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SI LI CON- GERMANI UM HYDRI DES AND METHCODS FOR WAKI NG AND-

USI NG SAME 5 Cross Reference Thi s
claims priority to U S. Provisional P?ﬂ@mm wmﬂwm%@
Applications SN 60/739,528 filed Nove , and

SN 60/ 764, 128 filed February 1, 2006,- both'8Ewhi-ch——

are hereby incorporat ferer 0.

10”5t arHARONCERYEASHoM i HEGHEEE AN MEFHEIS PP
supported by Nat| onal Sci ence Foundati on grant

M R0221993 t hus thMM@GgW&HW@aSrW ave certain
rights in the invention. Field of the Invention 15The
pres | ication relates generally to the fields of
chgﬁ?sékF’g‘Qg ®pt oel ectroni cs, silicon-germani um.alloys,
seni corflisepication claimsurietty todh Pravjsiondl %a'ﬁ’étt’t?akl“s‘“%fﬁé

de‘ébﬁ@%zs BRe mvé&m&dstﬂiulehﬂrsymowmms&hembm&y 1) 209 1bsthon
Si (100) w ntsaeof interest due to

th
maR§VEHA Reby B’g%rp?rﬁtecigyegrggcﬁﬁn SEEE such as sol ar

cells, MEMS, quantum cascade | asers and Si-based

loph%%a(%%negﬁotJGd%elln%hPﬂke?&t hi gh speed nodul ators and

t ect However, these materjals ar ch

| ess dekhis wyplewas sHpRoped by Nationahfciens @an{ H?i‘a%ﬁmﬁ nt i al
i N bR 9oPhEGR UL edv&ifient by Reldlietthin Fightd ihehe isentioa. as
virtual 25 substrates for growh of high nobility,
strained Si and Ge device channels, and are al so
cormdldiefthellngentign pot ent i al pathway to nonolithic

14 ntegr a’ﬂe%pes% 4plpglgahyn Qﬂﬁggengﬁlw t6 83 fivrad & cgémlstry,

t echnolog current route to dq 3
rrat@FOP'a‘#t@mF% siiesmgerent Aoy PO eYHRr StipeEes, and relate

di ffduedds fdd@6viceb.equi ri ng both high tenperature growth
of thick (>10 pm) conpositionally graded filns and a
chem cal - mechani cal 30pl anari zation step to relieve
t heBavkgromid strai n bet ween the Gei.,, Si x epilayer and

20 SU bsh‘é@ltospu@ﬂg d¥| &l qé‘y@rs 3n i Ab) With Hi Qs contents are of interest
respectively. Ci rcum/ewh theE 5{ 1{4@% tuagtﬁm
ve #e m@@c@ﬁbqawa é‘%/E‘iydﬁ'é‘&"l?%%s V&I 4
depgsiabid Geré GMDKI-bBtd pltick dX Vindiaingr ioghu tsmedi gnadgletors and
qual oto%etgcttgrsad ﬁov{‘/e%lerl g‘l\éseedma eri_als]a:e 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 III-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 Ge1.xSix epilayer and Si
substrate and produce a flat surface, re:s;ﬁectively.‘5

To circumvent these difficulties we have recently developed new chemical

vapor deposition (CVD) heteroepitaxy to produce device quality strain-relieved Ge-
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films on Si wthout the need for graded
conmpositions.7'8 Qur strategy involves depositions of
singl e source hydride precursors with direct Si-Ge
bonds such as the (H3Ge)"Sint_. (x=1- 4% famly of:
aishyfomn ds Si Fitbas tareed Gortgrated pompostivas|zeut smategy involves
S ul r

d%?c}qsﬁ&)?gg IEI eée %{mﬁqﬁ?f?n e ﬂc%cr‘rl]y%%c%g ?’ueggg L& Wandg Isuch as the
HsGDSig-niEed) Gimdly 'of 'Ebrepfrunﬁdﬁy@h@alareamdtmbesmﬁmmzed with
%ér%%?{nﬁcﬁ? gﬁh‘{éﬂﬁ’}a\g?n Etgg]a tv@a}& He{h}ﬂd @ u%ﬁhl] commer{:lally
iavailable sterﬁpe mateiple” ﬂhtw@yw hmbyhe@;@l malglas snszhmsclggh
WA M BERTERNG K GME Ry L] B rBEAN T 10w

experinments have vyi el ed single cry
dempuaie nerayth by GEEang gas srumesmlas Vem@p@a%(@‘&@@
ane iR AR SPerifinRHa5E lyiéld@@ts{h ie rrgystalr PHhs Qtth tcgrﬁl_ﬁc;sglons

correspondln precursors S|
(Himesag03si Sig2575eis7( RigEE§asin él@q@ewm%ss ym‘ﬁw& thageeof the

tddakspRNding px@arﬂsorsoé.ﬁgtﬁe}g, mgeg)grgzl (tih@é)381§taﬁdlm3@%ﬁ8ﬁn Dur

strain at the atomc | evel e achi eved vi a

i RGP IEPaTER 5 terecortiel; ¢f dhesronposifion FEYRIIR 284 straifpat the
PGB NERT Sanl uataeme\lw vial ihdBrpoFdiRn e $e! dniiROifdel Bnedotk & the
much. hi hose |ousI re orted

ty t
UEPAE O e‘iki? a esrB%‘PtH‘ésél’é‘ﬁ Greg %’th‘ﬁ‘i? qugl n those
tlﬁaiﬁ&ts@t 1gpeted hing Evabentibmal ﬁ(ﬁﬂ&abhd)érew\m Inhc}ﬂb%l temper?]tures
chno this conpositional range the
Stg @gg’%g%eggw%ﬁﬂgp@pglp systemis of particul ar
[ nporwanhmethhe@atpsatmnhl POSES the S5 Gey setBendiicedrtsystem is of
AT Ao S BRSBTS e
sfully stoaindd %ICUaneélf: exttibitimearigh géanmog nf{dViIERERS) metdlhuxsdet siiese
L It a
tecﬁ !gg’clr%axstors @?(5%}2%’["% nsﬁﬂ% ttgerse atérﬂﬂgaqé (Se%lly sulted for
I—mmdea’ce teahinajegicad epplichtinmnt i hreh-hlme Cbbtwr vétbvtelvrat in our
)g,reﬁmﬁwer e IS 6 §c9ichr¥\fn&gct§1]o RGBS
ity properties (surface planari T8 def
déquqetquelsty propemiesolsinace plaparigxarom éefpctdemws)nm only be grown
t RIP G il refnpéétqre%faus@ °@l gmv&@.ae ?lont ;ﬁ,@ which

runimn which is too low to racti cal -
t Brteudetp e bel@tactisal foatighcthrquetput rie‘gqeu @blmaeorf i Nnglgaale film

F%@Wwﬂﬁﬁbs@ﬁ% VB Herddemp@¥fBfes tvf‘a“ﬁﬁfe@ﬁﬂ,r Fhile/ ﬁﬁns with rough
GeSIiH3, while filnms wth rough surfaces and high :

diufagesaandoHe disoration dengities Wokt abtaiae alssv e 5005§od@ Huthe

t Dhetnlt® nlii@AdFBYitHthSBneR. Wi th the substrate.
The sy ﬂ]them s . of _new conmpounds wi th increased

react i Vi BGeSh el P¥h PORROYNGS, Wi icreased fregetiyiiey and improved
f plapértias fo Bevic@! faricwRontrélatid Ge B, GBS MpWhitld BE oDfre@RaRE in the
vaI ue in the 30 art. In this study we synthesize
fully characterize the butane-like (GeH3)2(S H2)2
( 1) compahin dstﬁdyntv&l Niyitiesideglahd/ A C thavRteritd? She Sbthﬁre like

ol R 1 e it Bt Rt ROl onatts

r é‘athbn then Sﬁi;)arﬂecﬁl;ﬁt%&i{zrduhe@funit&ﬁp beeatidonefi€d\VAd thié dominant

S peCI g&is\téngg{a]l%egrf) chgﬂv % I’e]rt #ur gl:ra_ C&F%&#}%ljﬁglfe gf co-rll-{/]e%agnal Si-
honmOepitaxial Si.9 Precursor (1) is specifically
designed to incorporate thege necessary -H2Si - Si H2-
bui | di ng bl ocks and provide a new | ow tenperature
route for devel opnent of a broad range of
Si-containing materials. Here we denonstrate the
utility of (1) to produce 5 device quality Si0.50G050
al l oys at unprecedented | ow tenperatures of 350 C. A
10- fold inprovenent in the growh rate 2.0 nmim) is
achieved at 350 Crelative to growh (0.2 nm m nute)
at 450 C VI a Sl HSGeHS Ieadl ng to unlformy stressed or
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15l n one aspect, the present invention provides
conpounds conprising a silicon- germani um hydri de of
formula I: (Silini).(GHn2)y, wherein x is 2, 3 or 4;
\maeu1y|sl 2, or 3; 20wherein x +y is 3, 4, or
wher ei n nl is independently 0, 1, 2, or 3 for
énad;tiﬂea Bhegmsbesies Headc tobighisi defiivients zrowsf pf \haheeritaxiala Sid

WhRLRLN ﬂ%s ssealﬁkqﬁygs@%%@& by us%oxp%rat@ the®d ng’ce%sgfy sﬁgbﬁﬁ;

atomlnt e Co o sat| sf val enc
puiding bloglgsapd n@\ng a{ew lay mwa'yreu rguty forgeyelonmerat pf g briask

Hgﬂgwo%@l.tamgmmg ﬁﬁteﬁalg Hede @e%emoﬁs%at% thd hf%my%% (1S)St8 %gﬁlgcey

3; further pr0VI so that when x i o
|d§V116 qltahé’rﬁlequsp afjoys|apunprasedesisd loysisaperaturgsof pik'§end 10-

| e RploOEmdH RVthél Er%w&xerﬁie ¢on @Hﬁi/ﬁh} $ dcHved ﬁ%‘o &0 relative to
conprising a substrate and an Si-Ce |ayer formed by

iFYB b i 2t fef v RaEsas deadings r‘&%‘@%’Yg%rﬁ%%gr

REgaltEIad thid fﬂ%b airéwy She&i Rfth Bﬁhﬁ SSERIRO R ?enﬁﬁ&ﬁ@ﬁé’du@&i
to fornmula |. further t he |nvent|on

SPORARERSS d%‘l?ﬁ’le% 0 er’u L tos {p u‘ﬁ‘? ?}?\ées proélb‘??ﬂr fhe 15pputane analog
s(mbm)mnes&a;) d2p ancSha\eaﬂdoam@ated: QAP il Bl@:zﬂ:teb@@d( aen@e-aéh

s et SPRGHGH acribetErh £ Gropeibi rierbind g

fpib[enﬁgd rppiesticnis irglo® M@mperature synthesis of Ge-rich optoelectromc alloys.

Summary of the invention

In one aspect, the present invention provides compounds comprising a silicon-
germanium hydride of formula I:

(SiHn)x(GeHro)y,

wherein x is 2, 3 or 4;

wherein yis 1, 2, or 3;

wherein x +yis 3, 4, or 5;

wherein n! 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;

with the proviso that n2 is not 0 when y 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 y is 1, then n2 is 3.

In a second aspect, the present invention provides semiconductor structures,
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.
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5 or nore silicon-germani um hydrides of formula I,
conprising conbining a conpound sel ected fromthe
group consi sting of a nonafl uorobutane-sul fonic
substituted disilane and a triflate substituted

di silane, with a conpound conprising a GeH3 |igand
under Irclwtbiértasmsats thafisrertion prdvidessenicmdugersmactineschyiphisinge

h t
o esb e o G 1 b A e b e S el B o1
aacgerbing todfpenulnl. a reacti on chanber, conpri sing
Tt .
Lgngffixg?ﬁlgg gﬁﬂ&toth[e ﬁ%;,&e@ glgylﬁﬁn glﬂgsgrggc?%&rfgr ?ﬁtﬁ?sﬁzm&lﬂne
| or mepeiskicop@amhanivghisy diflesrod fpymala I a«}cmrprxsmwpmbmmg aa Si-Ge
Bnohd sel‘e&e«f RERRL PAptBfiBHPS S Rh ol'cﬁjuﬁan% glg%ola%cor

t“gect present |nvent| on provi es met

Bifyted %glaa%anﬁ@éﬁﬂ%taﬁqbamwtsi digitane, ayithra eompaued dogiprisinga
CQEMY tighhd \hdbr Hoh BHGHE ivHEreBd th SilieteRerRartith b9 Rie & foll

substrate a gaseous precursor conprising one or nore
conpodhy©uBk agpaFtnthe Arepent igyrationnryvidesgestbads fe deprsiting a Si-

PGE fidfefiflfon W BEIRrate TWHehdtiBR ShaniB& @&Nprﬁﬁﬂgtlﬁifddaéméinto@ﬁe I's
forrr;%d on the substrate, In"a sixth aspect,

FrSLBHFOUT TORUFOT ARSI PRECE MOre SmPOLRIS 2eehdng ©i ng

2£¥efol) 3 CAbrdt) 26nThtfoh2Beretyr 1aves @ngitising @ SPpeeimatdriafis RArRSE 6T

i pvention provi des nethods for synt hesi zi ng
(%5:5%&‘383 2(Si H2) 2 conpri si ng combi ni ng

( p tolly a)ﬁﬂﬁ Esbba) the prestnHRER A4 Sovinsianetious mrtdbpaaﬁmg an
t ehy. ﬁ)’%o %ﬁf’é‘u&“r 2|sformsd face of
DRI ABYSE O hEoRTag Paeprieing frad e Pl & porace of the

: s!substmtewr gaso@hbs praaurso néropriv Ioﬁmﬁlmcirs cotepoupds df$ormula 1, and
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P ot T o B Tl

| RResywicdte.a of n- GeSi Si GeSi Si Ge, and

|- Si (@ pkiRin)as e-gp P&t AVt gﬂm ed £ QMSIhd

s ) HRER tsing
?é%}\ggtfg)ig@%ﬁ; Enp?j(eé? C:'(;I f ?neguency sca? |iog¥h§sr¥§ot geen
appl i g4 a%&eﬁtﬁ %sp%@teﬁ"mt: gﬁs&hﬁ%ﬁtlg@ gwgt!:s@géﬁ{&% Y& syf?tge%& i al

features of the n-Ge

i (sgsg:@gsgﬁzyz qeEIPESIDg eambinieg (pa@zll)zé%iflszon id H$Q4C Fsugderand

" bonditfoRSWRedbly V& (X@(Q%)k%ﬂﬂ%%&%dm' ecul ar structures

are drawn as"insets 11 the requency plots.

