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Abstract: The synthesis of the entire silyl—germyl sequence of molecules (HzGe),SiHs—x (x = 1—4) has
been demonstrated. These include the previously unknown (HsGe).SiH,, (H3Ge)sSiH, and (HzGe)4Si species
as well as the H3;GeSiH3 analogue which is obtained in practical high-purity yields as a viable alternative
to disilane and digermane for semiconductor applications. The molecules are characterized by FTIR,
multinuclear NMR, mass spectrometry, and Rutherford backscattering. The structural, thermochemical,
and vibrational properties are studied using density functional theory. A detailed comparison of the
experimental and theoretical data is used to corroborate the synthesis of specific molecular structures.
The (HsGe),SiH4—x family of compounds described here is not only of intrinsic molecular interest but also
provides a unique route to a new class of Si-based semiconductors including epitaxial layers and coherent
islands (quantum dots), with Ge-rich stoichiometries SiGe, SiGe,, SiGes, and SiGe, reflecting the Si/Ge
content of the corresponding precursor. The layers grow directly on Si(100) at unprecedented low
temperatures of 300—450 °C and display homogeneous compositional and strain profiles, low threading
defect densities, and atomically planar surfaces circumventing entirely the need for conventional graded
compositions or lift-off technologies. The activation energies of all Si—Ge hydride reactions on Si(100) (Ea
~ 1.5—2.0 eV) indicate high reactivity profiles with respect to H, desorption, consistent with the low growth
temperatures of the films. The quantum dots are obtained exclusively at higher temperatures (T > 500 °C)
and represent a new family of Ge-rich compositions with narrow size distribution, defect-free microstructures,
and homogeneous, precisely tuned elemental content at the atomic level.

Introduction wavelength IR radiatioA.In addition, Ge-rich Si.,Ge alloys
serve as virtual substrates and buffer layers for growth of tensile-

materials technology development. Consequently, most neWStreSS?d_ S_' with _enhanced_ carrier m"k_’"'“es and fo_r the
device structures based on any other semiconductors grown ofnonolithic .|nSt1egrat|on of optical IHV semiconductors with
Si typically rely on sophisticated integration schemes. From a > electronics. For effective device performance, tha SGe

materials science perspective, integration of thermally and films on Si must be uniformly stressed or fully relaxed thin
dimensionally dissimilar systems with Si is highly nontrivial layers that display smooth surface morphology and low disloca-

since the interface structures must withstand thermal and thn densities. However, cqnven_tlonal growth on Si IS com-
mechanical stresses during the fabrication process withoutP!Icated by the inherent lattice mismatch between the films and
degrading desired electrical characteristicsG8i_y alloys on the substrate, which produces copious dislocations, strain

Si represent an example of such a system, which is of significant"onuniformities, and high surface roughness. Thus, one of the
current interest. Until very recently, work on SiSiGe, ongoing materials challenges is to develop suitable methods

heterostructures has concentrated almost exclusively on growthbased on low-temperature pathways to prepare device quality

of Si-rich concentrations (Ge 30 atom %) due to applications Ge-rich layers on Si: L .
in high-frequency electronic devicés® The Ge-rich analogues One approaqh to integration in the—$e system mvolve_s
are much less developed despite their great potential in futureth® growth of thick graded buffer layers in which the germanium

generations of optoelectronic devices such as multiple quantumContent is gradually increased up to 100% Ge. In this case, the
well structures for detection and emission of mid to long misfit strain between the Si substrate and the-Ge film is

gradually relieved with increasing film thickne$% Approxi-

Silicon plays a ubiquitous role in modern semiconductor

T Department of Chemistry and Biochemistry. mately 10 um is required to achieve acceptable levels of
* Department of Physics and Astronomy.
8 Center for Solid State Science. (4) Currie, M. T.; Samavedam, S. B.; Langdo, T. A.; Leitz, C. W.; Fitzgerald,
(1) Meyerson, B. SIBM J. Res. De. 200Q 44, 391—-407. E. A. Appl. Phys. Lett1998 72, 1718-1720.
(2) Mooney, P. M.; Chu, J. CAnnu. Re. Mater. Sci.200Q 30, 355-362. (5) Lee, M. L.; Pirreta, A. J.; Fitzgerald, E. A. Vac. Sci. Technol., B004
(3) Tromp, R. M.; Ross, F. MAnnu. Re. Mater. Sci.200Q 30, 431—-449. 22, 158-164.
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Figure 1. Structures of the molecular precursors@e)SiHs—x (x = 1—4).
Legend: Si (yellow), Ge (blue), H (white). These structures are derived
from analytical and spectroscopic data and are confirmed by first principle
simulations.

