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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 2 including high speed modulators and
photodetectors.” 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 III-V based
devices with Si technologies. “* The best current route to these materjals is
complicated and fraught with difficulties, requiring both high temperature growth of
thick (>10 um) compositionally graded films and a chemical-mechanical
30 planarization step to relieve the misfit strain between the GeSix 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 strateay involves depositions of
single source hydride precursors with direct Si-Ge bonds such as the (H3Ge)"Sil-14." fx1-4) family of
compounds. These are routinely synthesized with semiconductor grade purity via straightforward
methodologies utilizing commercially 5 available starting materials! Their physical and chemical

properties such as_high yolatili e, It niparticulaLly, usefidlas reagents in low
tem peraturerlﬁpmgg?gﬁgt%%y%@%tzg\% %ggé ?sgﬁgﬁgé%gﬁ%ﬁ%;‘mpggtaxg % IVLI%‘E). Our initial
growth expelsRAsEIoGS RAvE gl RISEFEiRYTEdeYEGI AR S iLeth B St SRS BB & 30, Sir 33Geo.67,
SiogsGeo 75806)3i020029180, fareibisef\cmatahidy those afetireutidelporyetbporadingthrecursors

S1i3Ge113, (300251, (G038 T A4t (HBGEIAS, A Quruseul drmemsitic hat exact
eand s

control of the’compositior, strlfl)cty i strain at the atomic level can be achiev%dovia incorporation of
the entire SiaGasbimranioH sriREasre ANEbRIYRHHEHIPReHE! rBRERIGS e &7 much higher
quality than thess:frexip sy epasiedyusinic cheve piitinabsp unseflamd grgentatimioh lower

temperatureg 15 (a2 compatbie i GMOS ISEN0I9RYss, oINS Esspggiional range the
syste

. 11 . .
Sio50Gemo Semiconducto is of particular Importance because it possesses the ideal lattice

dimensions uinteitighterduily sxBieansi evaRBeERIBRI A TR RS CHTh PIBRTIIESiInto metal oxide

silicon field effecttansigiorsdMOSEES)s TuSithess mptetiatsyanaidealyrseitet ter 20 immediate
technological applicatjons in high-spge viges. evar i } weyhave observed that
stoichiolrﬁetrﬁ? 7078 X0 &%ﬁ%ﬁ%r‘g%ﬁer@g\%ce 264&’31;‘?3}%36%?[52%.5;?%%?}3 planarity, low defect
densities), casvdislyidueogsuein thelasxadneniiol Af thermosrerEiie B ot B bRt RE of only 0.2

nmknin whicly is tog:\Qyv:t Be Riastical forbighothionohpie deviceifabrieationrietigible film 25 growth
was observed at lower, temperatures via H3GeSiFI3, while films with, r and high
dislocation d8W§m'§(§‘W§?%ng£Bt ﬂlegl% (r)?/S(‘elz|1 -1%%)@383(1%% ?g %ué:%%gﬁfﬁearl ?%%gﬁ%éavﬁﬁﬁethe substrate.
The synthesisrofinely commpoumsis wity introelsotrreastiVBley ahB s iplNEd PRI FEIEES for device

fabricatign relafive. o, H3Eee ks wakls heipbagat value in the 30 art. Summary of the invention In

one aspect, the present invention provides compoynds comprising a silicon-germanium hydride of
formula I: Sin (Gelfi%}y, We?%‘??‘?;%%“ﬁfa N aélrg%rtéeqf’é?n Hi%is € Iigi Igiuglrocé ‘E%s%atis{fy valency; and

particular importance because it possesses the ideal lattice dimensions to integrate

fully strained Si channels exhibiting high electron mobilities into metal oxide silicon

field effect transistors (MOSFETS). Thus these materials are ideally suited for

20 immediate technological applications in high-speed devices. However, in our

experiments we have observed that stoichiometric SiosoGeoso, With the required

device quality properties (surface planarity, low defect densities), can only be grown

near a maximum temperature of ~ 450 °C at a growth rate of only 0.2 nm/min which

is too low to be practical for high throughput device fabrication. Negligible film

25  growth was observed at lower temperatures via H;GeSiHa, while films with rough

surfaces and high dislocation densities were obtained above ~ 500 °C due to the
thermal mismatch with the substrate.

The synthesis of new compounds with increased reactivities and improved

properties for device fabrication relative to HyGeSitls would be of great value in the

30 art.

Summary of the invention
In one aspect, the present invention provides compounds comprising a silicon-

germanium hydride of formula I:



wherein n2 is independently 0, 1, 2, or 3 for each Ge atom in the compound, to 5satisfy valency. 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 I. 10In further aspect, the invention provides

semiconductor str%yxfle@}ggmprising a substrate and an Si-Cie layer comprising a backbone of one or
more compounds according to formulal.  In a third aspect, the present invention provides methods
for synthesizing on%’}l?f'eﬁ‘?é’résgil'ro’cd’ﬁ%ermanium hydrides of formula I, comprising combining a
15compound selectédfiamitived groly prcoisisiiiy wlawormfluorobutane-sulfonic substituted disilane

and a triflate substigyted;disilangitfua.ePmpounsd semerisieg adidanthépsippamadisons whereby the
silicon-germanium i%giride is formed. In a fourth aspect, the present invention provides methods for

depositint a BHEEHFAErial on a substrate in a reaction chamber, comprising introducing into the 20
chamber a gaseouipresursospam prgirseonie eniozcidepsundsdedor dingttweformula |, under

conditions whereby;a laver comprisingaciGe Malgalj sl med onibesubsitatesa  In afifth

aspect, the present invention provides methods for depositing an epitaxial Si-(tBe layer on a substrate,
comprising irfHS RgEATe BT S RS & AR B S S B PATRP R Y A3 AL B rsor comprising one or

more compoundsiafiformula 1, and dehydrogenating the precursor under conditions whereby epitaxial
Si-Ge islg)rmed OnﬁbQQHgsat{}%& Bg%qé%m%m@s%w&ﬁduotor structures, comprising
a substrate and an Si-Ge layer comprising a backbone of one or more compounds
according to formula L
In a third aspect, the present invention provides methods for synthesizing one
or more silicon-germanium hydrides of formula I, comprising combining a
15 compound selected from the group consisting of a nonafluorobutane-sulfonic
substituted disilane and a triflate substituted disilane, with a compound comprising a
GeHs ligand under conditions whereby the silicon-germanium hydride is formed.
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
20  chamber a gaseous precursor comprising one or more compounds according to
formula I, under conditions whereby a layer comprising a Si-Ge material is formed on
the substrate.
In a fifth aspect, the present invention provides methods for depositing an
epitaxial Si-Ge layer on a substrate, comprising introducing at or near a surface of the
25  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 subsfrate.

Description of the Figuares
30  Figure 1: Molecular structure of the conformational isomer pairs {n-GeSiSiGe, g-
| GeSiSiGe}, {n-GeSiGeGe, g-GeSiGeGe} and positional isomer -Si(GeSiSi).
Figure 2: Calculated IR spectra of n-GeSiSiGe, g-GeSiSiGe, and i-Si(GeSiSi). The
low- and high- frequency range is shown in panels {(a),(b),(¢)} and {(d),(e),()}.

respectively. Empirical frequency scaling has not been applied to the spectra shown



30 Figure 1: Molecular structure of the conformational isomer pairs f n-GeSiSiGe, gGeSiSiGel,
{n-GeSiGeGe, g-GeSiGeGe} and positional isomer i-Si(GeSiSi). Figure 2: Calculated IR spectra of
n-GeSiSiGe, g-GeSiSiGe, and i-Si(GeSiSi). The low- and high- frequency range is shown in panels
{(@),(b),(c)} and {(d),(e),(N}, respectively. Empirical frequency scaling has not been applied to the
spectra shown here. Individual spectral features gf £8:G > BlRIGe, 9 GeSkRige _pd i-Si(GeSiSi)
molecules anr%tﬁ&%‘a% hSpﬁ%raﬁg'ggﬁudqﬁ"??rg}é%gg%% yl. 5b§e§por%‘§iien§%eés|§c(§(§ls?ructures are drawn
as insets in theldowierarsuiebrisdptats. ‘Figied st Hicurisair¥pbetrespmiite SRSHYE and g-GeSiGeGe.
The lov‘:‘fathﬁlcm&@'afé%ﬁﬂwiﬁMgﬁx inshowrcin@aneisti(a),(b)} and {(c),(d)), respectively. The
spectral features of the n-:GeSiGeGe and g:GeSiGeGe i ners %r%é eled "N and,"G", respectively.
Empirical frefi§¥h&ysc ﬁlﬁb’%%és;%) Sen g%bzligc%%o ?r% %%e raesﬁov%? 'hlgkrldg.%%rresponding molecular
structure’s argigirafnesingetsdristiiboroiifroguand(aplbls, 210 High(BEdrpuiizsl-of #n experimental
spectrum of (GeH3)R(RiHL)Z (dd WitkacperResicesaidbeaseiienl spaetadoriheatatGeSiSiGe,
g-GesSiSiGe) combination: (a) low-frequency region (500-1100 em’) and (b) high-frequency Si-H/Ge-H
region (1900-F305 W Ere gﬁbcﬁ?s%g‘wele%cé'tors@ g‘léos}g% %%bge&.ngél %\%Ce)‘foggesr? Ez:aﬁr?ff)llied to the
theoretical spectna ierovGoanehtighdremlentty reighEsrespaivelss THets 5 theoldtical spectra consist
of an admixttﬁr&gngg?{yo@-‘GeSiSiCie and 61% g-GeSiSiGe. Figure .5: Comparison of an experimental

spectrum of a mixture (Geal)2(Si1-12)2 (1) with a superposition of thegretic ectra for the
(i-Si(GeHisi) F e i EMRaGHBIRL A8 e)r%&%‘ﬁleaﬁ%%‘é‘;‘ r%%%ﬁ#%)g@%%gkjm-&a%d (b)
high-frequeneypSitddiGe: Hirtgioeti¢ADaBA300rche- {)-Gelifilencs Seditifrd terebetn8s and 0.976 have
20 been appliedto the heoreical (%I@@gtiadr&d@g;a@g_ igbrireqMensy JegionsiregRectively. The

0 i-Si

theoretical spectra consist.of an admixture of 6 GeSiSi) and 32% g-GeSjSiGe. Figure 6:
Comparison WQR’%&%@&&?%‘S@@&W%@@@%9( | ﬁ?@%% l@‘jevx?ﬁ naagg{ﬁ)eed%%sition of
theoretical speetradattbs {rpGesiGeGe-ga@t SiGeGejucombingiton: 281 isl-frégaiency region

(500-1100 cronand (D g ESREDENSiikl G 5607900300 el desagiernicy scale factors of
0.985 and 0.976 have been applied to the theoretical spectra in low- ?gégégééég%a ncy regions,

respectively. T8 thEofeARBIESB At AL HRISTSEEh BEHIRUIE LT D47 d 77 %
gGeSiGeGe.wathFigunpersdietaxed potenticd|ersgy stnfabe df-84@eRifdtion@ftréGaolecular backbone

forsion angle Jop ByiAnR (Ia6)-ieliesians (e dbandiGeSIIGR dabel; Solane dashed nes

OO P o (19003300 Shr™. Foeduancy sode abed SFUBHSUR0% BERRREEVeY

20 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. '

Figure 6: Comparison of an experimental spectrum of (GeHz)x(SiH2Gely) (3) with a
superposition of theoretical spectra for the {n-GeSiGeGe, g-GeSiGeGe} combination:

25  (a) low-frequency region (500-1100 em™) 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, respectively. The
theoretical spectra consist of an admixture of 23 % n-GeSiGeGe and 77 % g-
GeSiGeGe.

30  Figure 7: Relaxed potential energy surface of as a function of the molecular
backbone torsion angle for butane (black), tetrasilane (red) and GeSiSiGe (blue).
Solid and dashed lines correspond to CCSD/LANL2DZ and B3LYP/6-
311G+H3df,2pd) calculations, respectively.



Figure 8: Temperature dependence of the first layer growth rates for thee precursors: H3GeS1H3,
Ge2146 and (H3Gc)2(SiH)2 (1). The activation energies for these compounds are 1.95, 1.66 and 1.42
eV, respectively. Figure 9: XTEM micrographs of a Sio.suGeo 50 layer grown on 31(100) at 350 C.
No 5threading defects are observed within the field of view of - 2.5 Om, indicating a dislocation density

of <106/cm2. Figure 10: Diffraction contrast, hi lution XTEM micr .5i0.50Geo0,50
layer grown grj‘:?gf 100 %?%5%%? et rrhc?sd#et%%%stirg ier%- rgq lrla\S{I%SOn/g rar]g %?gf)%lxggg an atomically
smooth surfddejdfid:of GerBading dEIEEFBM. (the niBmaivetion 109Ha00 s Beommodated by

dislocations lgsageshat the intefasadbotorviatipderiests originating at the interface show the

propensity to penetrat nward into t 1(1Q0) substrate (bott igh )3 'gu 11: (a) AF?vl
image of Sioéé@éog.‘Sg(gﬁi%ﬂ%(@’f aé’h(s)\cl)wﬁg ﬂ%&%ﬁ@%&#ﬁ%ﬁﬁ‘éﬁ&%@ﬁpg pf@yﬁ?ﬁ an RMS
roughness ofie8ding. ¢bipdFMeinhaemedf widtraiterdigidedf Y5 anef complemlyisisAdFifn with an RMS
roughness of £ NMnFdtiE, 42« (eslgshated thermochemical (300K) and structural properties of the
conformational isomer pairs {n-GeS|S|GeHi§§k%%%ll§i|§e% eS|GeGEé.ngae é?IG%GeE} and positional

isomer i-Si(G@’gfgﬁ!?‘hé} HARERS S98HE re ond an%%?%r‘%oéﬁa rgies ar V. n%o roms, degrees

and Hartree, kospectiveln 20! Py atrd0034- B Ex@impasess queinciee mEdro Avdlésplars polymeric units

based on intereqpnactad (GesBIREILIZR Bonamens (Riepdgutate adiamandgubic Si-Ge lattice
with concentration Ge2Si2 (Si0.500e0.5|§),) 1%le). ,Thislmateﬁ{ia% ir%:or_g%)r tes &%e@kSi-Ge molecular
core of (BeHS)A 11825598 g, RYU AT S U m B0 Aal BRIt B0 i 5" |gl}fe 14.Hypothetical

growth sequebeiecef erigiedimensoinarfstartiof Sonmpasitioly Si0stMets govenvRE AY a random

distribution o@lﬁiﬁﬂ%@gugggggg(bggmggmaﬂc process is viewed along the normal to the (111) growth
plane, and involves the égstematic addition of n-Ge {'aiGe g:?olecules and imfﬁaneous abstraction of

H2 molecules” BHtfehd: BRARTdRRES Ealmtocnea!(14D) SARmRAR TR E8E S Figure 15.
Hypothetical grapiblsgguéthce GiStveoglimensidriahis|dhilAf Koimpgsition §in5e@xad 50 containing a

random gé'strig}[ﬁig&n%e‘?&%g&eﬂpm& NgeY ICRHaLsssiis viewed along the noimal to the

(001) growthf%lane, and involves the systematic addition of n-GeSiSiGe molecules and simultaneous
abstraction o

89 bfecuieluiae fyTasetieab 0, AEht TGl REPPE WhIES circles - H.

conformational isomer pairs {n-GeSiSiGe, g-GeSiSiGe}, {n-GeSiGeGe, g-
GeSiGeGe} and positional isomer i-Si(GeSiSi). The units for bond lengths, bond
angles and energies are Angstroms, degrees and Hartree, respectively.

20  Figure 134-B Exemplary sequence of macromolecular, 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
Ge-Si-Si-Ge molecular core of (GeH3)2(SiH2)2 as the structural and compositional
building block.

25  Figure 14.  Hypothetical growth sequence of a two dimensional island of
composition SigsoGeoso 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 molecules and simultaneous abstraction of Hy
molecules. Legend: dark circles — Ge; light circles — Si; small white circles — H.

30  Figure 15.  Hypothetical growth sequence of a two dimensional island of
composition SigsoGeoso 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 #-GeSiSiGe molecules and simultaneous abstraction of Hp

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

5



Detailed Description of the Invention All publications, patents and patent applications cited herein
are hereby expressly incorporated by reference for all purposes. 5As 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 1: S&L] (GeHt12)y, 10whereiny is 2, 3, or 4; wherein al is 0, 1, 2, or 3 to satisfy
valency; and wherein n2 is independently O, 1, 2, or 3 for each Ge atom in the compound, to satisfy
valency, Detaled Bestriptiomofmee Jayastiono satisfy valency" means to maintain tetra-15valency of

each O|S'i and <f3e atolm indhe£empqinds ofdhepimueniigiicationAsilembeastnated herdin, compounds
according to formu a ] can be used, for example, in controlled depositions to produce stoichiomethe
SiGe fil_ms_pcﬁ’§§ée§§%5m ?Faeta%pr%foee?f%lg é?’gagrﬁ}lc %sgr%jctor' apQIi'cations including perfectly crystalline
and epitaxial microdtsuetdresseismisosngibipioRigits, ahdtshitBFmigelitsiRyathiEdd Sstes. 20 The
Eompoug(ﬁ Qffornuadare glls:mjmm%a{gm_to be remarkably stable over extended periods of
ime, and thus represent viable molecular soyrces for potential i ial. applications. Thus, in one
embodiment of thisIﬂr%rlee?gf)%&f}S? g f?r%r 3‘(16%% er ]zraot‘(\l/degsecﬁ?] %‘llr%%gr%%g @J{%E:%Lg further alternative
embodiment yois;idting ofl pstéreaigepreférre dysnvsodifrants lal is 1, 2, or 3, to satisfy valency. In these

preferred embodimeys, @pﬁz%, thennlis 1 or 3. In these preferred embodiments, if y is 3 then nl is 2

or 3. )
10 whereiny is 2, 3, or 4;

wherein nl is 0, 1, 2, or 3 to satisfy valency; and

wherein n2 is independently 0, 1,2, or 3 for each Ge atom in the compound, to
satisfy valency.

