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Abstract: The synthesis of butane-like (GeHs)2(SiH2)2 (1), (GeHs).SiH(SiH3) (2), and (GeHs)2(SiH.GeHy)
(3) Si—Ge hydrides with applications in low-temperature synthesis of Ge-rich Si,—xGex optoelectronic alloys
has been 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 (GeHs)2(SiH2). (1) and
(GeHzs)2(SiH.GeHy) (3) compounds exist as a mixture of the classic normal () and gauche (g) 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)2(SiH,)2 (1) species was then utilized to fabricate Sigs0Geo.so Semiconductor alloys
reflecting exactly the Si/Ge content of the precursor. Device quality layers were grown via gas source
MBE directly on Si(100) at unprecedented low temperatures 350—450 °C and display homogeneous
compositional and strain profiles, low threading dislocation densities, and atomically planar surfaces. Low
energy electron microscopy (LEEM) analysis has demonstrated that the precursor is highly reactive on
Si(100) surfaces, with H, desorption kinetics comparable to those of Ge;Hg, despite the presence of strong
Si—H bonds in the molecular structure.

Introduction To circumvent these difficulties we have recently developed

Heteroepitaxial Ge,Six layers on Si(100) with high Ge & New chemigal vapor.deposi'tion (QVD) heterloepit'axy route to
contents (above 50 at. %) are of interest due to many Produce device quality strain-relieved Ge-rich films on Si
applications in key technologies such as solar cells, MEMS, Without the need for graded compositiois.Our strategy
quantum cascade lasers, and Si-based phoféhinsluding involves depositions of single source hydride precursors with
high-speed modulators and photodetectokowever, these  direct Si-Ge bonds such as the {8e)SiHs—x (x = 1—4) family
materials are much less developed despite this high impactof compounds. These are routinely synthesized with semicon-
potential in IR optical devices. In addition, they serve as virtual ductor grade purity via straightforward methodologies utilizing
substrates for growth of high mobility, strained Si and Ge device commercially available starting materidl3heir physical and
channels, and are also considered as a potential pathway tachemical properties such as high volatility and facile reactivity
monolithic integration of I+-V based devices with Si technolo- make them particularly useful as reagents in low-temperature
gies*5 The best current route to these materials is complicated film growth by CVD and gas source molecular beam epitaxy
and fraught with difficulties, requiring both high-temperature (GSMBE). Our initial growth experiments have yielded single-
growth of thick =10 um) compositionally graded films and a  crystal films with compositions $dGe.50 Sio.35G.67, Sio.25
chemical-mechanical planarization step to relieve the misfit Gg,;5 and SjdGess precisely matching those of the corre-
strain between the GgSix epilayer and Si substrate and sponding precursors Sigehs, (HsGepSiHs, (HsGe)SiH, and

produce a flat surface. (H3Ge)Si8 Our results demonstrate that exact control of the
* Department of Chemistry and Biochemistry. composnmp, §tructure, .and stram.at the atomic level can be
* Department of Physics and Astronomy. achieved via incorporation of thentire Si—Ge framework of
§ Center for Solid State Science. ; ; ; ;
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sources and grow at much lower temperatures that are compat{SO,C,F,),(SiH,), + 2KGeH, —

ible with CMOS technology. (H;Ge)(SiH,), + 2KSO,C,F, (1)
Within this compositional range thegsiGe) sosemiconductor .

system is of particular importance because it possesses the idedSO;,CF3),(SiH,), + 2KGeH; —

lattice dimensions to integrate fully strained Si channels (H3Ge)(SiH,),+ 2KSO,CF; (2)

exhibiting high electron mobilities into metal oxide silicon field .

effect transistors (MOSFETS). Thus these materials are ideally (p-tolyl)(SiH), + 2 HSOC,Fe —

suited for immediate technological applications in high-speed (SO,C4Fg)5(SiH,), + 2(toluene) (3)

de\(ice_s. Howevgr, in our e?(periments v_ve have pbserveg that(p—tolyl)z(Sin)z—i- 2 HSOCF, —

stoichiometric SjsdGeso With the required device quality )

properties (surface planarity, low defect densities), can only be (SO,CF,),(SiH,), + 2(toluene) (4)

grown near a maximum temperature o#50 °C at a growth

rate of only 0.2 nm/min which is too low to be practical for

high throughput device fabrication_. Neg!igible film_growth was replacement of-SOsC4Fs by Gehy occurs exclusively at the
observed at lower temperatures vig@¢SiHs, while films with 1,2-substitution sites of (S04Fe)2(SiHz)2 (4), as expected.

rough surfaces and high dislocation densities were obtained . ever. the route described by eq 2 yields a mixture of
above~500°C due to the thermal mismatch with the substrate. poqucts including (Gebs(SiHy)s (1), the isobutane analogue

In our prior studies we have found that the growth rate (Geh),SiH(SiHs) (2), and the Ge-rich derivative (GeJA(SiH,-
increases significantly with increasing molecular weight in the GeH,) (3) depending on reaction conditions (Figure 1). Specif-
H3GeSiH;, (H3Ge)SiH,, (H:GekSiH, and (HGe)Si sequence ically, low-temperature{ — 10 °C) reactions of (S@CFs)2-
of precursors.The larger masses limit the surface diffusion and (SiH,), (5) with KGekHs (eq 2) afforded predominately and
increase the sticking coefficients leading to rapid growth of impurity levels of3. These species are separated by distillation,
atomically smooth films with reduced defect densities and and the minor low volatility fraction (vapor pressure-ef Torr
uniform atomic distributions. This indicates that new compounds at 22 °C) was characterized by a variety of spectroscopic
with increased reactivities and larger molecular weights than methods as the Ge-rich derivati8gossessing a heteronuclear
HsGeSiks should provide significantly improved growth char- H2SiGeH core (Figure 1). In contrast to the low-temperature
acteristics of the desired SigGey.so alloys. pathways, the reaction of (SOFs)2(SiH,) (5) with KGeH; at

In this study we synthesize and fully characterize the butane- T = 22°C yields predominately combinations of the positional

like (Ge SiH)» (1) compound containing highly reactive  isomersl and?2 in varying proportions (a small amount 8fis
—Hz(Si—gl?I)—|2£— flj)r?cgicznalitieps (rather than sgg){ ?’h g HSi— also produced, but this is readily separated form the bulk via
SiH, dimeric unit has been identified as the dominant reactive fractional distillation from thel and2_m|_xture). In this case

. ) S . o the replacement of S{OF; by Geh initially occurs at the
intermediate in high temperature CVD via decomposition of 1-substitution site of (SECF)x(SiHy)s (5) as expected. The
conventional Si-hydrides. These species lead to highly efficient A2 P '

. . o . second replacement could produce germyl disilane ;SitHp-
growth of homoepitaxial SlPrecursoll is specifically designed G d | GeNi ;
. S - , t diat ther than the 1,2-
to incorporate these necessari,Si—SiH,— building blocks ett, and germylene (Gehlintermediates rather than the

. digermyldisilane, (HGel(SiHz)2 (1). Insertion of GeH into
and provide a new Iow-tgmperature .route for development of a SiHSiH,GeHs then may yield (Gek),SiH(SiHs) (3) as shown
broad range of Si-containing materials. Here we demonstrate;, eq 5. A similar insertion mechanism (discussed in detail in

the utility of 1 to produce device quality &dGe so ?"OVS at subsequent sections) has been observed in the photochemical
unprecedented low temperatures of 380 A 10-fold improve-  generation of gas phas&isHio from Sik insertion into trisilane
ment in the growth rate~2.0 nm/min) is achieved at 35 SiHs—SiH,—SiHs (eq 6):

relative to growth (0.2 nm/min) at 45C via GeHSiH; leading
to uniformly stressed or strain-relaxed thin films directly on Si —SiH,—SiH,—GeH, + GeH, —

with planar surfaces and remarkably reduced dislocation densi-  “SiH,—SiH,—GeH, + GeH,” — (GeH,),SiH(SiH,) (5)
ties. En route tdl we have produced the isobutane analogue ) ] ] ) ] o
(GeHb),SiH(SiH) (2) and have also isolated and fully character- SiH;—SiH,—SiH; + SiH, — (SiHy),SIH(SiH;)  (6)
ized the Ge-rich derivative (Gej}(SiH.GeH,) (3). The latter

is a moderately volatile liquid, with potential applications in
low-temperature synthesis of Ge-rich optoelectronic alloys.

