmm@m ltquéeq:mit@' the sligh fregudengy over_estimates
obtained Lsing thigdeel oh 1neaRiaz neLhaenve cakplat D iNgalstiAgd apatia shown in these

plots. The interpretation’of the high-frequency spectral features (Figure 2) is straightforward: the lower
frequency pairs &%@»déﬁ@(ﬁgﬁ@&}n@%md’ﬁr‘n ih(ceSRicdribeie o{d))SHPKifPy:23n g-GeSiSiGe
(Figure 2(e)), andsébisand 11271 2(S Gelothigiaraidéihbenree spandioos wnmathisand
anti-symmetric Ge-H stretching vibrations, respectively. Similarly, the symmetric 20 and
anti-symmetric S?ﬂqlg?f’g’f&l'{fﬁén\)/ﬂgf:ﬁ%‘bﬁg aré é%gfgﬁg’i%“d‘%%ﬁ rfé”?ﬁ N B8 &heEEEEGUFe 2(d)), gn
and g14 in g-GeSiSiGe{Figurst2fe ) andciid amdtits i Si(BiCeGepiriguie &6 hfrésdectively. The
calculated splitting. (13734 g_r@za@%g@g\!vg&gi}mge.symmetric and anti-symmetric bands (in either Si-H or
at-H) is approximately the same in all isomers, however, all of these bands are systematically lower (-
4-5 cm) 75 in frequency in th@@anehe=iSomeran add ﬁdm(mhed@featlagémhé%yigh-f&éiquency
spectrum of the positional isomer i-Si(SiGeGe), shown in Figure 2(f), also exhibits an isolated _
vibrational featuremear 2077 enndlitde signated by namn igueet2(f)] iwhicildairespiondsd the central
Si-H stretching vigrajion, e lguifTzauencynn-skaleta! yibralional sirveture, aleo shown in Figure 2
30 is considerably more complex and involves in- and out-of-p a%e, symmetrlg and antisymmetric
Si-H/Ge-H waggifgisieicheFhé tnésisaaking dtrsrel cespb iy denities sped{f @G ESISIGe and
g-GeSiSiGe (partsdsisand (Bnafiligure 2, tespeatively) isthaldousdistinctdeatyasi-»b) of the linear

isomer are effectia\églyr s%?lgrindérsw %%%E}le co gtgr%gg. aFn r agg((%r&fglseﬁgl'\exs%gpg %gang diqlon-GeSiSiGe,
n2, corresponding ‘to"h'g Ieyqsymmetrlc I- wgggln’g vibrations parg?el Wi Rt &moiecutar backbone,

is split into three BamEEzd drotbigbyesischenaher §6 it tHeSitbehe sonvrexpabitingWeay strong Si-H
wagging parailel to4he.SiSitpad Amenathesedsdaroles theileast sorousiagiipigtans in the

molecule and acco%rt&jrinnxgel% sege(x ei tt)a{g%o;[*r}segg?%%%%g}%etgg i\%fue 0.989 used in previous studies of the
(HzGe),SiH, hydrides’ and Si;Hs, Ge,Hg and HaGeSiH; molecules' at this level of
theory. As shown in Figure 4(a) the resulting low-frequency composite theoretical
‘ spectrum (o < 1600 cm™), generated using this scale factor, agrees remarkably well
30 with the observed one. To simulate the composite high-frequency spectrum for {n-
GeSiSiGe, g-GeSiSiGe} we employ the admixture parameter derived from low-

frequency behavior, y= 0.392, and reduce the scale factor to 77" = (0.99097) = 0.975.
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5 The weak shoulder indicated by g4 in the g-GeSiSiGe spectrum is the anti-symmetric counterpart to
mode g5. Finally, the distinct feature near 925 call in the n-GeSiSiGe, ns, corresponds to Si-H wagging
vibrations perpendicular to the Si-Si axis involving symmetric H-Si-H bending motion. In the gauche
isomer this band is split into symmetric and anti-symmetric counterparts denoted by g9 and gm. Only a
few bands 10 appBir i&FbéochbiginfentensotPerdinsie, fatsaiticukietearire o i) neklr 480 enil
(asymmefrica:lw{@g&gwxpfam@u&@rmﬂnaigG&dimgom@m(vnﬂgi)eﬁzﬁ@f %&f@&ilagwmg@;eicadbtﬁrmigal CISG-H
wagging parallel to the Si-Si baond) and (n4:98) near 876 cm- (terminal Ge-H wagging perpendicular to
the Si-Ge bonds)ct.ieﬂ?éls\grv%tg tg%rr%%gc%&a{ﬁzgfiega%%%%é) ?érﬁer% 15(%% ri%]l%\?o véhses ﬁﬁ’rﬁ%‘iﬁ%%clyterminal Ge-H
wagging, and 15kesstesilentiztiinterpast indtrerl@eSiSiGurmvlteulgh-reTimmiwbéregigency spectrum
of i-Si(SiGeGre), shewidp ﬁégH{&xZ&Ebfﬂaﬁﬁ&EGﬁ%ywmﬁfoﬁtM%@fﬁﬂg&ﬁ@%%@i@&&@ﬁé? higher
symmetry. The Iowest,freqﬁﬁenc wa ging}m_odes found in the@g-GeSiSiGe@é%&j?are effectively split
into asymmetrical BRIt {PLHS PRI 1 TELh SCRVEIHTA LS SIGEEH) &1 Aifi98tures near
800 cinll (17 and-ig)ssorrespenrditd7ihiphasesand sifkicpiaaseTynumeikcak Gerhl iwegspafdihe terminal
GelI5 groups whijeyfeglutedd,dhe Anvnialriegl analog fo hasg yiBralians, In e, ails terminal

group the Si-FI wagging vibrations (110) occur at - 951 cull. Finally, features | Fand Is are unique to the
i-Si(SiGeGe) molERfE Hn PIERIDRAEPBIPE FRIIBEIRE 1554 WAGE HF RIS moiety. 25SiGe31-110
molecules: For the 11- anelgrrebp@ldid)2ESilH2 Get2 Gisaners wiewrnirohapatiadneMARcharacterization

by directly compeying e ghsgnies IR sheam A

'E%I(Egl%g%dggr - 1:3 mixture of
n-GeSiGe,Ge and g-GeSiGeGe conformations (a detali ee% éxplanat?onvi%aéll%g% in %tiﬁlé %T’Féwing

section). The caléllAEEIRIsRerRERSr ot He i-andy iYomeeSioavslutedionitieatiatissian of width -
20 cm-I to simulagg,30-experimentalomsdening e sienindeiga endsBath;thenighand
low-frequency regions are s na.frequency scaling has peen applied). Peaks in the simulated
spectrum origina%r?&lyf?gmwﬁ-}g’e@%%te%%n(gr %a_{@%%r 8&?‘3n€§n 8%%&?2%@' gggqaeé?%tesﬁe%uﬁ??; and G1,
respectivelyls  (fediighsfrequencyskdtratohimybaidbahesifriarctethosechiundanithe GeSiSiGe
analogs, exhibitin&&gl&glg&;@&g&i&ig&@ d31d 4ci-d Petwesn.the)symmetric and anti-symmetric

bands and a systematic _overall - 4-5 cpll shift to lower frequ_enc¥ in the gauche isomer. Here (N11:017)
and (Nio:G15) correspond 8% S&FRRTSIRE B & SYRE BTSSR e b A ormeh emivERP $owever, a
simple comparisondescorrdsponsting @evEistiétohimgaibietidosclocithestisomersidritiated by the
lower symmary o GepiGete 5?1&185%%9&9@&@&@ Fsymmeticahneld SEGGRING)

n-GeSiGeGe is split into cantributions 312, G14 and 315 in the gauche isomer while the symmetric