As used herein, the phrase “to satisfy valency” means to maintain tetra-

15 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.

20  The compounds of formula I are herein demonstrated to be remarkably stable over
extended periods of time, and thus represent viable molecular sources for potential
industrial appliéations.

Thus, in one embodiment of this first aspect, y is 2; in an alternative
embodiment v is 3; in a further alternative embodiment y is 4.

25 In certain preferred embodiments, nl is 1, 2, or 3, to satisfy valency. Inthese
preferred embodiments, if y is 2, then nl is 1 or 3. Inthese preferred embodiments, if
yis 3 thennl is2 or 3.

In certain other embodiments, if y is 3, then n2 is 2 for at least one Ge atom in
the compound.

30 In certain further embodiments, if y is 3, thennl is 1, or 2.

Compounds according to this aspect of the invention include any
conformational form of the compound, including but not limited », g, and iso-forms of

the compounds, and combinations thereof.



In certain other embodiments, if y is 3, then n2 is 2 for at least one Ge atom in the compound. 30in

certain further embodiments, ify is 3, then nlis 1, or 2. Compounds according to this aspect of the
invention include any conformational form of the compound, including but not limited n, g, and
so-forms of the compounds, and combinations thereof. Exemplary silicon-germanium hydrides

according to this aspect of the invention comprise or consist of those compounds listed in Table 1, All
Si and Ge atoms im¥RERISPhHHERTHECHPENRIPAUAIAERS PFSRITES IhEWS A8BFEiPhonds between Si and Ge
atoms in thejlingaibNessipns: indhsiisabtiereomnchistyathinetlikls isoAlEfs atlleG8i 5and Ge atoms
inside he bragkels e dissivRawdin g SianGe inelelalilibrockelesiiggSi or Ge in

e of the e

parenthesis Buts A brackets at t ar_rl%k:}t in some of the compounds are directly bound to the
last Si or GeGRgigmoRihe Bremersions. rdheisghifre- e F ST EARBUNE iGe-Si-Ge-Ge. As
noted in TablgdlGthiscompatitg isaslse wéaliredithasGriz-Sli 2Geth2 1Gefi3hd 0 Table 1 3 and 4
metal varianis; () Linear S [H3:Geli26eHR S GERE AR eFSH 1RBaHaRILBe2HS
Si13-(3e|f7-c&’éﬁ@%e{%ﬁ%i}f&é‘ﬁfﬁ’%ms‘m e oL PR '

the compounds are directly bound to the last Si or Ge inside of the brackets.

For example, Figure 1 shows compound »-Ge-Si-Ge-Ge. As noted in Table 1,

this compound is also referred to as GeH3-SiH2-GeH2-GeH3.

10
Table 1
3 and 4 metal variants:
(a) Linear :
SiH;-GeH~GeHs; SiiGeyHg
15 Gel;-SiH,-GeH3 Si;GeyHg
SiH;-GeHy-GeH2-GeHs; SiyGesHio
GeHz- SiH-GeHy-GeHs; Si1GeHio
(b) iso-butane-like
20 SiH[(GeHs) 3] Si;Ge3Hjo
GeH[(GeHa),(SiHs)] SijGe3Ho
5 metal atom varianis:
(a) Linear:
25  GeHs-GeH,-GeH,-GeH,-SiHs Si;GedH;
GeH;-GeHy-GeH,-SiHp-GeHs SiiGedH 2
GeHs-GeH,-SiH,-GeHy-GeHs Si1GedHio

(b) Iso-pentane-like
30 GeH[(SiHs)(GeHs)(GeHy)]( GeHs) SiiGe4Hiz

GeH [(GeHs)y(GeH)](SiHs) Si;Ge4Hy,
GeH[(GeHs)y(Sith)|(GeHs) Si;GedH;,
SiH[(GeHs)(GeHy)](GeHs) Si;Ge4Hy,
GeH[(GeHs) ; (SiFL)](GeHa) Si;GedHy,



GeH3- SiH2-Gel-12-Gefl3;SilGe2Hio (b) iso-butane-like 0SIHRGeH3)31SiiGe3Hio
GeHRGeH3)2(SiE13)]Si10e31-110 5 metal atom variants: (a) Linear:
25GeH3-Gel12-Gel12-GeH2-SithSi1lGe4H12 GeH3-Gel-12-Gel12-SiH2-GeH3SliGe4Hte
Ge,l-13-GeH2-SiH2-GeH2-GeH3SIliGe4Hi2 (b) Iso-pentane-like 30GeHRSIf/3)(GcH3)(GeH2)](
Gens) SilGe41-142 [(GeH3)2(0cH2)1(SiH3)SilGe4Ht2 GeHKGel-13)2(Si112)](Gel43)S13Ge4H12

SiIHRGe113)2(GeH?2)i(Gel143)Silee4H12 Ger-1l(GeH3) 2 (S11-12)1(Gell13)SilGe4H12
Neopentane-like

Sl{(GGHﬁ 4} Sil G64H12

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

In a preferred embodiment, the silicon germanium hydride is GeHs-SiHo-
GeH,-GeHs. »

This first aspect also provides compositions comprising combinations of the

10 silicon germanium hydrides According to formula L.

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%,

15 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 L.

20 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,

25 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

30  insulator, Ge:Sn alloys, SiO2, sapphire, quartz, Si:Ge alloys, Si:C alloys, stainless
steel, polyimide or other pol‘ymer 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



Neopentane-like Si[(Gells) 4]Sil G 9414 12. As noted above, these compounds each include the

11 org f_orms, and stereoisomers thereof.  In a preferred embodiment, the silicon germanium
hydno]e is Gel-I13-Sill2- GeHrGel-12,. This first aspect also provides compositions comprising
combinations of the 10 silicon germanium hydrides According to formula L In a further

embodiment, the compoundsof e inyentiopateshhsiantiabyiselated: A5 Maeherein, a

"substantially isolated” compound of thé invention is one compound, or two or more compounds of the
invention in cohBIRERTBRCAREDRAEmS e Re S8 TSR RO ALt 87 R 8B%fer contaminants, and
preferably 80 35%GEH9@YenRhlsR8M Siflerfibnerisilgtedsusity bf tusednpdaispect, the present

invention projelgs:eRlcORMY SRkl HEMIaP. ABOBRHSING. suhSHiR At RSt Go layer formed by

introdup_ing near the surface of a substrate a gaseous greg:ursor comprising or consisting of one or
more siligon GisrRash At ANERI e RApBURH Lo 5 M ﬂY’QéR&g’ﬁ@Rﬁ?%?%ﬁf‘mé’ silicon-germanium
hydride comperadsmgidonmigrolaase especially useful for fabricating SiGe semiconductor alloys at

unprecedented lowemperatwiesinal dsRBIaneaRepdsHRRROSBRaLapbalain profiles, low

thrgading dislocation densities and atomically planar surfaces, Controlled depositions have produced
stoichiometrieSiGé HiraerasrilifaddnSiale boatart e AL sMicHossessing the desired

properties fogggmiconductor applications including perfectly crystalline and cpitaxial microstructures,

smooth t{e’gorpholog'&(;:‘lsa, %Qgryéajfong in%téﬁri@ftcgle%%gcﬁ%ﬁ%rlE‘ugl@i?e?%?ﬁ% the sy bstrate can be any
[ din

substrate suitable for semiconductor or flat panel display use, inclu ut not limited to silicon,
germanium, sﬁﬁ@ehtbhg%ﬁﬁ@m@ﬁ@é@lwa%y&%Qﬁsﬁ%eg,@@ﬁf%zﬁ?@é alloys, Si:C alloys,

stainless 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
15  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

20  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.

In further aspect, the invention provides semiconductor structures, comprising

25  a substrate and an Si-Ge layer comprising or consisting of a backbone of one or more
compounds according to the formula I. Preferred embodiments are as described
abaove.

In a further aspect, the invention provides a composition, comprising one or
more compounds according to formula 1 in an inert gas. Such inert gases include, but

30  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

semiconductor substrates, the semiconductor substrate will comprise an Si-Ge layer



steel, polyimide or other polymer films such as those used in the fabrication of flexible displays. In a
preferred embodiment, the substrate comprises Si(l 00). 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 rim to

500 nm. Ina furtQl%gnpérgrfg&ggg%néa%%%gggh%%%gqgg%gg#t%tgg&gl}%@%ﬁpé%ﬁgcond aspect have

an SiGe Iayé:Prélgmpr ing an aving a density of threading defects of 106/cm2 or less. In a

further prefefredosmbedineéHt e Emiab ARRRSES IS (sstPRtEears 1S 1880 &R SR invention comprise
an SiGe filmghayingsfisysiantialhs atomnicaly Papassuiace Mahalogyiftavarious embodiments, the
gaseous precursor comprises or consists of one or more of the 0 i in Table 1, each inn
or g forms, ad slf@%’g?%%ngpsmt flercsat.(r)af%nlcé)ﬁ\lpgnps%?ég%e eeér%%&?%%gr%?%fg %ﬁggér%goonductor substrates
of the seconthespdet théugeesanios Preediset BovhisHdbs B ped RS sRBT GREAS SHR-GeH2-GeH3. The
srtlam|cond}Jctﬁgi%géqm%m@ysm@lap(ropgmmiggmtgmn@@BWg@s H@ﬁi{gqb including but not limited to
the inclusion of dopants, sgch as bo %nhﬁhl?ﬁé)gé){ou arsenic, %nd. ant{r%ggny. These embodiments are

especially pr}é;‘l1 FTOFTS %?%’i%%n ucter $ fates USed as Active ¢

_ ' 2l ' S| _ ctive ‘élée\tn%es. Inclusion of such dopants
into the semicsaderitoxsulpivations Gacpatitie exbininpritn difldaisnidassicthe an.

unacceptable for most device applications), strain non-uniformities and high surface
10 roughness. 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
15 growth temperatures which reduce surface mobility of the Si and Ge atoms and
prevent mass scgregation thereby resulting in highly uniform compositional and stra'mr
profiles at the atomic level.
The intact incorporation of the massive Si/Ge cores into the film also leads to
low surface diffusion and high sticking coefficients compared to the conventional low
20  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
preéursor into the lattice is particularly important in the formatjons of SiGe nanoscale
systems (quantum dots and wires) because it allows precise control of morphology,
25  tunable composition, and structure that cannot be accomplished by vapor deposition
of separate silanes and germanes, or by molecular beam epitaxy of solid Si and Ge
sources. The precise control of composition and corresponding morphology, both of
which ultimately determine the physical properties of these nanoscale materials is a
crucial issue. Any compositional variations that exist within and among individual
30  nanostructures will have a significant impact on the optical and electronic properties
and on the performance of devices. In the MBE case an average concentration is
assigned on the basis of the flux ratio utilized to grow the materials. Inthe CVD
approach the local stoichiometry on the scale of the nanostructure size is even less

certain because reactions of various molecular sources cannot be simultaneously

10



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 20 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 andrabspratiandsading 4o, b fopmaation of Si-based

lasers and h?g sensﬁl\?i\@qn?rarec? otc%létect rs. In further aspect, the invention provides

semiconductostendisaresticeifprsinenossacsmstis dier e sliesls repurostivhitaty or consisting of a
backbone of,gagQr more compounds according to the formula T. Preferred embodiments are as
described above. In a further ect, the invention ' iti ising one or more
compounds accordgﬁcght%ol%ﬁﬁ%?gi?g %l%ri?wse?%ng%es(.j%&%ﬁh%ngeﬁ%%%%%g&ﬁgl%gg,) (agtl%%%are not limited to
142, He SN2 adrrdchrgforsuPrefiffediombodiments are as described above. By using the compounds
of formula | as pregursersfRrpLemALng seMicepdLetor sidhbtintes hecsgmiaansiator substrate will
comprise an Si-Ge layer cgmgrjsiﬁ%or gn%iﬁtciﬂghggv a g}acxlépﬁ)élggpg é_[héee Ig:coerglfounds of the invention.
By using the‘%“l’ﬁ%’&fﬁﬁ?o the fhvéntion, as opposecftot e separate use of Si and Ge sources for
deposition, thesesultingsiCeyie rpsamstscis ekl dafdan dxeramerstbonding arrangements and
strain Compe(@ﬁ@féééh%é Almic-RAEeNNs AnRPResaskieEtbeiantasaatreaf prior Si-Ge films in

which the Si gnd e atoms) can X|§t S intimate mgt(éug iggc%e\({%gaé ﬁ(l)er &%gl)sa@én Si and Ge
clusterslfbad'fl"?@"?&%‘ﬁ%‘rﬁ‘}ggﬁéée S Sgﬁ(gj‘ma %3 m&lééﬂy Stressed conff'lguratlons. in’mismatched
heteroepitaxynapplicativnsftesd)netaimisee dhilsitusoprd asddisroeeidens! heilding §offacceptable for most
device applicationsy;3iain AR 4Rifermilie sand Miamsurtassiddneughnerss.l distinct and important
advantage Ofo?g;acr:lgcr)?npgg ?grlsé lgjilrgs ’cﬁlrs]tderrsn%%?gg film. Figure 14 shows the hypothetical
growth sequence of a two dimensiona] island of composition Sio.soGeo.so containing a
15 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
molecules and simultaneous abstraction of Hy molecules. Figure 15 is similar, but the
schematic process is viewed along the normal to the (001) growth plane.
As will be understood by those of skill in the art, other macromolecular,
20  polymeric units of the invention, based on one or more other polymerized compounds
of the invention can also lead to Si-Ge lattices with a desired concentration of Ge and
Si based on the concentration of each in the compound used. Thus, based on the
teachings herein, those of skill in the art can prepare similar Si-Ge layers using one or
more compounds according to formula I of the present invention.
25 Thus, the compounds of the invention can be used to form a random alloy with
intimate mixing of the elements using the compounds of formula I. The resulting Si-
Ge backbone structure consists of polymerized units of the starting compound of the
invention, wherein polymerization requires dehydrogenation.
Preferred embodiments of this aspect are as discussed above for the second

30  aspect of the invention.

In a third aspect, the present invention provides methods for synthesizing one
or more silicon-germanium hydrides of formula I, wherein the method comprises

combining a compound selected from the group consisting of a nonafluorobutane-

11



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 15growth temperatures which reduce surface mobility of the Si and Ge atoms

and prevent mass segregation thereby resultin i”t'%%*&')ﬁ'wé‘;%r%'ﬁ?% itignal and strain profiles at
the atomic 18V&f™ tlégltﬁf!a_cl 1Illrglr(’:e()?ﬁl)ozrla fgﬁ?eoﬁ e massive _ijGé coregi?i]to the film also leads to low
surface diffusiomrising highFtisgandederrerdiieosorhprapedboStheEoHEARSRANEN28 mass compounds.

The high reggliyity pennits promotes high growth rates which increase systematically with the mass of

the precursors urthermore, the incorporation of the eptire SilGe framewark of the gaseous
'g hh IOV s n’l%gl &S(?é:lhl’ftﬁgl?g {ﬁg CO . %P

predursor into the e f%%s’g?ﬁ%%rarylmpor ant in the férmations of SiGe nanoscale systems
(quanturh déEBeaydtiwite s)iecisesibtd AtersbiEsi B oirltblBERERIERIEY S tunable composition,

and structure,that capRalPeAtsamBlishedi by Mepas dapesitonialsepatmigisilanesand gem-lanes, or
by molecular beam epitaxy of solid Si and Ge sources. The precise control of composition and

correspondifMfTHEBHSIBHS BHE of which ultimately determine the physical properties of these
nanoscale materials imaeorooiahtss obthiathidassesiiesampatad sPERAgEP&RISERithin and among

individual 30panastrucILEs il 8wt Sldnifeant impack ondberapical adalgctionic properties and
on the performance of devices, In the MB%&se an avera

C i e concentration is assigned on the basis of
the flux Y¥atio Vs EcMdSGoRiPiRe iAtBIA & %‘510

al 11C il . . .
SEVH app the local stoichiometry on the scale of
the nanostructure dizefistesremlesincertafhbabad sepesh ctiomsbpy apiobises sReeRilERSources cannot be

simultaneougly, coniralled atavan,sigihieuanquh hesamplestixssaethier technique can guarantee

systematic growth of Si-Ge nanoscale structfﬁlgzs with cogl ollablﬁcomgxgsiﬁion, strain and size.

Such highly dHEHeA SisdARS S4B e RITRHOI N SEAREA § REMSaS e sart, such as neutron

diffraction  cohpréscarsSpleCd nE Sz eltaybecomplising s dusicichovécopine @errpdihds of the invention

can be fqun ng@%l}% %ka{m&?&ﬁ%%ﬁ{é@gﬁm'@!Ng%%%%‘éay@a%meaoImk%cuIar, polymeric units of
, n

the invention interconnected (GeH3()}%}({8illi-lg%%%1 @%Q%rﬁergvga-d), enr utg@o a diamond cubic
3 3. »

ased oni
Si-Ge lattice Ruifgrably, the compound comprising a n more prefera

the method comprises:
(@) adding (SOsC4Fo)(SiHy); to a slurry of KGeHs in solvent at between
-50°C and -30°C (more preferably about -40°C) to form a mixture; '
20 ()  warming the mixture to between -20°C and 0°C (more preferably about
-10°C);
(c) stirring the mixture under nitrogen;
(d)  heating the mixture to between 25°C and 45°C (more preferably about
35°C); and
25 (e) distilling the mixture to form the GeH3-SiH2-GeH2-GeH3.

In an alternative embodiment of this third aspect, the method comprises
combining the compound comprising a GeH ligand with a triflate substituted
disilane, and wherein the triflate substituted disilane comprises (SO;CF3)2(SiHz)z.