Figure 3: Calculated IR spectra of n-GeSi GeGe and .

g- GeSi GeCGe. The low and high- frequency range is

S Destbiption SaReFFuidsa) . (b)} and {(c), (d)}, respectively.

TE_ ffé‘%?g g/{o? eatures of the n-GeSi GeGe and g- GeSi GeGe
& copiap Erustpre Rf thy gepformetional isgmer pajes| - GeSiSiGe, g-

Emeslsma,l {nfGeSIbERS Y-GS MlelGaPardosificiial BERE /AREIesBY. t 0

Igur. JO ? Elalculated IR spectra of n-GeSiSiGe, g-GeSiSiGe, and i-Si(GeSiSi). The

low- and high- frequency range is shown in panels {(a),(b),(c)} and {(d),(e),(D)},
respectively. Empirical frequency scaling has not been applied to the spectra shown
here. Individual spectral features of the n-GeSiSiGe, g-GeSiSiGe and i-Si(GeSiSi)
molecules are labeled with “#”, “g” and “/”, respectively. Corresponding molecular

structures are drawn as insets in the low-frequency plots.
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5 shown here. Correspondi ng nol ecul ar structures are
drawn as insets in the |ow frequency plots. Figure 4:
Conmpari son of an experinental spectrum of
(GeH3)2(SiH2)2 (1) with a superposition of theoretical
spectra for the {n-GeSi Si Ge, g-CeSi Si Ge} conbi nati on:
Figyrd éw@al@@@cénl&ysne@gq Gﬁn-@&@eﬁt(ﬂhd @B8SiGedrd Thb)low- and

SRR S g o B A
Bspiral dentyres thtbe te8iGeGeall gsprfdeGe isamemswre labeded “N” and
hGg,r}eng&ﬂ'Hl?nE%Fﬁlggl fd8ench SSRGS tHay ﬁbtybeej %s&@%g&&é

spectra consis an adm xture o

slysngbame SParfeepondipg gigleculr stoaigas pEodrawh- agrinsets in the low-
%@@ﬁém&gal spectrumof a mxture (GeH3)2(SiH2)2 (1)
wi. th superposition of theoretical (plcgctrafor the {

Fisaq o & CSpDphsCs. obeas Sxpesimpeniet SpesivBimrelt (GsHo):(Si) (1) with a

k EifeH 8B dorétREl HEc Qgrothél PG,
PerobiB6H SNEYorétREl I—? tla re;gl - e@g%%%ggg%k&@)a} combination:

h-f requenc

B dei G aben (0P B gt ighdea a0 S i sxsion
apob28eh &f' )t hrqidiePsalel fa@brs SPOSBE and 0.97DWavedRsh applied to

ggFfre enc regions, HL]S ectively. The theoretica
g’ﬁ P’&“ Bf 19 & @“SQCYGBQ%OF’S’ Sfeprssigyety. ) The
&mdreﬁ&q/m@c&&h&t@éan ikt Wf 89% n-CESFIGE MW%—(EBISIGE

ectrum o H3) 2( Si H2

i R S e e RRle ENC S
{wnthGeS‘ﬂuﬁs‘Bﬁismog xﬁefﬁleﬁeﬁ?ﬂ} sp@n‘al foattho n{i-S{(@}SiSi), g-GeSiSiGe}
PARRA AL BT SEALBD P00 B Tk RO ey -
EEI/@qumglyn gwoasm«m Ok EregiienOy 9@ fantirsCof DEEBS uay @ 976 dave
Lt %h- E&leﬁ oto Iﬁ% Rﬂ%&%ﬁoeatl s%@!:tras Qneclg&za crll #\%h-frﬁqo.uency regions,

uency reglions, ‘respecti vel Y.

.ﬁmcﬁti@m cﬂaﬂle tt@g@@w apestym sonist foanadmm xf 68% -8 GEBSiYand

ﬁg cand 77 % gGeSi GeGe. Figure 7: Rel axed
otent| al energy surface of as a function of the
rﬁsxte"e 41 Sompaisep oian experinessl sneefrum fJfJGGeHw)t(éﬁhGéﬂd) &®kyith a

ts@ﬁeﬁﬁlﬁinbﬁlaﬁmédr&f&l sﬁ&‘éra%@b@eﬁﬁéé@@%Dzég{#gQé Bhination:

hed | i nes correspond

é@s“ﬂéﬁﬂf'@af regiog)(S U@Qlcﬁ’t ) 8ps(b) highfesguenge SyH/Geu—Ig degion

§190023DE eAL Y IFReqd @i @Qa?«ﬁﬁ@toﬁfoftMSfah& 3l976 ﬁa(v%rbegﬁ Qwhlad to
rates for thee precursors: H3GeSi H3, 0e2l

doprspieglgpsctrar yn l9tie 2a€ ¢ highsfrequaneyn éqggqnésrersmctwwes@he_

AUIIRBUA OspefaCeoohsiBBof dn @OmANEe bf 43 B Vie-GeSIBREE lan¥ &1V, o-
gclfg%?%@Q XTEM m crographs of a Sio.50Ge0.50 | ayer

n Si(100) at 350 C. No threading defects are
Cl‘hgzﬁ'é VEdRuhich | ﬁbtdnhﬂ Eﬂe%yd SLﬁ’facéllo@Vlisoef funcﬁor5 oEhe molecular

catln a_di sl.ocati on densj t

ARG 1P PR B0 IS (oL ool G GRS REIRNGS (be)
rﬁotm ognaipishaf HneSi Coblfmal. &6 @dwﬂemgzmm af) BBI¥H6)
t m S near strain-free (- 85% and
giléé%-g(f’/é%z ;Hjca Cuia TR rle§Pe§th818'yh surface, free of
tFigieadr ﬁgmda'hmmtc&pe(nﬂexm of thy ﬁrsmagemgf@hh vidtds ﬁor%«{elgﬁ&)lrsbﬁ

at e t the i.nt

?rgo%tg % ?%??6) Qx%e%#ﬁé;@gg&{p% SI hat11g® a'tvgtfqrﬁ’ee‘i'eﬁ? %Sr? ieSe
shopouride angl dpehesi any 1148 eperegtertately. downwar d i nto t he
Si (100) substrate (bottomright).
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10Fi gure 11: (a) AFMinmage of Si0.50Ge0.50 on Si(100)
showi ng the cross-hatch pattern norphol ogy with an RVS
roughness of 2.3 nm (b) AFM i mage of a strain-rel axed
and conpletely planar filmw th an RVS roughness of
0.5 nm Figure 12: Cal cul ated thernochem cal (300K)
&vare P I EN micrasraplyert i Saso G sotlinesr exomh on il 00 a3 50i°S o MNer

Hﬂéﬁdﬁlg{ defecisemt &sgﬁed gntﬁﬁ%h@f%} of #ilw GBS S@:E;n )ﬂdlczﬁmg a

GeSI'GeCe} and posjtional isonmer i-Si(
GHIQCQUGP@FH%HWW&?@ hs, bond angl es and enem es are

L 179 n@xfﬁd&% %&ﬁram@tgms&m% Xfﬁlﬁ%@xto?%éﬁllnsyof i s
1 A- B Exe sequence of nmacronpl ecu

LAYPE Fopn 8. lQﬂQ Ptrﬂ) %oﬁhfe‘@fnéanf@éﬁsam Hz%%%mﬁén%?gs

@Aathmicd $Rbthuite il é‘ﬂﬂﬂfb@dﬁ%*ﬂbféc@'(ro?e iRt fnkshecivhith
%oncentratl on GeZSl 2 (Si 0. 50Ce This materi al

AP pis r ageramedgied iy @é‘OS‘}“"Sﬁ lqeétemt & e, (Botippn If).
afe‘eéd&) oHgDiattll) & t@eﬁmteha:esdhbw emwpxah enSiffltoCRARAS ddvaRald into

ui | oc 14. Hypot heti cal grow h sequence
g‘f %ﬂp%os g ‘?“8?? gL&sl and of conposition
Figure dle (a) HAFM g adTBigGE sJ @8I0 KhSing el dréxs-hath Sittern

PPty TN SRR of GG (Do IHEF i By ied

264 bemsistslly prapdrifitm sdtt iat ROIS mﬁghne:@e:SOSmfﬁe rml ecul es and

|t t I L d
2 B Xl bRl (BT B SR of B
corlrforrﬁatlguarl e 1sb51eHypfmts h e{ tHG;SiSl@q:, ovgt-(ﬁe&%@u}a ndfe-@SiGeGenog-

SRRITALNB oS AE <0 PIRASILH s 9ROt vona

I strrbution of
?n@lesmﬁ@n@rmes:arpﬁomgms |dsgrv¢seméalaateg,ngspbd’meemor mal to

8wk I34)s BBl Blilie RMHhotMALIRS ANCSHIL HBY 6

) tion o nDIecu s and ‘s aneous
awjsrepanseted (ﬁ%ﬁ)%SiﬁZﬂmr@mrsdgd) @eg@m to gldiaknopd publiceSj-Ge

Gticd AN EorRbdnali&SGe2SR! (SioSITRIeh. U Yey. eTHE InGleBa ificoRborates the
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 s0Geo.so containing a 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 n-GeSiSiGe molebules and simultaneous abstraction of H;
molecules. Legend: dark circles — Ge; light circles — Si; small white circles — H.
Figure 15.  Hypothetical growth sequence of a two dimensional island of
composition SipsoGeoso containing a random distribution of Si and Ge atoms. The
schematic process is viewed along the normal to the (001) growth plane, and involves
the systematic addition of n-GeSiSiGe molecules and simultaneous abstraction of Hy

molecules. Legend: dark circles — Ge; light circles — Si; small white circles — H.
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Det ai | ed Description of the Invention Al l

publ i cations, patents and patent applications cited
herein are hereby expressly incorporated by reference
for all purposes. As used herein, the
singular fornms "a", "an" and "the" include plural
Metailed Mescrintioh eEthednventiont ext clearly dictates

ot her ws n t r

or ot Sl Bibfistions, Jeftn 7o RREE apphclon 8RR Nerg! b4}
sixpregsbrinepepanied Wirefereded f@ealkﬁurﬁoé?srrul a l:

(S Hn%)s’&ée@ﬁi"ﬂ:?r) }ﬁe s‘ﬂﬁ@l‘é@foﬂng("a" S‘a@" an% "9{6" Afxclu&@%ﬁﬁ Rdents

is 1, 2, or 3; wheréin x

m&eﬁ%qhﬁcqur@eqrh&e%wémwvo 1 2 or 3 for each Si

at om iflodehi8peEOHR PrEGH mtv&t@@wos&ms aeﬁlpeﬁ}m corptking or
wherein n2 i s independently O, 3 for each Ge

AOBYiAtng of ﬁ%‘h@é}rﬁ%’?ﬁ‘?&‘m &yémies@é?ww val ency with the
prow gSiH.DateHZ),i s not 0 when y is 1; with the further
provi s twat en x is 3 and y is 1, then n2 is 2 or
3; and Bhe ¥t her proviso that when x is 2 and y
is 1, “mbxemyrﬁl,uso& 20As used herein, the phrase "to
satisfy val encY maa s to maintain tetra- val ency of
each ¥eEHE GBS & Pn the conpounds of the invention.
As delmﬁfétﬂrﬂtleﬁldéteﬁ&hm 0,2 PIVIOBI Fud Sach(S: @fof i ghelcdmp@inaLth &
Sa& a3emused for exanple, in controlled depositions
%? & §%%i chiometric SiGe fil ms possessing
de3| r edxemraﬁes indggndently § 402, 0ob durebarGeaguph iictht cayound, to
ﬁsfyvalnr% perfectly crystalline and

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.

As used herein, the phrase “{o satisfy valency” means to maintain tetra-
valency of each Si and Ge atom in the compounds 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

epitaxial microstructures, smooth morphologies, and uniformly strain-relaxed states.
The compounds of formula I are herein demonstrated to be femarkably 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

embodiment X is 3; in a further alternative embodiment x is 4. In embodiments where

xis2, y canbe 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.
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25epitaxial mcrostructures, snooth norphol ogi es, and
uniformy strain-rel axed states. The conpounds of
formula | are herein denonstrated to be remarkably

st abl e over extended periods of tine, and thus
represent viable nolecular sources for potenti al
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For example, Figure 1 shows compound i-Si(SiGeGe). As noted in Table 1,

this compound is also referred to as SiH[(SiH3)(GeH3)2].

Table 1

3 and 4 metal variants:

(a) Linear
SiH;-SiH,-GeH,-GeHs; SixGeHio
SiH;-GeH,-SiH,-GeHs; SipGeyHjo
SiH3-GeH;-GeH,-SiHs; SixGeyHio

GeH;-SiHy-SiH,-GeHy; SiGeoHio
SiH3-SiH,-GeH,-SiHs; SizGe;Hjg
GeH;-SiH,-SiH>-SiHs; SisGe;Hio
SiHs-SiH,-GeHs.  SixGe;Hg



20in parenthesis outside of the brackets at the far
right in sonme of the conpounds are directly bound to
the last Si or Ge inside of the brackets. For
exanple, Figure 1 shows conpound i-Si (S GeGe). As
noted in Table 1, this conpound is also referred to as
SITIT(SIH3)(GeH3)2]. 25Table 1 3 and 4 netal variants:

Ll fo Sl H3- Si H2- GeH2- GeH3; Si 2Ge2l1 - 110
%@#@%ﬂ?%‘f& GeH3; Si 2Ge2H10 30Si 113- GeH2- GeH2- Si H3;
Si 2 Ge SHI G 8iIH2 - Si HB2GedHBy Si 2Ge2H10

—}§5 H3; Si 3§gd‘—:|l 9 GeH3- Si H2- Si H2- Si F13;
Sl 3CGelt So- but ane- ||Iﬁe
Si H (Qpﬂﬁﬁﬁm%ig 2 Ge 2idfgeHio

SoHRCo ) (S F0) 2] 5 2CooRio ™
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GeHRGeH3) 2( Si H3)] Si 2Ge21- 110

"5 metal atom variants:

1 Ge:

(a) Linear:

SiH;-SiH,-SiH,-SiH,-GeHs . SisGeHy2
SiH;-SiH;-SiH,-GeH,-SiHs SisGe1H;»
SiH;-SiH;-GeH,-SiH,-SiH; SiyGeHi2
(b) Iso-pentane-like

SiH[(GeHs)(SiHs)(SiH2)J( SiHz)  SisGeiHiz
SiH [(SiH3)2(SiH2)(GeHs) Si4Ge Hya
SiH [(SiH3)(GeH,))(SiHs) SisGeHiz
GeH[(SiH3)x(SiH,)](SiH3) SisGeHi,
SiH[(SiH3)2(GeH2)](SiHs) SisGeHiz
Neopentane-like