Ge-H stretciNg fﬁnﬁﬁlé’rh-@e@?Gg@@,’%'gﬁlitblﬁlégB’%&%r?t@‘ér?ﬂ‘ §3.The TiRemre uHerra98ncy range of
the spectrum we findeapstbngasimespondehde bbilwdenzmodenaskigniimeniscofsthie-r66afeeg- isomers

above 700 cm* Spegifically rihe Aavmoelicalwagaingbrations N ih RLeIGePe.arRSars as G6 in

gGeSiGeGe, with a frequency near 731 cm-1. As in our earlier discussion we designate 15 such

corresponding pafts BetirstHR o BHA0 it A (NB%58Y. mtensB & wBRfFS Hibrations
(1\4:G7) associateatsivithl tetiSin&dr Gek8:groapssippeanhe@rBORBcutys SimildrlyT HBGEYH 6scissor"

modes at 866scmdjate degignaled @sANRB R cublle kel fivH copnistRats (N R0:appear at 936

cm-1 (the frequency of the corresponding made in the GeSiSiGe isomers was - 925 cm-1). The

features denoted JOPRIBIGY) SRS O AsyIRTRREAT 18 CROSEr- S TS TEIRarE HEEB iR @ With the
terminal Gel.1.3 grezapshat allTtheenostisignifiesribidiffesenoesbetareendhet ibsdetraidf the n- and

g-isomers are fou %Qéaﬂﬁmgg eMEFhe mostiniepse sRestal feptue in -G8 JIGRGRN2) is

associated with a highly symmetric wa%iln of the protons bound to the GeH2 25 moiety parallel to the
molecular backbofHFH IOy SR RET S Br AP ATEIR S APfichits Rl the sBifotedfies, GA. and
35, corresporingtanasymroeitical-Ger Ragghie D icempittians ekindividual gsatensan, the Gel42
moiety. Finally, the mode Nedn e 357 1ng AE, = 1.628 kealimol for GeSiSiGe, while the
corresponding tetrasilane values are 0.895, 0.360 and 1.591 kcal/mol, respectively. At

this level of theory the conformational energy structure of GeSiSiGe and butane-like
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isomer, consisting of concerted symmetrical wagging of terminal GeH3 protons at both ends of the
molecule, is split into two modes Gl and G2 hi the gauche isomer in 30which symmetrical wa.gging
occurs independently in the two Gel13 terminal groups. Isomer AdmLyture Analysis: To estimate the
molar concentration of the comformational and positional isomers in the observed spectra, we adopt
an approach coirBaRE énspreyisdiridenicalpHEsS TRt eIeRirdyspettel, e Nvrrensinisrmalized
admixture of knpn mﬂ&acmaasetﬁa@mekatevsp@c&sadﬁpﬁﬁed@m kWi abgeryed spactrum of the

combined molecules. Usin the same Lres a ro studl 0 hydrides we have
calculated the s%eézc ra%afri gennﬁugﬁ)l talyiepogﬁlaosr?mﬁcongor%% ional ?g(})r%grls ffgb o égscrlbed

elsewhere). Thetmifshnilatet:s siscmal darverad Brproxydor thB.unkdwrpliiEisorndt Tandidate
spectra norgmallygypplied by experiment. A comparison of our calculated spectra with that of the

synthesized compounds su sts the pres of conformation

g-GeSiSiGel and posfo%‘ﬁll (g?&sg&ﬁ G éﬁgg 5 §++rg é%j FE s ?ﬂﬂy To proceed
with the analysig®all, ahthsFrequinedithioie ittt Spechedna)glantbisdlisomers: gddafigure 2) are
first calculated Q&WJWl{&%@x&fﬁe@aﬁ{@,m&@?&'Hggaéﬁgxéb%{é F?Q@W&Hﬁ&*ré’ﬁ%&%‘@’ requency

(0-1600 cm-1) and nigh-frequency (1600-2600 cm-I) regions. We denote the low-frequency spectra of

the |nees.s.eesygn@@f§f§fc§é>ﬁfaaﬂa&9 ﬁﬁf@ayd@f&%f%ﬁmﬁ%é@%ﬁe@@fé?é@é)mg@@ﬁs.c.e| by
Ci(0)), ig(m}. TI‘@EB,}QI’»FG(SDSR]CHBQ ebsaeddspectrum s khel/syuiheaisetnbi] gorspasnehelexp(co),

produced on a scretc% fre Lenc (9{ ﬁjéﬁ f}%é the %% romet is then.used to canstruct an objective
function (Eq 9). For exatlreﬁﬁ?éa?n the case 0 né)eSuSlGxépro éh%bg%dl%drﬁﬁit%r}é O(H , 7,77)=(c O

1,c2z [" (77(Di )5 SFOTRHEPE(OR)HOISHPHEsre ‘Qe@ﬂﬁ@%ﬁﬁawe%aﬁﬁmr@f @Phpla@walwgpectra fl is

the global amplitdnieied 2Qthettbevrsiivalsperbing-andr this e hgmilaguaney.seale factor
applied to the th80§e§|8al iifectra An |d(‘eNnt|caI proge dure%s, slgd7to freat th |DIS|(§S|G {a) GeSiSiGe{

ﬁ uls, shown as s NeS in are Ter
combination. In all cases the t eoretlcal spectra were evaluated at arbltrar re uenC|eS usmg cubic

splines, anéfa rabitisthsimpieX Fretidoilsaltiatons Fathrd BBfééﬁ\?}éﬁfﬁﬁéﬁbﬁnﬁé‘ﬁﬁé“{fﬁh@eS|S|a||
9-GeSiSiGe} paindhiseyichdsia-2be seatefaaion of (i 30.084tandaradimidture Qi 3924i.e., -39%

n-GeSiSiGe). Thl,§£§tln1d gfﬁca/ %?F%r g ver>§_| |Iar to thee%%/ﬁ\ 0 2787? Iuggd mtpreﬁjous studles of

the (H3Ge), SIHZP ydrides7 an olécufesh at thisdevel of theory. As
shown in Figure gﬁ(@)‘ﬂw@drélgeémn@@mﬁmm@y%@@@%i@@h@b@ﬂé@l Igpdotalim (B9 1600 cm-),

generated usingdhis-sealg factomagiersiramarkably wall value of the torsional barriers in
20 tetrasilane and GeSiSiGe is consistent with the facile low-temperature conformational
interconversions observed experimentally.

It should be noted that the 68% value obtained for the positional isomeric
spectrum, shown in Figure 5, is characteristic of one particular sample. Unlike the
conformational isomers, which exhibited a constant proportion between samples, the

25  proportions of the positional isomers sensitively depend on the specific reaction
conditions. This suggests that once the {7-Si(SiGeGe), g-GeSiSiGe} mixture has been
isolated no inter-conversion between positional isomers occurs. Chain cleavage and
sponfaneous isomerization are observed in the closely related tetrasilane SisHiq
system during photochemical matyix isolation experiments producing trisilane (SisHg)

30  and silylene (SiH2)."® The formation i-SisHj, observed as a mixture with 7-SiuH,q is
then believed to follow from SiH, insertion into the Si-H bonds of trisilane. As
discussed in detail by Jasinski et al. this insertion reaction is one of the characteristic

mechanisms in gas phase polysilane chemistry, possessing a slight negative activation
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30 with the observed one. To simulate the composite high-frequency spectrum for {nGeSiSiGe,
g-GeSiSiGe} we employ the admixture parameter derived from low-frequency behavior, r= 0.392, and
reduce the scale factor to p = (0.990977) = 0.975. This low- to high-frequency scale factor ratio was
previously found to yield an excellent account of the scgljing behavior in related moiecules12. Figure
4(b) demonstrafd§ dattAe ofstiynizel (salisinneteSiopiaine d\sivgmies thdhen shrReRjiidaty spectra also
faithfully and indepegdently kepradueihedigh-tieauensy hekavipr oo R{inmEg tatntegrity of our

procedure. Application of the foregaing Jow-frequen nalysis to the itional isomeric combination {
S (SiGe0e). o Gon e iy M Ry oA R ohog t B iRt The Gumple
spectrum is conspatessilinn the EXEBIaRs admikaareridsiBleraBehinien ingibatds thet the vibrational
structure is fargelyiacsamted.-fasasingithr rdmixiinespsoceduresik0dhs carrespanding results for the