30  More preferably, the compound comprising a GeHs ligand is KGeHs. Even more
preferably, the method comprises

(a) adding (SO3CF3)2(SiHy,); to a shurry of KGeHs in solvent at between -
40°C and -10°C (more preferably about -30°C) to form a mixture;

12



10concentration Ge2Si2 (Si0.500e0.50) (e). This material incorporates the Ge-Si-Si-Ge molecular core
of (6eH3)2(SiT-12)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

Sio.5eGe0.50 containing a 15random distribution of Si.and Ge,atamss e schematic process is
viewed along the r@rmaloi;%ﬂflr%1 ﬁﬁ%%\}\%ﬁgg&ﬁ% a?ndeinvolves the syst%?natic addition of n-GeSiSiGe
molecules apctBindlitareddd @bstraction of H2 molecules. Figure 15 is similar, but the schematic

process is viewed @lpng thenermahismtkaed@@higygthrdane. As will be understood by those of skill in
the art, other macromolegular, 20 polymeric units of the. inyeni 3 on one or more other
gcﬁn d S%?tmlél%r‘%{}% mt¥}m1re g)%lor the %?—%g‘%%%; %’Pﬁ%@ﬁE

polymerized compoun ntion can also lead to e lattices with a desired concentration of
Ge and Si based ol this cohedinteatidrvéeeeehiire (fe<cHmpotriatiosed! uisTpased on the teachings
hereir(lj, thosg ?§1§1‘§}P %ﬁhﬁﬁ@éﬁﬁ%ﬁ&&@@@&imﬂfﬁ@e%ySiﬂgilﬂﬁl&i@r lsvereocompounds
according to formula 1 of the present invention. .., Thu: 3 oynds of the invention can be used
to fonn a ran@éﬁﬁ%ﬁ%%ﬁ?ﬁ{?ﬁ%ﬁgfg L|§3<C|{r}€] %’f&ﬁgse?éﬁn%ﬁéﬁ gs%r%%ﬁ'e%r%eg 8%%3 of formula 1. The
resulting SiGe: beaekibeheystividtuiencdmsisisrsfipdlytnerioegaiise srthuatatintFEdfpound of the

invention, Who%raﬁ%@seﬁ%gﬁ?ﬁ%?%& teguires flehyeraganatitfominatctp befesig@mpodiments of this
aSpeCt are as discussed a

ussed above for the second 30as ectég({ t‘?ﬁe invention. In.a third aspect, the
present]iﬂveWEF@VH&%%HS&@%@%H%%@@%PM A2 HiBIS-BRAERm hydrides of

formula |, whergintheeetbo (Ceempisesdambringadorijoutidsseestdy feprretie group consisting of
a nonafliorohutane:..(nic el islans apde eajg pstiuied disianc, with a compound

comprising a Ge gand under conditions whereby the silicon-germanium hydride is formed.
Thus, this asffédiprGHBESLINEEEfor making the compounds of formula I. 5The synthetic routes
described herein utilize high yield single-step substitution

15 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
chamber a gaseous precursor comptising 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.

20 In a fifth aspect, the present invention provides methods for depositing an
epitaxial Si-Ge layer on a substrate, comprising introducing near a surface of the
substrate a gaseous precursor comprising or consisting of one or more compounds
according to formula I, and dehydrogenating the precursor under conditions whereby
epitaxial Si-Ge is formed on the substrate.

25 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, Si02, sapphire, quartz, Si:Ge alloys, Si:C alloys, stainless

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).

30 Embodiments of the gaseous precursors are as described above for previous
aspects of the invention. For example, the methods may further comprise adding a
dopant on the substrate, including but not limited to the inclusion of dopants, such as

boron, phosphorous, arsenic, and antimony. These embodiments are especially

13



reactions to_yield semiconductor grade materials suitable for industrial application and manufacturing
processes. in one embodiment of tins third aspect, the compound comprising a GeH3  ligand is
selected from the group consisting of KGeill3, NaGel-13, and MR3GeH3, 10 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 & GetL3a0d Wi Aggaorobutanc-suifoni

substituted d?é?ifgﬁg, erein the nonaffuorobutane-sulfonic substituted disilane comprises
(SO3CAE9)2(Sim@ynintbtienispbedimahesaint parais srarzaresigsrsdiifonyl and alkyl

éueltolrgll'subzﬁggﬁg slilzflrnes (or germanes) can be used. More preferably, the compound comprising a
(o 2 shuty of KGoH 5 PSR B BSGHoth 0 3r e, (e T SR IR o) to orma
mixture; 20(Bwamningntisshnizmuicendubensdsi o aRiE e (e BrétdridiFabout -10C); ()
stirring the mixtiire Jancler MitLagRcan be (h-heatingythenmidiietaibatwear.256 and 45C (more
preferably about 35°C). and 2 (E)iSINg N M S0 e GRHR: Bl zie112-Ceha.
specifically boron. Incorporation of Sn can yield materials with nove] optical
properties such as direct emission and absorption leading to the formation of Si-based
10 lasers and high sensitivity infrared photodetectors.
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.
15 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.
20 Tn another embodiment of the fourth and fifth aspects, the step of introducing
the gaseous precursor comprises introducing the gaseous precursor intermixed with an
inert carrier gas. In this embodiment, the inert gas can be, for example, H; or Nj.
In these aspects, the gaseous precursor can be deposited by any suitable
technique, including but not limited to gas source molecular beam epitaxy, chemical
25  vapor deposition, plasma enhanced chemical vapor deposition, laser assisted chemical
vapor deposition, and atomic layer deposition. |
In a preferred embodiment of the fourth and fifth aspects, the gaseous
precursor is introduced at a temperature of between 300°C and 45 0°C, more
preferably between 350°C and 450°C. Practical advantages associated with this low
30  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.
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In an a_llt_ernative embodiment of this third aspect, the method comprises combining the compound
comprising a GeHa3 ligand with a triflate substituted disilane, and wherein the tritlate substituted
Q|S|Iane comprises (SO3CF3)2(SIH2)2. 30 More preferably, the compound comprising a CicH3 ligand
is KGel43. Even more preferably, the method comprises (a)adding (SO3CF3)2(Siii2)2to a slurry of

L(OolSin solvent af AeeeR,: A0 Ad A0 (aee palarabiyahout3ACKIa form a mixture:

optionally warmlngrihe mixture to between 10C and SCé more prefera éabout 23C);

the mixture arrdersPiiFoEPAUSAGAL 2 PARRLRSERHHG BFRY Rk
rﬁ%&ﬁnrkawxﬁemp@mtune gIs&yd@ﬁﬁmacBommdﬁ(SﬁBmet)2()§|H2)Qawith KGeH3 afforded

this embodi

GeH3-SiH2-

re 3R HANE

(b)

(c) stirring

43 &1E12-GeH2-GeH3. 5In

predominatel (3G SISLAIR A0 IRpl vlael (GEHRR(C I ZGRIRYalsaslercd (0 a

temperaiure quetpdirass, throspeRaRCORESD S ST

es species can be separated by distillation

n contrast to the low

ES‘i‘laﬁﬁ??WfH?(éré’i—‘iﬁ‘%LP 195 C. yields

predominately %&m&élmm%ﬁonal isomers (GeH3)2(SiH2)2 and (GeH3)2SllI(Sills) in

varying proportlonsI (asmall

na re & é?ﬂk&% RIHAGERA) isAlsaRrodueadpukthis is readily

ation from the (803CF3)2(Sill2)2 and (Ge113)2(SiltGeH2
mixture. 15'm‘é’m@mhsa%@w%q@r@eﬁw%mmﬁwrwfaa% m%PﬁB’@(BSFBP‘)H a@% oo Go matory

separated form the btk Via fonal

ihg a Si- Ge material

22 r;l SUbStfa@e'&ﬁe@g@Ps@hﬁmwm@&mmwmgtmtmdmm@emmmmm gaseous precursor
prising or consisting of one or more,co
a layer SBmpFrRRy é)rgcf%gr s Ihearpprated fnfo d@,()@@%gg{g{lgg JQIyfasl, under conditions whereby

orme

invention provides methods for depositing an

15
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30

Examples

The synthesis of butane-like (GeHz)x(SiHa) (Also referred to as GeH3-SiH2-
SiH2-GeH3)(1), (GeHs),SiH(SiHs) (also referred to as SiH[(GeHs)»(SiHs)] (2) and
(GeHa)y(SiH,GeHy) (referred to above as GeH3-S8iH2-GeH2-GeH3) (3) Si-Ge
hydrides with applications in low temperature synthesis of Ge-rich SijxGex
optoelectronic alloys is herein demonstrated. The compositional, vibrational,
structural and thermochemical properties of these compounds were studied by FTIR,
multinuclear NMR, mass spectrometry, Rutherford backscattering, and density
functional theory (DFT) simulations. The analyses indicate that the linear
(GeHa)(Sitl), (1) and (GeHa)y(SiHGell) (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
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)x(SiHz), (1) species was then
utilized to fabricate SigsoGeoso 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 microscopy (LEEM) analysis

has demonstrated that the precursor is highly reactive on Si(100) surfaces, with Ha

15

n the substrate. 20in a fifth aspect, the present



epitaxial Si-Ge layer on a substrate, comprising introducing near a surface of the substrate a gaseous
precursor comprising or consisting of one or more compounds according to formula I, and
dehydrogenating the precursor under conditions whereby epitaxial Si-Gc is formed on the substrate.
25In this aspect, the substrate can be any substrate suitable for semiconductor or flat panel display

use, including byt natyimiiec o licon gaeniDsslisanRnBsHalRs. GeimRAlpys, S102, sapphire.

quartz, Si:Ge aﬂ%)ys, el loys, stainless steel, polyimide or other polymer films such as those used in
the fabricati®ang fiesipraURspryE M i preferred embodiment, the substrate comprises Si(100). 30
Embodiments of the gaseous precursors are as described above for previous aspects of the invention.
For examplertbaitaib @demsyiwurther comprise adding a dopant on the substrate, including but not
Ihnited to the inclusion of dopants, such as boron, phosphorous, arsenic, and antimony. These

embodirfients are d$pevidhysiprefebeerndir Bemidohduiemsipistineldet:68 % id devices. Inclusion
of such dopagts iteHhHassemieo RauGtas Sstae sxeaniheeaairdrobitine stafdrrdmethods in the art.

In another emhodiment, the methods i in ryin i l arbon or tin to the
semiconductor ebé%rasi%let?t ?110 ulglglﬁeg)f@?B%%%gﬁ%%ﬁto@eagégm%n?ﬁ%@r%ﬁbgg?a%ess can be carried
out by stand#keswatahdusta thendre Tisereaiivdi cdhbatpg rrtatlicéhEtodilg et the dopants in

the structure g more sheslicalitRoseR.INsRIRO kLB OARR casyRld matarisdsarth novel optical
properties such as,)d'rec més(%?n gng al:gis&)reti%rgt{eg} ing to the formation of Si-based 10lasers and
high seﬁ%itiv?f?ﬂihh‘é 30&%{ ¢ éé G320 RS HEmongirated herein, the silicon-germanium hydrides of
the invention were (8@ 1B-u6pbislt téticefualityispets b suB&HeSdhat fisplay homogeneous

compositional and %@i@@ggﬁl@ﬁﬂ@m{bﬁ@mq@j@@g@@gﬁ@;@tb@@@nd atgmically planar surfaces.
15In a preferred embodiment of th t d fif cts,.of the invention, the step of introducing the
gaseous precursor %%&éﬁé@ﬁ#@%%ﬁ)&% Ej}acsg?c?at%%e E%’éﬁchr%rs %ﬁggt?gém lally pure form, In a further
preferred embodiméntoiyia Sigh)of ihtisAecihgtieQeSecishietdidresnpiides introducing the
gaseous4recursor as a single gas source.

The route described by (Eq 1) consistently produces pure, single-phase
(H3Ge)x(SiHz), (1) as a colorless, pyrophoric liquid. Here the replacement of -
S03C4Fy by GeHs occurs exclusively at the 1,2-substitution sites of (SO3C4Fg)2(SiHz)2
(4), as expected. However, the route described by (Eq 2) yields a mixture of products
20 (Fig. 2) including (GeHs)(SiH,): (1), the isobutane analog (GeHs),SiH(SiHs) (2), and
the Ge-rich derivative (GeHs)o(SitGell) (3) depending on reaction conditions.
Specifically, low temperature (T <-10 °C) reactions of (SO3CF3)x(SiHz). (5) with
KGeHs (BEq 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 HoSi-GeH, core (Fig. 1). In contrast to
the low temperature pathways, the reaction of (SO3CF3)2(SiHz), (5) with KGeH; at T
>22 °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 SO3CFs by GeHs initially occurs at the 1-substitution site
of (SOsCF3)(SiHy), (5) as expected. The second replacement likely produces

germyl disilane, SiH;SiH,GeHs, and a stable germylene intermediate (GeHp) rather
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20In another embodiment of the fourth and fifth aspects, the step of introducing the gaseous precursor
comprises introducing the gaseous precursor intermixed with an inert carrier gas. In this embodiment,
the inert gas can be, for example, H2 or N2. In these aspects, the gaseous precursor can be deposited
by any suitable technique, including but not limited to gas source molecular beam epitaxy, chemical

Isvapor dep%sa(iﬁtliorthepl_%%%rg ep&gg&&hqm@%@w eRositign. laser gesisigd ghgmical vapor

d
deposition, and atomic osition. Ina r_efzerred embodiment of the fourth and fifth aspects,
the gaseousSiediieits ihtromatstekt CRMpErRIFE b DetveBA™ 0B A 2558 Fhore preferably
between 35QGeash 4806nRraclicalacyaniagi masbsaiataikevitiont)iadokeS0tempet ature/rapid growth
process inclygle, () shofh depositian dines £uRRAURE Ml BEeRrcRRaRf hAlRIRU) selective growth
for application in Ig Freque cy devices, and (iii) negligible mass segregation of dopants, which is
particulatly c¥itlealioriHih (Bgebs. In various further embodiments of the fourth and fifth aspects, the
gaseous precursor is introduced at a partial pressure between le Torr and 1000 Ton'. In one preferred
embodiment -8iié.aBe6issipregeaisor iSiftHucidiat sisfkheer(GeFB TG @HH)10-5 Pbrr (corresponding
to LTHV vertical furnace technology). In another preferred 5embodiment, the gaseous precursor is
introduced at between10-SiHp&ildn8iHO0 Jibh-»dSitaxFdm@iit Xo LPCVID conditions.

The synthesis of (5) is described by (Eq 4) and has been previously
10  demonstrated elsewhere. Its (p-tolyl)»(SiHy), starting materials has been produced via
coupling reactions of (p-tolyl)SiH,Cl with powdered lithium." In the present work
we adopt a more convenient, analogous approach using readily available sodium
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 KGeHs
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 (HzGe)(Sith), in subsequent steps according to (Eq 1). The
compositional, vibrational and structural properties of the newly synthesized

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

(H3Ge)(SiH )2 (1): The (HzGe)(SiHz), (1) species is prepared as described by the
reactions depicted in (BEq 1,2) and was isolated and purified by fractional distillation
(vapor pressure of ~8-10 Torr at 22 °C). The FTIR, 31 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 cm™, respectively, and a set of absorption bands between 910 and 442 e
corresponding to the bending modes of the molecule. These assignments are
consistent with those made previously for the (HsGe)sxSiHy (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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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 Gc framework of the 10gaseous precursor is incorporated into the
Si-Ge material or epitaxial Si-Ge. Examples The synthesis of butane-like (GeH3)2(S1112)2 (Also

referred to a 113-S1E2- 15 SiH2-Gel- 1), (Gel-13)2S1| 113) (also referred to as
SillKGeH3)2 PEaRy ?@eﬁ%&@ﬁf?&%‘%‘ﬁ}%ﬂ%%f%?’g%%a%é(‘e%&%")éiérﬁﬁsc?ﬁ%%%l2-GeH2-GeH3)
(3) Si-Ge hytiritheSivithaag Shieatiorans] oesrteatiyréy atitets inthesgcat GighricH:SiodBéx optoelectronic
alloys its her];%itfaqgi@m@ﬁﬁ%@é&ﬁarTnﬁlaef?.pg@ﬂg%@aé#gaﬁqnah&feéﬁm%g%th@mn@?emic?l

roperties of these co we ied b m mass spectrometry,
IIgutI[rJlerford b‘&&@%&%ﬁﬁ%@ﬁ“&@é ﬁ%ﬁ%%ﬁﬂﬁég RS %lll}tslr:l# §I8m§l.? atio %g‘.milhgemé%églyses ingi/ icate that
the lineaf (Gebsi3)2LSiH2) 24t} landi¢CGeHB (B li2¢k My @ ebripddhdaeéxist lasmmixture of the
classic normalang gancheceniomeationabisemermuhicty dunplesemdafiarogmvert at 22 C. The

conformational proportions in the samples were determined using a 25 new fitting procedure, which
combines ca’l@ﬁ%&dﬂ%&l@ﬁtﬁ%?%@ﬁtaﬂﬁ FE BRI L :Er?gr;%pg’b@@r\‘}gﬁ \%Wé fﬁée global intensity,
frequency scatenand-adfnixtarelbeefficieptsiofrtvenlnd aidsrtdrmonfomioersit Phe{Ge118)2(SIiE12)2 (1)

species was [ngp Hi%%ﬁ%%%i%?ﬂ?@&ﬁéﬂ?nﬁ%%&Ptﬁbopﬁ%mi%ﬂ@i&@}%ﬁﬁ”‘i’}’%@%&@ﬁ&@xaﬁly the Si/Ge

content of the precursor. Device qualg%nayers were grown via gas source MBE 30 directly on 51(1 00)

at unprd@edFERTRIN PR e S EHU BT IS RIRRS LS A g dfe 58 &R 8o Monal and strain
profiles, low teadirgetistonationteensitieR i fatd micallscqilenizy s(REBEesatatysienefgy electron

microscopy (M) ANASIS AaR RmANSITales baklbs Bieaupsar s highik eagiye, n SI(L0)

surfaces, with 142 esorption kinetics comparable to those of Ge21-15, despite the presence of
strong Si-H BBrdd i tiInfoleclitad Lt lars b Samens @%&@éi@ﬁ%wlé%ﬁmegi]s of the main
product 1,2-digexnyddisitasasy;, fid 30@)26Bids bR (L) Wras@codrmptistiedivia reactions of KGeH3 with the
nonaflulg butane-sulfonic and triflate substituted disilanes (C4F9S03)2(Sil-12)2 (4) and

)