Si[(SiH3)3(GeHs)) Si4GelH,
2 Ge:

(a) Linear:

SiH;-SiH,-SiH,-GeHy-GeHs Si3Ge2H12
SiH;-SiH;-GeH;-SiHz-GeHs Si3GeZH12
SiH;z-GeH;-SiH,-SiH,;-GeHs 'Si3Ge2H12
GeHs-SiH,-SiH,-SiH>-GeHs Si3Ge2H12
SiH;-SiH,-GeHo-GeH,-SiH; Si3Ge2H12
SiH;-GeH,-SiH,-GeH-SiH; Si3Ge2H12

(b) Isopentane;like



5 netal atomvariants: 1 Ge: 10(a) Linear:

Si H3- Si H2- Si H2- Si H2- GeH3SLI GO 112

Si H3- Si H2- Si H2- GeH2- Si H3Si 4Gel H12 S i H3-S i H2- GeH2-S

i H2-S i H3Si 4Gel1H12 15(b) Iso-pentane-|ike

Si H(GeH3) (SiH3) (SiH2)1( SiH3) SiH

[GeBI[ (380 ¢ SheR)I(BiEGEN3)  SiSkslGefthiSi H3) 2( GeH2) .} ( S1143)
. D Si H3 ' Si H3) 2( GeH2) ] (Si H3

NECICH SN | st s o G (a)

|SiHEGPH: ) S CEHHNS Sl H2 - GdRHe H3Si 3Ge2H12

i § 2= | ' 2H12
RS T R S i S

5  GeH[(GeHs)(SiH3)(SiH2)]SiH; SizGe,H1y,

SiH[(GeHs) » (SiH;)]SiH; SisGeH;,

(c) Neopentane like:

Si[(SiH;5)2(GeHs) 2] Si3GeoH)jz
.10 Ge[(SiH3) 5 (GeHs)] SiaGeyHi,

3 Ge:

(a) Linear

SiHs-SiHz-GeHy-GeH,-GeHs Si2Ge3H12

15 SiHs;-GeHp-SiH,-GeH,-GeHs Si2Ge3H12

GeHs-SiH,-SiH>-GeH,-GeHs Si2Ge3H12

GeHj3-SiH,-GeH,-SiH,-GeHs Si2Ge3H12

SiH;-GeH,-GeH.-GeH,-SiH; Si2Ge3HI12

SiH3-GeH,-GeH,-SiHz-GeH; Si2Ge3H12

20
(b) Isopentane-like
GeH[(GeH:)(SiH3)}(GeH2)(SiH3)  Si2Ge;sH2
GeH[(SiH3;) » (GeH,)(GeH33) Si2GesH;,
-SIH[(SiH3)(GeH3)(GeH)1(GeHs)  Si2GesHj;
25  GeH[(GeHs)(SiH3)(SiH2)](GeHs)  Si2Ges;H;»

GeH[(GeHs)x(SiH2)J(SiHs) Si2Ge;H,
SiH(GeHs)a(GeH2))(SiH;) Si2Ge;H;.
SiH[(GeHs)o(SiH2)](GeHs) Si2GesHy,

30  (c) Neopentane like
Si[(GeH3) 3(SiH3)] Si2G63H1 2
Ge [(GCH;;) 2 (SII'IQ,);)] SizGe3H12

10
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30 GeH3-Si H2- Si H2- Si H2- GeH3Si 3Ge2H12

Si H3- Si H2- GeH2- GeH2- Si H3Si 3Ge2H12

Si 113- GeH2- Si H2- GeH2- Si | - 13Si 3Ge2H12 (b)

| sopent ane-1like GeHRSM3) 2 (GeH2)1(Si 113) GeHRSIi H3) 2
(SiH2)] (GeH3) Si HkGeH3) (Si H3) (GeH2)i (Sili3)

Si Hk SAHBc)t(:cGéjdsg (iBis¢-DniboGrde 8468 ynchrde the » or g forms, and

Q?e)t}l@ﬁg ) GalddB) (SiH2) ] SiH3 SiH (GeH3) 2 (SiH2)1Sill3
opentane like: Si [(SI H3)2(GeH3) 10CGe[(SiH3) 3

( GeH3Figures| poeigdes maleculsr S@ekds 2f SicGlapy-ilicoSi R BERMID
S{g{iﬁ’% 'aUc%?duél 13 WRArstt fecir B Bor 3Ge21- 112 3 Ge:

Ina preferred embodiment, the silicon germanium hydride is selected from the
group consisting of SiH3-SiH,-GeH,-GeHs; SiH;-GeH,-SiH,-GeHs; SiH;-GeHs-
GeH,-SiH3; and GeHs-SiH>-SiHo-GeHs), and SiH[(SiH;)(GeHs)s]

This first aspect also provides compaositions 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 y 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,-GeH>-GeHs; SiHs-GeHz-SiH;-GeHs; SiHz-GeH,-
GeH,-SiHj; and GeHs-SiH,-SiH,-GeHs), and SiH[(SiH3)(GeHa),].

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 introducing 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



10

15

20

25

Si H3- Si H2- GeH2- GeH2- GeH3Si 2Ge3H12 15

Si H3- GeH2- Si H2- GeH2- GeH3Si 2Ge3H12

GeH3- Si H2- Si H2- GeH2- GeH3Si 2Ge3H12

GeH3- Si H2- GeH2- Si H2- GeH3Si 2Ge3H12

Si H3- GeH2- GeH2- GeH2- S1f 13Si 2Ge3HI 2

Steel3 pdbeiindde-oBethe OpaBimict FlrBeshdlB4si tRdSe B¢ 2n @O fab(‘lbz)tlon of

éfg&@%%@;%?sz %@ﬁ?%ﬁ%@@ 1k Mo SRRt pridek B (100).

Si HRSInHBprefemednitadinpny fhessiporigetor substrates of this aspect of the

B %@%“éff‘é%‘a?#é#’ﬁ%ﬂ &@F&% (AL Ha Ty

3bncone Regspre mozelerakly adhiplngesHBy 1S HeR FSn2@e 3¢4 @nda a
[i(n@?elflﬁaefegreé Shb&RhRD! tl?ec';%ﬁiliﬂ)gductor 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 SiHz-SiH-GeH,-GeHs; SiH;-GeH:-SiH>-GeHs; SiH3-GeHo-
GeH,-SiHs; GeHs-SiHz-SiH,-GeH;), and SiH[(SiHs)(GeHs)].

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 embodiments 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
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As noted above, these conpounds each include the n or
g forns, and stereoi soners thereof. Figure 1
provi des nol ecul ar structures of exenplary
silicon-germani um hydri des according to this first
aspect of the invention. 5In a preferred enbodi nent,
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mass compounds. The high reactivity permits promotes high growth rates which

increase systematically with the mass of the precursors
Furthermore, the incorporation of the entire 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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steel, polyimde or other polyner filnms such as those
used in the fabrication of flexible displays. In a
preferred enbodi nent, the substrate conprises Si (100)
In a preferred enbodi ment, the sem conduct or
substrates of this aspect of the invention have an
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Preferred enmbodi ments are as described above.
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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5In a further aspect, the invention provides a

conposi tion, conprising one or nore conpounds
according to formula 1 in an inert gas. Such inert
gases include, but are not Iimted to H2, He, N2, and
argon. Preferred enbodi nents are as descri bed above.
Bysf 148 inventioh €arc 4156004t Si-Of laktREdWitRa HeskSd BEnR&HKAEAY of Je@hd

CT a0 ot Shegimar tesp e SEDBFE en S - Co | ayer

c onpr i Biefegredembmiitaérsd dftigs Bpecaarbas Kisanedabovelsr the second
gvo nc\r;l s .of tt.he i nvention. By using the conpounds of

tﬁ‘ tl?vc?ﬂlonas opposed to the separate use of Si

and Ge sources for deposition, the resulting Si-GCe

| ay er bopird mmthhgjsrbgcnﬁmfemmtbravidesmiﬂﬂﬁdhls for eyntiesiRiglg one
{ iz tqm
o BBl e Bl SRS B e B OBt P
Slmdrm)dfcomnmes comtfnigforelve mSie parfthoGeliyi-arifonaesubatituied as
th§ RMfel R £ cofﬂé?égrﬂf' c%m?f‘nslﬁ §£}% ligafd wilid onéltlg}xsq’vrﬁe lby ﬁlnd

usters neous
| @d@m-ger@ﬂme@é»ednd,eoﬁfongm aln ] mqﬁerred nmhmchmatt,dlmpbrﬂuoroalkyl-

NehASARRLE AN AR ERIORA obihe allh E&fs@a% xhi bit

copl ous ocatilons (at e for npost
d @pnafisopbytraccst forin gybstityied disitanp g mxﬂa@rsnbstlrueed disilanehi gh

surfac ?hx?sothfs%ﬁﬂ%f‘}?r%ﬁdes%e@lo% fopﬁltalqﬂ thel cHBB&.{gQﬁ%f formula L.

advant age of our cogpoun s, films, and ds over
c&ﬁ\?émtlilf'élﬁ Equigsseseribed heppar uitlipehieh pisldsineler steprpubstitutine

ertbdctibnsSb yi@ﬁ BRIBEMHCRF o BatdHa Rt te b ﬁldﬁs%mganeaxoﬁfmd
exceptional ly uni form bonding arrangenments over the

e ECUHBERPESSSeadi ng to rel axed (or uniformy

st r ess @finefeidbbBimehtt T 119 m@asp&sﬂ rtﬁ@@oﬁlp@mmaipaguo 4 6o,
ﬁfa ﬁ{t)%lesr% A cruci al vantage isS

u W%CE rqng, the gEpup, Fistnealinl apd tkplie em geRmanidige e 2

s Wréfaee! dfﬁﬂadﬂrrleh\y thefalkdahi or aﬂtahﬂd’l&nﬁ%eﬂaﬁmﬁs a8 Qeldéfeﬁ‘ﬁ?ﬁltthe

mass segr. in highly uniform

coﬁrr%‘g’sciogﬁlsgﬁ %gﬁaﬁ ﬁagblfy? ’a‘f’heffﬂ‘é B&oHP Mevel .

Tr&ennemardtRisranofgambagazﬂn of the massi ve Si/ CGe cores

into the mals fac i ffusion and

hi gh s,:ﬂrl1 cﬁ‘ n%r eérbbé’glfne gﬁlls t%g%?'ﬁﬁg‘ﬁ’éb 8"%{’%% PIpIISSs combimng

¢ othy emtrioomb¢onipising @ GeHs Bgand Wp'fhwn@saﬂuﬁhﬁaufan@mfomc .

r eqtddnild cﬁsﬂ%.ﬁ I%Hf;tfn? g&émﬁlfoﬁ&%lﬁge-gﬁ%ﬁ%cgygs? Hufed d\ll\s'{l'ua.nceh

i NnCrease

pr EepPrisas (%03C4F9)v(SIFIw)n t Inethepenahodineats entioy famnlas piyreribfordatke!
eGur sar fnto

i heifFrg'tl ?ﬁc{: ae(ﬁ?}ilfgﬁlﬁ:{ﬁ?ftlﬁﬁﬁ uﬁé sﬁlpn% rrg;?%?r?raﬁesp)ga g use ore

f arpfarablyntbe ecfnn&u® cmmxggle aICeHsgrgtné msK((rcquamdmhn silsbs and

4 dcBiRdni B GAHRE id forrflal Rl B} ﬁuz&%ﬂt rol of

nor p tuna and structure that

e conposi
c a@ﬁ)@@}:@e&&&bd]%(ﬁ%hed (g;;JGQ)é%Hp)v d@Bo¥P:Cifon Evén mespar at e

30 Anﬁ*@feﬁﬂ@ ﬂ@%ﬁﬁ@%mmﬁ[se@y nol ecul ar beam epi t axy of

solid Si sources. The precise control of

conposi®i o n a%ﬁ%g EOrGEy Sk o Sﬂﬁifypﬁ &Gy in selyen ablpetween

Whisoit axatigratmbie petasIhsat 1461@) RWah & flixteoperti es of
t hese nanoscale materials is
( warming the mixture to between -20°C and 0°C (more preferably about

-10°C);
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5cruci al issue. Any conpositional variations that
exi st wthin and anong individual nanostructures w ||
have a significant inpact on the optical and

el ectronic properties and on the performance of
devices. In the MBE case an average concentration is

assi gneyd OBtu{*ngthQ%ﬁktﬁre%defrHﬁro dpuX ratio utilized to
grow the materials. aﬁg proach the | ocal

st oi cHEbnefFafing Hletnﬂémgeé%beéww 26 Keanddn Js frrase prgfegablyj apaut
i g5°ey.@nd! ess 10 certain because reactions of various
nmol ecul ar souyrces cannot be S|nultaneously controll ed
at evefy sidistlling thsmyrusto fora thedRePa:(Sithias ™ nei t her
techni que can guarantee systematic gromh of Si-Ge
nanoscal e structures wi th controll abl e conposition,

st rai nt&R alsgp ajiye embodiment of thlgﬂgrﬁ aﬁqeﬁh ,‘,hsg n’p ad gergprises

pa@:ﬁlﬁma@ tHe @BmpPéund ebBpriving @ Gels lifghd Sk daide¥Eishaes i n

e 15art, .such. as..neutron diffraction xanpl e
oA e R g s cpnies G10C R ShEY
c (qu@pmfésabbff the banpcnmda cdnmpoising a GeHeligand ik GeH;Farguliessilicdn

whi ch_sh ence. of tnacronol ecul ar,
TR s R s BT BREBL 6 on

| Nt er c(GRRER:HESIHS e PRIEZH:SHHE): B pGitdip12KS0aEH,) Evenmbeut e

nd._.cub Ge lattice with 20concentrati on

Gg)é% %h}‘? d“%?)oeg&g%es . This material incorporates

t he Ge(asl - $dd1®(8€bCEmﬂ$1Hn)z arstirnyfof KGeH3n2018etd) Rtesn -

t ru I L Lei.ng. bl ock

A8 AU T BbreBeri ROE! 50 €T ol ki B D0

mol eculbe- byephienally eenipg bomixtusé tosbeveasd ¢ PCADA 3o Re(mlozey er )