GeSiGeGe impurity compaund are in Figure 6. A completel us fifting.procedure to that
above vyields, in%ﬂ%vtv:%@é? SRR urg\ﬁnaurlatr%&éﬁ)?og%ﬁﬁg {i Fgfyﬂ%afg%%%d%&@g’g% indicating
that the gauche TonforfatitrdsESIGeGe) is dominant in the gas phase. As in the GeSiSiGe
analysis, we find that fitting parameters obtained from the low-frequency spectrum (co<1600 cm’)
yields an excell%ﬂ ac| ountto&.the high-frequency stretching bands using the reduced frequency scale
factor 0.975 (Figuer%o%l 33‘5 “®e have observed that: the proportions derived for the conformational
isomers arélessérridiycoivnrppEnges rdifferadrgainpies. clRae biCidbtethis Bbsaration we

calculated th% p@fﬁﬂﬂ@é@ﬂ@@&@&@ﬁ@é&lf&@& m@fw&gpdik&o@&é@% asEERl tﬂdfl‘CtiOfn of thi |
Ge-Si-Si-Ge backbaone torsion angle. The linear confgrmation.corresponds a.torsio e of 180 while
the gauche mod?ﬁggt?gnl%gézﬁrgeg 185 (%esgrﬁglﬂl%eo% JSFor ‘é%}éﬁrl)%g%'\?éﬂqﬁgéf{%éz%% 5n angle all
remaining structgfsictegrea of tiredfiskeibitheabe wptinsizéd peswiviy ih alirdasked *PRSiaFigure 7
compares the topsienad LB Shiorhutase: detrasitane anehi@SiBiGeatidha N B3k (R{ras
3llG-HE(31Q,2pg? ar][d %Qdin/tic C / AIHI_t%DZ evels oflgheqryEI allfc;C ses the \./glluetof the linear or
trans- conﬁg”uratlo\ﬁe?isl 0sen & e reference aecnéffigl)(/).n eerﬁ?ot% rlSal tiat AfthTee V‘rﬁé’lecules exhibit
very similar energspeetsiohlpdsiestivithiany|8isab riviiengnas 186swad-gbarkeeyEfilpate120', a local
minimum at the gaHehg-sanficiation tEgNeaho 6., Andha.MaxuIh atiecRHIBsRONEIAG to the eclipse
saddle 30point (Fe%. %signg.thg DPtlhBSLYPl6t731 Ol {_’ﬁ(}jf,z d des%ri%titon v.vetobtai AF,1 0.942,.6,Eg =
0.362 and ABe="1%2 lha’ﬂmoffxpor BeBigiEE while the c&rr@glﬁrc?nedlﬁge%ngél arfe V411é&s arc 0.895,
0.360 and 1.591%kEalnrdtareshaetiveisasiinhibdavel i ie ofyith &sbafonitatio tehshergystructure of
GeSiSiGe apd butapg;likepieirasilanenis essentiiidanticab-d Risiis netwrexpestatinndew of their
very similar bond cparacte At the same I‘%{el of delscgption we Eja%%ﬁ;at the,.aqa[f)gous PES for
butane shares thsgrs%?fcﬁ’eaaua itative Torm as that of tetrasilane and Ge ]iSSPé%lf’ Gt %ﬁﬁ%‘fﬁnificamly
larger rotational beagieestaEy ngraiQupagnAEfeeentiges than & L -7 Fkéskrion fhshbufébbe noted that
our B3LYP/6-311ph4R4fdpdhietiasHABE Walhinsutals Al Ssand R afe-aalitativalyrdiferent from those

calculated by Altg)ingsgn aga asl.mlnS tetheovlbltilPZ%L6-{3ﬂl1" Ifeve#for[%he same molecule. In particular the latter
authors predict & SYmMmMEtHE R-gebarrer and & nearidentity of gauche and lineareantsrmation energy--
10 (A.E" g2°0.588, AEG-cayparsnt REgrowiR 38ckcdlirmdf) A fdrfintéite iy stsaduudmethanbasis set levels
and model chemigfriesnin QUlt\WREPRreschRsbath giffer, dbp @iigin eldhisdissrenRgacyiskambiguous.
We therefore carried out a series of co,%le i(:I ster §a|culations gg the C§SD/ NL/D7. level for the

| .

sequence butane ETHASiIFRP R BIEEIE S THE FELHHEBhEWAKY €5Iid IS n'ERERY, are
remarkably consibterind Dlatithiliee Bebrayrs dep@ETcaleli atidinst(ash et titiesasthd figure), and

indicate that the Mﬁ@ﬁ&y@%i@%%%ﬁ%}?ﬁﬁwﬁﬁg%g rupd state %H@E%E?).V@% amakehe value Of
AL; - 0.2-0.4 kcal/mal. Furthir%orég, the m@gnjtude of the barrier conne%igg the gauche glnd linear
i3 P

conformation's inCESIEIGE! &4 SROMIBIABEIETIn HHE & SDIANIP B Calculations.
This small value bfithévtolsichéldsaietsiHdstdaditldang, NG eSiBiGedsy colisistetitatdtitiiie facile

low-temperature gonfatmational IErcRRYLRiaRs1RSeNE S BxXPeRMenta!¥nore reactive than

pure GeyHs despite the presence of strong Si-H bonds in the molecular structure.

Accordingly, it represents a unique high-reactivity species suitable for low
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It should be noted that the 68% value obtained for the positional isomeric spectrium shown in Figure 5,
is characteristic of one particular sample 'Unlike the conformational isomers, which exhibited a
constant proportion between samples, the 25 proportions of the positional isomers sensitively depend
on the specific reaction conditions. This suggests that once the {i-Si(SiGeGe), g-GeSiSiGe} mixture
has been isolateermsiFse-cetlonDetrrién Bositiorsd! igorhetsystcuidichEinmsizavithe and
spontaneous isofgfizationyase pbsenvedinithe sloselyielaiassietiasiane-sidkiBssysiem during
photochemical atgirfgiesolt%'go%(?égﬁgrrpenggc gr%ucin(? tiisilane &ﬁta 30d.agd %ilgli%nfa é}?iElZ).lS The
formation i-Si41 ﬁ observed a8 a mixturewith n-S1a1-115%s ien beliv&d 1o 1ONSR H8mY: Silt insertion
into the Si-H boridisrestHsitansomBogisensaeduperhdiiiigsinski et al. this insertion reaction is one of
the charactesistic mechanismméigas phass Poivsilane chemisty iP@ssessing sstighiegative
activation energy and a.very high cpllisianal efficiency.” We surmise that an analogous low energy
germylene inse?ti%c?nd%gg{? éé}c%grﬁr?g#gfgg ggéeh[%% (r)ll??{ es;? . %Séigerrn e §ee§l ﬁ&f%&%%ﬁ%ﬁg the
triflate-substituteldv@isifamed ¥ F. > PrCerivgHirctds thet condeinsatibAcof 8 3iGeGedng plausible