(SO3CF3)2(SiH2)2 (5) as illustrated by Eq 1 and 2 respectively. The starting materials (4) and (5)
were prepared via react%geé?(%zéo Eé%?p’é’n?cﬁ’r%"éﬁ} iCHeidEMSOSE19 and HSO3CF3 10with
1,2-(p-toly1)2(Sill2)2 (Eq 3 and 4, respectively). (S03C4F9)2(Siii2)2 -4- 2KGel-13 --> (H3Ge)2(S

-12)2° 2K SQRCAR RT3 RIS RN AGRIRS U AR L ERRAAEE s ane
'H NMR studies. The proton NMR resonances are present as a multiplet 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 Vprotons, respectively. The integrated peak
intensity ratios of the —SiH, (-GeHs), and -SiH3 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 SiH;z group and an single H atom. This
structure is further confirmed by 2D 'H COSY and 'H-*Si HMQC NMR
measurements. The 2D 'H COSY spectrum showed cross-peaks that correlate to the
central SiH, and terminal GeH; and SiHj resonances at 3.049, 3.213 and 3.404 ppm,
respectively, indicating a H;Si—SiH-(GeHs), connectivity, which is consistent with

30  the proposed isobutane structure. A proton-decoupled 'H-*°Si HMQC spectrum
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 #Si chemical shift (~121ppm, in CeDs) due to

the central Si atom in this molecule is similar to those found for SiH(GeHs)s (113

ppm in CDCly) and Si(GeHz)s (—128 ppm, in CDCls). A close correspondence is also
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(P40olY02(Sil-12)2+ 2 HS03C4F9(SO3C4F9)2(SiH2)2 + 2(toluene) (3) (p-tolyD)2(S 1Ji2)2+ 2
HSO3CF3(SO3CF3)2(SiH2)2 1 2(toluenc) (4) The route described by (Eq 1) consistently produces
pure, single-phase (1-13Ge)2(Sil-12)2 (1) as a colorless, pyrophoric liquid. Here the replacement of -
S03C4F9 by GeH3 occurs exclusively at the 1,2-substitution sites of (SO3C4F9)2(Sill2)2 (4), as

expected. However, the routg,described by.(E lelds, a mixture of products 10 (Fig. 2) including
(GeF13)2(8it1%)% Py %bﬁfaﬁ?%ﬁ%ﬁ&é’%b%@léﬂlﬁgﬁll‘fgfkf% %‘E)‘f‘g’ﬁqﬁh%? c-#& derivative
(GeH3)2(SiHzGedf b2 )<3)inke Seidangpn( redation éondiisrdiSpecifically, low temperature (T <-10 C)
reactions of (803%@%%@% ME@S@&@#@]@@Q 2xpétardad nedomynatelynijlkand impurity levels
of (3). These species are separated by distillation a é%z rré'gor oW \éolg]tilgg/ fracti% (vapor pressure
of - 25 1 Tort@t#ing {1 48:ira 3l b@gg}%ﬁlﬂ& pEttoSChSic iethode 8 the Gerich
derivative (3}waossgsdingionhéterdispicledrsligh?GiiGelh? retorai(Ritme) ikrthedafrasturonthe low
temperature pReYs, J06:(<AR9n RO IR RGeS Tl Tl C yields

y

predominately combinations of the positional iSomers 1g,aﬂd &%}in varymgﬁgr(g)oﬁions (a small
amount of (39S BYSHSERREd R RRSHOTR A S0 SESAVAYE FHETHItHBBUR A %raional distillation
from the (1) angdR) mbstyea) in thisceseithtcedlactnemoii8ESCHEB:tp@iol 18 ititially occurs at the
1-substitution si 03CE3)2(Sill2)2{(5), as expestediLhersarongdierlacamentiikely produces
germyl disila%sg?%%géégiﬁeag%(ggl%é?a%% é)(st%a{lgle(%iénn%ﬁg intermediate (Gel-12) rather than the

1,2-digefy | ahsiagieized 368 JRsTReea e ind SR S RIEHP TRt LN 3 STBE AHRHER may yield
(GeH3)2SiH(SilR) (Rimguehewynait Fe) Geofusimitas. ifertieatrmachinmv{digcossiedlin detail in

subsequent sections) has been observed in the phatochemical geperation.ofgassppase i-SlitHio from
Si112 inserticc)%g?ﬁ%nt%?sslig%ee% q -O?léﬁ“f-lz-Sin-OeE’S@l GeH§%i1-'13-891%42-GeH3 +

GeH2(GeH3)25ik Sma)is) 8198-SRPE Y SiHks STHESEIRSHY) CARgePSHithediFof (5) is described
by (Eq 4) and fiasHasen prevwieusdyh compound in the experimental IR spectra were then

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

spectra.

(GeHy),(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 at 2145 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 a 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 HyGe-SiHp-GeHy-GeHs molecular structure in which a central SiH,Gell,
core is bonded with two terminal GeHs 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 (HsGe),SiH, and GeHiGeHpSiHs compounds.”  The
assignment of the sextet at 3.30 ppm to the SiHy protons was further corroborated by a
'1-2°Si HMQC NMR spectrum, which indicates a direct coupling to a single 281
resonance found at ~98.2 ppm. In addition, a 2D 'H COSY NMR spectrum was used
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10 demonstrated elsewhere. Its (p-tolyl)2(S1H2)2 starting materials has been produced via coupling
reactions of (p-toly1)SiH2C1 with powdered lithiumw In the present work we adopt a more convenient,
analogous approach using readily available sodium 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§ 13 are complex aﬁgcﬂ{gd&}ﬁgri%XH{"?ﬁeOfd%E@Q%L%QSbg&é%ﬂped above. In
1VOcd €3 % ) : :

contrast thetﬁe{i\ﬂ?/q repargd compoun IS readily crystallized as a robust molecular solid that is
completely isotatisetfromtsssresaktiorr BYAH 6B TERE a8 cohisimasisthalfebyteading to high

purity (H3Ge)2¢5112)3 i sphsequent stepspascordipectivdizg ). Jike, cGatpoditionad])vibrational and

structural properties, of t ewl thesized 20 S, ( presented below.
(1136e)2(Siﬂ?5’§eﬁ3.dﬁg%g’léggi%l %a)é ?i‘%“SE%%ﬁ?%re%‘gg%}%s%@?ﬁ%f é@dthe reactions

depictedsin (Bqvis paidiomssnsiansdii¢-pasned By Habirsal BrsaIRsab AoEBEri8ssure of -8710

Torr at 22 C), Tiie FHRy 2931 MR (pMptan:coupleskantbaSynass spedtteaninditateha
1,2-digermyldisilane with a butane-like structure as shown in Figure 1. The IR spectrum shows the
Si-H and GeY StHIERARG Fbdes at 2147 and 2073 cua'l, respectively, and a set of absorption bands
between 910 and 442 citil corresponding to the bending modes of the molecule. These assignments

are consisterf iy d1se Ao e viauBifar theid ke S (Il familyabsibd 30 gennanes. 7 A
more detailed interpretation of the full IR sg)ecfetrtérgbis I(gbt%ieggg er(())F}b u%nettggnscemcal calculations and
the datd ShoR/TReSEoIAHTEELAE HERR Q&I tRE Butane- e Tiornial and gatche conformers of (1) (see
section below for details)ighte soliM R gplietia rébeals ARaretcis: 2hpsth asdectiplet at 3.11 ppm

cormesponding,ja ie,55 Hand Geskprolans sesperively sulhieh jsansistansnith a 1430e- S1H2-
SiH2-Gel-I13 molecular structure. This s%r_u%re iﬁnfurtpgzclgfnfiqr{i\%qéy_g@'%Qnél-éO%Q%Y and 111-29Si
1-1MQC 1\IMW@§(B%W}W€ﬁt§’}ﬂ?’ﬁé"§E5“1 1o §poec rim’shiowe cross-peaﬁs %hat correlate to
Si-H and Ge-4£BresenahcesdiaB:hapdBntd phrrerenp SivenpuindieatrgithEHISi-Ge-H connectivity.

A proton:decgupled 111:298{ FIMQ(C spretiiimashomed thae theriatomewid3ia9 @pm are directly
attached to Si atoms at -105 ppin. The mass ectr$ rﬂe%/eaI%d %m is L%qu% en&/elqggseat 210-196 amu as
the highest nﬁ%@%?&?&%‘i?éﬁ%%d?ﬁﬁ‘ {8 ?Hs‘”*g%fﬁéﬁf i6h, 1S12EE 4 ) ThéBSsociated 10

fragmentatior fadtesr iscasinsisterhvittstherpropbsed teertsiate. a2 XxRerc 6 )2was further

corroborated é%g@@}&%ﬁ%q{& *@%ﬁﬁﬁ%mmmmmmwmﬂ@ﬁmHmd uced by single
source MBE depositions of the compound at 350 C gEéén%)\F@% SilGe elgmen{?(jll Eontent of the films |
no

was consistefitienaniamasting Brotssrane M SasHk ;B3RP ot of the molecule. 15
(H2Ge)2(Sili2pddgaspzdieeiffiim) = 5112 (gas)(8) (Gel113)2Sill(Sill3) (2): The isobutane-like structure
of (2) was determined by 29Si and NIVIR studies. The proton NKR resonances are present as a
multiplet centered at 20 3.049 ppm due to -Sift ar%.d two doublets centered at 3.213 and 3.404 ppm
corresponding- bRt simalatyns pime AL PSR $espectively. The integrated peak intensity ratios of
the -Sil-1, (-Gerd)2ande Bikbidchreitid B ppesjpectivalfcatoexpabrdc Thicjsatkdtitensities, the
coupling patterns apd e pRsiioBat NS RERks hinersatumcenlpaivabpaipidavihe isobutane-like
structure in which an Sicenter is ‘ _— .
75 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 (HsGe)xSiHy. 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%,
respectively). 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 sirong low-frequency
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25 terahedraliy bonded to two Ge.1-13 groups one SiH3 group and an single H atom. This structure is
further confirmed by 2D 11-1 COSY and 1H-2981 ITMQC NMR measurements. The 2D 1H COSY
spectrum showed cross-peaks that correlate to the central SiH, and terminal GeH3 and SiFI3
resonances at 3.049, 3.213 and 3.404 ppm, respectively; indicating a H3Si-Sii1-(Ge143)2 connectivity,

which is consistent with 3Q the pro i AProtoprseceuplesB8MOC spectrum
showed thattHE"Ef éellgﬁ%%e%tug%%él%%%%g%%%?g@rrl% %%%%éﬁ? gxonde to Si ator%(iIi at - 121 and -93

ppm, respectivedys THBIOS epPEATRIANSHRICESIH IR HOEBESE KRB THE TS atom in this
molecule is sigilartathasedaune e SiHiGera)tié 41t Rpm mERes) HdiSitGe-13)4 (-128 ppm, in

D). A e R i RoBIERER 1B AR 95iiGhemIEakSifi-3 ppm) due to the
terminal Si &Wﬁ?ﬁd%o‘?écglfa{]ﬁgstg?rﬁ%a S{ﬁk@%&%ﬁ@%@ﬁ‘f&ﬂﬁ%%@ :

i3 groups (-92 p mz?for_ BSéGéeHS |
Gas-chromatogiaphGietiasseupdetreiaiedry gt Eats! I?/I§ro %‘gh%?é LoltiRhg (1)
(1-13Ge)2(SHR) 230 (3 els 1 BRiTESikiPotR)oindisated tise FiresenaEighs twoTimsfor fractions that
displayed slightly different retention times in the GC ¢ Lwhichiis consi it a mixture of (1)
and (2) possesiy %‘i?gﬁ?l?pi?ffgfeaﬁa 5 ‘fiur%g%é?llr?tsse. rﬁﬁhl{é%ﬂ?négrg%kﬁ%gg %?gﬁgﬁsplayed essentially
identical massispectaednive, Highdst s saakisisHEB VESHTINE B1H.- 186 M u%afge corresponding
to the (Si2GeZ i hDaARMIRNGON (&L Gl R)ardamples ebéhanixBilBiGuete) fasthiemi0 characterized

using IR spectroscopy. The spectra are essentially a simple admixtisre of the indiyicual (1) and (2)
compoﬁ@nts?"frﬁé%‘é‘]ﬁehru%rofe&i[t% lsd’t‘haéeo% fcg'lﬁll%g%gr%irﬁ d'since the comggl% could not be

completely sppdnatechintpmerorimirony coyvretirmsomriernrstael i ¥re&i#iarity in their

boiling point%.dyﬁgqugyﬁg.ggi_gjgpj ofithe sacheampesnd in the experimental fR spectra were then
15determined using a fitting procedure invoévitngs&%g dtﬁletobfugf\{gs(gﬁg&tgpQqﬁg%g@égd spectra.
(GeH3)2(SiH2GeHBY ¥ RSB CEf 18° A By product of the reaction described by Eq 2. Its
gas-phase |RspectidmnsdonmteSifthanchiommptiondRuiHeBhRIS 8 ARG 82145 and 2073

em-l, respectively, The Intensity,ofiheuGertpaakip hespreumHicsigsificanttridtonger than the
Si-H dué’to the greater number of Ge-H bongs elative1 to Si-H bogggm'gg%ly-gﬂl\g&hgpectra showed a

set of two se?%%‘é’t‘@fSﬁitﬁﬁag%‘%%tﬁﬁmcgﬁ%e oR&IRG td” fﬁ%efgtlsesat 23,3713 pgm. The integrated peak

intensity ratiosothiesextatdtiplettripletpsextst setuestte eraivd3 b arHbeiByr R intensities the 25

coupling pattgm% gg@%@qg%@&%ﬂ?&&ﬁ@ﬁ%ﬂ%Q“@aMéMﬁbﬁﬁe&ﬁﬂﬁm collectively pointto a
H3Ge-SiH2-GeH2-GeH3 molecular structgre in which a central SiHZzg:g!{l;chg\ggré%r}gg_nded with two

terminal 0eH3 moielidsre a0l SF a2 8?%%‘%%2&5%0@?38%%%6 .G3'Bpri can be associated,
respectiyely, withiherSitaand GaBiguprddidofigyes distitths tomideagin Popthireihaiplets at 3.23,
3.13 ppm corfespand.ta terminal Gelddk R proteesidhe ikl aackCedsidHtRMtequencies in this

case correlate well with those in the preyiously reported (H3Ge)2SIE Pg'ds%l%%é%if@
compounds.73'{@@5@@?9nIFh@1?1W?ﬁ‘gege;&%%ﬁéetyﬁ%E)trf)xﬁ?ﬁﬁ'etg}%ﬁ%léiﬁ%pﬁ‘%toﬁs was finther corroborated by

a 11-1-79Si HWMQCHIMRespectrunonivhichidnsichibisizg diiekix 6UPARY PRETRGREP9Z resonance found
at-98.2 ppm'éps*?!&:itigghd@ 2R GORY N RAERSREE I MiMéASsUSREhne like isomer i-

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
af3/4 = 2352 A where a (5.431 A) is the lattice constant of crystalline Si in the
diamond structure. The Ge-Ge values found in 7-GeSiGeGe and g-GeSiGeGe, 2.446

30 A, is also close to that of bulk germanium (2.449 A). The heteronuclear skeletal 5i-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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to unequivocally establish the specific ordering of the Ge-Si-Ge-Ge backbone constituents.
Cross-peaks correlate an Si-H and three Ge-H resonances at 3.30, 323, 3.13 and 3,03 ppm. These
correspond, respectively, to 51112, Get-Is (terminal) connected to GeH2, Ge-113 (terminal) connected
to Sil1-12, and GeH2. The mass spectra 5showed an isotopic, envelope at 256-238 amu as the highest

mass peak coesnding to e EILIAN (NG Lishad fagmerafion pager consisent with

the molecular stru ) ); Cqm&%und 4) is isolated at 95% yield as a colorless,
10 pyrophoriedsliciwittCatmetaves okt 6f 88 € FeRISEREHRBIELTatReRE, (B3, cH2c12 and
slightly solublg;in sdugne.shhigitely, WMIR Speeistiaish drsatingietcentetddidtond8 ppm (8 Si-H) due

to S1H2 and 29Si satellite peaks. These exhibit a tri ' withea - Si;H coupling of 272
Hz and a El-ﬁsggﬁbﬁadwééhtpg?nggl ?@%eaz?af‘helsss’el%oﬁﬁég@s% %%é{ éprllgé%hgé[l%%f gj‘ ’gglggﬁd SlI-12 group
consistent withiHheneids STHIDIS1HBigbdrdorasrRerthbradd pittohd8cbupruia £1558si 11IVIQC showed
that the protn resenance al S:08crrmpsoitestnatachedotora Gk atoismeG). Isppm. These values are

consistent with those observed far. the inf analo 0O3CE3 iH2 pound (4) was
further chard&?ﬁ%ﬂ%ﬁ%ﬁ%@%ﬁ%c&ﬁ?ﬁ%ﬁy %@&fﬂ?‘% ele%ce”ﬁ)él %%%%tggﬁgnd the data are
fully consistefiborithi¢hetproposeddstriiethedesurabOeRparmsiwicsde sy, BBritio*Simulations of
molecular prg@ggﬂg%é@é%ﬂ(@s anduhestnashericahprepesiesiihg RigendozearchoIate the
identification of the (GeH3)2(SIE12)2, (Ge S{g%g(ﬁ}l—lﬁ) afg)gl %eéké%?)o% %II-1|62n ﬁTiIZ) described
above W& 258 RSB R StHERHNr SPrERERGetic and Vibrationar trends of t )ese compounds. In prior
studies7 we demnbnstratdditharB8d SiF mybeio uhbis FyatkohditHedrp st sitheiations provide an

excellent accounof e iavnd siRigairsiu tabhemasbamisatiand wbrationgipieperties of the
(H3Ge)S1144, am}i%/qof molecular hydrides. Ifgtgazrtiﬁular use of the 6-311G++(2d,2p) basis set yielded
small typical 80154 %h@ﬂﬁ%@ﬁ%%h@ﬁ&?@ Pe58rGies (on the order of 0.4% and 1.4%,

respectively). Accomdinghta questinsicatteRigitrat ¥ ebncifing tikeb Biseiveidnesiic i ifith those calculated

was basgd op (h §r?d¥%1‘§ procedurs, and-on{bgiasshvariien thal theupdamentakistuctures are
n-butane like. Alt this approach proviﬁgﬁ a cIosie match to most gsqectral features

ou | ft j
observed, se%ﬁ’%ﬂfﬁ%ﬁﬁq‘éﬁﬁf}fﬁ@q‘ﬁ‘éﬂ% SRS PSR iﬁ’é"&%}?ﬁéé&“ﬁ‘é&’ :%SF Eﬁﬁee calculated IR
pattern. In vienmafdiseiprinnsucties ot B3keyFrahppirsadh theelivercitfersdSise: ifomgtae like molecular
structures alone could nat agcgunt-far.the, speeium ot the syrihesizadosomnaendsaVe therefore

a u . . . .
expanded our calculations to include the gauche onformatlonrill isomers in which a
molecules is 180°, indicating thaf the metal atoms are contined 10 a common plane,

20  while the gauche conformations exhibit torsion angles of 66° and 64° in Ge-Si-Si-Ge
and Ge-Si-Ge-Ge, respectively. It is also evident from the data that the inter-metallic
and metal-hydrogen bond lengths in the -Si(SiGeGe) isomer are, on average, closer
to ideal tetrahedral values than those predicted for the other conformational/positional
isomers.