Cloksir@dip atdh S-€0), fi I m Figure 14 shows the

hypot heti cal growt h sequence of a two di mensiona
i sl and(cdf cHFPEshetmighrelmderaimen; 5@1 contai ning a 25

randomgli st(ﬁdt,lm{gltﬁg}n&{uwﬁb fHAGhdIeL 3gg)?(§g{ %The schematic

process’ is viewed al ong the nornal 111 Clgrowth
3

pl ane Hyibisemberdipent @w@w@%?w Kadsactions oéfS
n- @la,ﬁlv@& K@éf%chlﬂﬂoﬁféd preGbnSihdR Y u@,@%gmgpﬁhrﬁﬁﬁrhp Rv&f of

lLecul es. gure 15 is simlar he schemati c
pr(QeféaéS%GWzém&FS%ﬁpsﬂ@S ohBe soBaaied by @Sﬂlﬁaor( b egntigstionhn

pl16W &mpEhatPs pditifays, mmea&a&sofqéoidr%zg%wltm&mt be2soc
used to forma randomallo intimte mxin of

t réelds rssominatelissompinatiens GE%F psitiong) isomers(Gieks ) Btk
| .(GEHE, SiRSH) iGnHig feepoRamk Q@ﬁ&ll&ﬁﬂdﬁﬁﬂdﬂ(@e&%@{%é{zﬂg
p%v%nerlz%thglts of.. t he s% rtlngbconpo nd

TR 5% 12 SSATEFAA0rm thin Dyl igiffagiional distillation
d effoytithe (ROVEFIBIH ASandi GAH: RS iGeE Shiege. by t hose of
skill in the art, other macronol ecul ar, polyneric
units of the invention, based on one or nore other

poI y mekd Z&)drﬂﬁ: mmuﬁdﬁresemfm\teh@onl PRNEdYS infhodafdr adpd&itingeasi-
| atti ces ed concentraﬁﬁl on.of Ge

it ek o8 R B e P s S BR ot e e

s

30 cohpoband geseeh. 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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Preferred enbodi nents of this aspect are as di scussed
above for the second aspect of the invention. 5 1n a
third aspect, the present invention provides nethods
for synthesizing one or nore silicon-germani um

hydri des of formula I, (SiHni).(CGeH 12)y, wherein the
nmet hodn @Q’iﬁﬂfak;&ﬁﬁthe @fébdnﬂ InfRgntion Brovided MétRods for deposmng an
per. 0 fonat e-substi.tuted disilang
PSR R PP B ERBAs HP G REP St b R §
vvlué:stedwa gzheou& @resmrhorccompxmrgnmmnsmulig/dronder m&efcﬁlﬁpfmdds In

o Ppf b Sy SRbrosttfng e mesoppade sqngiions hereey
s ebiesiab8i-Ge i formbdomthe sybsitansi sti ng of a

fl t I
't“?:“ ?I @gﬁlgg &?ﬂﬁ u%?xﬂgiagg”éaﬁ Péé‘ng%{dlysh& %ﬂtagiesf?r s%rrr]uecggcpuctg{ or
prﬂewad@shsnblf hesdincliding hraklpﬁgmteldeo mlmpxgmd&uwﬁ silmpmmi a

, C u [ fl . hi gh
yi eF l%glﬁr%tngﬁé é%bghigﬁq tut %ggr eaci |§3r¢sjantogs f/l 13[2%9
s sietlcenidmedeor oleragtymen fiksmsi Ialasar«zfquambedlfn@nt the debstraie al
al@@ﬁlbﬂ‘s@i siprpopnd manufact uring processes. In one

nbodi nent of this third aspect, the conpound
c onpr | Bnbeflimenteqdthe] gagpaHeiPrpairsors| asecas éelscflb‘?rg‘)nbpwefogrreuws
CQERES b MYinddtRdh] F@RdarbiK @{elrﬁ%o%%wﬁ%émmpﬂ&%ddwa
preferred enbodi nent, the ali or alkaline eart

géPPF&h?lufég S‘%?F%at% é}CB’é‘tﬂé&’“‘P}%h‘Pt‘Wé" $hy Brlusing of @erantsy suﬁgas
Ofboiéﬁqfﬁsphbl@@ biZeni@Rfd Wﬂe&%&ﬂﬁl&ﬁs'aﬁe e@p&faﬂ%‘ p 1V

eI nt, .and IS an grganic her

?:}Teﬁé?ftse‘BFmﬂﬁ'F@r ORFtRAES él%“ﬁé& 't‘Ct“’? fRyicqpt ]HEJ‘HSI%?&W% es

C @bﬁunm iftg thelsem ORI NShbSARE Carietgrried 6@BY slah@adSetbdshin @
nonaf | uor obut ane-sul foni ¢ substituted disil ane,

léer ‘n the nonafl uor obut ane-sul foni c substituted
di si | ahﬁnaﬁeﬁmboﬁﬁﬁﬁt (hS&&fBéEch)o&{pSkeLﬁ)iﬁg vbrpxn@&;hzﬁihtles if
?08?1 ?lrl m to JxeesPr&{cirmeduE am stiat?é ? ?I{ otJ C r oa tghfégo tk
g espmmemytocalhsttm&:s vaci. can‘vted eutrb[y efamdaecbrlnythodslhethe @npOhend
r and, t i licon
ger mgh g%ﬁlm%hgeg%gﬁ%uie o?bﬁ% Ogtcggorp&ms § s qf‘ﬁé"ee A9 n
( S0 TiEYY 126(1@1 HRg@por G FS( mw)cmlﬁeri@s) WithHRieSHEEH F9.

(el B B BTl L O R R S
s disgrsiand high prasifissnint seCrhotndete@S (nore preferably
about  A4QChodsRatbPEAAR 1 QfﬁcUﬁ germamum h é#?& Fg?%g}:ﬂgnttog Svere

mxture to between -20C C (nore
- ]].@@5 10 deposit device quality layers on substrates that display homogeneous

a

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
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 introducing the gaseous precursor as a single gas

source.
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(c) stirring the m xture under nitrogen; (d)
heating the m xture to between 25C and 45C (nore
preferably about 35C); and (e) distilling the

m xture to formthe (H3Ge)2(S1li12)2. 5 In. an
alternative enbodi nent of this third aspect, the

met hodinGasmériemdEdimentidif te Bghrth Aed SRRBENIE (1RAMPIOF HitldBucth
GeH3 Iigand wth a trifl te;}Fbstituted di si |l ane,, an
W BERGQTS IFECUESPT GOPpTIEeS SRR TIRE U2 BASERYS PregiaCr AR Fedeyth an
( IR eP £S5 M this end¥otinept; BhE @ieA ghs/can bl ForCexaiapldMe, argon, H,
conprising a GeH3 ligand is KGH3, and the silicon 10
geolrgﬁ‘é'ni um hydride is formed according to the equation

( SOB CFB) tR¢sShdpdts) the2KSoti3réddfser) caf Se Hﬁ)))ﬁﬁedbb(SQ_B &htdble Even
T I A T AR
b etapeelppositidd) Glasmel erhied Chaieal yapef dapadifign, disaratsist@iEymica
barHsderibt e Rk ¥ 20 T 2ol 250 )¢ (o)
stirri bnp nréferred ombedimneniafdhre forirthrang &fth aspaets,(th) gaseous
e E e LRI B
of pr¢fg@Bigipgween 350°C and 450°C. Practical advantages associated with this low
temperature/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
for thin layers.

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

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 (SO3C4Fs)2(SiHa),, as well as methods for making the compound. As
disclosed herein, (SO3C4F9)2(SiHyz): is useful as an intermediate in the synthesis of the
silicon-germanium hydrides of the invention. In one embodiment, methods for
synthesizing (SOsC4F9)2(SiH;), comprise combining R(SiH,), and HSO3C4Fs under
conditions whereby the (SO;C4Fg)2(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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20 )2(Sil12)2 with KGH3 afforded predom nately
(H3Ge)2(SiH2)2 and inpurity |evels of

(GeH3) 2( Si H2GeH2) . These speci es can be separated by
distillation. In contrast to the | ow tenperature

pat hways, the reaction of (SOCF3)2(Si H2)2 wth KGeH3

at T "In%%re@erbéﬁ%ln@%ﬂéﬁdﬂ)&h%tf&' %mﬁ&m?dértabgc@ﬁsx@mhe

positional isoners (GeH3
( cepmise imipg-(prtolyR2(G i aﬂé;HﬁP p widgirondigonsygiereby the
ar(fmg@!;mtsu(tzc)aeﬂs-@araé@l Pieferiby) thé €S@5:§E*9§GS1HDQE W&8dd Rdbrding

his is readily separated formthe bulk via fracti onal
dlt%"tf‘PF‘]“é‘t‘qnon fromthe (SOBCF3)2(Si H2)2 and

(GeH3) @(talvbi?ﬁﬁ‘s}%} ms@am — (SOgC4F9§L(SiH§)9lH birblugspect ,
t he present vleg*t)] ow des nethods for depositing
a SiGe Mﬁ’&?tpéﬁif?rﬁ Y:3iF e %‘Wpreé in a reaction chanber,

conpri @) ng cbibinidg Eﬂiscragmgltb@olylmslﬁgz,@?@ﬁm@ht i@ agaReaus
pr sQr _conpr.i nsi sting of one or nore

c&ﬁﬁ%ﬁﬁQCtgfgﬁég%h@% oﬁ%?ﬁ“’? ®under conditions

wher ebfp) a Ivayeing dempikiusd tdetvedsi 2()®anim1$¢3j al is forned

on the ubs rat nafifth aspect, the
pr esendl nvérn'tnfgghn § DB a%ds met hods for depositing an

epi t ax{dal Siltefdeg haydid (80:GFS(®BL).at e, conpri si ng
i ntroduci ng near a surface of the substrate a gaseous

precursor conprising or consisting of one or nore

% s according to formula I, and dehydrogenati ng
t he precursor under conditions whereby 5epitaxi al
Si - Ge iThe fymthesid of butahelike et atSih)l (Raferred asqbovt as GaH3-

suhifh Fsﬁiz%&r@!j(l? e(c%?ﬂ,()zs?ﬂ?ﬁﬁ YatRetddl foafdbe ta?rSlH[(GeH;;)g(SlH

sem conduct or { di sp Iag use, 1 nc 3t)]

no@) Mdrfptﬂédz@’éb@?fﬂz) é%iFP re&ér@%mﬁ? %Sﬁ%@qH%ﬁeH:%) ( ) Sl Ge

i '}E’Hh&ts Olvith Cﬁpmn@xlxsl @Nslowsleg%eraﬁﬁeoﬁ thé&sis @¢ a('fwé-ﬁeh i, &8, -
al'oys, Si:C alloys, stainless stee pol yi m de or

ot nEelepiEniERH °>fS| iSRerein, demapstaated: o e FRBBOSHOR, vitpsional,
S Udaitlial &id HReRbTHenk@P propdrddd Q) these compbliR HWerEGhdedy TR,

gaseous precursors are as descrjbed above faor preV|ous

20 aspdtpuclegr NMR imese spsegametsy rRuberion] dackspatteripg hands depsily
fouhchi@ﬁal chBRy i @19 dsiightionsd 0 PRt aﬁmysw Ein§itdds 1that fhe linear

LRt LAt e 4,1 g
Thﬂ&e&c aﬁmadmmn&le abﬁoﬂmameml &binyrs k&:ﬁnhefoerof €8mfto interconvert
sem.cqopdugct or tes as acti.ve devj
oo s o R R ah o tRR 5™ SSuEs wER fgined using 2
S unesit ﬁmhgsprcﬁzadurda ewldelr corebing utalchiated trasl ekauiaa spa:trh a6l Sepratuce

In ano her

ol St oo MG B RIERIES gl BB 306 prmine
t hepefeirnis ®f dwcmdmdsaibsmfoanes ThedlGeB3)gfith). (tpnspecias was then
ti ﬁ‘tilizpaI & }algﬁcate Sio.s0Geo.so semiconductor alloys reflecting exactly the Si/Ge
content of the precursor. Device quality layers were grown via gas source MBE
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 microscdpy (LEEM) analysis

has demonstrated that the precursor is highly reactive on Si(100) surfaces, with H;
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20 seni conductor substrates can be carried out by
standard nmethods in the art. The carbon can be used to
reduce the nobility of the dopants in the structure
and nore specifically boron. Incorporation of Sn can
yield materials wth novel optical properties such as
?idésbeﬁti_oﬁ KinSisds @mnpenablﬁblsmebf G@Hé,eﬁsbmﬁghet Mestht of strong Si-H
rnmption ase asers an igh sensitivity
ig’f”ir‘]%r“étg‘ kf@@e%@%tl"&s 25As denonstrated herein, the
silicon-germani um hydri des of the invention were used
t Res@ipaaidiDistassione qual ity | ayers on substrates that
di spl ay honbgeneous conpositional and strain profiles,
| ow t h‘ﬂ‘md_sinﬂ@smi io§ Itltecmmhqmodﬂanlsﬁ-thgemmmaa& c(Hh@e)L(Br;{z)z ¢}
pl_anar sur a
f OUr t°R°Ar dsbfeg %hrea&loél?:lt% £ C% i‘helth nven [ o%mbl?‘ﬁ“éa'sggm}lc gnd
oftriflan¢ rsolmbtmnteldngmesg CER®L(FiBOUr $)rand of¥PsCRRESiHy), (5) as
| t S C oL, I
N llgs‘t}?t rrPgE[anedngﬁ’ g&ef)r%ctg'r%lg uf‘h?é § IJEIHU E:IQ"L@ Id ?\Ldl ég% were

pur e rt ferr rrent
ofprépated yaLreotigns ofehgyeseesnpsding e-dﬁﬂns;mmde éi%b@&e gnd H503CF3 -

[ %'Ehold?@ Q@l)E(@ﬁiz%?ﬁﬁ@‘dﬁd prr%ﬁ%bodl %éas a single gas

er e nt of the fourth and
f | ft h d§9§@?ﬁz(sﬁb+§K@§H@ﬁ (eGedRiBng ZKI¥0:gds e ol
precur 596, 1H2§29-152K@éﬂ30dU&l;;@@)z(tsl}ﬁ)zgéﬁg@k@&IOf ecyj sor

interm xed w an_inert carrier

e bodi TR SiH N2 HSOHEES eSS eGSR B)
ar gon,  (HRol9,(SiB), 5hMeIERE . a8OREL eSS SRHRA

)
precursor can be deposited by any suitable te??ml gue,
including but not limted to gas source nol ecul ar beam

e pTHea)?Mute c h@mlwaal byageg de mglhb@n pRddASIB. paRkh aﬁﬁ%@phase
aéé p p | on, ser ed chenj ca