threading dislocation densities (as low a40° cm™2), and a

chemical mechanical polishing (CMP) step is necessary to

molecular structures were not assigned. They were purportedly
obtained as mixtures from alloy hydrolysis and were identified
by gas chromatography analysis. In addition, the isolation and
full characterization of (kGekxSi has remained elusive, to the
best of our knowledge. Previous attempts have not provided
definitive proof of its existence as a pure product possessing
the correct stoichiometry and structdfeOne recent report in
particular indicates that the molecule might not be stable for
steric reasons and decomposes rapidly via evolution of diger-
mane at or near room temperatd?eNevertheless, we have
prepared (HGe)Si as a volatile, colorless liquid and have shown
that it is in fact remarkably stable at ambient conditions and
thereby suitable for materials synthesis applications. The
simplicity of (HsGe)SiHs—x species-typical examples of clas-
sical inorganic compoundsand their high reactivity driven by
elimination of extremely stable 1o form useful semiconduc-
tors are potentially appealing from both a fundamental and a
practical viewpoint.

In this report, we also demonstrate the utility of this class of

produce a smooth surface prior to subsequent growth of the compounds to grow SiGe materials including heterostructures

active device layer. The resulting extreme film thickness and a4 novel nanostructures directly on Si at extraordinarily low
the complicated CMP step make processing of the devices VerYtemperatures. Initial experiments at 30650 °C have yielded
expensive and in some cases even create additional problemgnonocrystalline films possessing atomically smooth surfaces,
such as degradation of key film properties. A more straight- |6y threading defect densities, and most importantly concentra-
forward approach, which obviates the need for thick films and {jons that match precisely the Si/Ge ratio of the corresponding
their associated processing issues, is therefore highly desirableprecyrsors. In addition, we have shown that these compounds
Our work in this area is focused on development of new ajlow tuning of the film morphology by the adjustment of a
approaches for growth of device quality SiGe materials with single parameter (i.e., the growth temperature). At temperatures
high Ge contents directly on Si. Our strategy is based on the of 500-600°C we produce almost exclusively highly coherent

preparation of single-source hydrides with direct Gie bonds
such as BGeSiH;, (HsGe)SiH,, (HsGe)lSiH, and (HGe)Si.
These are obtained in viable high-purity yields via straightfor-

guantum dots rather than continuous films. A distinct and
important advantage of our new method over conventional
routes is the precise control of morphology, tunable composition,

ward synthetic methodologies and possess the necessary higltrycture, and strain via the incorporation of tetire Si/Ge

volatility and facile reactivity to serve as low-temperature (300
450 °C) precursors for growth of binary SGe alloys and
ternary S-Ge—Sn semiconductors.

framework of the gaseous precursor into both layers and
guantum dots. The layers are of much higher quality than those
obtained using conventional sources, circumventing entirely the

In this article we describe synthesis, characterization, and need for graded compositions or lift-off technologies. The

properties of mixed SitGe hydrides with the general formula
(HsGe)SiHs—x (x = 1—4) (Figure 1). In particular, the (@
Ge)SiHy, (H:GekSiH, and (HGe)Si species have been isolated
and fully characterized for the first time. We have also
synthesized the well-known J&eSiH; gaseous analogue in
practical high purity yields as a viable alternative to the

guantum dots represent a new family of Ge-rich compositions
with enormous potential in optoelectronic applications based
entirely on Si technologies. A major limitation of quantum dot

growth by conventional methods based on bimolecular reactions
of silanes and germanes is that compositional variations exist
among dots. This problem is also completely resolved with the

commercial sources disilane, trisilane, and digermane for single source approach in which the-&e concentration in

industrial and research applicatiofi$. Earlier work in this
family of compounds, via silent electric discharge of $athd
GeH, mixtures, has reported a series of isomers withSHdg
and SyGeH; concentration$? The GeSiHg species was identi-
fied to be almost exclusively the asymmetric isomegGid)-
GeHy(SiH3) of the (HsGe)SiH, compound. Several related
formulas have appeared in the literature, including Sig&i-
Gehg, Si3G€H10, SL;Geng, SigGezHlo, and SiGQHg.g'll_l3

the dot reflects exactly the SiGe content of the precursor. In
addition, we have found that our low-temperature route elimi-
nates interdiffusion at the film/substrate interface, which is
particularly problematic for growth of pure Ge dots on Si.