Enechanis)m (coluIgvlsinmzt.)Ix;:a%I Fﬁ%x@ﬁ%@@(@m@ﬂt@?'&@gﬁgﬁ}%Yo@@cb%@t(gﬂ%f'?]%@?tﬁﬁgi%ﬂtﬁge of )
SO3CF3)2(Sili2)2 (5), followe insertion of GeH2 in.the Si-H bonds of the central SiH2 site in the
-Sil-12- SifIZ-Ge) ?gﬁ'[géarrrﬁaéc i, é%eogﬁ%g%?ﬁdiég%o? Se‘éﬁ%*bé%‘i‘ﬁ%rf‘éf%éﬁr%@nif §&8¥& conducted on
a clean Si(100) suisstrass asUReEhRyhdvactiair &y stermidogippédrstéthaa logh energyreledtron
microscope (LERTY"}dhabatewaddnsitiseaktimeopsatyationofihe arawthpracess: The
(H10e.)2(Sil-12)2 gaseous p[gcursog e%ft%d ﬁg the Stit surf r%(ia %‘0 plei;tggHZ elimination at partial
pressures in the Yange oF TG E P68 S ReL e Faa i K Growti RhBt s 758 84K Bstigated
using LEEM andhiisel s stiveltiomarie rgyiiEd at)igfethey o ripcwhsiaith fdgpecivtoHReddigoegtion from the
Si surface was measyred. tisknewn thatder convetiona) silanesiang.grimangsthe Fact is much

lower on a Ge cocgtaining surface (including Sii,Gex) than on pristine Si. Thus, an accurate

determination of EEEEREN B be éb%liﬁ@d?%ﬁﬁ%%%é{%iﬁ@ 5 YréRanTdiRedrgre Hr&iHHionolayer,
(which grows 20rdivetitly onipixetsh dendincictiost e suibkegaentiayiss, Thidthegndwnet Kse containing

surfaces and have highey growthraias. iils 160aed LEEMdsparticulathstinigue, becayse its dynamic
imaging differentiates the Sl(OOl)é—ai%%éLe]éurface from the Si),,,Ge" epilayer and thus provides

unambiguous mESHEFoF TEXG? FRSERSHSFEBY SnsEivBY theEaLrTRPIRESBERAYate of the first
Sit...,Gexmonolayekus. terapeatutecdh Feriepmpatisondieigrowtheates of Begkitane H3GeSiH3
were also dgierminadyiaing ingame nahad. fok tess Aneial i ARRIARI A e list monolayer
took longer to completg on pristine Si than subsequent mono?aye?s. 'Elgure isa gtyap showing plots
of the temperaturd ¢&pefidened of frsRSthaysrgiothirdhssative nisratoATe fereeEaRere :
determined usingu¢hetielatiafn:iR expnEirkE):, Thetsiadrea0 appnasistenbiih theadisterer FT2
desorption kinetic jel = 06 42 eV, for H3GeSiFi3, 0e21-16 and
(1-136e)2(SiFI2%%%g&%%é&%%ggygg%éétgsp%%%%tg gtté]? i%ri% uﬁ%’t@ﬁ@u\?ﬁg?eer 'é{(f{cutﬁ?/aé}t'han
H3GeS11-13, buPrsasisaahsies rasietrioth apeptit&Ge o dedpitbstrvsase e e’ Si-H bonds in
the moleculas struepyren Aecorditgly (Figepranentshasdaieperilighd eactiviyacspreiemsuitable for low

provide stress relief between the film and the substrate. The presence of edge
dislocations is unusual since SiGe-based materials typically display (111)-threading
dislocations and stacking faults. X-ray diffraction (XRD) revealed highly aligned
layers with mosaics spreads as low as 0.1 degrees and relatively strain free
30 microstructures. Raman scattering experiments conducted with several Ar+ laser lines
revealed a high degree of vertical uniformity in concentration and strain. ® The Raman

analysis indicated that the composition agrees well with the RBS value and that the
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temperature (300-400 C) rapid growth of thick layers (100-500 nit) with stoichiometry Si0,500ee.50
reflecting that of the corresponding precursor. Below we describe the deposition procedure and key
results regarding morphology, microstructure, composition and strain for the films. The synthesis of
Si0.5Cie03 films was investigated in the 350C - 500C range via dehydrogenation of (1i3G02(SIiE12)2.
The highest teniyerattpiestinnyieldy plkataP fayerfisiias oGt Theslgreowdf 1206 isnd £#hvimin and
decreases to 2 pighninat 3ask Maanpraciabisgrewth was observed below 300C (1x1015 Torr) due
to the reduced reactivity of the compound. Thick films with rough surfaces and defective 10
microstructures were praducdd @t bR apjth grotythudte stashighfamd &itimhkimedhe 66mposition and
heteroepiiaxial charage0h e M WaIR Investaaied by randemn and cbapoaling Rullerford

backscatterina (RBS), which in all cases indicate a hi%;hly stoichiometric materia aligned with the
substrate. The rdde8iRRigGhBERErSH& M6 Fain &M pedroTBights Bhhin) 2ivAieHnBiTies the degree
of crystallinity, 151¢gcreasesefeomib stk nteHacevatitealthersurfage dndicatingsa dramatic
reduction in dislagalionAsRat AE(0s5 e bigkness BhihediiB LR ncanlliadBy bigh resolution

XTEM, which revealed commensurate SiGelSi inteffaces and perfectly monocrystalline ’llayer
microstructures 'A&aHg8y df TEvPegafieg dhawintelrstdetiisdnitesting meobal wltovayers within a
field of view of - 2&tetindndhddi2auniesographs ddicatinganiipperiRitimthe hieadingdislocation

d.cinsity, of ; 106{cr2, (Ei %F?or?%aﬁ\é'&ﬁtﬁmﬁp

fec fot tice mismatch are concentrated
near the interface region. In fact, a number o %ﬁ%%e%%ﬁﬁ%%&%@@n&é‘?? t Oewslfgtsesfgleiﬁterface and
show a propensifT8TpiopEngate dovitfnareisHis thétssretfistatirighre aysoriskionat&dre dislocations
spaced by 450 rid=dtezaishighsequeithintheridsinityef2b. steps pratheoShetw faemfigires10).. These
are parallel to the,inte _?&1@%@0@7@Cfowfac‘)’(é%c’s‘ﬁg%ssgz%sget%'é%‘; bﬁxﬁ?eé} e &!&Hal&d IIQ(? substrate.

The presence of edge dislocations Is unusual since SiGe-base atérials %/plca ly 8?56 ay
(111)-threading H&|dEEHBN M EHHEI NG T alies X IRAGHHRFAEH SWTK By vevediednithiRzaligned layers
with mosaits spreatsasi|oThagiftd HeghieestpnchfelatSiehe stiaisfieeudd misrastrustweas. Raman
scattering experimants anguciadih sexeral drt! lserines fevealed  high degreeof vertical
uniformity in concentration and strain. The Raman ana ysis indicate thatthe com osnc?o'n agrees well
with. the RBS valHE AR M attheiek &Rt PEROREIBITS S 75 950Re 9B % Tk FiRRs Wit Yickisss of 200 and
500 nm, respectirelyihich sipatiatie tiose dtainesiby ¥RBice gAdRRITAQraevmicEpsERpy (AFM)
studies show. thﬁ‘&t@k@?sﬂ@%&%%%k ess %fSSO and 750 nrn display RWIS values of 0.5 and 1.5 nm,
respectively, for 10x10 um areag,’ mgigcating highly planar surfaces for samples grown at T<450C as
shown Figue 11(a). Famlayessarpmpatids 45 Crthe ARNY iimagesdtigwedl @)l-shqw a classic
"cross hatched" surface pattern caused by misfit dislocations produced duting in relaxation. It has
been shown that§§gti6ij§é%?%ﬁd\ﬁ%e in é%é%g%engrﬁﬁ?ﬁsgﬁo%glggﬁgﬁﬁsg cléfr{llgi(;g{riﬁnﬂf%cguces the
electron mobililtiegniFiatie see SBRplesardligegradehd (MRd devibecperforrnamenits Nevixtheless