@b H%&z 5 %\Oﬁ%r e5% 6}9({0&’ 9rigy léﬁlulcﬁ 3&% thegfgplagemegt of -

|t0{1 sheLFas @mbeehumtalumely ehd 1Q2+EdbBItANS siteS ITNISERRRHASH,),
aseo

t ol BBERHR. o e ReitsRorie o 00 Vil Trmres ey
b_e(P\t@ e)nmalﬁﬂlﬁtg @nlh)%ﬂﬂﬂ:z)z @), alet isobatancaha g { GEFEF, SHHSTHS) at) eld
\(N: §h -rrlct %eé\é\%tt e ﬁ%f(g{lfgé’g@?@ n,%ét e@ﬁ%%%%lg%eea% onI cr:]o%dllfllons
pr Spridicalys ekisSicmmaﬁmres(T {410 )°Cy edastizing wé (P:00)k(STHD) (5) with
ap [ .
O RISE A lrodl BlaChBRLERBYont TGP 1080 (3 Irhese species
pasrt |smaraendlby dgstillationahd e frgnortlew molhtdlife fraction (vapor pressure of ~
vag hQHSy siwée)hﬂs RIRAd AR @&% v%et;'; Q@spga}b[s%glcqg&hgd's fab fhe Ge-

aspects, aseous precursor 1s I'nt

parwhi @ﬂrlvgtrveé%)m%seﬁf@tgwelmfﬁrqr@qlear&b& @ity cboUBigT bx: rIn cpyrast to
ONgye REE e ﬁﬁtréi‘ BEM pea&lhﬁoﬂag\j‘@f_blb} ﬁsﬁé—xg‘?@ S on H; at T

i ntroduced at betwedn 104 Ton I Ng
t 022 vislds |pce&lpmfr@tebawm@@mmfdg§/posnﬂonalamtehseﬂ) and (2) in

pr @grﬁ'}xé %qoportxons (a small amount of (3) is also produced but this is readily
separated form the bulk Yia fractional distillation from the (1) and (2) mixture). In
this case the replacement of SO3CF3 by GeHj; initially occurs at the 1-substitution site
of (SOsCF3)x(SiHy), (5) as expected.. The second replacement likely produces
germyl disilane, SiH3SiH,GeHs, and a stable germylene intermediate (GeHy) rather
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20enbodi nent, the gaseous precursor is introduced at
bet weenl10-8 Tort- and 100 Ton, corresponding to LPCVD
condi ti ons. In various other preferred

enbodi nents, the Si-Ge material is formed on the
substrate as a strain-relaxed layer having a planar

[ al_ei .
Sl PEE. 1L RRCRRBHL O cRhtf, R TRCR® ot Selfe o
f PihEiflereisghen may 25Ka€EHusSiHISEE) (3o ras sBow e}b% 6r At sérgilar
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enbodlnent met hods for synthesi2|ng (SO03C4F9) 2( O- 12)2
conprise c &iﬂi-ﬁﬁh@ifﬁ(@mﬁ(%&dzsﬂﬂm FOund@)
condi ti ons whereby the (S03C4F9)2(Sal2)2 is forned,
where Ris an aryl substituent. Such aryl substituents
include, but are not |imted to, ggtolyl and benzyl

In a prist sythests Afhdi isredrecribpbtrofs fband i neeep zl?’ﬁ‘@"“Sly
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ety FeALt bR EE Y v NG ER™ Hh B By wor
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en - Or ma m X
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compositional, vibrational and structural properties of the newly synthesized

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

(H. 3Ge)z(SiH 22 (I): The (H3Ge)(SiHz), (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, 25i NMR (proton-coupled) and
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 cm™, 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 (H3Ge)s.xSiHx (x=1-4) family of silyl
germanes.7 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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15 Si H2-Si H2- GeH3) (1), (GeH3)2SiH(SIiH3) (referred to
above as Si HRGeH3) 2(SiH3)] (2) and (GeH3)2(Si H2GeHR2)
(also referred to as GeH3-Si H2- GeH2- GeH3) (3) Si-Ce
hydrides with applications in | ow tenperature
synthesis of Ge-rich SiGe optoelectronic alloys is
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reactive on Si (100) surfaces, with H2 desorption
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( HSGyuRy S I-ﬂzrﬁgfr +RHASOSICAFO2D 1'H (GTHCF8)2( 2?&) BMQC NMR

o PEBIHES 235 TS SO i SRl LR Y Al e

( peentaly S arg) tepyigal GeHsBEBEHE3 re¢ G@BEGE 3 2040, 3D12 and 3.404 ppm,
2( Fégfaééﬁﬂe%) 1&(@&19{? Tﬁ3%1 rSﬁ-‘IJt(@el% 2 rnh@c%g1t}l;)ywl{n§g1s:lr.)01151stent with

consl st ent | roduces pure, I'ng
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derivative (GeH3)2(Si H2GeH2) (3) dependi ng on reaction
conditions. Specifically, |owtenmperature (T <-10 C)
reactions of (SOBCF3)2(SiH2)2 (5 wth KGH3 (Eq 2)

af forded predoninately (1) and inpurity levels of (3).
These species are separated by distillation and the

m nor |low volatility -fraction (vapor pressure of - 25

1 Ton at 22 C) was characterized by a variety of
spectroscopi ¢ nethods as the Gerich derivative (3)
possessi ng a heteronucl ear H2Si - Gel-12 core (Fig. 1).
In contrast to the Iowtenperature pathvvays t he
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than the 1, 2-digernyldisilane, (H3Ge)2(Si 112)2
(1).Insertion of GeH2 into Si H3SIi H2GeH3 then may yield
(GeH3)2Si H(SIH3) (3) as shown in Eq 6. A simlar

i nsertion mechani sm (di scussed in detail in subsequent
sections) has been observed in the photochem cal
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resonance found at —98.2 ppm. In addition, a 2D '"H COSY NMR spectrum was used

23



5 cross-peaks that correlate to Si-H and Ge-H
resonances at 3.29 and 3.11 ppm respectively,
indicating the H Si-Ge-H connectivity. A

pr ot on- decoupl ed 11-1-29Si HMX spectrum showed t hat
the Hatons at 3.29 ppmare directly attached to Si
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e

nmeasur enents. . 2D 11-1_ COSY spectrum showed
crbslempnizliagalyfingnd oy dafa asg Rully gonsistentwith thyprogpiqd staprpre (see

20 t egxpemadntdbedddodnd Si H3 resonances at 3.049, 3.213 and
3.404 ppm respectively, indicating a H3Si -Si H (GeH3) 2
connectivity, which is consistent with 30 the proposed
I sabidifie einfuladtioas ofolechlap peépRAtiedecoupl ed 1H 29Si HVC

S pgt(;'lttcrtlyrm and thermochemical properties: In order to corroborate the identification
of the (GeHs)2(SiHz)2, (GeHs),SiH(SiHs) and (GeHs)o(SiH2GeH,) 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)xSiHs 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 assumptfon 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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showed that the H atons at 3.049 and 3.404 ppm are
directly bonded to Si atons at - 121 and -93 ppm
respectively. The 29S1 chemical shift (-121ppm in
C6D6) due to the central Si atomin this nolecule is
simlar to those found for SiH(GeH3)3 (-113 ppmin
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i riplstiptiony BeseTiPeg i @ss@?s\?@tdwaﬁd Welse CEHES (Pub b dhe B3LYP/6-

Spﬂqt}wwﬁﬁarﬁ)/a(a&mh%@éﬁ%h ir B9 Gaﬁ@xm%qe (13) I s a
bypr od stsoge reacti on descri bed

Its
gas- ph Erqsﬁt e FryrRra kPR nsgpb tarlpegr}& tlglpt” Sonvergence
st driériah e Yrdséxiiélisin Fadiire 1 2. Arhe Gigave 124 B 1842153 b6t ahgle and

L A L

t 051(81@3@&5)66& aﬂ nmlmsblesr tiof sk@etaHtinomebsexhibita typical $icBi ahd Bl-Ge

at RS T G DERRGCRORe & e by o PebL BB g S
3 3iBsi{Sipbonflh ghamtiegr Bteed cpentdtparmt &nslet wortmtamshkefxsctnkbe -
%{ﬁﬁ?écé;tgétg 1tbr Jtlcg iﬁgétléssg)gg f%%%%%unﬁ%o be Ft‘errzn:eg’xétg ;tozthose in
the other isomers whlle 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

a3 /4 = 2352 A where a (5431 A) is the lattice constant of crystalline Si in the
diamond structure. The Ge-Ge values found in #-GeSiGeGe and g-GeSiGeGe, 2.446
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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25 coupling patterns and the position of the peaks in
the NMR spectrumcollectively point to a

H3Ge- S1H2- GeH2- GeH3 nol ecul ar structure in which a
central SiH2Gel-12 core is bonded with two term na
GeH3 noieties. In particular, the sextets at 3.30 and
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expected. Due to its unique structure the i-Si(Si GeGe)
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3L ek WRTEELERGRGH LY LGB el ) G, o
t otqrmnal dFSv dory |bétanlﬁs tefrpsilage and aGeSiSign  atd thex DTe B3LYP/6-
25Pa i
25 PASPRBLENIOT oo Bl RopBRDI St G865 1l s e
i s vwlwfﬁbml@nearrprmés-ga@%rﬁé@@ is cheseq ps thwfawst Sheggy. The plots
analy¥s| fat aWethfek NELILARE ehhiib veg mn&%&%%@@ﬁ %azﬁéi with a
fromthe | owfrequency spectrum 15
yi &loba mipimumcas |1 Pen g baBIsh{Enel at e 1A lgﬁal m@mw gauche

st &l aﬂ&h Y6 663 bitla haﬁmmﬁ%&edo&egﬁcg.u@gg%mg ?agp%e saddle
av S \/

factor (Fi %é?

30t hapint 0. SeigoRt PERBHNHGAH Grof3dEHe) dewTononve ohain ABs,
| Sagis AL, e593Bh | Al Xpe SR AEhYCRR BLdERIL Ynile the
sanpled. To el ucidate this observation we ca ed
t heoprspanding &ftragijeae yajues aref GRS, ¢.3403nd 3591 kealfpgl aaseecltwﬂ:e At
Ge%hsslegﬁ o@ﬁleé’q 93 édﬂﬁﬁkhﬁﬁapé‘nel%p @trlﬁﬁxresbf @éS‘lﬁ%e gﬁ‘&: Bag&ehl\e
torsion angle’ The |linear conformation corresponds a
torsion angle of 180 while the gauche nodification
occurs at - 66 (see Figure #é?: For each fixed val ue
of the torsion angle all ren®&ining structural degrees
of the freedomare optimzed resulting in a "rel axed"
PES. Figure 7 conpares the torsional PBS for butane,
tetrasilane and GeSi Si Ge at the DFT B3LYP/6- ',5
3110-H (3df, 2pd) and ab initio CCSD/ LANL2DZ | evel s of
theory. In all cases the value of the linear or trans-
configuration is chosen as the reference energy. The
plots reveal that all three nolecul es exhibit very
siml ar energy- torS|on proflles with a global m ni mum
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It should be noted that our B3LYP/6-311G | (3df, 2pd)
tetrasilane values for AE,n_g and LIE, are
qualitatively different fromthose cal cul ated by
Al binsson et al 13 at the MP2/6-31* |level for the sane
nmol ecule, In partjcular the |atter authors predict a
s$FFAEIaps & citerpiany el Jhi 1snH eBPrReE viey Sithearpengmilar
apéhd naRdkr. A0 ieGhmBidvenofaReghonlWe GAE that the Qn&l8&bus AES for
236_kcal Unf or t unat e

- -0.04 and AE, - : .
b e ity @aliefog B s e ST GHORPSBIGes it
OWigniFdnIRNREQ36BRGabBIrRerdliNEf, p=,3. 1338 AB) & 91934 Ghd M, S 5.713
di screﬁ)ancy i s anmbi guous. W therefore carried out a
s&falEwlof Coupl ed cluster calcul ations at the

CCSDY LANhaRZbd eit&d thhtQdur ngmcmaee@hMpap&msnane values for
tetrasil ane and GeS|S|?e results, shown as soli

| Bkog S AR PRl AR P RADY UBRPLPCRPIES ™ eh
t e ¥BLAR1 basadohd s&d mulealit. aR Sarticlds iR labbrRghokprEdi& a

flgure‘?ﬁ’ﬁ and indicate that, the [inear butane-IliKke
c SHTBFTHS & PR apdh 2 ngar JHeEDstaerche apd, Hpgsr eonfwn%aﬁmaenergv
gaaEhe- v3ksIAEQf~ A amd AR -O1.Bsk&alhaTP |Unf(FrHﬁ1£t@§'r H&ﬁﬁse thc

t he matt:mltude of the barrier connecting auche and

| ibAERIeT teyelf Wr@ﬁdﬂoﬁhﬁm}swe@ésws“@anpsoaﬁf@a beté dh &5 the gigin of
K gk ﬂ&&le?e(ncﬂ-ﬁ Gudb)gubis. tWe tKeetbk lcANed B LakiedlbPdoupiRs cluster

b 1 L B SR BB BB, wonses s

| eStRORETHRresuRs, @mroamﬂhu aiad inl Filhee GOEl‘é&Erﬁthﬂﬁy consistent

e Po T EHIDR! Rutiises cee b o1 BF i

S pleclineanbutsibdike canforiagpn ie the, ground chrrsatitee] with & gadfch©Vue

W e 51 0 PRl oS ERRRr e B RGP RO W Cralen comrpa e

t heaucth apd tipar donfoRRatiohs inhE:SiRIGE fsiredtadd tb 9BHRES/mol (~188 K) in

th [ reac

o o CISHRANRRE 8oy R SPel it (chs fouppay baisgy i
g -t@eaSildic @Gad GelifitGa ieconsisteevdth thesfaditiewtantperature conformational

| M ELSRANEL ShaR babusen, Rsi Lional isomers occurs.
Cha eavage and uﬁ neous i sonerization are
obser vétdShonldthaslowkidBa;Itye 6&%a\tah1d dbeined Sorl thn @oStiekdl Gomeric
Sy, Yo .
oD Moo B0 OF B RorIR b B sPRlo R o Ui e
sidogfosmationdiisapiersl whﬂfh exIfibitedeit dopsiant pOpdrtibm belysar samgles she
a e