25 Figure 12 also lists the thermochemical energies of the molecules, including
the total ground state electronic energy Eo, and its value corrected for zero point
energy correction (Ezpg), thermal energy (Ecorr). enthalpy (Hcorr) and free energy
(Georr) at 298K, In the case of the Ge,Si;H;o 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 kl/mol)
relative to #7-GeSiSiGe. The latter molecule’s free energy is, in turn, more stable than
that of g-GeSiSiGe by about 2.8 kJ/mol. For the GeSiGeGe impurity compound the »-
GeSiGeGe isomer free energy is lower than that of its gauche conformation by 0.0020

Hartree (5.3 kJ/mol).
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5 terminal Gel-13 group is rotated out of the Ge-Si-Si-Ge (or Ge-Si-Ge-Ge) skeletal plane, as well as
the iso-butane like positional isomer I-Si(SiGeGe) (Figure 1). These isomers are completely analogous
to those previously reported in tetrasilane, and related molecules, and in subsequent discussion we
simply refer to them as 11- GeSiSiGe, g-GeSiSiGe, n-GeSiGeGe and g-GeSiGeGe, and
1.-Si(SiGeGe), as shown 10 in Figure 1. Our results indicate that the observed spectra of both the
primary products and the minor impurity compounds are completely accounted for by a linear
admixture of thgrddenatspadiehf-tupetenforitioashe intitiabliasisfsttodnvergeftRtests showed that
@ full resolution of differenes In{he.calelatecpinnerles aldhe copiornaienalingsitional isomers

requires an eVen'1.5 more stringent treatment than that used in the prior studies on (1-13Ge),ESil-4-x
hydrides, partietieiy e iEGaraad e S HKEdaHb RRRHRIRh S PR dsS IREsHAh Gy B of the
calculations dessaibesbindhasnrenantivaskieramarriee outab¢RGB3E MR/G-G33IBAL, (3df,2pd) level as
implemented in the Gayssi ()qu:o e 11 The results 9ktbe stiyetural eplimizafionsobtained using
"tight" converlésér%ﬁ:ethﬁo%iﬁgrﬁla, are gl}%%gﬁl?gd#n F(Lfl ure 12. The figurée Ifspﬂhe bondolength, bond angle
and bond torsionneita ¥oF HessiSiGhs erladsiaiebiby- rassacrefases /e sid 1- Si(SiGeCie). In
all moleculesfhgcghalatakatiyciiioLxtibiis duoicah SF SirandiS ktiadiohe muiithitgelgauche
conformations exhibiting slightly (0.002A) longer/shorter SiSi/Si-Ge bonds than their linear

é %e &ueﬁﬂ% do‘ 2121 1%@}@%%[%

counterparts.qﬁ TS BTANS TS Eomer iIGeGe) the Si-Si bond lengths (2.351 A) are

found tolbe inGerfiddiatadieciesehigtrs Dehewisvaers vrcuiddisrseReha-Eedikitéd to a value 2.400
A. All the Si-S].vRlie%2+320-2:38Bes0rasneRd claselydatsdidopiotaat foandin'bulk silicon a /4
=1352 A where a (5.431 A) is the lattice constant of crystalline. Si in the diamond structure. The
Ge-Gre valueEToutd ?ﬁpﬁfé‘gg%g@%%rﬁlagg%%%i@ee EZ% _61%% %ec}lsmg galg%c{}ges t%%that of bulk
germanium (246 Aj siitvadrrdte tornestdghasifauanssisednsdrpitaly gapiokibie seR8iBution in the range

2.396-2.400 Ah@nﬁkgﬁpﬁemkﬁ@@ygﬁﬁ&e@fm&a%@gd@a&a vallies (21299 Abeen The Si-El and
Ge-H bond lengths occur exc

) sively as central. SiH2 mojeties and terminal GeH3.groups in the n- and
0- GeSiSiGe i@%%eéiré? Wﬁﬁ%ﬁ%@g 8%%‘?%38@ NS {El%ﬁgpﬂf'r?eé%éncﬁ éﬁ/#’l%nt?%ﬁéeo%%i onding
GeSiGeGe istmprathepSittilforisadipuiabe dwithghéosiMe: theiletychAsBsasnmiiydhe same value,
1.485 A, while,the, 9 Gekldamoigly £ xhibits & sligbtyiiangerfiect heng {1n542<kiSu&A) than in a
Gel-13 termi%a,l grougghas e Boectercf?. Due go ét%ufr_‘altgtéﬁ S&%’( r)e tggei-soirgiltg;e%% ?iﬁocmer possesses
both terminal S184% #h8)0 ypE dhd al(sfnge e %noie@. ’I—fe.rei'ﬁe eH bon fengths associated
with the terminad GeitsyBugriupShbhairetrbisa vibrafitne (SB8OVAl a3iHIGEHBGREUPE other isomers,
‘while the,gorrespanding:lesminaligravriiH b4 hencklengihacre, slightyicemesmsiet (1.483 A). The
longest Si-H bond Iengglqﬁ is associated &nf)—{sﬂ% Q‘entralzﬁ]l)R rgrg)cie%/a%gq has, igl@&}l 488 A.
Collectively, tHESE"B SHH IR RN IS ArE ConS Stent Wi hoag KRG previously in the heaviest

members of thEiH8GHINSHENe(hiet;4) fhmilgaliiabibcnitting Hadastesdstedch Byure 12 also

shows that the ipiesmelallic.skelpiakii bond angies.as well axthyse ipmehingdydiegen-metal
bonds, are essentially unchanged betweﬁ\n fatﬂ isobmggsa%usdis d. E;I'lr(lzguoql e%%e%tgocqn' found in the
H-Ge-Si bond HIEfHB TR HhidH 588 84S SBGET AP VAIGES A The Tinear n-GesSiSiGe isomer and a
unique valie imteqidive diheessaibe Gensi-Snaddbiondadhsisrisrtife HirekichBreeenes is 180,

indicating that e matal alomsiars-sone d-y @cenunonalana i2guwhite tapgausbie: conformations
exhibit torsion angles of 66 and 64 in Ge'Si'ajfﬂGc? a ege-a%i- e'iG%’l ﬁs%ggtgé?lé,. ltclils also evident
from the data et L ThHEF AR SRS Al Ay rogen BB Rhgins frPhe ek {&eGe) isomer are,
on average, closesstorideal ttetratted it Nalmsehibgntridise. predicted for the other
conformational/ pos“@ﬂ@kow-frequency non-skeletal vibrational structure, also shown in Figure 2,
30 is considerably 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 (a) and (b) of Figure 2, respectively)

is that four distinct features (np-ns) of the linear isomer are effectively split in its

gauche counterpart. For example, the strongest band in #-GeSiSiGe, na, corresponding
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isomers. 25Figure 12 also lists the thennochemical energies of the molecules, including the total
ground state electronic energy EG, and its value corrected for zero point energy correction (EzpE),
thermal energy (EcoRR), enthalpy (HcoRR) and free energy (GooaR) at 298K. In the case of the
0e25i2H10 molecules our calculations indicate that i-Si(SiGeGe) isomer is slightly favored at room

temperature, with a free ener 0 difference of 0.00 r (note: kBT fet.,
300K - 2.4 k3PS VRS 18 ??;{ A e T ?%%If;@g{deﬁ%%f%%?%%%é%%%ﬁ%%m, more stable

than that of grEeBiSiGedieatolnais Y eoelrudEe ichsigathe FAPGHEREHIMOIIY the nGeSiGeGe
isomer free %@%;%ygggpwgggggg?%ggl%i@g@ugh@&gnmm@imﬁygg.maﬂéslamérms@.3 kJ/mol).

Vibrational spectra; In order tQ facilitate the interpretation of the. bcﬁgr gtﬂ'ﬁ% tra we calculated
the vibrationaPtPEE§En e %h e KRS Fé’%leofatthe%g%r?ol? ?%t%%]:}agll%omg‘% n-GesisiGe and g-GeSiSiGe,

and positionallisovask skBWGiCedajedftthe:5n hingspp Hrifde spcsismdf the B BPHTE minor species
n-GeSiGeGe gnd g-GESIGER S, Ysitihed3RkXR RihJuastioraiat thalB3LYEI6:34,1G++(3df,2pd)
level. No symmetry was imposed in the calculation of thg. f‘rj(fqu(grg%lsslpﬁcgr% @nv% l%lﬂl gnolecules studied
exhibited a pBsifIETRIMRASHETAFEEENAPFRBRTE RRRRTENCIES thdicating that the gréund state

structures areaymanticHHi $fabiadiid Gezidiz Bootmaeedie ssamiguibs Darbids plsts 6 the calculated

spectra of n-GeSiSiGe, o-GeSiSiGe AN ERDiGe Raleony eluirdaitb aGarssiandef width - 20 cm-1
to simulate experimental broa ening. Both the high- an Io%g&?&ugln%rﬁgei‘og aggf'shown. It should
il t

also be Hote*PRETE et SWalth §pRAMG &b Ry BAHE FeLohai sligh 0

requency overestimates
obtained usingshisdevieloftihabry, dashaotdmenll Seap phimtbre)th@calrutatedi8pedtra shown in these

plots. The interprelafion of il eAueney saroltelfeaisesdrinuie @) sieaighworward: the lower

frequency pairs of peaks designated m and n7 in n-GeSiSiGe (Figure 2(d)), gii and g:2 in g-GeSiSiGe
(Figure 2(e)),%d@?rgﬁﬁall@eﬁgif@ﬁgi@é@é’f’fﬁﬂﬂ% By éfiﬁgsbp%%s 'to(igg%m\gﬁae%})gnagnd anti-symmetric
Ge-H stretchingsiibrationsa tesmentivelfh)Similark stmensyivahtetig2d Gerld amgesgminétric Si-H

stretching vibrations are dlesignatedns, 2nd a0 LRGRISIGe (Figure 2(d)), 913 and g4 in
g-GeSiSiGe (Figure élf 3 arl% [ '

e 114 and its in i-Si(SiGeGe) (Figure 2(0),.res ively. The calculated
splitting (13-14 cm-if)hﬁgﬁ)Vefé?ﬂ‘tﬁ’é’%yﬁﬁﬁﬂﬂPﬁ‘coiﬂdsgﬁtﬁ één%ﬁ?@b‘gn%‘?ﬁﬁzﬁie%r%ﬁ% or Ge-ll) is
approximatelytiggisamelit athisomens, thoweisen]ai ligthesebatnis e lsysté fivatieadyy lower (- 4-5 cm-

) 25 in frequency.in the gauche isqmer. In addidan.tothese fegturgs.thednghpitequency spectrum of
the positional%%%%% -S| SlG%IIC]?le), shov?/n%ln Figure 2( 1 a%s% e%(&

: 2 E4 11 ; . b'tsa? if{)la&ed.vib{ational feature
near 2077 eMREYaESIGicakeasy 18 infy ke 2 (OFSHRH kot ég(t}g the'@éntral Si-T stretching

vibratiom T heflawrbeaiescy aon{skaldta) vibretiondstriptase aadsonsiban Ryimipliead
Ge-H wags of the terminal GeHs groups while feature s is the asymmetrical analog to
these vibrations. In the SiH; terminal group the Si-H wagging vibrations (ijo) occur at
~ 951 cm’. Finally, features is and is are unique to the /-Si(SiGeGe) molecule, and
involve perpendicular Si-H wags of the SiH moiety.

25 SiGesH ) molecules: For the n- and g - (GeHs)(SiH,GeHy) isomers we corroborate
the NMR characterization by directly comparing the observed IR spectrum with that
calculated for a ~ 1:3 mixture of #-GeSiGeGe and g-GeSiGeGe conformations (a
detailed explanation is given in the following section). The calculated IR spectra for
both the n- and g- isomer, convoluted with a Gaussian of width ~ 20 cm™ 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

N; and G, respectively.

24



30 is considerably 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 (a) and (b) of Figure 2, respectively) is that four distinct features (n2-n3) of the
linear isomer are effectively split in its gauche counterpart. For example, the strongest band in
n-GeSiSiGe, n2, corresponding to highly symmetric Si-H.wagging vibrati | with the
molecular backborid'sid&h1 ‘?ﬂ% rgg ah gc%g%c})gtaél Sb?f%%%%%%%d%%?%n?ﬁu&e@gqﬁﬁe isomer exhibiting
very strong SieBiSiGggingquaratidlitditite SisidshdPiHEn§ihddd 45 hvoRiE¥ e Bast "crowded"
protons in the malecule ang acsardindleshitits she-getestintensitynd g wéakeshoulder indicated
by g4 in the g-GeSiSiGe spectrum is the anti-s etric counterpart Fipally, the distinct
feature near EFEWYinithh-EREIEIEAMSE, TI'Ic{(()ﬂr\\ée th%g)toa%Q- W%éé?nrg%?f%%ns%perpendicular to
the Si-Skaxiadpvelving syhniptriceHiSi $i e serGIholioRCTH YR g S5orhef®R€band is split into
symmetric a@&ﬁﬁl Ryrametticssonnteraarts denatechim gl antbigneseitmartesiines 10 appear to be

common to both’isomers. In particular features (m:gi).near 430 cm! X{ﬁ@%ﬁw?@ wagging of the
terminal Ge-RYphSte” iﬂ@ﬁ?%@&%ﬁﬁ%&éﬁ%ﬁ%meﬁﬁc@é‘f te rﬁinmgl%%-H Waggina parallel to the Si-Si

bond) and (megs) MsariB 78R GG mirrii Gec Kol bingsfemEndrill & 10 HE S8R honds). The weak
band designated 2,10 e ek AbbiDMaes X malicaliesieat Gesbiaggiagisand 15has a silent
counterpart in the n-GeSiSiGe molecule.  The low-frequency spectrum of i-Si(SiGeGe), shown in
Figure 2&), Has @%ﬁbhtly simpler structure due the molecule's higher symmetry. The lowest frequency
wagging modes foundtia e ipGeSiSiGeqe hrepfotiver SplitintsyPRisere¢ar Fairs 01,12}, and
{i3,14, respe%tf%%lax in FRIGIGEGR) Ihadominant R0-{eatuses e SO0 cmgk(ifiand is) correspond to
in-phase and an |-pbhase symmetrical Ge-H yva%s of the teiE?i%a& H3 rgugsdvqge feature 19 is the
asymmetricatmefogorsitisesE-Viofatiasd e iFESTEYS TmiRal groupthe SiH vsyagéing vibrations (iw)
occur at - 9515eRideEinaliy, featresinandis ane uNidqueustbcr SISO} AsIgklite, and involve

perpendjcular Si-H wags of.the Si et idamiCasfidenmelacuiest oy thedis et gi-
(Gel-l?) (Siﬁ?ﬁ%gﬁﬁe)%’ggéﬁ%grg %v%l (t:gg%%}({)é%%the NIVIR cteeg;?éat%n b %grgcélygcomparing the

observed IR Q’W%fﬁgrﬁih’iﬁﬂofﬁa%éqﬁhIaasfé’ai?ﬁﬁda“’-‘%f%ﬁaﬁpfier{gf FEESIBEGe 'and g-GeSiGeGe
conformations{d deiailet exmianatiansisivencatifé doltowiteglseetiond. aF sk (TAtsd IR spectra for

o e SSorsomel GANA AN A ol ool vialh (0 dftRaimiiado Bxpermenta

broadening, are given in Figure 3. Both the egjons ar n (no frequency

' he and low-frequency. sh
scaling has béeieapspiiy Modaks e ﬁ?ﬁiﬁﬁl%@p‘@ﬁrﬁéggﬁ&n&t}ﬁﬁ ?St%reﬁ-%gg%%geGe or
g-GeSiGeGe gonfRmatinnsfamsmianoied yissmtHGE véspihaspciated PHE Higkumdtlency Si-H
stretching bar?%re similar to those found in the GeSiSiGe analogs, exhibiting calculated splitting of

> . .
13-14 cm-| be ;’:1 systematic overall - 4-5 call shift to

We%ﬁr%ﬁgs'symmetric and anti-symmetric bz?%d?{]gnd C
lower frequency in tR8sgaRehe REHRY. HEFERIE PTIFTRAN MNioTesB) cotrespond to 5 asymmetric and

symmetric Si-Hosttelche souebpactively. cidwBvematsineple tmeipdrieuvrddn edeesipentling Ge-H

stretching vibrations for th j is Nitiated by, lower sy mmeinsaidee Biaessr isomers. For
example the a ‘%%?ﬁg%%é?@g%@fg\% in n-Ggg%gGe IS élglit ipto co tribuHP%OGlo, 044 and
G15 in tHS gauHeiaerbi e TicsumPRAROT SHIGRIERS YT e RESESicdheda. is split into

bands three features denoted Gs, G4 and Gs, corresponding to asymmetrical Ge-H wagging
of combinations of individual protons in the GeHy moiety. Finally, the mode Ny in the
n- isomer, consisting of concerted symmetrical wagging of terminal GeHs protons at
both ends of the molecule, is split into two modes G; and G in the gauche isomer in