The route described by eq 1 produced pure, single-phage (H
Ge)(SiHy)2 (1) as a colorless, pyrophoric liquid. Here the

The synthesis of5 is described by eq 4 and has been
previously demonstrated elsewhere. figdlyl)»(SiHy), starting
materials has been produced via coupling reactiong-afl{!)-
SiH,Cl with powdered lithiunt? In the present work we adopt
a more convenient, analogous approach using readily available

The synthesis of the main product 1,2-digermyldisilane, sodium fragments as the coupling agent. Compo&nis
(H3Ge)(SiH,)2 (1), was accomplished via reactions of KGgH  obtained as a highly reactive liquid, which is difficult to fully
with the nonafluorobutane-sulfonic and triflate substituted handle and purify. Consequently its reactions with KGeke
disilanes (GFeSOs)2(SiHy)2 (4) and (SQCFs)x(SiHy)2 (5) as complex and produce mixtures of products as described above.
illustrated by eqs 1 and 2, respectively. The starting materials ; i -

. . . (9) Nijhawan, S.; McMurry, P. H.; Swihart, M. T.; Suh, S.-M.; Girshick, S.
4 and 5 were prepared via reactions of the corresponding L.; Campbell, J. E. Brockmann, S. Merosol Scienc€003 34, 691—
Su_lfomc acids HSEC4Fs and ) HSQCF; with 1,2-(-tolyl)2- (10) 7Slollc'iner, M.; Schier, A.; Schmidbaur, Bl.Organomet. Cheni996 521,
(SiHp)2 (egs 3 and 4, respectively). 295.

Results and Discussion
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a sis of monocrystalline films produced by single source MBE
’- - ( ,- depositions of the compound at 35C (eq 7). The Si/Ge

D Q elemental content of the films was consistently 1:1 reflecting
_‘ : o L § precisely the composition of the ;&e, core of the molecule.
n-GeSiSiGe 2-GeSiSiGe (H3Ge)Z(SiH2)2 (gas)—> 2SiGe (film)+ 5H2 (gas) (7)
c (GeHs),SiH(SiH3) (2): The isobutane-like structure 8fwas
o J ' A determined by?Si and*H NMR studies. The proton NMR
¢ resonances are present as a multiplet centered at 3.049 ppm
'd due to—SiH and two doublets centered at 3.213 and 3.404 ppm
n-GeSiGeGe 2-GeSiGeGe corresponding to the{GeHs), and—SiHs protons, respectively.

The integrated peak intensity ratio efSiH, (—GeH),, and
—SiHsz is 1:6:3, respectively, as expected. The peak intensities,
- the coupling patterns, and the position of the peaks in the
°_ A o spectrum collectively point to the isobutane-like structure in
' a’ which an Si center is tetrahedrally bonded to two Ggkbups,
/ one Sik group, and a single H atom. This structure is further
. Qi confirmed by 2D'H COSY and H—2°Si HMQC NMR
' Vojecul :-S|(f's;GeGeL § e measurements. The 2Bl COSY spectrum showed cross-peaks
g?%icl;'e)z(soilic)l: g:]jtzé‘ggﬁ(’ss‘i’wteiF”b‘)’r[’?n_éigis‘?g‘é‘;_g%s'?gg?f that correlate to the central SiH, and terminal Geid Sit
{n-GeSiGeGeg-GeSiGeG, respectively] and of the positional isomer ~ fésonances at 3.049, 3.213, and 3.404 ppm, respectively,
i-Si(SiGeGe) for (Gek),SiH(SiHs). indicating a HSi—SiH—(GeHs), connectivity, which is con-
sistent with the proposed isobutane structure. A proton-
In contrast the newly prepared compouhid readily crystallized decoupledH—2°Si HMQC spectrum showed that the H atoms
as a robust molecular solid that is completely isolated from the at 3.049 and 3.404 ppm are directly bonded to Si atomsl2il
reaction byproducts and other contaminants, thereby leading toand—93 ppm, respectively. THSi chemical shift - 121 ppm,
high purity (HsGe)k(SiHy)2 in subsequent steps according to eq in CsDg) due to the central Si atom in this molecule is similar
1. The compositional, vibrational, and structural properties of to those found for SiH(Gegk (—113 ppm in CDC) and
the newly synthesized compountls2, 3, and4 are presented  Si(Geh)s (—128 ppm, in CDGJ). A close correspondence is
below. also found between th&Si chemical shift £93 ppm) due to
(H3Gek(SiH2)2 (1): The (HGel(SiHz)2 (1) species is the terminal Si atom and those of the terminal Siirbups 92
prepared as described by the reactions depicted in (egs 1, 2ppm) for HGeHsSi.
and was isolated and purified by fractional distillation (vapor  Gas-chromatography mass-spectrometry experiments (GCMS)
pressure of~8—10 Torr at 22°C). The FTIR,?°Si NMR of samples containing @&ek(SiHy)2 (1) and (GeH),SiH(SiHs)
(proton-coupled), and mass spectra indicate a 1,2-digermyld-(2) indicated the presence of two major fractions that displayed
isilane with a butane-like structure as shown in Figure 1. The slightly different retention times in the GC column, which is
IR spectrum shows the SH and Ge-H stretching modes at  consistent with a mixture df and2 possessing slightly different
2147 and 2073 crii, respectively, and a set of absorption bands boiling points. Furthermore, these fractions displayed essentially
between 910 and 442 crhcorresponding to the bending modes identical mass spectra. The highest mass peak is observed in
of the molecule. These assignments are consistent with thosethe 216-196 amu range corresponding to theG&Hx") parent
made previously for the (6Ge)SiHs—x (x = 1—4) family of ions of 1 and2. Samples of the mixture were further character-
silyl germane<. A more detailed interpretation of the full IR ized using IR spectroscopy. The spectra are essentially a simple
spectrum is obtained from quantum chemical calculations, and admixture of the individual and2 components. The spectrum
the data show fixed combinations between the butane-like of 2 was theoretically determined since the compound could
normal and gauche conformers df) ((see section below for  not be completely separated in pure form frdmvia our
details). ThelH NMR spectra reveals a quartet at 3.29 ppm distillation method due to the similarity in their boiling points.

and a triplet at 3.11 ppm corresponding to the Biand Ge-H The contributions of each compound in the experimental IR
protons, respectively, which is consistent with g&d—SiH,— spectra were then determined using a fitting procedure involving
SiH,—GeH; molecular structure. This structure is further both the observed and the calculated spectra.

confirmed with 2D'H COSY and!H—2°Si HMQC NMR (GeH3)(SiH,GeH,) (3): Compound 8) is a byproduct of

experiments. The 2BH COSY spectrum showed cross-peaks the reaction described by eq 2. Its gas-phase IR spectrum shows
that correlate to StH and Ge-H resonances at 3.29 and 3.11 the Si-H and Ge-H stretching bands centered at 2145 and 2073
ppm, respectively, indicating the +H5i—Ge—H connectivity. cm1, respectively. The intensity of the G#l peak in the

A proton-decoupledH—2°Si HMQC spectrum showed thatthe  spectrum is significantly stronger than the-$l due to the

H atoms at 3.29 ppm are directly attached to Si atomsld5 greater number of GeH bonds relative to StH bonds. The
ppm. The mass spectra revealed an isotopic envelope at 210 H NMR spectra showed a set of two sextets at 3.30 and 3.03
196 amu as the highest mass peak corresponding to the parenppm ensconcing two triplets at 3.23, 3.13 ppm. The integrated
ion (SkGeHy™). The associated fragmentation pattern is peak intensity ratios of the sextet-triptdtiplet-sextet sequence
consistent with the proposed structure. The existendeveds are 2:3:3:2. The integrated intensities the coupling patterns and
further corroborated by Rutherford backscattering (RBS) analy- the position of the peaks in the NMR spectrum collectively point