7o o AT RS sls ERERDENCEh R, LRLP Hegtin
As°06¢1§@m§s§@&l suggestsdiatoncehe FaS(SKiGe), tGedliSiGe hingxture has been
| NSREiEd RY int@RGrIveR RN bEwREE p&ﬁuohmso%{@?sr@ee&r@r t:ﬁzuh Gleavage and
mechani sns i n gas phase pol ysil ane chem st
p ORIy Isqmenzation aikepfeved i dhy vlafqlmelatedwéqt@yﬂaam&ého

vegwtexhI&hn%cmo{obﬁangmknaﬁﬁflh&at%ﬂ e¥pehithetéprRi it SRisilnatsidn)
nal ogous ow gnergf% gerny ene I nsertion reactl on

c ERAEYlenes(SElb s ehte TPrnagign -isHpbssrid ap g iixtpreevethpe Sighlio is
| e véiRged Retolibw fdt Sl RSdrtidnings i SiH 3088 &}tmInaﬁe As
22 | eadi ng.to the con ensatlon of i-Si(Si GGe
YU & SRAPY TRERK S & 40 AvSIRrerdtian Braap ke mctecsastw
Sﬁﬁﬁﬁﬁm{@ym@@dﬁxaﬁt olyRant chethisity, B dsSifg 8 kilgBt Alzarive aciivation
y insertion of GeH2 in
the Si-H bonds of the central SiH2 site in the -Si H2-
Si H2- GeH3 i nt er nedi at e.
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Deposition studies 10 The deposition experinments were
conducted on a clean Si(100) substrates in ultrahigh
vacuum system equi pped with a |ow energy el ectron

m croscope (LEEM that allowed in situ real tine
observatlon of .the growth_procegs £SS; The (H3GO2(SiH2 2
g%@%u@ Fr ¥ gy ol Bi0BR AT eV SUERIST Welgan Raglogous Tow

eipdye b@mbién® hrlseRtibd kdabtionadhagi! isi Brbsept BSSU# s@théshs xtohte (see

k%aﬁf.lﬁéow';é’gs'té’es%‘?ﬁmeeg{b?t‘gé}%@#%gw%‘;% R G e b e
aecsﬂdmashmﬂ o€ NESIEGdeaU) Ofe tPliSDRTBRURMisY tbuld asmbet the

deso t he Si ace was
| SrROTE ohAOT et Pt SR Ao hat B Rah st o0 e &>
t tidtlok@d by insertivic bf Gedfpen the 1$i-H HoedCaflthadantralBilsigite & the -SiH,-
(ineluding Sii,, Gex) than on pristine Si. Thus, an
agg%#%g% %8 Pﬁ?natlon of Ent can only be obt ai ned
from measuring the growth rate of the first nonol ayer,
el gslgmglrsgu 20 directly on pure Si) and not that of

equent ayers whi ch grow on Ge contai ni ng
s CF h¢ demsitiam ¢xpeaiventsi e congratast ¢n 2 aleas Si(l60) tshbsyates favlitra-

T Bl Lt 4 046 BRGRABEp RBPL

t I@léo@du n wreebnmawéserﬁ:ﬁan hihs momh ﬁ@§esa nﬁhﬁoﬂ@s@eb@ﬁz)v

§usf Ur b r&R1t SRSt &&g&mtalcgﬂlpg& ﬁ?@&nashoﬁl at Prtial
asurl e grown rate Sii, G

rrwmsmgsem tbesrangfeﬁ%lé} k0l rkorr. Dlpitiafiy,r the seepten gewhtlﬁ@ncs was

griRekithateat B OLEEM 28 RN otvidbaRStdddr a1 e & He compound with

determ ned using the sane nmethod. For these and fo
H3esR5< (tslﬂqzéegor?w from dhe Rpfitfesh des mRBRIed Agisy knogn That for

C Qemeﬁﬁcﬁlapﬁlaﬂés' anll 'g&%lal%s thean 1%@&?16%mn 4100 0b:RMRhS surface
we8|521%%qlsown thsoft e tenperature
[

déﬁ'@‘HS’é‘ﬁ Sk AFigitne| Sy dRusy PR AR At GIMInpHeR Of Eax can

. GhiywidbAmhee Iﬁ@ﬁxgh@Sudhg HR cBHE FAie 6fRtHe At mgndléyer (vliet drowis

R exg& Ea/kT e data_are 30 1conS| tent with the
f j4re¢thy aH DOt OB PRSI laYETSa W RiC, SR PR, OQgfaining
1.s8fFaced afibhave dug’heﬂ@ro%ﬁ, rafe@r IHh{seobaid , LEEL ibpattivillarly unique

H3 S hat
| P TR e R e B s eoPur ERD R e e
| spbeo ambthes pesicts mambizasus pusass féeZlthcamstpdeteemmmem of Eact

Didn S by %egsfmg%{hg g%wﬁr fafd P 13 q‘%st si). Eﬂmgﬁ% a‘g&% Abmperature.

struct
hi gh-r éal:ctomplatlgonsqmawm r@w of @bﬂés ahdv Hs(liezﬁﬂia weemisr detegmined

| qu{gﬁ)gzltﬁm %I orrek)g %r gﬂ%%é%fogg—i # I ng(t?r% ?ay?r;?g()k

cdpm@s posratipiRie or @sting Gi thaBeuhmunet memwetse Hlmlee 8 is a graph
rmr i 111% Rs BF B&EM &at@x@ddeéﬁ)ierfcgsblfltﬂesﬁfs? %Erd%&g’ch rates. The

mcrotructu Con"pOSI I on an straln
f cactivation ﬁmdrms wgTHetermyippdhsiog the aflaiGrOR 5GEPC-B/KT).| Hie detpsare

i 0
30 d%}ﬁ/ﬁ%t%lgg%gl&h% ﬁrsgpﬁ 33 cﬁsozr @aéi)ﬁ@gﬁdey&@ Eq of 1.95, 1.66 and

t ehiertfor Hz(ﬁﬁrﬁaﬂs,;ﬁeéﬂmd ﬂiﬁhfsl é«rS@eqt@eb @@@lePFFé that
gr @UiRes R4Endt Dnly Mord MaBiR tﬁ’eﬂlqh@?ﬁ@ﬁﬁa%@&s &Ro %o@ﬁeﬁ@tx@e fan
350C. No_appreciabl e growth was observed bel ow

( 1B GFé?srcjpesm?efhﬁ Presefse of dm@@o&ﬂé dondsing the 6f°1°c°H‘ér rdorure
COARBEIMbly, TRi fdpresédtd™® Whighe NRRa&ivit) agRSieaNditable for low
defective 10 m crostructures were produced at 500 C
with growth rates as high as 15 nmmn. The

conposi tion and heteroepitaxXPal character of the filns
were investigated by random and channeling Rutherford
backscattering (RBS), which in all cases indicate a

hi ghly stoichionmetric material aligned with the
substrate. The ratio of the aligned versus the random
peak heights (7,,,h,), which neasures the degree of
crystallinity, 15 decreases from1l5 % at the

interface to 6% at the surface indicating a dramatic
reducti on |n dlslocatlon denS|ty across the thlckness
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Atom c force m croscopy (AFN® studi es show that filns
with thickness of 50 and 750 ri mdisplay RVB val ues of
0.5 and 1.5 inn, respectively, for 10x10 .inR areas, 5
i ndi cating highly pl anar surfaces for sanples gromn at
T<450C as shown Figure 11(a). For |ayers grown
TSopgTARE hSO00ARA | Ggg@gld[ oyt of1thidk) Javemobh08-56p agrg) awith

csfmmea& eST<Te g T &%ﬁ@&lﬁg Bt bethe eabperiikY pldbiiidr! Below we
di sl ocations produced during strain relaxatlon I't has

beleHrBholE CRRPSIIAY T Arogriise B0 nltic dasultht Erepding - Aprapholaey.

al thigystfuehitd, srhitgition Bed s«akem&}ltueﬂﬂe@uces the el ectron
nDbill Eles in t g;e sa | es and degrad

s 10  the,
devi ce [PePPEeEHEA M SVEE e 6%&%13?% fra1 S08\¢agge
ul vig dehlyropduatissoft @:GE),®IMMN The hihed ierpetitire @&X yields planar

ot s 1 3R GRSy BE AR seag 0 2 Ammin a

przsp‘&ﬂ fNoe@prebiable @ndwih Stas obsetved delowet00%l Clx0gT &srr) ivri toRhe

(SR ol Sel et B FE i By IR detecive

10 utmicroztasturd;sewehe ghldyceden 500 U@ %!h(trMh gataBashige as 15 nm/min.

2 u The Lr . Ncor po i,0
of TEr P by Ptero bR Uil B e B LORCRERIBLHS,
I om@mdné@banddﬁfgmmrfoxﬂdn@ma@dmgdmﬁb Wchmh\mmlt caperahditatae
. d i
pangf SARBHALE (ll SHARE G RE ol BRE Rt idfhe atigned
gronuh theana@napeapr}e'gbu r@sn)ofhich In@asmﬁrs rthé émq:engf ¢r;zstalhmty
15 A0k f8c0URN 1 shld iR Mo Rt Gf ARSWAACHRTARY'{ Bifatic
nor p ol ogl es. ofhe ermal properties of & Fi e
wetieduckipny @sﬁsl@aﬁ@udebemmm the thidknesn df the Gileg, Thas is ammfemed by
Welln%h \%ston.itlen dﬂEIQIe vﬁﬁ&c ‘?év%él&g ct)m u@atté‘ r§ée/SlT1 € and
I ce constant, the RBS xi ues, and the
r oRegkeiIRONRETY Eallianlsyer sticrpBCEige Aawm |0éHEMasmpapbs shaed no
co o Y e Iy
o Dbl (IGWRORE BRRRTPATY o A EE R D02 SoHA L e
20 dj gioreraphh dnvdicatne jam pperskmit rin 2B theeadingcdislpaatigh density of ~
ev afycal mglgﬁ o eRabiiRg tRlaekad fud tQQH§ﬁkxkﬂgl;s§n%?:?m awﬂ@oncemrated

surface p y of our sanples is y robust
Thieeaxii inerércrReEsion| Ingadp isber ofdbenp prperrde enginais pythe SiGe/Si

| dRffa&Pind QﬁJvPB eropaitatd ﬁépa@fﬁ@ 8 wied mmhé sURSa trighsS9).

confirms full relaxation in the as-grown |ayers at
T<Qsraeionah Gd&?&‘r‘é‘l’%%?né iPapgd Pbav]éod’éh%fﬁ 8lsp gbsstyed ficthe vicinity of

25 SyatResiise fkurkke (fbgurang- | '![1|{e§e £0 PR %&hmteﬁfasenéxﬁﬁ%@fnay
fornul as 3)2(Si % (GeH3) 2Si H(Si H3) (2) and
(c%rj?"li%)sﬁésﬁ ﬁbée‘?—ﬁ‘)’ee(‘stf‘e H‘a "Hethe sulsrtsy Bt ipEsgnce of edge
| s gEBtgionde uaiduaidsicR Biaebatd maletiad yplcaliyis d}ﬂﬁ}OQllllﬂ—ﬂaréA@iﬁo

ana

conduct.ed via a.range of spectrosco ca
PGSt St R oL AR RR Ry tafebh didhiy Aled
fl Taydre gwiflr aesles epx‘eﬁls adelsl apadi, dbg&sfsdarmn rdldi®ely strain free

h t ed
3000 PSR FEBH SR B RGO BRI s
t heeveriaiciudgh &arep IoévmcaP_ﬁxﬁforrﬁiQ,nh K:Oxicbﬁﬁhudﬁ paisstrhinOTTEhe ®Waman

RSN Rk RITITICR N e

appllcatlons i ncl udi ng perfectly crystalline and

epi taxi al mcrostructures, snooth norphol ogi es, and
uniformy strain-rel axed states. Unique practica
advant ages associated with this |ow tenperature (-
350-450C) rapid growth include: (i) short deposition
times conpatible with preprocessed Si wafers, (ii) 10
selective gromh for application in high frequency
devices, and (iii) negligible mss segregation of
dopants, which is particularly critical for thin

| ayers. Finally we have found that these conpounds are
remar kably stabl e over extended periods of tinme, with
evi dence of deconposition, and thus represent viable
nDIecuIar sources for potentlal |ndustr|al
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Al'l mani pul ati ons were carried out under inert

condi ti ons using standard Schl enk and drybox
techniques. Dry, air-free solvents were distilled from
ei t her anhydrous CaCl2 or sodi um benzophenone ketyl

prior to use, All NIVIR spectra were collected 20
eBirave relgatien Wafiaand ROVA faofilnspwith thickaesrofoldr andi HY =m,

4942pé\4t"§e1§9&h1€h Qn‘ﬁhﬂb th%@@ob%ﬁﬁe‘&tb&%@i er. Sa”D' es were
di ssol ved i n CDC or C6D6 and all nuclei were

ref er eneagc Bidk h‘xﬁéroéibﬁ)e@lﬁl\?g SudidsREdw. aat ﬁ%stvﬂthtthﬁk&rs%m
signhal of TWMS or the resi sol vent peak

i Aed reydisnlay Ry velpes qﬁ@rﬁémsi ée@fndéedpqsgve#ﬁg fog lﬂ?al(bw s,

C@ﬂdlca‘ﬁhé ngﬂlgqflan‘ﬁ# AERYS. foElsﬁﬁfﬁ&t bwRRATYSREC We sBown Figure
per f or med Desert Ana ucson, 25 Arizona).