30  which symmetrical wagging occurs independently in the two GeHj 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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10Gl and G13.  In the low-frequency range of the spectrum we find a strong correspondence
between mode assignments of the if- and g- isomers above 700 cm-. Specifically, the asymmetrical
H-Si-H wagging vibrations N3 in n-GeSiGeGe appears as G6 in gGeSiGeGe, with a frequency near
731 cm-1. As in our earlier discussion we designate 15 such corresponding pairs between isomer

conformations, a5, (N3,66), 1 50% G:H WAGAngARIoRRNG O7) assoriated il terminal Gel-13

groups appear near 808 cnfl . Similarly, H-Ge-H "scissor" modes at 866 cm-1 are designated as
(45:68), whiketpiaim-rBih eomhieibaplsattes 15 g P8 RoBE WP G SBgRIBAPDf the
correspondigdreds igitte GebifiGedsneradsed cpedjrdl be featigesdetiotdd 20(N6:69)
consist of asynunetrical -scissor Jlike vibrations agsociated.yiththe tepninal Gelg.groups.  The
most signific%or# @#Fgrggﬁg%%n%%%\%eﬁct%egll?t speeétra of the r? and gi)isomers are found below 700 cm*
The most intenssiasisertral foatare fomiks dolBRte N SN LR wREF RGP SY mmetric wagging
of the protonﬁllkr;p}éadﬁod;{]ﬁx@ﬁhﬁ 25nietispandlelitedhelmolepatan baitkhbneofinithe gauche isomer
this mode is split into three features dengted 0 1d Gs, gorreshonding 1. asymmetrical Ge-H
wagging of ci rl}]tarlﬁ?fg AP ﬁ%ﬁfv?&é%ﬁ%rg}% ?S%“%%H;‘g%yﬁz moiety. Finally, j[%elmode N1 in the n-
isomer, consitipeh S1ConcErsid KyphrirtreaTtiRrRy gingl GLE I Rin & EsSiH BrotSALHE Bofth ends of the
molecule, is gplitinie, o madesTdlranda2mthe: gauEIE isoraetin @Quivkichayerimetrical wagging

occurs independently in the two Geli3 termipal grqups. 4s iXtu Is..J o estimate the
molar cé?]ceﬁ??&%rﬁ' GFEhEddiataT rl%risgf gﬁ&%ggﬁlgn%ﬁ%?é@%glﬁrﬁ é%g ~1S(Eaﬁr gcgj% g%ectra, we adopt
an approachgronineoniyrepipidyed therutiderssatoriemdreruenay QP amin W8 normalized
admixture of known PUiRbEeE GRhdidatasspecadt:fitke thto aay wkpepatabsaheeg-spectrum of the
combined molecules. Using the same procedures as in our prior studies,on. SizGe hydrides we have
calculated th&iettra 8ch%‘§?§‘§ m@ﬁfﬂiéﬁyﬁgg‘%i glﬁlgo%%r%%%eoﬁﬁ i%g]%%ét%oibgdescribed
elsewhere). These®sloylates) S/ gpectiasenepmdny oksefordtheeunimofthepuréhisineser candidate

spectra pormally suppli experiment. A ¢ ' ’ 4 yigh that of the
synthesi{;%d 88%?685@@%%5@0 @Ongﬁsgg@ﬂg@%n%g?’og Rl 99‘91%%%&?:%9‘&5?%&

sts the presence of e admixtures of conformational {n-GeSiSiGe,
g-GeSiSiGe}thenhpusiiormstficsisitedsy fndiesBide heomere ok S5 16 family. To
proceed with the;gorlysisesisafidhadaguired theoretical 10 spectra (n-, g- and LSO isomers, see
Figure 2) are first calculated on a fing féequency Ed (1 cm' spacing), and ﬁf{ﬁn partitioned into

low-frequency (0-1600 caf}(drit Mighirdguenty FLB0D D600 H=1) rédiths] We dendte the
low-frequency spectra of the {nGeSié‘,iGe, g-GeSiSiGe} pair by g(m), /Ace)) and those of

{I-Si(SiGeGe)lgBeiSiSedbylintd sy naes) ot ThencosTeBpsditeing Sissdrhatrapbtifs Pl of the
Synthes%d the theoretical spectrum and 7 is the common frequency scale factor applied to the
theoretical spectra. An identical procedure is used to treat the {i-Si(SiGeGe), g-
GeSiSiGe} combination. In all cases the theoretical spectra” were evaluated at
arbitrary frequencies using cubic splines, and a robust simplex method was used to
minimize the objective function. For the {n-GeSiSiGe, g-GeSiSiGe} pair this yields a
25 scale factor of 77 = 0.984 and an admixture of y=0.392 (i.e., ~39% n-GeSiSiGe). This
optimized scale factor is very similar to the value 0.989 used in previous studies of the
(HsGe)xSiHyx hydrides7 and SipHs, GeoHs and H3GeSiH3 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, 7= 0.392, and reduce the scale factor to 7' = (0.99097) = 0.975.
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15 compound, fexv(w), produced on a discrete frequency grid {wk} by the spectrometer, is then used
to construct an objective function (F,q 9). For example, in the case of the {nGeSiSiGe, g-GeSiSiGe}
admixture: 0(fi,7,77)=exp(cok)-fty In(ricok) (I- r) g (17 CD k)]( 9) where 7 is the normalized admixture of
n- and g- spectra, JO is the global amplitude of 20 the theoretical spectrum and 77 is the common

frequency scale factor applied to the theorefical spectra, AnidenticakRrocedusieids 4sed to treat the
{i-Si(SiGeGg@‘& é@i&(@%ﬁcge fna iosﬁé?lér?%” cases thestpr‘l%oretigg%gjgctra v%qere@éaluated at arbitrary
frequencies eisidtpBuBleEplines thihdwaling JEPeiiopIdk AT RECHSEd 1§ SITini22 the objective

function. Forgthe ferGeSiSiGe gaandiarhpairnstbisyieidsng Ststaleefaotofoiaity 0.984 and an

admixture of 7- 0.392 (i.e.,.-39% n-Ge3iS| IS, QRtiRized sealefaciar/syghyisimilar to the value
0.989 used iFPRFEViBIS ée %}E%%yo?‘%ﬁé 5%5‘%%&??%% g%ides? %%drgq.zm%, Ge2H6 and 1-13GeSill3
molecules12catfibistevied ottt Wé@ﬁ@ﬁﬁﬁ?n@@fﬁ%‘)’(ﬁ’(éﬁf the FueeRint O FEEI®hcy composite

theoretical SpeGHUMA(eR $ARAET L SRNRIted ISING SisiGeals, factes;sigrgediémarkably well 30
with the observed one. To simulate the coomr;])%%sgtg%}ﬂgh-ﬁeqs%crenn(fé/v\slsppa(r:&%@g ggr f (rBegSiSiGe,
g-GeSiSiGel a9y thie Leifhivtire PrPdmitar datved Fromiow fraguency behavior, 7 = 0.392, and
reduce the s¢alg fastorltaIZZd—a(thBA007H) EinO75,. Thith|dwdicussighafrésusivestiseale factor ratio was
previously foynd 1o Yieldan Sxcallent apaaupbefdisisealpaehavior in related molecules12. Figure

4(b) demonstrates that the optimized parameéters obtained using fits to tf&e Ioka(%q%ency spectra also
faithfidlyl&ind indep&helesiRFrertaa e Enh eI TEERE P s LS AHrMIAG the integrity of our
procedure. Application efithefaregalogpiavifienpeneyuanalyisis thoe siisitiorbisisaineric combination
(-Si(SiGeCe), g.esiSiGel yields 3.~ 0.995,a00,T 5 0p7E i 0:68% RS BefelThe sample

spectrum is € aréd'Wi e calguTate dmixture in Figure 5, which indicates that the vibrational
structure is laggelye accbunebidfee-Gsiigate) Adtamiiye ﬁ’rm%‘.aﬁﬁﬁén&gﬁ@fﬁﬁgﬁwg results for the
GeSiGeGe impyity, comMpRUnG:ateishpuyinBrigiraified\feomipletely-analogyLpdittimg procedure to that
above yields, in this case, an admixtur rameter v.0,235 (i.e. 2/ N-GesiGete) indicating that
the gaudie cé‘ﬁf&?ﬁ?aﬁ’é‘n)(é’%%sal%g@%g@ S%Pﬁlénx iﬁh%ﬁgl a%éé?%ahsc{. Asin txﬁée GeSiSiGe analysis,
we find that fitkifng panraduete ieqhxainech i dmteh 8. 13N degiseriey -spectrum 15(m<1600 cm-I) yields an

excellent account ofghe highsfreaidengyststphinenbasds-usingihesresiuneddiequancy scale factor

0.975 (Figure 6(b)). We have observed that the HEFrI%EOfgons df{évt%g%fggsg%g&pwgmational isomers

are essentiall?%@?%fﬁmlﬁé?ﬁﬁ%ﬁ BFffeeh %aerrr%ﬁesg. 0 elucialz‘altce]l fhis observation we calculated the

potential energycslraced BB thestatandaik e RIESi SIGke atutar0lm (R thes de-Si-Si-Ge
backbongtorsign,anale- Thedngascenfemaing caespands are sipesangisfaib@od while the gauche

T eI M b Al g el omarine
torsional PBSHgukuUznEotetrasiant at CdBiSiGemaal BFPRgnivg spgetural degrees
of the freedom are optimized resulting in a “relaxed” PES. Figure 7 compares the
torsional PES for butane, tetrasilane and GeSiSiGe at the DFT B3LYP/6-
25 311G+H(3df,2pd) and ab initio CCSD/LANL2DZ levels of theory. In all cases the
value of the linear or #ans- configuration is chosen as the reference energy. The plots
reveal that all three molecules exhibit very similar energy-torsion profiles with a
global minimum at 180°, a n-g barrier (Enp) at ~120° a local minimum at the gauche
configuration (Eg) near 66° and a maximum value corresponding to the eclipse saddle
30  point (Be). Using the DFT B3LYP/6-311G++(3df,2pd) description we obtain AEn.g
=0.942, AE; = 0362 and AE, = 1.628 kecal/mol 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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25 3110-H-(3df2pd) and ab Maio CCSD/LANL2DZ levels 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 molecules
exhibit very similar energy-torsion profiles with a global minimum at 180, a n-g barrier (ENO at -120, a
local minimum at the gauche configuration (Eg) near 66 and a maximum value corresponding to the
eclipse saddle 30.point éE é in&tge DE T B3LYP/6-311G-H-(3df. gpdl.gdesariptipn,we obtain AE"..g
-0,942, SEg tgtff@@ﬁedﬁ S§ %lglr——fgif aéaﬁ‘r%?f%? éeé{?SiGe while the corregz)ondinrg tetrasilane
values are 01898, :@80eant 1@5%6&1’%9{4’@%@%9&9.%@%? BBt YRR dConformational
energy structyigRf HeSigiGamnshautaneike detrasianedsiessendiaibgidicitjcat Witis is not
unexpected in view of their ver simiL r bond character,, At é%%l]!e\{l%l &gdg r7ip§ion we find that
the analogou%@‘é’éa?@%%ﬁé%ﬁg% ﬁrélggn%g“aualt%ﬁéie ofm as that of tefra:#ane and GeSiSiGe,
but with significadnily.larger rotational barriers AE"_g = 3.235, AEg = 0.884 and SE, --- 5.713 5lccalimol.

It should be noted thay, gy BSLYRI Gl A B1(3d5/2nd) tetrasiiansaveluasdes Arsgrand AE, are
gualitatively different from those calculated by Albinsson et al 13 gty FQ&MPZ/&Q}E Igztvel for the same

molecule. In Phrtictith @ BHE aHtR B4 ret s PR S R DY e B & Ear fbentity of gauche
and linear confonTralion1eneveyidQnéAfine AEE8]A By partitiOd dndlBreauth@3eriedit/mol).
unfortunately, beceuse, INg.asise! IRYPIaAAH modelbamIstHes AN ARKgaChes both difer,

the origin of t iIscrepancy Is ambiguous. We therefore carried out a series of coupled cluster
calculatidhs dtthe OS2 246w 45k thd 334 lettcer DuldMer tteaEside s SesisiGe. The
results, showp,as solighHnResdmbise:fisaies rerarkabbpsoasistanti BiftvithiherBaIMP-based DFT
calculations (dashed lines in the figure), and indicate that the linear butane-like confarmation is the
ground state g%gifff A S GR Oéls\'/a%/%% REG™- 656 4 kcalimol. Furﬁ’#er_more,ethe magnitude of
the barrier copriedtinense taucheDAndNIERE dovofendio rRatrce Sititse fAstRcet o 0.36 kcal/mol
(-188 K) in the; GEEYLAN L% calsationsid hissmalivalug efdhertatsipipaldosigiers in 20tetrasilane
and GeSiSiGe js consistent wit facile low-t erature.conformational .intereonyersions observed
experiméﬁtall ith th rﬁéﬁrﬁﬁé’%ﬂnﬁ)ﬁ& at?% RUL) 56%‘%? \?5?6%650 ntgkllr@lg{&%eﬁ_’t é% 6§iﬁﬁo%g¥§omeric
spectrum, shoerliedEigracsils ehiraetieistictef simepaigrutERSHRPBhIIREhE¢E8hformational

isomers, whictyexhibited fuqensiant RIeReHINE, hetweersamias she25 cpranarions of the positional

isomers sens.itivelyg depend on the specific reaction conditions. This suggests nce the
{i-Si(SiGeGe)sY B SIS HER fIvRIFRA Yy B’e%?%i‘gbﬁ%tésdr?ggﬁ?} é?—ggri}%?g%ﬁféé%gvkgfégnﬁositional isomers
occurs. Chainigleauapa and apdntaleelotionis Chéyizatonvalie clisthydersivtb iosaly iielated tetrasilane
system dring photachsmicalimaix lsplation gResimeNs profdiging:rsiane tSighig) 30 and silylene
(SiH2).13 The formation i-Siellio observed as i’;\ mixture with n-SW-110 is then believed to follow from
SIFT2 insertioR ARESTHES SR OBYHLS SYRFIEHSNE s discussed in detail by Jasinski et al. this insertion
reaction is one of thé chawkicteristis! niechanisits algashshask foolisilapstiohehisstpgripossessing a
slight negativ%p%g%ﬂi%ﬂcwn in Figure 3, 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
isolated no inter-conversion between positional isomers occurs. Chain cleavage and
spontaneous isomerization are observed in the closely related tetrasilane SisHio
system during photochemical matrix isolation experiments producing trisilane (SisHs)

30 and silylene (SiHp)."® The formation i-SisHyo observed as a mixture with 7-SisHio 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 negazive activation
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energy and a very high collisional efficiency.14 We surmise that an analogous low energy germylene
insertion reaction channel is present in our synthesis route (see Eq.2) involving the triflate-substituted
disilanes at T > 22C, leading to the condensation of i-Si(SiGeGe). One plausible mechanism could
involve the 5 replacement of -803CF3 by Gel-13 at the 1-substitution site of (SO3CF3)2(Sil-12)2 (5),
followed by insertion of GeH2 I theRi-H, Pepds.ahhewential St siif Mdhgaging, SITI2-Gel13

intermediate?lgé%/ogltlon stuéles 10The deposition experiments were conducted on a clean Si(100)
substrates inPiftEY- ERGANRISLIIRTEGR AT EEU FIRRE WP T Bndfsy BB P HicKSEcope (LEEM) that
allowed in sitgyrealitivas abseyatioaoftheigraivtisirneess. The (RB3Ge)2{Sial2)@ géaseous precursor

reacted on the Si surface via H2 elimination at partial Rressuies ipviie.rapge of 10-5-10-8

» SONBKIE, or
Torr. Initially, fheTEaLton grow%g? E?we%lcs was 15 investigated using LEEM and the_activation energy

(Eacc) of therenlnspoaricoiifisEEpar1GaH 2idBe dratistitrém e <i Siatearidrnddbured. It is known
that for convegtional sfanesiandrgrimangs Hheibastis Miucketnwesitin siGe tontilting surface
(including Siiﬁ )Gt n.on g %%e Si. Thus, an accurate determination of Eaot can only be obtained
from measur géheeg?él\l/v?h rate of the first monolayer, (which grows 20 directly on pure Si) and not
that of subsequent layers, which grow on Ge containing surfaces and have higher growth rates. In this
regard LEEI\/ngggmgpg@l;mégnique because its dynamic imaging differentiates the Si(001)-(2x1)
surface from the Sii..,<Ge" epilayer and thus provides unambi or the correct
determintiort B ?%qﬁlg? 5§greﬁleléesnﬁsriwar hceorégr%% Tate %? %ﬁeﬂﬁ@p g%@%ﬁﬁ%lﬁ@’é&r vs. temperature.
25 For compagisondhengrowth ratemet GEpa 16apre1s] 3EEnHEGRRsEaRsISbItaB Hifhed using the
same method, QLGS AT SGAIARINAR the fiskmerslayertaokamggs i somplete on
pristine Si than subsequent monolayers. Figure 8 is a gra ing plo mperature
dependence 8RSt IAYEH é%\%&o%fe%.grﬁgaag iva |gﬁrgeaq§?g%¥sev%g%3aﬁgge#:§ﬁ;§§ 1using the relation
R - exp(-Ea/kiisTihe dathcara80otohsiEie Manith i ysthsreractin eavipkiBistiahatiés and yield E™ of

1.95, 1,66 ang J.4z8% fRi.L13609IH3 edfanch (EREe)A(3I Ri2neesnastivielywiihis indicates that
the latter it is not onlggmor reactive than HSGeS%.l-13 but is als_ mor reactiﬁe tt}an pure Ge2H6

despite the prESSiEE P IGHPETHIBhAE iR RS A tre. i\cgclg‘rvd}nglﬁ}, it represents a

unique high-reactivityspeitiesssuitabtedorsitw RenterstueVe300-400 cpitipiBegiaias of thick layers