J. AM. CHEM. SOC. = VOL. 128, NO. 21, 2006 6921



ARTICLES Chizmeshya et al.

to a HiGe—SiH,—GeH,—GeHs molecular structure in whicha  Si—Ge (or Ge-Si—Ge—Ge) skeletal plane, as well as the
central SiHGeH, core is bonded with two terminal GgH isobutane-like positional isomeiSi(SiGeGe) (Figure 1). These
moieties. In particular, the sextets at 3.30 and 3.03 ppm can beisomers are completely analogous to those previously reported
associated, respectively, with the Sighd GeH protons of the in tetrasilane and related molecules, and in subsequent discussion
central —SiH,GeH,— while the triplets at 3.23, 3.13 ppm we simply refer to them as-GeSiSiGe, g-GeSiSiGe, n-
correspond to terminal Gehprotons. The Sibland GeH NMR GeSiGeGe and-GeSiGeGe, and-Si(SiGeGe), as shown in
frequencies in this case correlate well with those in the Figure 1. Our results indicate that the observed spectra of both

previously reported (kGe)SiH, and GeHGeHSiH; com- the synthesized compounds are completely accounted for by a
pounds’ The assignment of the sextet at 3.30 ppm to the;SiH admixture of then-, g-, andi-type conformations.

protons was further corroborated bytd—2°Si HMQC NMR Initial basis set convergence tests showed that a full resolution
spectrum, which indicates a direct coupling to a singi of differences in the calculated properties of the conformational/

resonance found at98.2 ppm. In addition, a 2BH COSY positional isomers requires an even more stringent treatment

NMR spectrum was used to unequivocally establish the specific than that used in the prior studies ons@G#)SiHs—, hydrides,
ordering of the Ge Si—Ge—-Ge backbone constituents. Cross- particularly with regards to calculated vibrational properties.
peaks correlate an SH and three GeH resonances at 3.30,  Accordingly all of the calculations described in the present work
3.23, 3.13, and 3.03 ppm. These correspond, respectively, towere carried out at the B3LYP/6-313G+-(3df,2pd) level as
SiHz, Geh (terminal) connected to GeHGe—Hjs (terminal) implemented in the Gaussian03 cdde.
connected to Sip} and Gekl. The mass spectra showed an  1he results of the structural optimizations, obtained using
isotopic enyelope at 256233 amu as the highest mass .peak “tight” convergence criteria, are presented in Table 1. The table
corresponding to the parent ion (SiB") and a fragmentation jigts the hond length, bond angle, and bond torsion data for
pattern consistgnt with the molecular gtructure. ' n-GeSiSiGeg-GeSiSiGen-GeSiGeGey-GeSiGeGe, andSi-
(C4FeSOs)2(SiHz)2 (4): Compoundtis isolated at 95% yield (giGeGe). In all molecules, the skeletal structure exhibits typical
as a colorless, pyrophoric solid with a melting point of €3 Si—Si and Si-Ge bonds with the gauche conformations

It is readily soluble in ethers, CHgland CHCI, and slightly exhibiting slightly (0.002 A) longer/shorter SBi/Si—Ge bonds
soluble in toluene. ThéH NMR spectrum showed a singlet 4 their linear counterparts. In the isobutane-like isor®ir

centered at 5.08 ppnd (Si—H) due to SiH and?°Si satellite (SiGeGe) the SiSi bond lengths (2.351 A) are found to be
peaks. These exhibit a triplet of triplets with a one-bondSi intermediate to those in the other isomers, while the Gé
coupling of 272 Hz and a HH three-bond coupling of 3.6 Hz. 54 s dilated to a value of 2.400 A. All the-S8i values,
This indicates the presence of a secondSjkbup consistent 5 35455 352 A, correspond closely-0.1%) to that found in

with the ~Sit;Siki;— core. Furthermore, a proton decoupled v, jlicon ay/3/4 = 2.352 A wherea (5.431 A) is the lattice
H—%5i HMQC showed that the proton resonance at 5.08 ppm constant of crystalline Si in the diamond structure. The-Ge

is directly attached to a Si atom at30.1 ppm. These values Ge value found im-GeSiGeGe ang-GeSiGeGe, 2.446 A, is

are consistent with those observed for the triflate analogue-(SO also close to that of bulk germanium (2.449 A’) The hétero-
i 10 : . .

CFo)ao(SiHy)2 (5).” Compound4 was further characterized by, joar skeletal SiGe bond lengths exhibit a distribution in

FTIR, mass spectrometry, and C, H, F elemental analysis, andthe range 2.3962.400 A and represent an average of the Si
the data are fully consistent with the proposed structure (seeSi and Ge-Ge values (2.399 A)

Experimental Section).

The Si-H and Ge-H bond lengths occur exclusively as
Ab Initio Simulations of Molecular Properties central SiH moieties and terminal GeHgroups in then- and
Structural and Thermochemical Properties: To corroborate ~ 9-GeSiSiGe isomers, with values of 1.486 A and 1.539 A,
the identification of (Gek)2(SiHy)2, (Gehs).SiH(SiHs), and respectively. In the corresponding GeSiGeGe isomers thel Si
(GeH)2(SiH,Gehy) described above we simulated the structural, bonds associated with the Sikhoiety has essentially the same
energetic, and vibrational trends of these compounds. In prior value, 1.485 A, while the GeHnoiety exhibits a slightly longer
studie we demonstrated that B3LYP hybrid density functional Ge—H bond (1.542-1.548 A) than that in a GeHterminal
theory (DFT) simulations provide an excellent account of the group, as expected. Due to its unique structure-BgSiGeGe)
ground-state structural, thermochemical, and vibrational proper-isomer possesses both terminal $ihd GeH groups and a
ties of the (HGe)SiHsx family of molecular hydrides. In  single SiH moiety. Here the GeH bond lengths associated with
particular use of the 6-3116+(2d,2p) basis set yielded small  the terminal Gek groups have the same value (1.539 A) as
typical bond length and frequency discrepancies (on the orderthat in GeH groups of other isomers, while the corresponding
of 0.4% and 1.4%, respectively). Accordingly, our first attempt terminal group SiHs bond lengths are slightly contracted
at reconciling the observed IR spectra with those calculated was(1.483 A). The longest SiH bond length is associated with
based on the same procedure and on the assumption that théhe central SiH moiety and has a value of 1.488 A. Collectively,
fundamental structures anebutane-like. Although this approach  these bond length trends are consistent with those found
provided a close match to most of the main spectral features previously in the heaviest members of the@e)SiHs—x (x =
observed, several strong low-frequency features remained unac3, 4) family of molecules.
counted for in the calculated IR pattern. In view of the prior The data presented in Table 1 also shows that the inter-
success of the B3LYP approach we concluded thbtitane- metallic skeletal bond angles, as well as those involving
like molecular structures alone could not account for the hydrogen-metal bonds, are essentially unchanged between all
spectrum of the synthesized compounds. We therefore expandedsomers studied. The only exception is found in theGe—Si
our calculations to include the gauche conformational isomers
in which a terminal Geklgroup is rotated out of the G€5i— (11) Frisch M. J. et al.Gaussian 03revision B.04; Gaussin Inc.; 2003.