Géé@b hF%ﬁﬁFﬁg%’%Yﬁh‘}} Tﬁﬁ%% e‘\lﬁl\é gey [FiguravB D) shoy aelassic

Obt@bsREtheti siffacd pdieich- calvert %Mﬁ‘t ﬁlsiol:atﬁﬁﬁﬁﬂoﬂmtdﬁﬁng strain

t é‘ltlid?)%ﬁglgrl I %nt?%% @ dr Ih&tr ?)%th)cfe}ect mduced interface and bulk alloy
t rsd:aﬂ?tbhlq db(lﬂddrztﬂl}yﬂebh&bé B ele(iterl iesHil)ltiestin thesellamPIRE bitPdBrades

fonic acid (A fa Ae , . .
PP FRTANE: | NeUPaRE--oRRh YR e ylra v presur is
elkaowi cmprcdlge sdgG:gemamne \gi&m@wﬁxiahm Yowel cEiﬁss)hawﬁmg petieatk

0.tol
R N, PR AR 8 Syl O B
1 v@uchbms@atnmmomad@mtdaymuesfann;gbmye)sdsf}m Sibids, WeHe Ge,Hy),

DB 388250109 R e TN RERC LS i
wasmpyuidhdbe zlwt mnormmtncgi ofrthee SisGa gnmdiaummmtms fitrmileads
(QQ%@ sftfabd ¥nfful'fa§ c%ﬁ%&leh”tg ﬁE CRfi{en BRI Y5 ”xgasg X}Qrf;ﬁ%‘é?ds

hi um wer e pertorne [ T'um envi r onnen
t rFalrchﬁ:rmoan thi hlgétrn@wnepe@mtta) logr growtht temipsrataieiand pofmotes high

| 'gtr(g(_}*étﬁ :'xr%téyoa? }c es Qﬁslforjg%ér)l%dglgwghgw%e’% 31%111%)&%‘/%{(1 cﬂf _crogs

n@@bsﬂsuéﬁq?éﬁorle@ Ief) and toI uene (40 m) is stirred
W th sodlumpleces (1.68 |) for 5 h at 125
C. The TRt Xtefha Areperties of F‘é’dﬁ‘éﬁdw‘trﬁ ieHiggied Peiesn 450 °C and

disbict)| edaige welM®N@int BevicOprseRdify antheRb! rmw(mbl 1ﬁt$1ce
The remai ni ng col or] ess Iltgwd roduct (4.40 g, -

ARG s iy 2ARRAR 308 TPHENRESE Wege meﬁ%uyedafpa the

ptaiméayedamh mama uJaﬁl e mlthyth@sc%e}egfubﬁ%g%gﬁr bff7 th@aéng%m

g?ﬁisg Fgom&g d\é %]frgé\sagsaimﬁﬁ2gq)qna ld}doq,pt 61}0“’ any mcrease in
1 s&rféc&- rb@hylés); e dftaxnzﬁméﬁm@ &t g50°d ﬁldicaiﬁ'g)ﬂhﬁt théq sd;rﬁlcél ﬁlla@anty

recipit
ot Sy e rigs, The, Sk, 40 Siebiza were
\N&rsﬁmdalt}o 1d2&106) affdresiﬂdr afedl dn@ealitg. 2 Thls T&%&lt CdlﬂoOEdﬁxﬁs full
i A tF’ L 1 glr44g§j,ci n 15vacuo. Repeated
ﬁé%?ﬂ P4t PoRk %ﬁ‘ﬁn c%cff? the toluene filtrate at
-20 C yielded additional product. Yield = 7.9 g (95
%CO%PUS— 68 C.NWR (300 MHz, CDC13): 85.078 (s,= 272
) 192 3./HH = 3.6 Hz). 29Si NWR (79.5 Mz,
CD&k 3pve Bem@BStrated thp ayntheGal of dhef outanE8ike SSRGS nith n@)lecular

s 1o RS R GRS ERRP 4 o ot e

ofthélcmg@mz)t@(lﬁl o ers.( 4 Igthilgd cDarBetenvation wﬁsthadmmctso was
slurry of KGeH3 (2.00 g, 20.9 nmol) in diethyl ether
(15 inL), at -40 C. The reaction was then warnmed to
-10 C and stirred under nitrBédgen for 12h after which
it was heated at 35 C for an additional 1h. The
volatiles were 25 fractionally distilled several tines
through U-traps held at -20, -50 and -196 C. The -50 C
trap retained pure (H30e)2(Si H2)2 (260 ng, 26 % Yield)
while the -196 C trap contai ned solvent, and traces
GeH4 and Si H4. Vapor pressure: 7.0 Ton (23 O. IR
(gas, cm1l): 2147 (s), 2073 (vs), 910 (w), 879 (w,
799 (s), 740 (vvv) 682 (s), 651 (n) 442 (vw). NWR
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30 H3), 83.290 (g, J= 3.9 Hz, 4H, Si-H2). 29Si NWR
(79.5 MHz, C6D6): 8 -105.0 (this value is close to
t hat observed for (H3Ge)2Si H2 at -102.45) GCMB: nil z
210- 196 (Si 2Ge2Hx+), 180-170 (Si Ge21-18-x+), 152-143

- (Ge2HB_x+), 140-126 (Si2GeHs-x+), 107-98 (H3Si GeH3+),
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d t at 1 m ...
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Jindgstgalipplications.15 Ge- H2) . 29Si NMR (79.5 Mz, C6D6) 8
-98.2. GOMS: mz 256-240 (Si Ge3H m+), 230-212

(Si Ge2H8- x% 184- 169 (Si Ge2Hs- x+), 154- 141 (Ge2H67),
1 Fgparimenia) Saie gx+), 108-98 (SiGeHb.,), 77-70

( CA¥m ulat?b%s &%re( cﬁhi'e'djcﬂﬁ' hnder RER EBEA}% using standal-d Schlenk
Mooney J. 0. Annu. Rev, Mter. Sci. 2000,

3@nd ggbox Qechrrrquaﬁp Dr;R alr]\ﬁee spjé'grgs were digtilled, ﬁgm q:q@gr anhvdrous
M@a@[; or 96dium 2&phedbhe lé{%'l pnor to use An Nﬁﬁ@spe\étré'lwe}@’déllected
; .Kam ns
ek Pt ) i ROU B f0p St oBiaing & 49081 on Gemiga00
4 spdc@BmetM. |SanPlet GFete didsolvkd; inFCDZgesralgh, dAall hucl¥Atere
SCIferencela eltLer d21rectlv or mglrecgly )to the p?oston signal of TMS or the residual
solvent peak as indicated. IR spectra were recorded using a 10 cm gas cell with KBr
windows. Elemental analyses were performed by Desert Analytics (Tucson,
Arizona). Gas chromatography mass spectrometry (GCMS) data were obtained using
a JEOL JMS-GC Mate II spectrometer. Powdered lithium (Aldrich), lithium
tetrahydroaluminate (Aldrich), trichloro(p-tolyl)silane (Gelest), trifluoromethane
sulfonic acid (Alfa Aesar), nonafluorobutane-1-sulfonic acid (Aldrich) and electronic
grade germane gas (Voltaix, Inc.) were used as received. The starting materials p-
tolylsilane, chloro(p-tolyl)silane, 1,2-bis(p-tolyl)disilane and 1,2-
bis(trifluoromethylsulfonyloxy)disilane were prepared according to .Iiterature
procedures and their purity checked by NMR spectroscopy. Potassium geimyl was

synthesized in monoglyme using sodium-potassium (80% K) alloy. The coupling
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1538 "2 ol mETERDTE: Retlhagdn sk uoEhe & csce

A. tzhp coifiathédsolveni\andltraced GeH,.an€X 0t Wab9Ppresshk37.0 331 (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 ppr.n): 53.106 (t, J=4.1 Hz, 6H, Ge~

30 Hs), §3.290 (g, J= 3.9 Hz, 4H, Si-H,). ’Si NMR (79.5 MHz, C¢De): 6 ~105.0 (this

value is close to that observed for (HzGe),SiH; at -102.45) GCMS: m/z 210-196

- (SiGeoHy'), 180-170 (SiGesHsx"), 152-143 (GegHg.x'), 140-126 (SixGeHgy "), 107-98
(HsSiGeHs"), 77-72 (GeHy"), 62-58 (SisHsx"), 32-28 (SiFL™).
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W claim 1. A conpound conprising a silicon-germani um
hydride of the formula (SiHni)x(GeHri2)Y wherein x is
2, 3 or 4; 5whereiny is 1, 2, or 3; wherein x +y is

3, 4, or 5; wherein nl is independently 0, 1, 2,
or 3 for each Si atomin the conpound, to satisfy
val ency; and wherein n2 is independently O,

giﬁ}e )OS, étheBBhH @axﬁﬂl@ﬂf (|OF3$(51%(SEH£§P @y, 45)mmol) was

satlsfy val e roviso that n2 is

SRR i 4 dngy ot 60 (RS Pl POt Ristiy| 1 CiEh 3 98°G
afpge )&nﬂctﬁrelwastt‘ﬂgr{‘ w%édst0223°‘c #nd ﬁﬂ%dvﬁrﬁgr Bllﬂ'géénufo{- REr The

prowsothat when X 1S 1, then n
2 valptdesc werp diaatipngy élﬁfalﬂ% aazd t @P)nisztlamp@ichmxlts mire fosp

3 was collected"ﬁttallﬁ k@trﬁl{@\é' §9, LIl vkl y is 1, the.n_ n2 is
0, 1, 2, th the further prOV|so that if x is

2 and y i's 2 then at | east one of the following is

t r(ﬂ‘riﬁzGé z}(d}h:j;‘or TR cohfBedd i@ G@ca@éd ?st apﬂgp'r&ugc 'in q:he s?rﬁthgsxs of

or each atomin nmpound i s 2;
2@@4@694%12): @rd wes I}S@éré(i by;mea@ da%tléihﬁlqnﬁhrpﬁ@ Erﬁ?ﬁb'&ﬂﬁ’df stagic
O v@duurdh: mibinldRedC @MPoynghofs¢l @ g Leollhier i, GeHy(GeHs); and

(HsGe),(SiHy),, respectively. Vapor pressure: 1.0 Torr (22 °C). IR (gas, cm™): 2145
(m), 2073 (vs), 910 (w), 878 (W), 793 (vs), 723 (W), 679 (W), 615 (s), 443 (vw). 'H
NMR (400 MHz, C¢Ds, 7.15 ppm): 6 3.30 (sept, J= 3.9 Hz, 2H, Si-Hy), §3.23 (t, J=
4.6 Hz, 3H, Ge-Hzs), §3.13 (t, /= 3.90 Hz, 3H, Ge-H3), §3.03 (sept, /= 4.0 Hz, 2H,
Ge-H,). *Si NMR (79.5 MHz, C¢Dg): 5 —98.2. GCMS: m/z 256-240 (SiGesHiox),
230-212 (SiGeHsx '), 184-169 (SiGesHg "), 154-141 (GerHsx"), 136-128 (SiGeHs.
«"), 108-98 (SiGeHe."), 77-70 (GeHax"), 32-28 (SiHs").
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whereiny is 2 or 3; wherein x +y is 4 or 5 wth the
proviso that if x is 2 and y is 2, then at |east one
of the following is 25true: (i) nl for at |east one Si
atomis 0, 1, or 2; (ii) n2 for each Ge atomin the
conpound i s 2 and (iii) n2 for at |east one Ge atom
i REFEBENSESound is O or 1. 4. The conpound of any one

of 1¢IMbdmRy,P: BL. \Mh@rJeonAmauI ﬁev2Ma2eO séz 16w, smapound of
claim4 ereinyis npoundof claim1l or

2 whet®mp & MSRSSSa%&’[y“"F% Rf" Mq‘er 2008 otitd of clai m

% \gFamlﬁ, W-H,Theyu,wl ;ICROY.; @A FSiﬁI:(dtH) Jh%.t;j \[A(Eﬂﬁls,! B. Il,lrl]\smlag})!.ma,
a . 8. The cq u claim erein the silicon

ger ?Bfn§+ﬁ73'ﬁu&ér53§43g|1§@%-ed fromthe group

comsilsde] MO LoPite(d13Ce) BitfgetdR), ;A .ahdad. GeiiBerabil. HHo8i,H3)22 (3),

9. Thelnﬁorrpound of claim1l wherein the silicon

germani-um hydride is
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substantially isolated (H3Ge)2(SiH2)2. 10. The
conpound of claim 1l wherein the silicon gernmani um
hydri de conprises (H3Ge)2(Si H2)2 and
(Gel13) 2S1H(Si H3) . 11 The conpound of claim?9,
further con8r|3|n lmgﬁlHQGEHQ 1012. A

b dBPa% b C}E@ﬁeﬁ i @CQ Sthlsyist. & -EyaRss dinf@sLeszezynski J.

accorcdk,ngp;tyg L@nylgg-n%@mpl ainms 1-7. 13. The
co osjtion of claim12, wherein either x is

1% Afpigsspn.; B Eeramagy Hellith Ho¥ Qo LW Semiftse et 1
conpqm sm@nhggﬁaoﬁgegponductor structure conpr|5|ng

15a substr X and n_Si | ayer forned

1 JERk g Mo BReT R <N A Be Cl 4092553 B0& gaseous
pr es.uTuSlal ACG.ERUbbimk, MOLT.IFdRiucio AP0 Bkt P WnY. Oomea. Gtowah abrs
1-11. %g The sem conductor substrate of claim 14
wher &P Phe substrate conprises silicon. 2016. The
sem conduct or substrate of claim 15 wherein the
substrate conprises Si (100). 17. The sem conductor
substrate of claim 14 wherein the gaseous precursor
conprises one or nore of the conpounds listed in Table
1. 18. The sem conductor substrate of claim 14
wherein the Si Ge | ayer conprises an 25Si Ge fil m having
a thickness of less than one mcron. 19. The
sem conduct or substrate of claim 14 wherein the Si Ge

| ayer conprises an SiGe filmhaving a thickness in a
range from50 nmto 500 rim 20. The sem conduct or
"substrate of claim 14 wherein the Si Ge | ayer conprises
an SiGe filmhaving a density of threading defects of
1061cnRor | ess.
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3021. The sem conductor substrate of claim 14 wherein
the Si Ge | ayer conprises an SiGe filmhaving a
substantially atom cally planar surface norphol ogy.
22. The sem conductor substrate of any of clains 14-21
wherei n the gaseous precursor conprises
(MBebipeSi H2) 2. 23. A met hod of synthesizing one or
re o bk s ger, ' [ e of

i e T R
péPihdPdhbky| - sul f onat e- substituted disilane with a
CONPOURRLrGANIRY 2,3idpd; @ GeH3 | i gand under conditions
wher eby the silicon-germaniumhydride is formed. 5

3> 24. The™hEeiRYds b2 @13 m 23 wherein the conpound

conpri Ghéiéin@ +Gekl3, 4,iogand is selected fromthe group-

consisting of  al kali, and al kal i ne eart{h gernani des.

25, THEhSIEP R IBICPRIERH O 2t BT FACh ISb A B compound, to

C GRERA wRacK QB Ni ng t he conpound conprising a GeH3

l'igand_wi th a.nonafl uoroput.ane-sul fonjic supstituted

di si | awﬁf?relaﬁ%’ IW‘gﬁPE’rdﬁ“‘{yh"g Vo it 1066945 ST 2407 I ogTRpnc to
10 subtssfy talkney di sil ane conpri ses 10(S03C4F9) 2( Si H2) 2.