conventional CViatitradewaress s whio RLogkre eliaxG exiiaterals with significantly lower
cross hatching pattternﬁ Iegdin to h{ghew&é%g elﬁéztrical ﬁropertj S. In contrast to.ﬁ1ese
methodologies, WHiEH typi 5ﬁ§ﬁﬁ§v‘& I SHESPEE SirNe® aH8 YRARSSETLARY Eeiss de21-16), the
present routé utiliztfsctheoblyiss rieantivisraatheniong shdS8UEEHSGE) 2(8 1T Q)16 plenagound. The
direct incorporatign gf thenSiRG e RAlaaylaL bt interthe filsn Jeadsds low.surfase diffysion compared
to the conventional low mass compounds. Furthermore, the high reactivity permits low growth
temperature andBiSHBISs HGHCHr S T aTBE AL eUR LSS -I%mf‘o‘f?sfﬂéd"r}ﬁ@ t‘é%l@i‘??éefl%ﬁality films
devoid of cross hatchedsurfacemorphielegies T20T0€ thermal properties of the films were investigated
between 450 C and 750 C, a range well within device processing temperatures. The XRD lattice
constant, the RBS Xmin values, and the AFM roughness were measured for the annealed samples
and compa?(gd wﬁﬂ’{ﬁlé‘sé%‘hesponding values of the as-grOwn materials, Samples with a thickness as
low as 200 nm di¥f ndt shdwmanyrinsi ebs esintizsisuifabe voughlikssevenaftewainneaing.at 750C
indicating that the, syrfacelanariyigs eur w@m%{%l%wg&%ﬂ@mﬁq% RBS aligned

[

spectra were essentially identical before and after annealing. This result alsé confinms Tull relaxation in
the as-grown layE¥e attTUaERRECRY CSMRRISon WE IR & MG At PthE1Sy REABKE of Bie butane-like

compounds with molecular
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formulas (Gefi3)e(S1E12)2 (1) (0Ocl-113)2Sn-(0-Is) (2) and (Cielis.)2(Sili2GeH?2) (3) and their
conformational isomers.Detailed characterization of the products was conducted via a range of
spectroscopic and analytical methods; including quantum chemical simulations. A new fitting
procedure was developed, based on the admixture of normal and gauche calculated spectra, to obtain
the proportions aheHethddidd 2RISR IFARTEOT IR PROdidebdisrpretapdclodpgrgiéd e positions of (1)
have produced gieigbipragiticiRitae filns,possassingdhaidesived peopepias farsemicarductor
applications including perfecth ervstaline and epilaxialiicrostiuctires: smoolh, morpologies, and
uniformly strain“felaxed states. - nquFe practical a vaﬁﬁfagés associated With this 10w temperature (-
350-450C) rapidhgicant isreifagaers) isHbrt riepesitonpimied Eompatibrisitirprapracedddd Si wafers, (ii)
10 selective grovith feraapglicatiopiadugh: freaueneysdpyicasinanehoegligible fnassisegeegation of
dopants, which is n[ilg.tti%m rIIy critiqaclazor Ehin. I%%rg. Fingé/ we hgv% afl%tr{gd té‘ln t theesﬁtaxcal mpounds are
remarkably stabfe over %%(Pend%%jpl)enlgas of Ime, Wit evidence OF éecomp05| ion,pand thus represent
viable moleculamsooreestspotentialintibstdakapplicatiéng 1 SEperimentarsecisifuall
manipulations weserGarieeautdnaes: ineitweansitions:sgstandarsh Sshenkprackaryhox techniques.
Dry, air-free solventg were distillﬁd from either antyda{ C.%CIZ or sodium enzo he 1Lgne ketyl prior

S
to use. All NI\/IRHSL%%C ra WerS CoTeetRa 20 Bifter S a Varian INOOA %f)dspleé??onﬁsét " operating at

400 Mliz oit & Geptieli B0 spdicied arelésatlarmpléa lisfecaissétviedsnaDEiBrselebneasd all nuclei

were referencedgithargirectyaninditgetlyste-theupraton:sig el efid Myz.er theaesickialgolvent peak as
indicated. IR spg:ctr ere recorded u ing a 10 cm gas.cell with Klli \évind.o S fl_:flemem}g;ll analyses

ungd that these ¢ omz% are remarkably s b%z over, exten: enq\g'/s of time, wit
were performed By eser na?ﬁ es (Tucson, Arizona). Gas chroma oéj’rap y mass’spectrometry
(GCMS) data werélglstairaiagsingsdiiSEELd VSIS idd peationietmesFonwtadithium
(Aldrich), 'Iithiurrmg&g@m{q&ggﬁgmemate (Aldrich), trichloro(p-tolyl)silane (Gelest), trifluoromethane
sulfonic aci(% (Alfa Aesar), nonafluorobutane-1 -sulfonic acid (Aldrich) and electronic grade germane
gas (Voltai§<, Inc.) were used as received. The starting materials p- 30 tolylsilane, chloro(p-to ly sil ane,

1,2-bis(p-tolyDdigHperénzmdal Rctivs(trifluoromethylsulfonyloxy)disitane were prepared according to

Iiterahture p(rjocedur@is Ial&qﬁm@iroaym%@%ﬁlﬁdobmﬂaé %@9 H«gﬁﬁlflms E’@ﬁ@sswfiargesm)énwas
synthesized in moneglymc using sodiym-patassiu 4 K) allqy. The coupling reactions using
oowiderect ithiurGTERr TR oL BT ERE BT R D SR GGShere o prevent
formation of lithiGathiwidedrmtdigrmiSion)xtA soutionsef mMonstHormiprtonpsikatiectd.0 g, 63.8
mmol) in db$ nzhutyletheratd2Ontidl) anddQpiensd4s operds-stisredovitsediympigcesi1.68 g, 146.2
mmol) for 5 h at 125 C, The mgdur? is filtered and Ct{he flé(tg)aé% IS di%%ged t% remov the solvents and

C . gOl‘_ na ati nucle

other impurities.s’?ﬁ%r(r’énrerltglihin FEBIGT e‘ggrﬁqdlsé()&%dd%t é/oflwas examinec l'k%y NMR to

determine its idenfiseasd piirity diredtwas subwetivéntiie seldmstbout guiitativthel B{GHF9S03)2(S
2sample of C/F9gQ31r 1(4k%9ind@AMmal) as-AdeRILR Ak ik «SA) Wi R.0tdi 2+(R- oty disiiane (3.18
g, 13.1 mmol) in tolgene at -40 IC't"i‘ coI?rIess‘{)reci itrate %\{/{as‘;i,m?ediateélx ormed_ at low
temperatures, TREYSAton HESR s A e a6 2 P E AR stirred 67 1-24RTHE chlgSss solid was
filtered and2driecbinzeatuldiR epeatetwopicentativpcupictoafiighohtAettotasmbilredesinz 20 C yielded

additional produgt. jaistd TS (900), HViBpTeB8fetel 1hoWKER (RARMHZILRE] Ihhium

tetrahydroaluminate (Aldrich), trichloro(p-tolyl)silane (Gelest), trifluoromethane

sulfonic acid (Alfa Aesar), nonafluorobutane-~I-sulfonic acid (Aldrich) and electronic
grade germane gas (Voltaix, Inc.) were used as received. The starting materials p-
30 tolvisilane, chloro(p-tolyl)silane, 1.2-bis(p-tolyl)disilane and 1,2-
bis(trifluoromethylsulfonyloxy)disilane were prepared according to literature
procedures and their purity checked by NMR spectroscopy. Potassium gérmyl was