(100-500 nm) with steichiomefiy.»ias pGeR-Se: refiecting ihakat te-sarmesnobdng precursor. Below we

describe the ée osition procedure and kegéresul re %Srg'nq\morglphofo , mljlcr strycture, composition
Eel% he irst monola ié C

and strain for A& RRRENCHR HHINEEE BT &R, s was investigated in the 350C - 500C
range viatdehyidratyermation 6f)(and 30e)R¢Si| ) DseTiratHiyREsMEMPERT IR Bsaopfeitidplanar layers is -
450C. The groyHratg:is md-MinBinARdhdereasemio dan/ninNMti3padcaappigsiable growth was

observed below 300C (1x10-5 Torr) dye.to the redu activity of the.compound., Thick films with
rough su rface@%ﬁ@f@%‘fﬁ%‘ﬁﬁ’ﬁ%f&ﬁ% Fﬁrgfﬁlraetgs\%\}grsg%ég)d é{\eig)égf%%%ﬂgn vn\%%l%lrgs}v?ﬁ rates as high as

15 nm/min. Theikymposition prdidrsterssbigarial vrattehe v RN <dtiGated by random
and Cha”ne”'%hB%r?%é%gr&@%gét&%m(&%)ﬁﬂe{mm@%&bﬁaﬁ@&imit@ﬂiﬁeﬁﬂﬁi@hly stoichiometric

material aligned with the substrate. The ratio of ttf'ng aﬂgneﬂﬁ{v %lgﬁét\bvg a S%o({aepea}rg%@eights (x",in),
which maéasures the'd§PBRBFE AT 15 e FaS8a oM Th 90 at the interface fo 6% at the
surface indicatiigzaldramatioedudclionthrsdistot dooH:Gsnéiy acrbssiitse miepnesdsithe film. This is
confirmed by high.resalution X TE Misuich ievesied pemmensuyaie SigatSs intertagas and perfectly
monocrystalline [ayer microstructures. A surv%g fTE an}ﬁlsgslasgpw%gwﬂo geesfeclﬁl genetrating
through the la§&PegERIALS Heltf SPORSI B S5

MUy the 20 micr gra%rhs indicating an upper limit in
the threading dislotaticnagnsitproficttO6imnh 2s(mghs eebiav 8st skphEdefeche dalicihe lattice

mismatch are concentratad Rearthedntarfaseragipnidaitacheynmnberefithese appgar to originate at

the SiGe/Si interface and show a propensit r te downward into the substrate (Figure 9).
Occasional edgédidiot5tidHEsphcEs Qﬁ%é%&???é%% oresgeawgl r}hlnsel{}?clloﬁffﬁ é}*att

observed in
the latter it is not only more reactive than HsGeSiHs, but is also more reactive than

pure Ge,Hs 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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25 steps on the Si surface (Figure 10). These are parallel to the interface plane and may 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 ow as 0.1 degrees and
relatively strain free 30 microstrugtures. Raman,scattering experi nduct ith several As+
laser lines ré%ﬁ?éﬁuéehiﬁrqu@ggeeagf {/a@rlﬂcéfolfﬁpfo%iyulcngceloa c%%ﬂgé%srs\&é?n nslfre%ﬂt he Raman
analysis indisatetothettthSicohepositidestirgrdes ofchoviermeseorBns wargE wRdRPIAMAE strain relaxation is

75% and 95 %4 fnpdilms with,Higknessset R0 and 508 nRsirspegtivals Whishisimgar to those obtained
by MUD. Atomic force micros,cop%“gAFM) stl,&giﬁ show that films with thickness of 50 and 750 nm

display RMSTSIPRSY GRS, S ARRP TR AR SuISEih ity %sr’_ 10x10 um2 areas, 5 indicating highly planar
surfacessfor sampl@segnowhest 4&A60@asiEhowes Biyericeaieday HeriyersYHOwAaee>450 C the AFM

images [Figurg Al(h)lshom & Jassiesress hatdnediigusiass palien sauseddyanisfit dislocations
produced during strain relaxation. It has been shown that bo ({jefect ir%gtﬁced interfzf-lce and bulk alloy

scattering coREdeiab Taducedha BHELH5h FobliftEH s LsMBIeS 2t grélargdes 10 the device
performance355°tleverthplessbtopneritiorral @yt otirar| 600 Jdslie Borhownteotiroduce Sii,Ge,

materials with, significantly,lower, crass batehing.Palieins isading Qralshenauglityelectrical properties.

In contrast to these methodologies, which typically involve low-order sjlanes and gennanes (Sil14,
Si2|-16,1@0af?@@?&‘l‘1‘61)?5th’@rﬁr€§’é{ﬁf%ﬂfesﬁ ili e%”fhégﬁﬁmﬁf@é@ﬁ\}]égénaﬁ froPd® /ﬁ"lgé%sive
(D3Ge)2(SiiiZ¥2 Yomportpounci Therdisekiscdrpacationf ohthBlSi2@Ge? molswalad Uit into the film

leads to low syiface, dilision sarmasiEsiq e comanliann) law miAss FomRoHNdRe Burthermore, the
high reactivity permits low growth tem&erature and F%r%?}gsggﬁhl h growth rates at pressures of -10-5
t ¥f

Ten leading to#vidaieiems nmegdoilifrsLs 18 FRBPp OS50 The thermal
properties of {befilms yiedednyestigaiass helweemdbOtzancs 8@ Gsgrerarigeyaellinithin device
processing temperatures. The XRD lattice con theRBS ruth valyes, and the: AFM roughness
were melncjxguré%g%rsﬁe%r %rﬁn}aalé’daéaf}ﬁ?p1ré§r§ﬁ% %gc?lgn%aret with the é:orrespgonding veilues of the
as-grown matedislinSaniplesstigtiensificreraschedhiskngs 268aMBid Mo tHERERY Merease in 25
surface roughpessQyrRaiterevecalingRtrrakdindicatinghat thisstifacerflanarity of our samples is

thermally robust. The XRD,and kB Aliqncd. spsciia wels, esspiavlisntcalhelore and after

annealing. Tkﬁes“?eecgﬁl?qusoé; Snfirms Tull re axation in the as-grown layers at T<450C. 30Conclusion We
have demonsteétetl paeegyiitscibrowshtibe Hararievitdnca ipduriddisitimolet wdr Foribfulas

(Gel-13)2(SiH2)2 (I iR HA2BIH Rilihe) e (Ceal-1R12(6EiH 26r AR (3and treir conformational
isomerS'Detaillg /cr% %%?g&%r%gtﬁ@s?amﬁepﬁgé%sc Ei?lélvt?)'sthe lattice mismatch are concentrated
near the interface region. In fact, a number of these appear to originate at the SiGe/Si
interface and show a propensity to propagate downward into the substrate (Figure 9).
Occasional edge dislocations spaced by ~150 nm are also observed in the vicinity of
25  steps on the Si surface (Figure 10). These are parallel to the interface plane and may
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. 5 The Raman

analysis indicated that the composition agrees well with the RBS value and that the
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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 of the individual conformers in the product sample at 22C.
Controlled depositions of (1) 5 have produced stoichiometric SiGe films possessing the desired
properties for semiconductor E}fpplicationsoincluding pe,trgbe%gly cr staging an% ggbtaxial microstructures,
smooth morProriesatigRditiITRE AR stPaift- T8I El ST GG Cprattical advaitages associated
with this low;tepenReWRIGHAMEIE) thapicigadwdbingRide: (i) short deposition times compatible with
preprocessed Si wafers, (ii) 10 selective growth for application in high frequency devices, and (iii)

negligible mass setjreatiorromispety, WD 8H&F RO RPCARS P i assers> Einally we have
found That theseseamrapBRgRaLe mearkably stabienaesspstendediperiads ahtireswith evidence of

decomposition, and thus represent viable molecular sources for ntial industr ~6,slpplications_ 15
ExperimentaP $ettign. Wmﬁ%ﬂlﬁﬁé i PLBRIen, OWH%lgﬂl

188 wehe Calrie rgmnundgar inert conditions using standard
Schlenk and1dybdotdeimicgresnRiyi>if o €etisoMBYitinaese [EisHmed fRohshsithe £ 'aifydrous CaCl2 or

sodium benzephenong. ketyl o in st ANV & speatspwaracolluted 20igilbesion a Varian INOVA
400 spectrometer operating at 400 MHz or g Gemini 300 spectrometer, les,were dissolved in
CDC13 or CEEfEHA% aﬁﬂl?él&%%‘%?e?gﬁgéodheﬁﬁ%? i?g‘égﬁ/(fol}l?%rée‘?ﬁgc%@?ﬁ%e%%ton signal of TMS
or the residuglaselingripeddcasyindivatethe|Resparmabilidiiesrachriesrmsing BdEemiGas cell with KBr

windows, Elemental. apalyseswere Reriniuied bynRaserkroaipties (hucsanpREnfeizona). Gas
chromatogragﬂp}/ mass spectrometry (GCMS) data Wf gn btf\l@gglcllg&lg] ggllnI;OIEl MS-GC Mate Il
spectrometeKIPBH@erEd Ut mim CRITPRAT IR AIH Bh i %M fiem© thichloro(p-tolyesilane

r
ahydroaluminate i
(Gelest), trifluakimathaigresuffatiie atic@ifaeste), nbnedissettne: Ineifsisiozieid (Aldrich) and

electronic grade JeIMANG 35y dlehdaciwereriseehasseasivedi Thecuarling materials p- 30tolyls
a

iIanc,chIoro(ﬁthl)Tyl)sl ne,1,2-bis(p-tolyDdisilaneand is ?fluorometrglsu{%%%go ?fl'silane were
&

prepared acdbfdiigite [ReFS I 57e CLEUHSL I AR BhfinT ShedRET by foscopy. Potassium
germyl was sysibesizedie tieooglymerasimgsidiSiSpotasisiniar(@0%nk) il GimTierdcoupling reactions

using powdegg_de)i\;Vhigqﬁa\éveergiﬁsri@{nagfg#gr@d heliyp egvioRmeNt rRheRiBalRARAMNE atmosphere to
prevent formation of fithium nitride. gl)-- oly1)2(Si112)2. 56\ solution of monochlor%(ip-tonOsnane (20.0
g, 63.8 mmo@tpﬁk@rmore, the high reactivity pérmiits low growth temperature and promotes high

growth rates at pressures of ~107 Torr leading to device quality films devoid of cross '

hatched surface morphologies.

20 The 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 7w values, and the AFM roughness were measured for the
annealed samples and compared with the corresponding values of the as-grown
materials. Samples with a thickness as low as 200 nm did not show any increase in

25  surface roughness even after annealing at 750°C indicating that the surface planarity
of our samples is thermally robust. The XRD and RBS aligned spectra were
essentially identical before and after annealing. This result also confirms full

relaxation in the as-grown layers at T<450°C.

30 Conclusion

We have demonstrated the synthesis of the butane-like compounds with molecular
formulas (GeHa)a(SiHy), (1) (GeHs):SiH(SiHs) (2) and (GeHs)o(SiH,GeHy) (3) and

their conformational isomers. Detailed characterization of the products was
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5 n-butyl ether (120 mL) and toluene (40 mL) is stirred with sodium pieces (1.68 g, 146.2 mmol) for 5 h
at 125 C. The mixture is filtered and the filtrate is distilled to remove the solvents and other impurities.
The remaining colorless liquid product (4.40 g, - 60 %) was examined by NMR to determine its identity
and purity and was subsequently used without purification. 10 (C4F9S03)2(S1112)2: A sample of

CAF9S0311 (7.9 g, 26,3 mmol Y tioniofil, 2Rdalydisiane (3.18 g, 13.1
mmol) in tolﬁ%‘lﬁlg%id?l& Cm,%}l %%Igﬁi%qp%%%%?t}tiéw%ﬁr% efgiggl;/?fo rmed %?Igé\?v {l . ;

/ \ eemperatures. The
reaction flashevasaivainmddiess23 & a5t sHrag PR THhe SSISIESS sSTWAS filtered and dried in 15

vacua. Repeafed:senaenratimanducheokagwittiestotnent filttaite tat 1XOPCrjtatdeldtdditional product.

Yield = 7.9 g (95 %). Mp = 68 'C. llINIvL HZ) GR GRS BB DS 8itbdB 4 (AF 272 Hz,
Si-H2,3..TH@QV%XH%B%%?NH N (%.@ﬁ%%’(%%f%? 5?%3%2?1. Anaé.)C;Ich .for(, R 165206Si2Hd:
C, 14.59; H,10v61pRdad0SiHeuemetcs 149 fimp gyssesiyg 74° éﬁi‘ﬁée‘”éﬁ’ﬁfgﬁﬁfz 3" method A: A 20

mL solution gf (C4RAK08) 24itdeR)A(4.6ic RS NMyadiriyas avisteldito a sidrryepit&BeH3 (2.00 g, 20.9

mmol) in diethyl ether (15 inL), at -40 C. The reactior thenwarmed 1110t Gignd stirred under
nitrogen for TARSHBFWRTCHT W%snﬁé% %8%?53§n§ o?fgg}%zydgﬁional Ih, ]’C%e t\?olatilleﬁere 25 fractionally

distilled severattimiesithnogghasserigsedrel tis 30V 15psHETe 66 BO-FRE BEE4EE Fetained pure
(H30e)2(Si1}2)24268 nagh2 & Nigld):wibiecigalite Gitaprepriaisied Solveriysarit)traces Gent and
Siat. Vapor pressure: 7.0 Tom (23 C). IR (gas, em' é214 2 o Insg9 (W), 799 (s), 740
(vw), 689 (s) i Garoash %Mﬁp?ﬁaf\)ﬁﬁén(a@% ﬁﬁg‘%f&%ﬁ%@ﬁ@ﬁ%ﬂggﬁ%‘é’% 3%: 4 1'Hz, 611, Ge-
30 113), 83.200dgids 39zt Mhici-H2yruery AR FOEMRECEHEYABED (this value is

close to that phseryad;for. (HAGRIZSLE 2akrili2y 4R, G OMSKRIIRIE-1G8 (SiRBeRk ), 180-170
(SiGe21-181, 152-143 (Ge2H6:), 1

‘ 40-126 (Si2GeHs_x+), 107- ' + 72 (Gent"), 62-58
(Si21-16.7), S?dzeceﬁﬁﬁeﬁ?"tpﬁ’&é@)ﬁéﬁ%‘}%f?%reeﬁ%%%"@?’gi %“3%"3%’(5‘?%%50 )%?%i?ﬂZ)Z (3,399, 9,5
mmol) was apldedrta apglirajoos.2.40 g (20.9 mmol) of KGeH3 in diethyl ether (30 mL) at -30 C. The
mixture was then warmed to 23 C and stirred under nitrogen for 5h. The 5volatiles were fractionally
distilled and the (H.BGeé(;iH'Z)Z product in its pure form was collected at a -50 C trap (0.250 g, -13%
yield). (SiH2 &P} RSRIR) AR compound is obtained as a byproduct in the synthesis of

All manipulations were carried out under inert conditions using standard Schienk
and drybox techniques. Dry, air-free solvents were distilled from either anhydrous
CaCl, or sodium benzophenone ketyl prior to use. All NMR spectra were collected

20  either on a Varian INOVA 400 spectrometer operating at 400 MHz or a Gemini 300
spectrometer. Samples were dissolved in CDCl; or C¢D¢ and all nuclei were
referenced either directly or indirectly to the proton 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 Anaiytics (Tucson,

75  Arizona). Gas chromatography mass spectrometry (GCMS) data were obtained using
4 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-

30  tolylsilane, 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 germyl was

synthesized in monoglyme using sodium-potassium (80% K) alloy. The coupling
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(H3Ge)_2(SiH2)2, and was isolated by repeated distillation through U-traps under static 10 vacuum
maintained at -20 and -50 C to collect SiH20eH2(GeH3)2 and (H3Ge)2(SiH2)2, respectively. Vapor
pressure: 1.0 Torr (22 C). IR (gas, cm-1): 2145 (m), 2073 (vs), 910 (w), 878 w),793 (vs), 723 (w), 679
(w), 615 (s), 443 (vw). Nlvla. (400 MHz, C61D6, 7.15 ppm): 53.30 (sept, J= 3.9 Hz, 21-1, Si-H2), 83.23

(t, J4.6 Hz, 3, Gg:AL3) M@aé& i3 QR B Gen 1Rl h3 s aentnrilied thi, 2H, Ge-H2). 29Si
NMEL (79.5 1\41-17, C6D6): 8 -98.2. GCMS: nil Lﬁgﬁ -240) (SiGe3E10-x+), 230-212 (SiGe2H8.,!),
184-169 (SitePB- %)nas?heiezfi RESETHEY Tﬁé’%l 18i36eta8 x.), 108-98 (SiGeF16-x+), 77-70

(Geld-), 32-28 (Si-1-4). REFERENCES I|. Mooney, P.M.; Chu, J. O. Annu. Rev. Mater. Set 2000, 30,

%’;ﬁ v Ge&q%ﬁ%ﬂ )éR%%xEud}{'o@%&%&a@&rﬁﬂoﬁflﬁt%ﬁ@@ (2000, 830481in di- 3. Kuo, Y-H;

oth E.; Kamins, T. | rs 2005, 4
1334, 4.5 ec-ptyl $hsrel 2 M) erdgabens R Wé% s%é}eet ‘%1 I ‘e§es 1? ELrgs > 537E
Kasper, S. Heinm ARRJISUE S Sci; OCA. 224s Bixture 6 Gliamie aM. ﬁFe fS@@f?a\?dﬁ%in@‘B Langdo, TA.;

Leitz, C. W.; Fitz er:illd OABpI Ih 1
L PNYS, ks 1998 fatdtting 38ridssRilieE Godut, C.; Chizmeshya,
AVG.; ToIIe,3 lewer, g g(?rr% R pKOU\S/etakl?s J. J. oFlhe Al:msscgeﬁ %ﬁoc 2005, 127(27), ’

9855-9864. (4. 408&%@%’%%&%%‘% NMRsprfsternerits ity g PR XA V. G.;

Ritter, Cole; {ggialaisustd Appbadhiitysiusm| etters 2005, 87(18), 181903/1-3. 159. Nljhawan S.; Mc
Murry, P.H.; Swihart, M.T.; Suh, S-NI; Girshick, S.L.; Campbell, J. E. Brockmann, S.A. Aerosol

Suencel%OOS 34, 691-711. 10. Soldner, M.; Schier, A.; Schmidbaur, H.; J. O
1996, 521, 205.FsSO03),(SiHz): A sample of C4F9803H (7 9 g, 26.3 mmol) was added torsgJ ?P mTeta"IC Chem.

solution of 1,2-(p-tolyl)disilane (3.18 g, 13.1 mmol) in toluene at —40 °C. A colorless
precipitate was immediately formed at low temperatures. The reaction flask was
warmed to 23 °C and stirred for 1-2 h.  The colorless solid was filtered and dried in
15  vacuo. Repeated concentration and cooling of the toluene filtrate at ~20 °C yielded
additional product. Yield=7.9 g (95 %). Mp = 68 °C. "H NMR (300 MHz, CDCls):
55.078 (s, Jsi= 272 Hz, Si-Hy, *Jus = 3.6 Hz). “SiNMR (79.5 MHz, CDCl): 6~
30.1. Anal Caled for CgF58206Si2Hy: C, 14.59; 1, 0.61; F, 51.95. Found: C, 14.27;
- H,0.87; F, 5174
20
(H;Ge),(SiH,),, method A: A 20 mL solution of (C4F9SO3)a(SiHz), (4.67 g, 9.5
mmol) was added to a siurry of KGeHs (2.00 g, 20.9 mmol) in diethyl 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 (HsGe)x(SiHy), (260 mg, 26 % Yield) while the —196 °C
trap contained solvent, and traces GeHy and SiH;. Vapor pressure: 7.0 Torr (23 °C).
IR (gas, cm™): 2147 (5), 2073 (vs), 910 (w), 879 (w), 799 (s), 740 (vw), 682 (s), 651
(m), 442 (vw). "H NMR (400 MHz, C¢Ds, 7.15 ppm): 63.106 (t, J=4.1 Hz, 6H, Ge-
30 Hs), §3.290 (q, J=3.9 Hz, 4H, Si-Hy). »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 (SiGeHgx ), 152-143 (GeoHes), 140-126 (Si;GeHsx ), 107-98
(HxSiGeHs"), 77-72 (GeHy"), 62-38 (SizHex '), 32-28 (SiHLM.