26. The net hod. of. clai m 203 vvher.e'in t he net hod

Iﬁaén.tﬁélot

conpr i YE8 TEBRISKit CoMsBeitconpri sing a GeHs

| i gandwith the fertter prioliad thatsuHes kit Ldreld, islil sthérapds 2 aid] and
wherei p. triflate substituted di.silane copprises
(SOBCF%}@B%%"'EP”“&%&”%&“ KA YoF LSS . wherein
t e coithowmpowmhgficiagn hgviere@®eH3 | i gand i s 15KGeH3, and

< Wher ei si.bicon germani um hydride is fornmed
o accord?ﬁ%gﬁgg%%gpgquation (S03CAF9) 2( Si H2) 2+
2 KGe H3 (VHB e )pRqvBiokRdt & y+is RSO BZ4F® 1, or28andFigh thve fulrtbet podviso

Cl k20 2 alP1s®! fhed DGeafEhnb BFtnE RITBY A SStrue:
)] nl for at least one Si atom is 0, 1, or 2;
(i) n2 for each Ge atom in the compound is 2; and
20 (iii) n2 for at least one Ge atom in the compound is 0 or 1.
3. The compound of claim 1, wherein '
wherein y is 2 or 3;
whereinx +yis 4 or 5;

with the proviso that if x is 2 and y is 2, then at least one of the following is

25  true:
o nl for at least one Si atom is 0, 1, or 2;
(i) 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.
4, The compound of any one of claims 1-3 wherein x is 2.
30 5. The compound of claim 4 wherein y is 2.
6. The compound of claim 1 or 2 wherein x is 3 and yis 1.
7. The compound of claim 1 wherein the silicon germanium hydride is listed in
Table 1
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(a) adding (C4F9S03)2(SiH2)2 to a slurry of KGeH3 in
sol vent at between - 2050C and -30C to forma m xture;
(b) warm ng the m xture to between -20C and 0C, (c)
stirring the m xture under nitrogen; (d) heating the
m xture to between 25C and 45C, and (e) distilling the
mfxt urldercompayndrf ¢im(lBemiphssilegreermaigg hykhide irselecied
Obomltd fgRonddRgE 6f N the conpound conprising a GeH3

| igand 1s KG&H3, and wherein the silicon germani um
hydr i dE:¢Q:28¥khe®daccording to the equation

(S33 2+ 2KGeH3(H3Ge) 2( Si H2) 2+ 2KSCBCF3.
3O.Tﬁ§§%§?ﬁ%%6%%»cLain129h wherein the nethod

cOnpr i Sesompuast aficlripg Wirsaen thy silicom gepmaniym hydride ig 1y of
Mﬂﬁﬁgﬁﬂwgﬁh&a@%q@xggbmeen - 40C and -20C to forma

m, xture; (b rmng the mxture to between 0C and.
35¢; (f*)e ° ‘E‘%?‘*\gﬁﬁgl‘% Vhexe g siliseregerpnivp fudiide gomprisgy
di(134Geb,(SiH9, 4nd §GEHSH(SIHR form the (H3Ge) 2(S02) 2

3 T met hod ,of .cl a| 0 wher.ein e reaction is
ci}'ri Eghecfa‘inp%ﬂnd Qg‘fl%‘ e%&'ﬁ?@%f’smﬂ_@%@}z(ﬁ‘%&ﬁz)-
12

A composition, comprising two or more compounds according to any one of
claims 1-7. _
13. The composition of claim 12, wherein either x is 3, or x is 2 and y is 2, for
each of the two or more compounds.
14. A semiconductor structure, comprising

a substrate; and _

an Si-Ge layer formed by introducing near the surface of a substrate a gaseous
precursor comprising the compound of any one of claims 1-11.
15.  The semiconductor substrate of claim 14 wherein the substrate comprises
silicon. '
16. The semiconductor substrate of claim 15 wherein the substrate comprises
Si(100).
17.  The semiconductor substrate of claim 14 wherein the gaseous precursor
comprises one or more of the compounds listed in Table 1.
18.  The semiconductor substrate of claim 14 wherein the SiGe layer comprises an
SiGe film having a thickness of less than one micron.
19.  The semiconductor substrate of claim 14 wherein the SiGe layer comprises an
SiGe film having a thickness in a range from 50 nm to 500 nm.
20.  The semiconductor substrate of claim 14 wherein the SiGe layer comprises an
SiGe film having a density of threading defects of 10%cm?or less.
21.  The semiconductor substrate of claim 14 wherein the SiGe layer comprises an
SiGe film having a substantially atomically planar surface morphology.
22.  The semiconductor substrate of any of claims 14-21 wherein the gaseous

precursor comprises (HaGe)(SiHz),.
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32. The nethod of claim 30 wherein the reaction is

carried out at a tenperature of 22C or higher. 5 33. A
nmet hod for depositing a Si-Ge material on a substrate
in a reaction chamber, conprising introducing into the

chanber a gaseous precursor conprising the conpound of
afd onbmgthod phyrtesizingiong pr mpvs of Bieydisen-gesmanim didridas af2

oanylo%e oPRER 1@051%5“5&19 Eoﬂ’l‘ﬁ%?@éeﬁﬂuﬁ ﬁﬁ-sﬁfféﬂa{e-sabs%e%

Si-Ge material is orms st rat
naistang Vg compryad eempyising adiste agandwn@w@@m@y @herew the

S giRsdnt mnﬁgﬂpﬁﬁ@g@gnéglntrodu0|ng near a surface of
the substrate gaseous precursor conpri sing the

céfpo ﬂw&q‘ Oér?ﬁclelﬁb—?’o‘f'he&ffl%ﬁhﬁﬁor&pomd BRmATISEE @bl SiB4nd
Ofeléthedl il Re Blouplcbnsigig of El‘ﬁMdirﬁ&ﬂJ&ﬁﬁd dagth LhmaRi@cur sor
uEg ondi t1.ons whereb itaxial Si-Ge is fornmed on

Frectpctiod of ggim iy gredod comprispsyepminingthe
Wﬁ@ﬁﬁduﬂd tdigprising B Gofl; lighint adum HglafifdeobYRGE AU ic substituted

15pr.ecursor. _conpri ses int ucl ng the .
?EE‘H’FS Whﬁreg’ﬁnﬁslpaﬁffﬁoaqbrl{? ﬂﬁ% P sptfttg st sompiisgs d
o(S%Caﬁgyﬁ(SiHZ)pr 34 wherein the st eg of introducing the
€o r i se |ntr uci n ous
gﬁécuﬁggﬁngﬁ’ E?Wb$ﬂ£§§§ d corp ‘Wﬁ@gﬁ% fiod of
C kanpouBd conpridthg \aA(fieHellgantl heltlset teqﬂam fsuHsfitm’ed distiarreganid Reherein
IRRERHS. BLEFHEP QL EOMRIRET b pdyel g the gaseous

precursor rier 20gas. 38.
Tﬁé nmeThrodetiadd of blamniis Whevk it contphend comptisicgs Geley liggeadsis

| R ?—f Sa%ﬁ V\}E@l’em tl% 111cg£ger9i§ﬁlnr9%ﬁ&rgdej{)ﬁh%dgazﬁ%%ﬁ% é)l to? the

‘carri er gas conprises
cleaiafip83 or 34 mhereln the gaseous precursor is

deposite : |_ec

41|.OThe ngstc%ggg%@%%gir ?Iné%g%o% (giié\é/eﬁ(er efn eﬁ% é?eous
pR8écur S methodndplaisn 2 svbprpindheametbed copmpiens depos ition.
42. Thegynetheds gﬂwg%b?jz(@f? 105 slﬁé%lé\h@éﬁmn RIS FenDA BENE, -

precursor is introduced erature of et ween

3@@@ and¢3%€ deform a mixture;

() warming the mixture to between -20°C and 0°C;
(© stirring the mixture under nitrogen;
(d) heating the mixture to between 25°C and 45°C; and
(e) distilling the mixture to form the (HsGe),(SiHy);.
29.  The method of claim 26, wherein the compound comprising a GeHs ligand is

KGeH3, and wherein the silicon germanium hydride is formed according to the

equation
(SO3CF3)2(SiH2)2 + 2KGGH3 — (H3G3)2(SiH2)2+ 2KSO3CF 3.
30. The method of claim 29, wherein the method comprises

(a)  adding CF3SO3)y(SiHy), to a slurry of KGeHs in solvent at between -
40°C and -20°C to form a mixture;

(b) wanniﬁg the mixture to between 0°C and 35°C;
©) stirring the mixture under nitrogen; and
(d distilling the mixture to form the (H3Ge),(SiHy),.
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43. The nethod of claim 33 or 34 wherein the gaseous
precursor is introduced at a 30 partial pressure

bet ween 10-8 Torr and 1000 Torr. 44. The nethod of
claim33 or 34 wherein the Si-Ge material is formed on
the substrate as a strain-relaxed or uniformy

sét-ai nlhg methpd of plaig Fgrherein thereaction iy eaeried oupat a tppperature of
nthggqgg claim33 or 34 wherein the conposition of
the Si-Ge material is substantially uniform 46. The
. ho dLISFIERIod o FI8E HWhsaein e Fartiorif e Of 8 2 mpeiTee!
f proeMafkerof the gaseous precursor is incorporated
into the Si-GCe material or epitaxial Si-Ge. 47. The
mét-hod™ Brethof & derpsiting a ShComalFiA! A1 £ FEPSFAS dbyBaTsior ERFFoeR

C ersﬁ@%tﬂﬂﬁclﬁ)g mfﬂlli@ckﬁﬁﬂ@@@ﬁﬂé&ud pré&duedr bdinptisl @el. 5
33 or 34 wherein t ase us

48. The t hod
pF@ERﬂng%igP g Ogfe %ﬁ“fl%il’nl)?f ﬂﬂﬁ SQERSTHRf Flal 1 Eﬁé 2
v agmiitiodle Rty alByer cétprisihb e Svat hnateriaf is fdrﬂlledlrerfBe ﬂrbstﬁﬁe.

rei aseou rec 03|t aser

hoEi ot B el KRR R BT SRS R RRPOT S b corRifing
met hodinobéducinginear 3 3urface aﬂthewlmhmtera gahepug pneemsm cmmmgsl&r

s depo ed b ato e
SefERREHE G oRY R BBHO I £ Y Sl RAPA IR 10 0P Tl
precur @hydrogmmngsmsprédﬂ&@s)nzérgpmmns wherdb® epifhi! $reiehiod
o%rgggogﬁgsa£na£alns 33-51, wherein the substrate
conprises germanium silicon on insulator, Ge:Sn
al3f.oy sThegh@ind csfabph BY er, 34(rbareinghe Spp @enmduelys the E&&PusC

| ' h
Pl BB e A, PO PSRty piPrn] e
si3pi cohhe m@hod ﬁc@mﬁ%mﬁ& whereprthe F’fhlgof(@@%ﬂllﬂg)@ ESiepB) 2.

S%R%ﬁsgflecﬁﬂlﬁgseg Qlf‘rrr(])?%cmghﬁ‘éséagéoﬂ rgcr?ﬁ)s%%éc:% Qé%‘:gaiﬁ %%eur?'ce

cdndi t T’éﬁr@efmﬁe?fékﬂm 3 her 363@?3@41#97 stepsafjintrgduping thefgasepusq

WHRLErsE dofprea i tidingthsbdolidhBbursor flermitxed Wit la¥ knef Carrier
benzyl . 8 A nethog for synthesizing

(SBBC4F9) 2(Sil 1 2)2 conprising conbining
( B8Ol yPRd Méthodlechin P whiSEB it M cheier O Wbintptiea $1, Wher eby

the (503 S formed, 57. The nethod of
c 55 m B PRl %nmhéw%%eg%%ﬁ%@wwm?@% ’

acioor dri@method of claim 33 or 34 wherein the gaseous precursor is dep051ted by

gas source molecular beam epitaxy.

41.  The method of claim 33 or 34 wherein the gaseous precursor is deposited by
chemical vapor deposition.

42,  The method of claim 33 or 34 wherein the gaseous precursor is introduced at a
temperature of between 300°C and 450°C.

43.  The method of claim 33 or 34 wherein the gaseous precursor is introduced at a
partial pressure between 10° Torr and 1000 Torr.

44.  The method of claim 33 or 34 wherein the Si-Ge material is formed on the
substrate as a strain-relaxed or uniformly strained layer having a planar surface.

45.  The method of claim 33 or 34 wherein the composition of the Si-Ge material

is substantially uniform.
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25to0 the equation (p-tolyl)2(Si H2)2+ 2 HSO3C4F9
(S03C4F9) 2(SiH2)2 + 2(toluene) 58. The nethod of

cl ai m 56 wherein the nethod conprises (a)conbining
HSGBCAF9, (p-tolyl)2(Si H2)2 and solvent in a reaction
chanber at between -50C a OC to forma_m xt

36¢-b) vﬁﬁmeﬁgdtoﬁ@alm 331qi P4 Wb@elséhw@fﬁ Sigud Gp érarzzs@rf« of the

( %ass&js facmgortxmcdﬁaﬁtw Rio tRS-Gd xﬂlttmdﬂoséﬁuaﬂaltmesol id
03CAE9) 2(. S A sem ¢onduct or structure,

c éFrpr i Eﬁlmetsods%)w?w A% & Urtiermin Be SEEOYSHSHTSESOFPIST A a
baﬁdﬁ&ea@nﬁﬁunmmmﬂ@mpcor ding to any one of cI ai s
gfl a %rdl atlso u%I aim12 13. b5
o0t n Bspetiitighm ¢ R
a@Iaﬁlﬁﬂd:ﬂhg]chd)c}&ﬂmabmpoﬂfepﬁt&hﬁs 1-11 in an inert gas.
CLo TG, CRIBSRY L0 L Bl O AGLE. 0,05, et 7
alkderargimea. chemical vapor deposition.
50. The method of claim 33 or 34 wherein the gaseous precursor is deposited by
atomic layer deposition.
51.  The method of any one of claims 33-50 wherein the gaseous precursor
comprises (HzGe)2(SiHz)s.
52.  The method of any one of claims 33-51, wherein the substrate comprises
germanium, silicon on insulator, Ge:Sn alloys, SiO2, sapphire, quartz, Si:Ge alloys,
Si:C alloys, stainless steel, and polyimide fims.
53.  The method of claim 52, wherein the substrate comprises silicon.
54. A compound comprising (SO3;C4F0)2(SiH>)..
55. A method for synthesizing (SO3C4F9)2(SiH,), comprising combining R(SiHz),
and HSO;C4Fo under conditions whereby the (SO3C4Fy),(SiH;), is formed, where R is
an aryl substituent such as p-tolyl or benzyl. .
56. A method for synthesizing (SO3C4F)>(SiHz): comprising combining (p-
tolyl)2(SiHz), and HSO3C,4Fs under conditions whereby the (SO;C4Fo),(SiHy); is
formed.
57.  The method of claim 56, wherein the (SO3C4Fq)2(SiH;), is formed according
to the equation
(p-tolyl)2(SiHz), + 2 HSO3C4Fg — (SO3C4Fg)a(SiHs), + 2(toluene)
58.  The method of claim 56 wherein the method comprises
() combining HSO3C4Fs, (p-tolyl)2(SiHa),, 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
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'(d) filtering the solid (803CaFs)a(SiHy)s.

59. A semiconductor structure, comprising a substrate and an Si-Ge layer
comprising a backbone of compounds according to any one of claims 1-11 or a
composition according to claim 12 or 13.

60. A composition, comprising one or more compounds according to any one of
claims 1-11 in an inert gas.

61.  The composition of claim 60, wherein the inert gas is selected from the group

consisting of H2, He, N2, and argon.
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