synthesized in monoglyme using sodium-potassium (80% K) alloy. The coupling
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5.078 (s, 1..(sa-r= 272 Hz, Si-142, 3J 3.6 Hz). 29Si NNW (79.5 MHz, CDC13): 830.1. Anal. Cala-3 for
C8F15S206SI2H4: C, 14.59: 1-1, 0.61; F, 51.95 Found: C. 14.27; H, 0.87; F, 51.74. (EI3Ge)2(SIH212,
method A: A 20 m1_, solution of (CAF9S03)2(SiH2)2 (4.67 g, 9.5 mmol) was added to a slurry of
KGea3 (2.00 g, 20.9 minol) in diethyl ether (15 mL), at -40 C. The reaction was then warmed to -10 C
and stirred undersitrogenifigmdMdafteliinic wiroyzsheate that 135116 forvannadditiethal titaThe volatiles

were 75 fractionally distilledaeveraliimes thromgh d4iians heldat --20, -50 and -196 C. The -50 00
trap retained pure (1-130e)2(SiFI2)2 (260 mg, 26 % Yield) while the -196 C trap contained solvent,

and traces Gel-14 and 51314. Vapor pressure; 7.0 Tore (23 DC). IP, (gas, cnfl): 2147 (s), 2073 (vs),
910 (w), 879 (W)p7FOH (sJSIFR.(Vi)sBB8R{S), 168do¢hi)rode2ofyirgildht-U NWVHREUO BulititiZin@5136, 7.15

ppm): 83.106 (1 J55,4 1z, GHoGif) 30 kB3 @OAY idfsrided Han Abkn i HRL295INMR (79.5 Vilaz,
Cf215): 5 -105.0 (this value is close to that observed for (1-120e)2SiH2 at -102.45) GCMS: in/z

210-196 (Si7Ge2Hx 11280 D76 PsHEESHS:xA e MpMrds @i rakie fisis so{sileidss. ), 107-08
(E12SiGell34), FdntRd Grad)yaRs5i(Sitibinp)82s28T(Billgn(hiRGR)a(SH B)Rianesass B: A sample
of (CF3303)2(S'§.]4%)&7~(§o3>;‘c%ggwa9ﬁ§£§}£kk%!3 WAsaRdeddna sy Pé%%g%éoﬁ% E)gf%frgr%qpagf KGells in

diethyl ether (30 mid)at -30 C., The mixture was then warmed to tirred under nitrogen for
5h. The cvolatile¥ Weteetictitsdatinstmeticriathe (H3Ge)2(Sil32)2 product in its pure form was
collected atia -50 C trap (0.250 g, -13% vyield). (SBI12GeH2)(Gef13)2,: The compound is obtained as a

byproduct in the syntesis of{H3Ge)2(Sl 2)E, isol nt"? repeate é}l tillation through
U-traps under stg}?g ig&gg%&%n)ﬁﬁn%%lﬁé%zgg 41%?%1%%%5%3%%% Céi)esc}[’gﬁii(%edl%fza( eri]-LiB)Z and

(H3Ge)2(Sill2)2 syespeetivelyrielpbiipheas(irés £.03Tommel B)olretgas4hit2 148 enFs2073 (vs), 910
53,30 (sept J 30 L1s 251 L) 520 (e 8 B OF L Gt B3 13 (N Sy 3H, Gel13)

. sept, = 0. Z |~ . t, 4, V4 , - .Qo. t, Jr-- 3. Az, , Ge-l- ,
83.03 (sept, . T= 402, BF 15 i?é-?ﬁ‘?)e. SRR @%ﬂﬁ%ﬁ%?é@lﬁ%ﬁ: Blewsd s ERAE? wiz, 256-240

(SiGe3Hi0-x¥), 280+21 R(BiGe? BdbegnTiptib8 416D (B e R okl Hidedld it (Be 2E16i91dd36-128
(Si2Gedig. :1), 108:98 (PIGERAE4 04709 §GG8AL), 32:28:6¥B4 )y nvr (300 MEz, CDCly):
§5.078 (s, 'Jsim= 272 Hz, Si-Hy, *Ju = 3.6 Hz). Si NMR (79.5 MHz, CDCl3): 6
30.1. Anal. Caled for CgF55,0681oHa: C, 14.59; H, 0.61; F, 51.95. Found: C, 14.27;
H, 0.87; F, 51.74. |
20
(H3Ge)o(SiHy)2, method A: A 20 mL solution of (C4FeSOs)(SiHy), (4.67 g, 9.5
mmol) was added to a slurry of KGeHs (2.00 g, 20.9 mmol) in diethy! ether (15 mL),
at —40 °C. The reaction was then warmed to —~10 °C and stirred under nitrogen for
12h after which it was heated at 35 °C for an additional 1h. The volatiles were
25  fractionally distilled several times through U-traps held at 20, =50 and ~196 °C. The
-50 °C trap retained pure (HaGe)(SiHz), (260 mg, 26 % Yield) while the —196 °C
trap contained solvent, and traces GeHy and SiHy. Vapor pressure: 7.0 Torr (23 °C).
IR (gas, cm™): 2147 (s), 2073 (vs), 910 (w), 879 (w), 799 (s), 740 (vw), 682 (s), 651
(m), 442 (vw). 'H NMR (400 MHz, C¢Ds, 7.15 ppfn): 63.106 (t, /= 4.1 Hz, 6H, Ge~
30 Ha), 63.290 (q, /= 3.9 Hz, 4H, Si-Hy). *Si NMR (79.5 MHz, CeDe): 6 —105.0 (this
value is close to that observed for (HaGe),SiH, at -102.45) GCMS: m/z 210-196
- (SiaGesHy"), 180-170 (SiGesHg, ), 152-143 (GepHgs '), 140-126 (SipGeHga ), 107-98
(H3SiGeHs"), 77-72 (GeHy™), 62-58 (SizFs,"), 32-28 (SiH,).
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157.A method of synthesizing one or more of the silicon-germanium hydrides of claim 1, comprising
combining a perfluoroalkyl-sulfonate-substituted disilane with a compound comprising a Gel-13 ligand
under conditions whereby the silicon-germanium hydride is formed. S.The method of claim 7 wherein
the compound comprising a 0el113 ligand is 90selected from the group consisting of alkali and alkaline
earth germanides.?0 Yhanmktivebrenelaii7 Vasekeln. tralayeth B Eemprisé:tesrdsirisly the compound
comprising a Gall ligapgwith,a nemayerohutane-sulfonic substituted disilane, and wherein the
nonatluorobutane-sulfonic substituted disilane. comprises (SQ3C4F9)2(Sili2)2. SLLP 10.The
method of claim?lv%h‘é&elflr? The %é R&d" %%r%%%%tg’sfggm%ﬁ?hg‘ é%%ﬁzég’%rd )éopr}{\%ﬁgl 'gJa GeHa3 ligand
with a Inflate substitudted. digitané?nd hdiEin the triflate substituted disilane comprises

(SO3C173)2(SiE12)Zaskkithewnethed:af glaimuidl, wwheeginghe eammpounsheomprising a GeH3 ligand is