6922 J. AM. CHEM. SOC. = VOL. 128, NO. 21, 2006



Synthesis of Butane-Like SiGe Hydrides

ARTICLES

Table 1. Calculated Thermochemical (300 K) and Structural Properties of the Conformational Isomer Pairs { n-GeSiSiGe, g-GeSiSiGe},
{n-GeSiGeGe, g-GeSiGeGe} and positional isomer -Si(SiGeGe)?

n-GeSiSiGe g-GeSiSiGe i-Si(SiGeGe) n-GeSiGeGe g-GeSiGeGe

Bond Lengths
Si—Si 2.350 2.352 2.351
Si—Ge 2.398 2.397 2.400 2.398 2.396, 2.400
Ge-Ge 2.446 2.446
Si—H 1.485 1.486 1.488, 1.483 1.485 1.485
Ge-H 1.539 1.538 1.539 1.548, 1.542 1.548, 1.542

Bond Angles
Ge-Si—Ge 110.7 112.7 112.8
Si—Ge-Ge 112.8 113.4
Ge-Si—Si 112.6 112.8 111.2
H—Si—H 107.7 107.7 108.6 107.7 107.8
H—Ge—H 108.3 108.2 108.3
H—-Si—Ge 108.9 108.8 107.7 109.0, 109.2 109.0
H—Ge-Si 110.5,110.5, 111.0 110.7 109.5, 1105, 111.1 109.3, 110.7
H—Si—Si 108.4

Bond Torsions
Ge-Si—Si—Ge 180.0 66.0 -33.1
Ge-Si—Ge-Ge 180.0 64.1
H—Ge-Ge—H 58.2,62.0,178.4 58.4,61.7,178.5
H—Ge-Si—H 58.6,61.5,178.8 58.5,61.9,178.9 53.1,72.6,179.7 58.8,61.4,179.0 59.9,60.1,179.8
H—Ge-Si—Ge 57.6,62.2,177.8 59.8, 59.8, 180.0 58.7,61.2,178.8
H—Si—Ge-Ge 30.2 (58.6 57.0,174.5
H—Ge-Si—Si 58.6, 61.5, 180.0 59.5,60.4,179.7 58.2,61.8,178.3

Energetics

Eo —4739.094 740 —4739.093 652 —4739.094 943 —6526.593 697 —6526.593 140
Eo + Ezpe —4739.013 922 —4739.013 009 —4739.014 382 —6526.514 649 —6526.513 945
Eo + Etot —4739.003 483 —4739.002 561 —4739.003 703 —6526.503 627 —6526.503 131
Eo + Heorr —4739.002 539 —4739.001 616 —4739.002 759 —6526.502 683 —6526.502 186
Eo + Georr —4739.051 456 —4739.050 695 —4739.052 539 —6526.555 562 —6526.553 533

aThe units for bond lengths, bond angles, and energies are angstroms, degrees, and hartree, respectively

bond angle distributions, which possess several values in thecalculation of the frequency spectra, and all molecules studied

linearn-GeSiSiGe isomer and a unique value in all of the others.
The Ge-Si—Si—Ge torsion angle in the linear molecules is
180, indicating that the metal atoms are confined to a common
plane, while the gauche conformations exhibit torsion angles
of 66° and 64 in Ge-Si—Si—Ge and Ge Si—Ge—Ge,
respectively. Itis also evident from the data that the intermetallic
and metat-hydrogen bond angles in theSi(SiGeGe) isomer

exhibited a positive definite spectrum of harmonic frequencies
indicating that the ground state structures are dynamically stable.
GesSipH10 Molecules: Figure 2 shows plots of the calculated
spectra oh-GeSiSiGeg-GeSiSiGe, and-Si(SiGeGe), convo-
luted with a Gaussian of width-20 cnt? to simulate experi-
mental broadening. Both the high- and low-frequency regions
are shown. It should also be noted that frequency scaling

are, on average, closer to ideal tetrahedral values than thoseypically employed to reconcile the slight frequency overesti-

predicted for the other conformational/positional isomers.

Table 1 also lists the thermochemical energies of the
molecules, including the total ground-state electronic enEggy
and its value corrected for zero-point energy correctispd),
thermal energy Ecorr), enthalpy Hcorr), and free energy
(GecorRr) at 298 K. In the case of the @&i;H10 molecules our
calculations indicate that thieSi(SiGeGe) isomer is slightly
favored at room temperature, with a free energy difference of
0.0008 Hartree or about 2.0 kJ/mol (notesT @ 300 K~ 2.4
kJ/mol) relative ta-GeSiSiGe. The latter molecule’s free energy
is, in turn, more stable than that giGeSiSiGe by about 2.8
kJ/mol. For the GeSiGeGe compound th&eSiGeGe isomer
free energy is lower than that of its gauche conformation by
0.0020 Hartree (5.3 kJ/mol).

Vibrational Spectra: To facilitate the interpretation of the

mates obtained using this level of theory has not been applied
to the calculated spectra shown in these plots. The interpretation
of the high-frequency spectral features (Figure 2) is straight-
forward: the lower frequency pairs of peaks designateainl

ny in n-GeSiSiGe (Figure 2d),;gand g2 in g-GeSiSiGe (Figure
2e), and 4; and iy in i-Si(SiGeGe) (Figure 2f) correspond to
symmetric and antisymmetric Gé1 stretching vibrations,
respectively. Similarly, the symmetric and antisymmetric [Si
stretching vibrations are designategland ry in n-GeSiSiGe
(Figure 2d), gz and g4 in g-GeSiSiGe (Figure 2e), angyiand

i15 in i-Si(SiGeGe) (Figure 2f), respectively. The calculated
splitting (13-14 cnT?!) between the symmetric and antisym-
metric bands (in either SiH or Ge—H) is approximately the
same in all isomers; however, all of these bands are systemati-
cally lower (~4—5 cnth) in frequency in the gauche isomer.

observed FTIR spectra we calculated the vibrational frequenciesin addition to these features the high-frequency spectrum of

and intensities of the conformational isomer&eSiSiGe and
g-GeSiSiGe and positional isomieBi(SiGeGe) of the primary
product, as well as those of the minor specigseSiGeGe and
g-GeSiGeGe, using the B3LYP DFT functional at the B3LYP/
6-311G++(3df,2pd) level. No symmetry was imposed in the

the positional isomer-Si(SiGeGe), shown in Figure 2f, also
exhibits an isolated vibrational feature near 2177 tidesig-
nated by iz in Figure 2f), which corresponds to the centrat-Hi
stretching vibration.

The low-frequency nonskeletal vibrational structure, also
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Figure 2. Calculated IR spectra of-GeSiSiGeg-GeSiSiGe, and-Si(SiGeGe). The low- and high-frequency ranges are shown in pgl¢b),(c} and
{(d),(e),(f}, respectively. Empirical frequency scaling has not been applied to the spectra shown here. Individual spectral featureSeSibise,
g-GeSiSiGe, and-Si(SiGeGe) molecules are labeled with’,*“ g", and “i”, respectively. Corresponding molecular structures are drawn as insets in the

low-frequency plots.

shown in Figure 2, is considerably more complex and involves
in- and out-of-plane, symmetric and antisymmetrie BiGe—H
wagging vibrations. The most striking difference between the
spectra oh-GeSiSiGe ang-GeSiSiGe (parts a and b of Figure
2, respectively) is that four distinct features<{ms) of the linear
isomer are effectively split in its gauche counterpart. For
example, the strongest bandnrGeSiSiGe, p corresponding

to highly symmetric S-H wagging vibrations parallel with the
molecular backbone, is split into three bands denotedsbgsg
and g in the gauche isomer exhibiting very strong—$i
wagging parallel to the SiSi bond. Among these sgnvolves

the least “crowded” protons in the molecule and accordingly

dominant features near 800 ci(i; and &) correspond to in-
phase and anti-phase symmetricaH&twags of the terminal
GeH; groups while featureyiis the asymmetrical analogue to
these vibrations. In the SiHerminal group the StH wagging
vibrations (ig) occur at~951 cnt!. Finally, featuressiand &
are unigue to theé-Si(SiGeGe) molecule and involve perpen-
dicular SH wags of the SiH moiety.