33



11. Gaussian 03, revision C.02; Frisch, M. J.; Trucks, Cl W.; Schlegel, H. B.; 20 Scuseria, G. E.;
Robb, M. A.; Cheesernan, J. R.; Montgomery, J. A., Jr.; Woven, T.; Kudin, K. N.; Burant, J. C.; Millam,
J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.;
Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fulcuda, R.; Hasegawa, J.; Ishida,
M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakal, H.; Klene, M.; Li, X.; 25 Knox J. E.; Hratehian, H. P.;
Cross J.B,; Adamo C,; Jaramlllo J.; Gomperts R.; Stratmalm yev, O.; Austin, A. S.;

Catnmi, R.; BHGSHSEL o amdakB: wam}a@ EF‘%’SDM%F&&ZM@P(&Q&WWI)Awa;%alvador P.;

Dannenbergxdheatozaadiﬁaefvmkmé ngDDaﬂﬁbﬂthﬁG@Emﬁd%ﬂ%dBtheS(BalmlMatC??OP@rkaS O.; Nialick, D.
K.; Rabuck,A. D.; Raghavacharl

qres Cui, Q.. B I A. G.; Clifford,
S,; CleslowsTﬁeérmg{’@fé’ﬁsc?vhﬁnlﬁv rﬁl gélas &n Stl,r&éd%ls %rr%l @gel?ofcrr{asr,gmal?l Martin, R. L.; Fox,
D. J.; Keith, #lafilet alanfidotioha]] Pémgd@i g Rar(EpGikldPe i ; PEMRdaEOIS RO, P. M. W..

Johnson B.. Ghen Wi Qng,%t 65@@@&43% Rople, J. A.; Gaussian, Inc.: Wallingford CT
2004. 12. Ur gr%OJe %c reiner, P.R acek G,;Sc Ieygr P.;Huang, J. Q.;Leszczynski J. Chem. Phys.

Lett. 1997, 264, 441. 13. Albinsson, B ;Teramae, H.;Plitt, H.S.;Goss, L.M.;Schmidbaur, H.;Michl, J. J.
Phys. Chem(slﬁ%eﬂgm&@g; Stk dasinskd 3. dityiBecermbprpivalshilik s@ifems Rev. 1995, 95,
N L2 v Ry RES DB AL SR o SIS R 99812, 332

MCSLLT W tompound 0 I SIH (GeT erelnHy is3or4
10 vacuum maintained at ~20 and -50 °C to collect SiH,GeHy(GeHs), and

(H3Ge)x(SiHy),, respectively. Vapor pressure: 1.0 Torr (22 °C). IR (gas, cm’ hy: 2145
(m), 2073 (vs), 910 (w), 878 (W), 793 (vs), 723 (W), 679 (W), 615 (s), 443 (vw). !
NMR (400 MHz, CsDs, 7.15 ppmj: §3.30 (sept, J= 3.9 Hz, 2H, Si-Hy), 63.23 (t, J=
4.6 Hz, 3H, Ge-Hj), §3.13 (t, J= 3.90 Hz, 3H, Ge-Hs), §3.03 (sept, /= 4.0 Hz, 2H,

15  Ge-Hy). *SiNMR (79.5 MHz, CsDg): § -98.2. GCMS: m/z 256-240 (SiGesHiox ),
230-212 (SiGeoHg. ), 184-169 (SiGerHsy'), 154-141 (GegHsx ), 136-128 (SizGeHs.
), 108-98 (SiGeHs."), 77-70 (GeHax"), 32-28 (SiH4).
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wherein nlis 1, 2, or 3 to satisfy valency; and wherein n2 is independently 0, 1, 2, or 3 for each Ge
atom in the compound, to satisfy valency, and wherein when y is 3, then n2 is 2 for at least one Ge
atom in the compound, and wherein when y is 3, then nlis 1 or 2. 2. The compound of claim I,
wherein nlis 2 or 3. 103.The compound of claim | wherein y is 3. 4. The compound of claim 1
whereiny is 4. 5. The compound of claim 1 wherein the silicon germanium hydride is selected from the
group consistitty or _SiHrGeH2GeH3; GeH3-GeF12-Gel12- GeH2-SiH3;

GeH3---Ge 121G M BiflR-Ma 6HB; /G HBB M2 iy Gel-1800ste135; Gen[(Si113)(GeH3)(GeH?2)

I(GeH3); G e;—l RG Q;l(% (S M 203U 30 SINHERE 32 faebid) Hebel3) «and
GeHRGeH3)2(SiH2)1(GeH.O. 6. The compound, of claim 1 wherein the sjlico manium hydride is
Ge.H3-Sil12- Gefds: 3?1:33{,3"’?.X%’c{%gﬁég%hg‘b%%%rﬁ%%v%nlé}rs ’nl?b;gei(\:dgﬂrﬁﬁoﬁlj%%’according to claim
1. 208.Asmethod Hesignihgsizinged $8mBoubtbdf claim |, comprising  combining a compound

selected from theygrowp eapgisting of axpanafiyorobutang-sslionieisubsutes disifane and a trillate
substituted disilane, with a compound comprising a GeH3 ligand under conditions whereby a

compound accordiﬁb‘ to claim 1 is formed. 259.The method of claim 8 wherein the compound
comprising a 68HS. ligaped, i Heim, App! Surf. Sci. 2004, 224, 3.

6. Currie, M. T.; Samavedam, S.B.; Langdo, T.A.; Leitz, C. W Fitzgerald, E.A.
10 Appl. Phys. Lert. 1998, 72 (14), 1718.
7. Ritter, C.I.; Hu, C.; Chizmeshya, A.V.G.; Tolle, J.; Klewer, D.; Tsong, L. . T ;
Kouvetakis, J. J. of the Am. Chem. Soc. 2008, 127(27), 9855-9864.
8. Hu, C-W.; Menendez, J.; Tsong, L. S. T.; Tolle, J.; Chizmeshya, A. V. G.;
Ritter, Cole; Kouvetakis, J. Applied Physics Letters 2005, 87(18), 181903/1-3.
15 9. Nijhawan, S.; Mc Murry, P.H; Swihart, M.T.; Suh, S-M; Girshick, S.L.;
Campbell, J. E. Brockmann, S.A. Aerosol Science 2003, 34, 691-711.
10. Soldner, M.; Schier, A.; Schmidbaur, H.; J. Organometallic Chem. 1996, 521,
295.
11. Gaussian 03, revision C.02; Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.;
20 Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven,
T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.;
Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.;
25 Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.; Gomperts,
R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J; Cammi, R.; Pomelli, C,;
Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A, Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D; Strain, M.
C.; Farkas, O.; Malick, D. K.; Rabuck, A. D; Raghavachari, K.; Foresman, J.
30 B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B.
B.; Liy, G.; Liashenko, A.; Piskorz, P.; Komaromi, L.; Martin, R. L.; Fox, D. J.;
Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.;
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J.
A.; Gaussian, Inc.: Wallingford CT, 2004,
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selected from the group consisting of KGetl3 and N.aGeH3. MCSLLP 10.The method of claim 9
wherein the method comprises combining the compound comprising a GeH3 ligand with a
nonalluorobutane-sulfonic substituted disilanc, and wherein the nonafluorobutane-sulfonic substituted
disilane comprises (S 03 C 4F9)2(S iH2)2. 511.The method of claim 10 wherein the method comprises
combining the compound comprising a GeH3 li with a Jriflate substituted disilane, and wherein the
triflate substituted diane SEHRe &O%%?%dg}ﬁﬁzap 9%%11%@2%%2? ¢ élﬁ!élgting a Si-Cie
material on a substraie PesréactidGiambér, comprising 10introducing into the chamber a gaseous
precursor compyisinyg; one, ORmArE, campopRdsiascarling. o aleimilhander sangitions whereby a layer
comprising a Si-Cie material is formed on the substrate. 13. The method of claim 12 wherein the step
of introducing the 65%%5&%”&)9@&9@81"%“5% introducing the gaseous precursor in substantially
pure forny, 151447 heimethonioBtaimalR. WiektiRtlighste paf i9tddUcil3he gaseous precursor
comprises introlucing the BAREONS PISGUERRANAS & FNGIRAAB $OUICery 45 GRigumatipd of claim 12
wherein the step of introducing the gaseous precursor comprises introducing the gaseous precursor
intermixed with anffér’*arrier gas.
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16. The method of claim 15 wherein the inert carrier gas comprises H2. 2017.The method of claim 15
wherein the inert carrier gas comprises N2. 18. The method of claim 12 wherein the gaseous
precursor is deposited by gas source molecular beam epitaxy. 19. The method of clai %y\{berein
the gaseous precursor is deposited by chemical vapor deposition. 2520.The method of claim 12
wherein the gaseous precursor is introduced at a temperature of between 300C. and 450C. MCSLLP
The method of claim 12 wherein the gaseous precursor is introduced at a partial pressure between
10-8 Torr and 1000 Torr. 22.The method of claim 12 wherein the Si-Cie material is formed on the
substrate as 3'&&Mlaxed or uniformly strained layer having a planar surface. 523.The method of
claim 12 Wheﬁe;?n theAcg %%Hggf%%gpe ma_lterial is substantially uniform. _ The method of
claim 12 wherein the gaseous precursor is deposited by plasma enhanced chemical vapor deposition.
25. The method of ckiim, LZrathghgin the gaseous precursor is deposited by laser 10assisted chemical
vapor deposition.

wherein y is 3 or 4;
5 wherein nl is 1, 2, or 3 to satisfy valency; and
wherein n2 is independently 0, 1, 2, or 3 for each Ge atom in the compound, to

satisfy valency, and wherein when y is 3, then n2 is 2 for at least one Ge atom in the

compound, and wherein when y is 3, thennl is 1 or 2.

2. The compound of claim 1, wherein nl is 2 or 3.
10 3. The compound of claim 1 wherein y is 3.
4, The compound of claim 1 wherein y is 4.
5. The compound of claim 1 wherein the silicon germanium hydride is selected

from the group consisting of GeHs—SiH,—GeH,—GeHs; GeHz;—GeH;—GeHy—

GeH,—SiH3; GeHs—GeH,—GeH,—SiH)—GeH;; GeHy—GeH;—SiH,—GeHy—
15 GeHs; GeH[(SiH3)(GeH;)(GeH,)|(GeHs); GeH[(GeH3),(GeH,)](SiHs);

SiH[(GeH3)(GeHy)](GeHs); and GeH[(GeHs),(SiH,)](GeHs).

6. The compound of claim 1 wherein the silicon germanium hydride is GeHs-SiH,-
GeH,-GeHs.
7. A composition, comprising two or more compounds according to claim 1.

20 8. A method of synthesizing a compound of claim 1, comprising

combining a compound selected from the group consisting of a
nonafluorobutane-sulfonic substituted disilane and a triflate substituted disilane, with a
compound comprising a GeHj; ligand under conditions whereby a compound according
to claim 1 is formed.

25 9. The method of claim 8 wherein the compound comprising a GeHj; ligand is

selected from the group consisting of KGeHj; and NaGeHs.
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26. The method of claim 12 wherein the gaseous precursor is deposited by atomic layer deposition.
27. The method of claim 12 wherein the entire Si and Ge framework of the gaseous precursor is
incorporated into the Si-(ie material or epitaxial Si-Ge. 1528.The method of claimij@avherein the
gaSeous-precursor comprises one or more compounds selected from the group consisting of
Gel13-SiH2-GeH2- -GeH3; Gell3- GeH2-GeH2-GeH2---Sifl3; GelL-GeH2 GeH2 Si:12-0013;
Gel:13-GeH2 - SiH2-0e112-GeH3; GeH[(SilI3)(GeH3)(GeH2)1(0cH3); GeHRGeH3)2(GeH2)1(Si1l-13);
Sifi[(GeH3)2(Gel-12)1(GeH3); and Gel—é[ eH?é%ﬁgSiHZ‘}légel-l?: ..2029.Tp§e me%od of clai

12wherein thd Yaseds prek ot B A SEC SRRSO G AT I8 P8 Bl.n?heen%%%%lﬁcg claim 12,
wherein the 5&@%&{85%1%%1@39& ligoni AL dhemeibedalclaim 30 \ybareirdnasaubstiaie comprises
Si(100). 32. A method Tor depositing an epitaxiallayer on a substrate, comprising introducing near
a surface of thesuhsitate @ gaseobsprecuiisonicantprising onelanavorepcarypounds according to claim
1, and dehydrogenating the precursor under conditions whereby epitaxial Si-Ge is firmed on the
substrate. (A b6mpd$itibha)comprising one or more compounds according to claim | in an inert gas.

Sy T Seagiton LIPS MRS RS R AUE S IRN DGRHR gRSISng of H2. He.

compound comprising a GeHj ligand with a triflate substituted disilane, and wherein

the triflate substituted disilane comprises (SO;CF3)2(SiHz),.

12. A method for depositing a Si-Ge material on a substrate in a reaction chamber,
comprising
10 introducing into the chamber a gaseous precursor comprising one or more

compounds according to claim 1, under conditions whereby a layer comprising a Si-Ge
material is formed on the substrate.
13.  The method of claim 12 wherein the step of introducing the gaseous precursor

comprises introducing the gaseous precursor in substantially pure form.

15 14, The method of claim 12 whetein the step of introducing the gaseous precursor
comprises introducing the gaseous precursor as a single gas source.
15.  The method of claim 12 wherein the step of introducing the gaseous precursor

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

16. The method of claim 15 wherein the inert carrier gas comprises Hy.
20 17.  The method of claim 15 wherein the inert carrier gas comprises N.
18. The method of claim 12 wherein the gaseous precursor is deposited by gas

source molecular beam epitaxy.
19.  The method of claim 12 wherein the gaseous precursor is deposited by chemical
vapor deposition.

25 20.  The method of claim 12 wherein the gaseous precursor is introduced at a

temperature of between 300°C. and 450°C.
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21.  The method of claim 12 wherein the gaseous precursor is introduced at a partial
pressure between 10 Torr and 1000 Torr.

22. The method of claim 12 wherein the Si-Ge material is formed on the substrate as
a strain-relaxed or uniformly strained layer having a planar surface.

23.  The method of claim 12 wherein the composition of the Si-Ge material is
substantially uniform.

24. The method of claim 12 wherein the gaseous precursor is deposited by plasma
enhanced chemical vapor deposition.

25.  The method of claim 12 wherein the gaseous precursor is deposited by laser
assisted chemical vapor deposition.

26. The method of claim 12 wherein the gaseous precursor is deposited by atomic
layer deposition.

27.  The method of claim 12 wherein the entire Si and Ge framework of the gaseous
precursor is incorporated into the Si-Ge material or epitaxial Si-Ge.

28. The method of claim 12 wherein the gaseous precursor comprises one or more
compounds selected from the group consisting of GeH3—SiHy—GeH,—GeH;; GeHy—
GeH,—GeH,—GeH,—SiH;; GeH;—GeH,—GeH,—SiH,—GeHs; GeH;—GeHy—
SiH,—GeH,—GeHs; GeH[(SiH3)(GeHs)(GeH,)(GeHs); GeH[(GeHs)(GeHy)](SiHs);
SiH[(GeH;3)2(GeH,)](GeHs); and GeH[(GeH3)2(SiH)[(GeHs).

29.  The method of claim 12wherein the gaseous precursor comprises GeHz-SiH,-
GeH,-GeHs.
30.  The method of claim 12, wherein the substrate comprises silicon.

31.  The method of claim 30, wherein the substrate comprises Si(100).

32. A method for depositing an epitaxial Si-——Ge layer on a substrate, comprising
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introducing near a surface of the substrate a gaseous precursor comprising one or
more compounds according to claim 1, and dehydrogenating the precursor under

conditions whereby epitaxial Si—Ge is formed on the substrate.

33. A composition, comprising one or more compounds according to claim 1 in an
inert gas.
34. The composition of claim 33, wherein the inert gas is selected from the group

consisting of H,, He, N,, and argon.
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