5KGeH3, and wherein the silico rmanium. hydride s forn edP1 ording to the equation
(SO3CF3)2(SiH2 zgar 6&‘%3}%3%%’&;@:@%4‘2%0%& ?E%frﬁr'e#%gé{h X Iﬁ 11, wherein the
method comprises (dyaddidg (CF3S03)2(SiH2)2to a slurry of KGeH3 in solvent at between -40' C. and
-20 C. to form a mixture; 10(b)warming the mixture to between 0' C. and 35 C.;
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(a)stirring the mixture under nitrogen; and (d)distilling the mixture to form the (H30e)2(SiH2)2. 13.The
method of claim 12 wherein the reaction is carried out at a temperature of - 10' C. or less. 1514.'Fhe
method of claim 12 wherein the reaction is carried out at a temperature of 22 C. or higpey;. |15.The
method of claim 7, wherein the compound comprising a GeH3 ligand is KGeH3, and wherein the
silicon germanium hydride is formed according to the equation (SOSC4F9)2_(SiH2)2-1 _
2KGeH3(H30e)2(SiE2)2 2KS03C4F9. 2016.The method of claim 15; wherein the method Icomprlses
(a) adding (C%%Q%}%(SHZ)Z to a slurry of KGeH3in solvent at between -5(1'. C.and -30 Ctoforma
mixture; (b) warmirig the mixture to between -20' C. and 0' C.; (g:) 's'qrrlng the'mlxture under
nitrogen; 25(1)heating thmmrixiredmpatRensAR Gn-aohdR G AHEdistiling dhe, Mixtyr jo form the
(H30e)2(tiiH2)2. MCSLLP

consisting of

(H3Ge),(SiH;),; and
5 (GeH3),SiH(SiH3).
2. The compound of claim 1 wherein the silicon germanium hydride is
substantially isolated (H3Ge),(SiH,)s.
3. The compound of claim 2, further comprising (GeHs),(SiH,GeH,).
4. The compound of claim 1 wherein the silicon germanium hydride comprises

10 (HgGe)z(Sin)z and (G€H3)281H(SIH3)

5. A composition, comprising one or more compounds according to claim 1 in an
inert gas.
6. The composition of claim 5, wherein the inert gas is selected from the group

consisting of Hy, He, Ny, and argon.

s 7 A method of synthesizing one or more of the silicon-germanium hydrides of
claim 1, comprising combining a perfluoroalkyl-sulfonate-substituted disilane with a
compound comprising a GeHs ligand under conditions whereby the silicon-germanium
hydride is formed.

8. The method of claim 7 wherein the compound comprising a GeHs ligand is

20 selected from the group consisting of alkali and alkaline earth germanides.

9. The method of claim 7 wherein the method comprises combining the compound
comprising a GeHs ligand with a nonafluorobutane-sulfonic substituted disilane, and
wherein the nonafluorobutane-sulfonic substituted disilane comprises

(SO3C4F9)(SiH,),.
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17.A method for depositing a Si-Ge material on a substrate in a reaction chamber, comprising
introducing into the chamber a. gaseous precursor comprising the compound of claim 1, under
conditions whereby a layer comprising a Si-Ge material is formed on the substrate. 518.The method of
claim 17 wherein the step of introducing the gaseous precursor comprises introfilfe he gaseous
precursor in substantially pure form, 19. The method of claim 17 wherein the step of introducing the
gaseous precursor comprises introducing the gaseous precursor as a single gas source. 20. The

method of claigy 17 wher .@t%%%% of infroducing,the gaseous precursor 10comprises introducing the
gaseous precursor intern%&xe Wittfélﬁlmzjﬁ'(‘w cf]jaerrrel1eznrqg}]lr€flsn.1 O.%ﬁ]o RGOS NS Ot KBRS the inert

carrier gas compripesiiiZ Q2 Theamethad eh.claim s%@éﬂhﬁeaiamﬁﬁe,eah&%ﬁs&g@aﬁm&r&fes N2. 23.

The method of claim 17 wherein the gaseous precursor is deposited by gas source molecular beam
epitaxy. 1524 THhstiéedclisgherneninivedfinGhe) g88éous precursor is deposited by chemical vapor

deposition. 25. The method of claim 17 wherein the gaseous precursor is introduced at a temperature
of between 300 C. ar[@l1 %gﬁq&}?‘%%&m ISHE S AP RIHB LS ATIRE Y A8 @dust brEeardos is

introduced at & partiakA0RrseAurEdetREn J0RTAr A04AR00 ot 7. Ihe methad of dlaim 17

wherein the Si-Ge material is formed on the substrate as a strain-relaxed or uniformly s ained layer
having a planar surface. 28 st esiide) of clatrHY-wharetnetha gemposition gfithe Si-Ge material is

substantially uniform.
12. The method of claim 11, wherein the method comprises
(a) adding (CF3S0;3)2(SiH,); to a slurry of KGeHs in solvent at between -40°
C. and -20° C. to form a mixture;
10 (b) warming the mixture to between 0° C. and 35° C.;
(c) stirring the mixture under nitrogen; and
(d) distilling the mixture to form the (H3Ge),(SiH,),.
13. The method of claim 12 wherein the reaction is carried out at a temperature of -
10° C. or less.
15 14.  The method of claim 12 wherein the reaction is carried out at a temperature of
22° C. or higher.
15. The method of claim 7, wherein the compound comprising a GeHs ligand is
KGeHs, and wherein the silicon germanium hydride is formed according to the equation
(SO3C4F9)(SiHy), + 2KGeHs — (H3Ge)y(SiHy)o+ 2K SO3CyFo.
20 1e. The method of claim 15, wherein the method comprises
(a) adding (C4F9SO3)2(SiHa), to a slurry of KGeHs in solvent at between -50°
C. and -30" C. to form a mixture;
(b) warming the mixture to between -20° C. and 0° C.;
(c) stirring the mixture under nitrogen;

25 (d) heating the mixture to between 25° C. and 45° C.; and

(e) distilling the mixture to form the (H;Ge)(SiHa),.
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2529.The method of claim 17 wherein the entire Si and tic framework of the gaseous precursor is
incorporated into the Si-Ge material or epitaxial Si-Ge. MCSLLP 30. The method of claim 17 wherein
the gaseous precursor is deposited by plasma enhanced chemical vapor dep@gion. F31. The method
of claim 17 wherein the gaseous precursor is deposited by laser assisted chemical vapor deposition.
s32. The method of claim 17 wherein the gaseous precursor is deposited by atomic layer deposition.
33. The method of claim 17 wherein the gaseous precursor comprises (HiGe)2(SiH2)2. 34. The

method of claim 17, wherein the substrate comprises germanium, silicon.on 10insulator, Ge:Sn alloys,
Si02, sapphire! Guart2: @ﬁ@@dafﬂﬂi‘?@ﬁ’é%l% g ?dﬁ%’gégl%};ﬁ ARG IdEHHE é%d §& method

of claim 34, WRSERUR e SHASHRIE eomPHRecalitana St o denasitingan epitaialiSi-Ge
layer on a substrate, comprising introducing near a surface of the substrate a gaseous precursor
comprising the,t beampound:pt efaiiviohs artkreby a layer comprising a Si-Ge material is formed on

the substrate.

5 18.  The method of claim 17 wherein the step of introducing the gaseous precursor

comprises introducing the gaseous precursor in substantially pure form.

19.  The method of claim 17 wherein the step of introducing the gaseous precursor

comprises introducing the gaseous precursor as a single gas source.

20.  The method of claim 17 wherein the step of introducing the gaseous precursor

10 comprises introducing the gaseous precursor intermixed with an inert carrier gas.