SiGeH1p Molecules: For then- and g-(GeHs)2(SiHGeh)
isomers we corroborate the NMR characterization by directly
comparing the observed IR spectrum with that calculated for a
~1:3 mixture ofn-GeSiGeGe and-GeSiGeGe conformations
(a detailed explanation is given in the following section). The

exhibits the greatest intensity. The weak shoulder indicated by calculated IR spectra for both time andg-isomer, convoluted

04 in theg-GeSiSiGe spectrum is the antisymmetric counterpart
to mode g@. Finally, the distinct feature near 925 ciin the
n-GeSiSiGe spectrumgncorresponds to SiH wagging vibra-
tions perpendicular to the SBi axis involving symmetric
H—Si—H bending motion. In the gauche isomer this band is
split into symmetric and antisymmetric counterparts denoted
by go and go. Only a few bands appear to be common to both
isomers. In particular featuresi(g;) near 430 cm! (asym-
metrical wagging of the terminal GeH protons), (8:97) near
800 cn1! (symmetrical terminal GeH wagging parallel to the
Si—Si bond), and (;igs) near 876 cm! (terminal Ge-H
wagging perpendicular to the -SGe bonds). The weak band
designated gin Figure 2b involves symmetrical terminal Gkl
wagging and has a silent counterpart in theGeSiSiGe
molecule.

The low-frequency spectrum ofSi(SiGeGe), shown in

with a Gaussian of width-20 cnt? to simulate 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
n-GeSiGeGe og-GeSiGeGe conformations are denoted\hy
andG;, respectively.

The high-frequency SiH stretching bands are similar to
those found in the GeSiSiGe analogues, exhibiting a calculated
splitting of 13-14 cn1! between the symmetric and antisym-
metric bands and a systematic overadl—5 cnr ! shift to lower
frequency in the gauche isomer. Here {I&17) and (Nio:Gie)
correspond to asymmetric and symmetric—Hi stretches,
respectively. However, a simple comparison for corresponding
Ge—H stretching vibrations for these isomers is vitiated by the
lower symmetry of GeSiGeGe isomers. For example the
asymmetrical GeH stretch (N) in n-GeSiGeGe is split into

Figure 2c, has a slightly simpler structure due to the molecule’s contributions Gy, G14, and Gs in the gauche isomer while the

higher symmetry. The lowest frequency wagging modes found
in the g-GeSiSiGé€g;, oo} are effectively split into asymmetrical
pairs {i1,iz}, and {is,is}, respectively, ini-Si(SiGeGe). The
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symmetric Ge-H stretch, N in the n-GeSiGeGe, is split into
bands G; and Gs.
In the low-frequency range of the spectrum we find a strong



Synthesis of Butane-Like SiGe Hydrides

ARTICLES

LB L L L L L LN LR

400 500 600 700 800 SO0 1000

Frequency
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high-frequency ranges are shown in ggag®} and{(c),(d)}, respectively.

The spectral features of theGeSiGeGe and-GeSiGeGe isomers are labeled “N” and “G”, respectively. Empirical frequency scaling has not been applied
to the spectra shown here. Corresponding molecular structures are drawn as insets in the low-frequency plots.

correspondence between mode assignments ofnthand
g-isomers above 700 crh Specifically, the asymmetrical
H—Si—H wagging vibrations Klin n-GeSiGeGe appears ag G
in g-GeSiGeGe, with a frequency near 731 ¢mAs in our

admixtures of conformationdin-GeSiSiGe g-GeSiSiGé and
positional {i-Si(SiGeGe),g-GeSiSiGé isomers for the St
GeHip family. To proceed with the analysis all of the required
theoretical spectran{, g-, andisodisomers, see Figure 2) are

earlier discussion we designate such corresponding pairsfirst calculated on a fine frequency grid (1 chspacing) and

between isomer conformations as 3(®). Intense GeH
wagging vibrations (MG;) associated with terminal GeH
groups appear near 808 ch Similarly, H-Ge—H “scissor”
modes at 866 cmt are designated as £NGg), while their
H—Si—H counterparts (NGio) appear at 936 crmi (the
frequency of the corresponding mode in the GeSiSiGe isomers
was ~925 cntl). The features denoted §NBo) consist of
asymmetrical “scissor’-like vibrations associated with the
terminal GeH groups.

The most significant differences between the IR spectra of
the n- and g- isomers are found below 700¢émThe most
intense spectral feature mGeSiGeGe (B is associated with
a highly symmetric wagging of the protons bound to the @eH
moiety parallel to the molecular backbone. In the gauche isomer
this mode is split into three features denoteg G;, and G,
corresponding to asymmetrical Gkl wagging of combinations
of individual protons in the Gepmoiety. Finally, the mode N
in the n-isomer, consisting of concerted symmetrical wagging
of terminal GeH protons at both ends of the molecule, is split
into two modes @ and G in the gauche isomer in which
symmetrical wagging occurs independently in the two geH
terminal groups.

Isomer Admixture Analysis: To estimate the molar con-
centration of the comformational and positional isomers in the
observed spectra, we adopt an approach commonly employe
in “multiphase” fitting of X-ray spectra, in which a normalized
admixture of known pure-phase candidate spectra is fitted to
an unknown observed spectrum of the combined molecules.
Using the same procedures as those in our prior studies-on Si
Ge hydrides we have calculated the spectra of 10 digermyl-
disilyl positional/conformational isomers (to be described
elsewhere). These calculated spectra serve as a proxy for th
unknown pure isomer candidate spectra normally supplied by
experiment. A comparison of our calculated spectra with that

of the synthesized compounds suggests the presence of simple

then partitioned into low-frequency @600 cnt?) and high-
frequency (16082600 cntl) regions. We denote the low-
frequency spectra of thgn-GeSiSiGe,g-GeSiSiGé pair by
{In(w), lg(w)} and those ofi-Si(SiGeGe),g-GeSiSiG¢ by
{li(w), l4(w)}. The corresponding observed spectrum of the
synthesized compount,{w), produced on a discrete frequency
grid {wi} by the spectrometer (resolutien2—3 cnl), is then
used to construct an objective function (eq 8). For example, in
the case of thgn-GeSiSiGe g-GeSiSiGé admixture:

OB.ym) = Z{Iexp(wk) — Byl (o) + (1= )l o)}
8)

wherey is the normalized admixture of andg-spectraf is
the global amplitude of the theoretical spectrum gni$ the
common frequency scale factor applied to the theoretical spectra.
An identical procedure is used to treat thieSi(SiGeGe),
g-GeSiSiGé 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-GeSiSiGé pair this yields a
scale factor ofy = 0.984 and an admixture ¢f = 0.392 (i.e.,
~39%n-GeSiSiGe). This optimized scale factor is very similar
the value 0.989 used in previous studies of thg3&)SiHs—x

0
({wdrideg and SjHs, GeHg and HGeSiH; moleculed? at this

level of theory. As shown in Figure 4a the resulting low-
frequency composite theoretical spectrum € 1600 cntl),
generated using this scale factor, agrees remarkably well with
the observed one. To simulate the composite high-frequency
spectrum for{ n-GeSiSiGe,g-GeSiSiG¢ we employ the ad-
mixture parameter derived from low-frequency behavjors

E'0.392, and reduce the scale factomto= (0.9909) = 0.975.

(12) Urban, J.; Schreiner, P. R.; Vacek, G.; Schleyer, P.; Huang, J. Q.;
Leszczynski, JChem. Phys. Lettl997 264, 441.
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Figure 4. Comparison of an experimental spectrum of (@etbiHy)2 (1)

with a superposition of theoretical spectra for {neGeSiSiGeg-GeSiSiGe

combination: (a) low-frequency region (562100 cntl) and (b) high-
frequency Si-H/Ge—H region (1906-2300 cnt?).

This low- to high-frequency scale factor ratio was previously
found to yield an excellent account of the scaling behavior in
related molecule¥ Figure 4b demonstrates that the optimized

parameters obtained using fits to the low-frequency spectra also

faithfully and independently reproduce the high-frequency
behavior, confirming the integrity of our procedure. Application
of the foregoing low-frequency analysis to the positional
isomeric combinatiofi-Si(SiGeGe)g-GeSiSiGe yieldsy =
0.985 andy = 0.678 (i.e.,~68% i-Si(SiGeGe). The sample

spectrum is compared with the calculated admixture in Figure

5, which indicates that the vibrational structure is largely
accounted for using the admixture procedure.

The corresponding results for the GeSiGeGe compound are

shown in Figure 6. A completely analogous fitting procedure
to that above yields, in this case, an admixture parameter
0.235 (i.e., 23.5%n-GeSiGeGe) indicating that the gauche
conformation ¢-GeSiGeGe) is dominant in the gas phase. As
in the GeSiSiGe analysis, we find that fitting parameters
obtained from the low-frequency spectrum & 1600 cnt?)

yields an excellent account of the high-frequency stretching
bands using the reduced frequency scale factor 0.975 (Figure

6b).
Remarks on Conformational and Isomeric Stability: We
have observed that the proportions derived for thand g
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Figure 5. Comparison of an experimental spectrum of g§58H10 sample
[containing a mixture ofl and2] with a superposition of theoretical spectra
for the{i-Si(SiGeGe)g-GeSiSiGé combination: (a) low-frequency region
and (b) high-frequency SiH/Ge—H region. The theoretical spectra consist
of an admixture of 68%-Si(SiGeGe) and 32%-GeSiSiGe.

(a)

THEORY

EXPERIMENT

L LI R B B B B e B

600 700 800 900 1000 1100
Frequency (cm™)

500

(b)

THEORY

EXPERIMENT

————————
1900 2000 2100 2200 2300
Frequency (cm™)

Figure 6. Comparison of an experimental spectrum of (Get$iH.GeHy)
with a superposition of theoretical spectra for the-GeSiGeGe,g-
GeSiGeGg combination: (a) low-frequency region and (b) high-frequency

cgnformational isomers d_o not C.hange very much between gj—p/Ge—H region. The theoretical spectra consist of an admixture of 23%
different samples. To elucidate this observation we calculated n-GeSiGeGe and 77%-GeSiGeGe.

the potential energy surface (PES) of the butane-like GeSiSiGe

as a function of the GeSi—Si—Ge backbone torsion angle.
The linear conformation corresponds a torsion angle of 180
while the gauche modification occurs a66° (see Table 1).

levels of theory. In all cases the value of the linearttans-)
configuration is chosen as the reference energy. The figure
shows that all three molecules exhibit very similar energy-torsion

For each fixed value of the torsion angle all remaining structural profile plots with a global minimum at 180 a n—g barrier
degrees of the freedom are optimized resulting in a “relaxed” (En—g) at~120, a local minimum at the gauche configuration

PES. Figure 7 compares the torsional PES for butankl L
tetrasilane (SHi0), and GeSiSiGe (8BeH1g) at the DFT
B3LYP/6-311G+(3df,2pd) and ab initio CCSD/LANL2DZ

6926 J. AM. CHEM. SOC. = VOL. 128, NO. 21, 2006

(Eg) near 68 and a maximum value corresponding to the eclipse
saddle pointEg). Using the DFT B3LYP/6-3116+(3df,2pd)
description we obtaidE,—g = 0.942,AE; = 0.362, andAEe
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Figure 7. Relaxed potential energy surface 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/
6-311Gt++ (3df,2pd) calculations, respectively. The plots show that the
gauche @) GeSiSiGe is very slightly metastable compared to the lingar (
and that then—g energy barrier is very small on a thermal energy scale
consistent with the mixture of conformations observed in the IR spectra of
the molecule.

1.628 kcal/mol for GeSiSiGe, while the corresponding

tetrasilane values are 0.895, 0.360, and 1.591 kcal/mol, respec
tively. At this level of theory the conformational energy

structures of GeSiSiGe and tetrasilane are essentially identical.

This is not unexpected in view of their very similar bond
characters. At the same level of description we find that the

analogous PES for butane has the same qualitative shape as

that of tetrasilane and GeSiSiGe but with significantly larger
rotational barriersAE,-g = 3.235,AE5 = 0.884, andAE, =
5.713 kcal/mol. This is likely due to the shorter/stronger@
bonds within the carbon chain backbone, which lead to a
concomitant increase in H repulsion. In contrast to butane the

reduced proton repulsion in tetrasilane, GeSiSiGe, and related

silane-germane compounds, due to longetSj Si—Ge, and
Ge—Ge bonds, leads to small torsional barriers consistent with
the facile low-temperature conformational interconversions
observed experimentally.

We note that our B3LYP/6-311:6+(3df,2pd) tetrasilane
values forAE,—g andAE. are qualitatively different from those
calculated by Albinsson et &t.at the MP2/6-31* level for the
same molecule. In particular they predict a symmetrieg
barrier and nearly identical gauche and linear conformation
energiesAE 4~ 0.588,AE;~ —0.04, andAEs~ 1.236 kcal/
mol). Unfortunately, because the basis set levels and model
chemistries in our two approaches both differ, the origin of this
discrepancy is ambiguous. We therefore carried out a series 0
higher-level (CCSD/LANL2DZ) coupled cluster calculations for
butane, tetrasilane, and GeSiSiGe. This allows comparison of

all three molecules on the same footing. The results, shown as

solid lines in Figure 7, are remarkably consistent with our
B3LYP-based DFT calculations (dashed lines in the figure) and
indicate that the linearn) butane-like conformation is the
ground-state structure, with a gauche value\&j, ~ 0.2—-0.4
kcal/mol. Furthermore, the magnitude of therrier connecting

the gauche and linear conformations in GeSiSiGe is reduced to

0.36 kcal/mol ¢188 K) in the CCSD/LANL2DZ calculations.
It should be noted that the 68% proportion obtained for the
positionali-Si(SiGeGe) isomer in the spectrun{efSi(SiGeGe),

(13) Albinsson, B.; Teramae, H.; Plitt, H. S.; Goss, L. M.; Schmidbaur, H.;
Michl, J. J. Phys. Chem1996 100, 8681.

0-GeSiSiGé, shown in Figure 5, is characteristic afne
particular sample. Unlike the conformational isomers, which
exhibited a fairly constant proportion between samples, the
proportions of the positional isomers sensitively depend on the
specific reaction conditions. This suggests that oncq itf&i-
(SiGeGe) g-GeSiSiGé mixture has been isolated no intercon-
version between positional isomers occurs.

Chain cleavage and spontaneous isomerization are observed
in the closely related tetrasilanesBio system during photo-
chemical matrix isolation experiments producing trisilangHg)i
and silylene (Sik).*® The formationi-Si;H;o observed as a
mixture with n-SisHyo is then believed to follow from Sii
insertion into the StH bonds of trisilane. As discussed in detail
by Jasinski et al. this insertion reaction is one of the charac-
teristic mechanisms in gas-phase polysilane chemistry, possess-
ing a slightnegatie activation energy and a very high collisional
efficiency* We surmise that an analogous low energy ger-
mylene insertion reaction channel is present in our synthesis
route (see eq 2) involving the triflate-substituted disilane¥ at
> 22 °C, leading to the condensation 6Si(SiGeGe). One
plausible mechanism could involve the replacement8f0;-

CF; by GeH; at the 1-substitution site of (SOFs)2(SiHy)2 (5),

followed by insertion of Geklin the Si-H bonds of the central
SiH; site in the—SiH,—SiH,—GeH; intermediate.

Deposition Studies

The deposition experiments were conducted on clean Si(100)
substrates in an ultrahigh vacuum system equipped with a low
energy electron microscope (LEEM) that allowed in situ real
time observation of the growth process. The substrates were
RCA prepared, and their surface was cleaned by repeated
flashing at 1200C prior to growth. The (HGey(SiH,), gaseous
precursor reacted on the Si surface via completellhination

at partial pressures in the range 301078 Torr. Initially, the
reaction growth kinetics was investigated using LEEM, and the
activation energy E..) of the compound with respect to,H
desorption from the Si surface was measured. It is known that
for conventional silanes and germanes Hg is much lower

on a Ge containing surface (including SiGe,) than on pristine

Si. Thus, an accurate determinatiorEgf; can only be obtained
from measuring the growth rate of the first monolayer (which
grows directly on pure Si) and not that of subsequent layers,
which grow on Ge containing surfaces and have higher growth
rates. In this regard LEEM is particularly unique because its
dynamic imaging differentiates the Si(001)%21) surface from

fthe Si—xGe epilayer and thus provides unambiguous means

for the correct determination df,; on Si by measuring the
growth rate of the first Si.xGe monolayer vs temperature.