21.  The method of claim 20 wherein the inert carrier gas comprises Hy.
22.  The method of claim 20 wherein the inert carrier gas comprises Np.
23.  The method of claim 17 wherein the gaseous precursor is deposited by gas

source molecular beam epitaxy.
15 24.  The method of claim 17 wherein the gaseous precursor is deposited by chemical
vapor deposition.
25.  The method of claim 17 wherein the gaseous precursor is introduced at a
temperature of between 300° C. and 450° C.
26.  The method of claim 17 wherein the gaseous precursor is introduced at a partial
20  pressure between 10" Torr and 1000 Torr.
27.  The method of claim 17 wherein the Si-Ge material is formed on the substrate as
a strain-relaxed or uniformly strained layer having a planar surface.
28.  The method of claim 17 wherein the composition of the Si-Ge material is
substantially uniform.
25 29.  The method of claim 17 wherein the entire Si and Ge framework of the gaseous

precursor is incorporated into the Si-Ge material or epitaxial Si-Ge.
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dehydrogenating the precursor under conditions whereby epitaxial Si--Ge is formed on thg substrate.
37. The method of claim 36 wherein the step of introducing the gaseous precursor comprises
introducing the gaseous precursor in substantially pure form. 2038The method of claim 36 wherein the
step of introducing the gaseous precursor comprises introducing the gaseougjgrecursor as a single
gas source. 39. The method of claim 36 wherein the step of introducing the gaseous precursor
comprises introducing the gaseous precursor intermixed with an inert carrier gas. 4(r)]. The n;]ethod of
claim 39 wherejn the.jnert carrier.gas c rises. 'Ti. 2541.The method of claim 359 wherein the inert
carrier gas cor%%risgshﬁf'ﬁ?g moeﬁ%ggn oarzlg\?frlﬁrfég)\/tv Terin ther é%:§g%?fsli)pégﬁﬁét8 igydgﬁ%ﬁed by gas
MCSLIP sourcamagleaulasheam gpitasshoddon ne method of claim 36 Wherein_ the gaseous precursor
is deposited by chemical vapor deposition. 44. The method of claim 36 wherein the gaseous

precursor is infrodudés acdlBrenipdratuté ohoetinabn S800QUCpaadrd&0i CledasiBidmeatbod of claim 36

wherein the gase,ou%1 pflecurs ris introduced at partial pressure between 1018 Torr and 1000 Torr.
assisted chemical vapor deposition.

5 32, The method of claim 17 wherein the gaseous precursor is deposited by atomic

layer deposition.

33. The method of claim 17 wherein the gaseous precursor comprises
(H3Ge)o(SiHy),.
34. The method of claim 17, wherein the substrate comprises germanium, silicon on

10 1insulator, Ge:Sn alloys, SiO,, sapphire, quartz, Si:Ge alloys, Si:C alloys, stainless steel,
and polyimide fims.
35. The method of claim 34, wherein the substrate comprises silicon.
36. A method for depositing an epitaxial Si—Ge layer on a substrate, comprising
introducing near a surface of the substrate a gaseous precursor comprising the
15 compound of claim 1; and
dehydrogenating the precursor under conditions whereby epitaxial Si—Ge is
formed on the substrate.
37. The method of claim 36 wherein the step of introducing the gaseous precursor
comprises introducing the gaseous precursor in substantially pure form.
20 38. The method of claim 36 wherein the step of introducing the gaseous precursor
comprises introducing the gaseous precursor as a single gas source.
39. The method of claim 36 wherein the step of introducing the gaseous precursor

comprises introducing the gaseous precursor intermixed with an inert carrier gas.

40. The method of claim 39 wherein the inert carrier gas comprises IH,.
25 41 The method of claim 39 wherein the inert carrier gas comprises N,.
42, The method of claim 36 wherein the gaseous precursor is deposited by gas
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46. The method of claim 36 wherein the Si-Ge material is formed OD the substrate as a strain-relaxed
or uniformly strained layer having a planar surface. 1047.The method of claim 36 wherein the
composition of the Si-Ge material is substantially uniform. 48. The method of g¢l@n1.86 wherein the
entire Si and Ge framework of the gaseous precursor is incorporated into the Si-Ge material or
epitaxial Si -Ge. 49. The method of claim 36 wherein the gaseous precursor is deposited by plasma
15enhanced chemical vapor deposition. 50. The method of claim 36 wherein tile gaseous precursor is

deposited by Ig()s&_rcg%i?ég%c emlircl:ael vapor deposition. 51. The method of claim 36 wherein the
gaseous precursor 1s deposi e(f%y apomléllayer deposition. 2052.'the method of claim 36 wherein the

gaseous precursor comphisaRtHHICRIZ Sl Rereth Themethod Rbalalpi3Ge eI hasHRsirate

comprises germanium, silicon on insulator, Ge:Sn alloys, SiO2, sapphire, quartz, Si:Ge alloys, Si:C
alloys, stainlessgstedtpanidipolyimide films. 2554.A compound comprising (SO3C.41702(SiE12)3.
PACSLLP 55.A method for synthesizi.ngk§03c4.l:9 2(SiH2)2 comprising combining R.(Sil1l12)2 and
HSO3C4F9 ufider coltfitBHEVHErEBR e (Se55en Ef‘éefi‘ié)rf‘igrﬁﬂrrﬁ%ﬂft\ﬁﬁé?éd??tié an aryl

substituent sughag Ritplvl O5R&RZ 13000 C. and 450° C.

45.  The method of claim 36 wherein the gaseous precursor is introduced at a partial
pressure between 10 Torr and 1000 Torr.
46.  The method of claim 36 wherein the Si—Ge material is formed on the substrate
as a strain-relaxed or uniformly strained layer having a planar surface.
10 47.  The method of claim 36 wherein the composition of the Si—Ge material is
substantially uniform.
48. The method of claim 36 wherein the entire Si and Ge framework of the gaseous
precursor is incorporated into the Si—Ge material or epitaxial Si—Ge.
49.  The method of claim 36 wherein the gaseous precursor is deposited by plasma
15  enhanced chemical vapor deposition.
50. The method of claim 36 wherein the gaseous precursor is deposited by laser
assisted chemical vapor deposition.
51. The method of claim 36 wherein the gaseous precursor is deposited by atomic

layer deposition.

20 52.  The method of claim 36 wherein the gaseous precursor comprises
(H3Ge)(SiHa)s.
53.  The method of claim 36, wherein the substrate comprises germanium, silicon on

insulator, Ge:Sn alloys, SiO,, sapphire, quartz, Si:Ge alloys, Si:C alloys, stainless steel,
and polyimide films.

25 54, A compound comprising (SO3C4F¢),(SiHy),.
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56A method for synthesizing (SO3CiF9)2(Sitil2)2 comprising combining tp- toly1)2(SiH2)2 and
1-1,S03C4F9under conditions whereby the (S03C4F9)2(Sitl2)2 is formed. 57.The method of claim 56,
wherein the (S03C4F9)2(SiFI2)2 is formed according to the equation (3-itoly§§h T?.H;|2)2+ 2
HSO3C4F9(SO3C4F02(Sif12)20 uene) 1058.The method of claim 36 whereinthé Thethod comprises
(a) combining 11S03C41'9, (p-toly1)2(Sil-12)2, and solvent in a reaction chamber at between -50 C. and
0 C. to Ibiat a mixture; (b) warming the mixture to between 20 C. and 25" C,; (c) stirring the

mixture; and lgd)filtﬁrinqgﬂ%%?i ﬁ())rli%g%%g%%%%g&@%@%j}b)z comprising combining R(SiH,),
and HSO3C4Fy under conditions whereby the (SO3C4F0),(SiH,), is formed, where R is
an aryl substituent such as p-tolyl or benzyl.
56. A method for synthesizing (SO3C4Fo)(SiH,), comprising combining (p-
5 tolyl)x(SiHy); and HSO3;C4Fg under conditions whereby the (SO;C4Fo),(SiH,)s is
formed.
57. The method of claim 56, wherein the (SO3C4Fo),(SiH,); is formed according to
the equation
(p-tolyD)2(SiHa)s + 2 HSO3C4Fg — (SO3C4Fo)y(SiH,), + 2(toluene)
10 58.  The method of claim 56 wherein the method comprises
(a) combining HSO3;CyF, (p-tolyl),(SiH;),, and solvent in a reaction
chamber at between -50° C. and 0° C. to form a mixture;
(b) warming the mixture to between 20° C. and 25° C.;
(©) stirring the mixture; and

15 (d) filtering the solid (SO;C4Fo)s(SiH,),.
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