For comparison the growth rates of &g and HGeSiH;
were also determined using the same method. For these and
for (HsGe)(SiHy), the first monolayer took longer to complete
on pristine Si than on subsequent monolayers. Figure 8 is a
graph showing plots of the temperature dependence of the first
layer growth rates. The activation energies were determined
using the relatiorR ~ exp(—E/kT). The data are consistent
with the first-order H desorption kinetics and yield &y of
1.95, 1.66, and 1.42 eV, forJ@eSiH;, GeHs, and (HGe)-
(SiHy)2, respectively. This indicates that the latter is not only
more reactive than &eSiH; but also more reactive than pure

(14) Jasinski, J. M.; Becerra, R.; Walsh, ®hem Rev.1995 95, 1203.
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10 ¢ and may provide stress relief between the film and the substrate.
The presence of edge dislocations is unusual since SiGe-based
11 materials typically display (111)-threading dislocations and

stacking faults. X-ray diffraction (XRD) revealed highly aligned
layers with mosaics spreads as low as @dd relatively strain

free microstructures. Raman scattering experiments conducted
with several At laser lines revealed a high degree of vertical

Growth Rate (ML/min)
(=]

0.01 ¥ uniformity in concentration and strainThe Raman analysis
F HiGeSiH, GeHe  (HiGe),(SiHy), indicated that the composition agrees well with the RBS value
0.001 v e e and that the strain relaxation is 75% and 95% for films with
1.2 14 1.6 1.8 thicknesses of 200 and 500 nm, respectively, which are similar

to those obtained by XRD.

-1
1000/T (K™) Atomic force microscopy (AFM) studies show that films with

Figure 8. Temperature dependence of the first layer growth rates for thee . ;
precursors: kGeSiH, GeHs, and (HGek(SiH), (1). The activation thickness of 50 and 750 nm display RMS values of 0.5 and 1.5

energies for these compounds are 1.95, 1.66, and 1.42 eV, respectively. 1M, respectively, for 16 10un? areas, indicating highly F_’Ianar
surfaces for samples grown &t< 450°C as shown in Figure

11b. For layers grown at > 450°C the AFM images [Figure
11a] show a classic “crosshatched” surface pattern caused by
misfit dislocations produced during strain relaxation. It has been
shown that both defect-induced interface and bulk alloy scat-
% tering considerably reduce the electron mobililties in these
Figure 9. XTEM micrograph of a SisdGenso layer grown on Si(100) at samples and degrade the device performahddéevertheless
350°C. No threading defects are observed within the field of viewaf5 conventional CVD at ultralow pressure is known to produce
um, indicating a dislocation density of 10%c. Si1-xGe materials with significantly lower crosshatching pat-

GeHs despite the presence of strong—$i bonds in the terns leading to higher quality electrical properfiesn our
molecular structure. Accordingly, it represents a unique high- €xperiments the high reactivity and low surface mobility of the
reactivity species suitable for low temperature (3@00 °C) (HsGeX(SiHz)2 compound permit low growth temperature and
rapid growth of thick layers (108500 nm) with stoichiometry ~ Promote high growth rates at pressures~df0-> Torr leading
SiosdGe soreflecting that of the corresponding precursor. Below to high quality films devoid of crosshatched surface morphol-
we describe the deposition procedure and key results regardingPdies. It is interesting to note that the surface planarity of our
morphology, microstructure, composition, and strain for the samples is remarkably robust thermally. XRD scans and RBS

films. (aligned) spectra of samples annealed between 450 antiC750
The synthesis of $iGe 5 films was investigated in the 350 were essentially identical before and after annealing. This result
500 °C range via dehydrogenation of {8e)(SiH,).. The also confirms full relaxation in the as-grown layersTat 450

highest temperature that yields planar layers-#50 °C. The °C.

growth rate is~4 nm/min and decreases to 2 nm/min at 350  Our deposition results indicate that we can obtain precise
°C. No appreciable growth was observed below 300(1 x control of surface morphology composition (at the nanoscale)
10~°Torr) due to the reduced reactivity of the compound. Thick and defect free microstructure, all of which ultimately determine
films with rough surfaces and defective microstructures were the physical properties and performance of the target materials.
produced at 500C with growth rates as high as 15 nm/min.  Figure 12 illustrates schematically the nucleation and growth
The composition and heteroepitaxial character of the films were of stoichiometric SjsdGey soderived from successive reactions
investigated by random and channeling Rutherford backscat-of individual n-GeSiSiGe molecules. In the process depicted
tering (RBS), which in all cases indicate a highly stoichiometric here the precise elemental compositamd structureof each
material aligned with the substrate. The ratio of the aligned molecular core are incorporated intact into the film at every
versus the random peak heightgnit), which measures the  step, resulting in a completely random distribution of Si and
degree of crystallinity, decreases from 15% at the interface to Ge atoms within each (001) monolayer of cubic symmetry. It
6% at the surface indicating a dramatic reduction in dislocation should be noted that the apparent horizontal bias in the first
density across the thickness of the film. This is confirmed by fao\y steps of the island construction in Figure 12 (step8)lis

high resolution XTEM, which revealed commensurate SiGe/Si associated with the exclusive userefeSiSiGe units. In the
interfaces and perfectly monocrystalline layer microstructurgs. actual low-temperature growth process the availability of gauche
A survey of TEM samples showed no defects penetrating conformers promotes a more realistic and homogeneous nucle-
through the layers within a field of view of2.5um in the ation of the (001) cluster geometries. Nevertheless, the incor-
micrographs indicating an upper limit in the threading disloca- o ration of the massive e molecular units leads to low
tion density of~10f/cn?* (Figure 9). Most of the defects due to g, tace diffusion and thus highly uniform compositional and
the lattice mismatch are concentrated near the interface regiong,ain profiles at the atomic level. This is in contrast to the

!n fact, a number of these appear to originate at the SiG?/ Si uncontrolled (diffusion-deien) elemental mixingssociated with
interface and show a propensity to propagate downward into o, entional processes such as CVD of low order silanes and
the substrate (Figure 10). Occasional edge dislocations spaced

by ~150 nm are also observed in the vicinity of steps onthe Si ;5 ¢ s A G.; Robbins, D. J.; Pidduck A. J.; Smith, P. WCryst. Growth
surface (Figure 10). These are parallel to the interface plane 1992 123 333.
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Figure 10. Diffraction contrast, high resolution XTEM micrographs of a %G 50 layer grown on Si(100) at 400C. The film is nearly strain-free
(~85%) and displays an atomically smooth surface free of threading defects (top). The mismatch with Si(100) is accommodated by dislocations located at
the interface (bottom right). Defects originating at the interface show the propensity to penetrate downward into the substrate (bottom left).
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Figure 11. (a) AFM image of SjsdSe.so0n Si(100) showing the crosshatch 0000 E 090

pattern morphology with an RMS roughness of 2.3 nm. (b) AFM image of - o909 ©-¢
a strain-relaxed and completely planar film with an RMS roughness of 0.5 O—O—G—::?-g- @ 9000
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germanes (Sild SiHe, GeH;, and GeHg) or MBE of solid Si

and Ge sources. 66504600 o’m—x::_;-o _.

Conclusion El‘**:*"gme @H‘:: : :_Ie
We have demonstrated the synthesis of the butane-like ""*?—*‘?“*‘Q-"_I'. 02984 04

compounds with molecular formulas (G9SiH,). (1), (GeH)z- ‘Hm,_, s *? o ;H

SiH(SiHs) (2), and (GeH)2(SiH.GeHy) (3) and their confor-

mational isomers. Detailed characterization of the products was Q@

conducted via a range of spectroscopic and analytical methods Side

including quantum chemical simulations. A new fitting proce- LN view

dure was developed, based on the admixture of normal and ° ®

gauche calculated spectra, to obtain the proportions of the Figure 12. Hypothetical growth sequence of two-dimensional clusters of
individual conformers in the product sample at’22 Controlled composition §jsdGe socontaining a random distribution of Si and Ge atoms.

.. L . . . The schematic process illustrated (viewed along the normal to the (001)
depositions of1 have produced stoichiometric SiGe films growth plane) involves the systematic condensation of GeSiSiGe molecules

possessing the desired properties for semiconductor applicationsia elimination of H2. Legend: blue spheres, Ge; yellow spheres, Si; small
including perfectly crystalline and epitaxial microstructures, white circles, H.

smooth morphologies, and uniformly strain-relaxed states.

Unique practical advantages associated with this low temperatureevidence of decomposition, and thus represent viable molecular
(~350-450°C) rapid growth include (i) short deposition times  sources for potential industrial applications.

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 Al manipulations were carried out under inert conditions using

thin layers. Finally we have found that these compounds are standard Schlenk and drybox techniques. Dry, air-free solvents were
remarkably stable over extended periods of time, with no distilled from either anhydrous CaCbr sodium benzophenone ketyl

Experimental Section
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prior to use. All NMR spectra were collected either on a Varian INOVA at 35°C for an additional 1 h. The volatiles were fractionally distilled
400 spectrometer operating at 400 MHz or a Gemini 300 spectrometer.several times through U-traps held -a20, —50, and—196 °C. The
Samples were dissolved in CDCbr GiDs, and all nuclei were —50°C trap retained pure (#e)(SiH,). (260 mg, 26% yield), while
referenced either directly or indirectly to the proton signal of TMS or the—196°C trap contained solvent and traces of GeHd SiH. Vapor
the residual solvent peak as indicated. IR spectra were recorded usingpressure: 7.0 Torr (23C). IR (gas, cmt): 2147 (s), 2073 (vs), 910
a 10 cm gas cell with KBr windows. Elemental analyses were performed (w), 879 (w), 799 (s), 740 (vw), 682 (s), 651 (m), 442 (Wij. NMR
by Desert Analytics (Tucson, Arizona). Gas chromatography mass (400 MHz, GDe, 7.15 ppm): ¢ 3.106 (t,J = 4.1 Hz, 6H, Ge-H3), 0
spectrometry (GCMS) data were obtained using a JEOL JMS-GC Mate 3.290 (q,J = 3.9 Hz, 4H, Si-Hy). 2°Si NMR (79.5 MHz, GDe): o

Il spectrometer. Powdered lithium (Aldrich), lithium tetrahydroalumi- —105.0 (this value is close to that observed for;@d)SiH, at
nate (Aldrich), trichlorof-tolyl)silane (Gelest), trifluoromethane sul-  —102.45). GC-MS: m/z 210-196 (SiGeHy"), 180-170 (SiGeHs«"),
fonic acid (Alfa Aesar), nonafluorobutane-1-sulfonic acid (Aldrich), 152-143 (GeHes«"), 140-126 (SpGehs_t), 107-98 (H:SiGeHs™),
and electronic grade germane gas (Voltaix, Inc.) were used as received.77—72 (GeH"), 62—58 (SbHe—x"), 32—28 (SiH;").

The starting materialg-tolylsilane, chlorog-tolyl)silane, 1,2-bigg- (H3Gek(SiHz)2, Method B: A sample of (CESOs)2(SiHy)2 (3.39
tolyl)disilane, and 1,2-bis(trifluoromethylsulfonyloxy)disilane were g, 9.5 mmol) was added to a slurry of 2.40 g (20.9 mmol) of KgeH
prepared according to literature procedufeand their purities were in diethyl ether (30 mL) at-30 °C. The mixture was then warmed to

checked by NMR spectroscopy. Potassium germyl was synthesized in23°C and stirred under nitrogen for 5 h. The volatiles were fractionally
monoglyme using sodiumpotassium (80% K) alloy. The coupling  distilled, and the (HGe)(SiH.). product in its pure form was collected
reactions using powdered lithium were performed in a helium environ- in a —50 °C trap (0.250 g/~13% yield).

ment rather that in an Natmosphere to prevent formation of lithium (SiH.GeH,)(GeHs),: The compound is obtained as a byproduct in
nitride. the synthesis of (kGe)(SiH,). and was isolated by repeated distillation
(p-Tolyl)2(SiHz)2: A solution of monochlorgg-tolyl)silane (10.0 g, throughU-traps under static vacuum maintained-&20 and—50 °C

63.8 mmol) in din-butyl ether (120 mL) and toluene (40 mL) is stirred  to collect (GeH)2(SiH,GeH) and (HGek(SiH,)., respectively. Vapor
with sodium pieces (1.68 g, 146.2 mmoly foh at 125°C. The mixture pressure: 1.0 Torr (22C). IR (gas, cmt): 2145 (m), 2073 (vs), 910
is filtered, and the filtrate is distilled to remove the solvents and other (w), 878 (w), 793 (vs), 723 (w), 679 (w), 615 (s), 443 (Wil NMR
impurities. The remaining colorless liquid product (4.40 g) was (400 MHz, GDs, 7.15 ppm): 6 3.30 (septJ = 3.9 Hz, 2H, Si-H,),
examined by NMR to determine its identity and purity and was ¢ 3.23 (t,J = 4.6 Hz, 3H, Ge-Hg), 6 3.13 (t,J = 3.90 Hz, 3H, Ge-
subsequently used without purification. Hs), 6 3.03 (septJ = 4.0 Hz, 2H, Ge-H,). 2°Si NMR (79.5 MHz,
(C4FeS05)2(SiH2).: A sample of GFySO;H (7.9 g, 26.3 mmol) was CeéDg): 0 —98.2. GC-MS: m/z 256240 (SiGgH10«"), 230-212
added to a 15 mL solution of 1,p-tolyl)disilane (3.18 g, 13.1 mmol) (SiGeHs«"), 184-169 (SiGeHs—«"), 154-141 (GeHs—"), 136-128
in toluene at-40 °C. A colorless precipitate was immediately formed (SiGeHs—"), 108-98 (SiGeH '), 77—70 (GeH_"), 32—28 (SiH;*).

at low temperatures. The reaction flask was warmed t2&nd stirred Acknowledgment. This work was supported by the NSF
for 1—2 h. The colorless solid was filtered and dried in vacuo. Repeated )

. . ) o (DMR-0221993 and DMR-0303237) and Voltaix Corporation.

concentration and cooling of the toluene filtrate-a20 °C yielded W | K led th f tati |
additional product. Yield= 7.9 g (95%). Mp= 68 °C. *H NMR (300 € also acknowledge the use of computalional resources
MHz, CDCh): 6 5.078 (5,3sin = 272 Hz, Si-Hy, 33wy = 3.6 Hz). provided by the Gpldwater Materlals V|§uaI|zat|on Fac.|I|ty in
295i NMR (79.5 MHz, CDCY): ¢ —30.1. Anal. Calcd for §F1s5:06- the Center for Solid State Science at Arizona State University.
SiHa: C, 14.59; H, 0.61; F, 51.95. Found: C, 14.27; H, 0.87; F, 51.74.  Sypporting Information Available: Complete ref 11. This

(HsGek(SiHz)2, Method A: A 20 mL solution of (GFeSQ)2(SiH2)z material is available free of charge via the Internet at
_(4.6'7 g, 9.5 mmol) was added to a slurry of K_Qe{EI.OO g, 20.9 mmol) http://pubs.acs.org.
in diethyl ether (15 mL), at-40 °C. The reaction was then warmed to
—10°C and stirred under nitrogen for 12 h after which it was heated JA060428J
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