Results and Discussion

The syntheses of (#Ge)SiH, and (HGekSiH utilize low-
temperature reactions of KGeghith triflate- and perfluoro-

However, these were never isolated as pure products, and theiialkylsulfonyloxy-substituted silanes such agSHSO;CFs)s—x

(6) Mooney, P. M.; Jordan-Sweet, J. L.; Ismail, K.; Chu, J. O.; Feenstra, R.
M.; LeGoues, F. KAppl. Phys. Lett1995 67, 2373-2375.

(7) Lobreyer, T.; Oeler, J.; Sundermeyer, ®hem. Ber1991, 124, 2405
2410.

(8) Varma, R.; Cox, A. PAngew. Chem1962 76, 649; Angew. Chem., Int.
Ed. Engl.1964 3, 586.
(9) Feiselmann, B. F.; Bridgewater, N. J. (Solarex Co.). U.S. Patent
4,777,023, Feb. 18, 1986, Oct. 11, 1988.
(10) Mackay, K. M.; Hosfield, S. T.; Stobart, S. R.Chem. Soc. A969 2937
2943.
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and HSI(SG;CsFg)s—x (X = 1, 2, 3), respectively, in suitable
solvents. In each case, the solvents were selected to obtain the

11) Phillips, C. S. G.; Powell, P.; Semlyen, J. A.; Timms, PZLAnal. Chem.
1963 202-211.

(12) Timms, P. L.; Phillips, C. S. @norg. Chem.1964 3, 606-607.

(23) Phillips, C. S. G.; Timms, P. lAnal. Chem1963 35, 505-510.

(14) Dutton, W.; Onyszchuk, Mnorg. Chem.1968 7, 1735-1739.

(15) Foster, S. P.; Leung, K.-F.; Mackay, K. M.; Thomson, RAAst. J. Chem.
1986 39, 1089-1099.
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desired solubility of the reactants and to allow a convenient
and effective separation and purification of the products from
the solvent medium.

H,SIR,_, + (4 — X)KGeH; — SiH (H;Ge),_, + (4 — YKR
@)
R = SO,CF;, SO,C,F,

The starting materials {3i(SGCFs)4—x and HSi(SGCaFg) 4«
(x =1, 2) were prepared (the latter for the first time) in nearly
quantitative, high-purity yields via reactions of the corresponding
phenylsilanes and the appropriate sulfonic acids (eq 2).

H,Si(CHs),, + HR—H,SIR,_, + XxCHs (2

These compounds were fully characterized by spectroscopic

methods, including FTIR, multinuclear NMR, as well as C, H,
and F elemental analysis. The triflate (§&P3) derivative is
more common and less expensive and thereby more feasibl
for process scale-up. However, theSO;C4sF9 compounds
provide substantially higher product yields especially in the
higher-order Ge-rich products. We therefore explored both

routes to assess their relative benefits. Details of the compound
syntheses, purification, and characterizations are provided in

the Experimental Section. Thes8HeSiH; compound has been
previously synthesized using a variety of routes including the
use of HSi(SGC4F) as starting materidlHowever, in all cases
the yields were relatively low with respect to conversion of the

germane source to be viable for semiconductor development

applications. Here we employ the simple single-step method
described below, under optimized conditions, to prepare semi-
conductor-grade product in 3%0% yield using the inexpensive
triflate reagent (eq 3).

H,Si(SO,CF;) + KGeH, — H;GeSiH, + K(SO,CF;) (3)

Finally, our synthesis of (k&Ge)Si utilized reactions involving
the mixed halide triflate GBi(SG;CRs), and KGeH as the

source of the germyl ligand. The product was obtained in modest

but sufficient quantities to conduct a complete characterization
of the compound and grow SiG#Ims by gas source MBE as

Table 1. H and 2°Si NMR2 Data for Polysubstituted
Silylgermanes

compd H,6 25i, 0 ref

HiGeSiHP 3.52 (q, SHs) —91.60 7
3.18 (q, Géls)

HsGeSiH? 3.40 (g, SH3) —96.20 this work
3.06 (q, Geéls)

(H3Ge)SiH; 3.39 (sept, Fy) —102.45 this work
3.11 (t, Gély)

(HsGe)SiH 3.41 (dect, ) —112.73 this work
3.29 (d,Géls)

(H3Ge)Si 3.44 (s, GEl3) —127.61 this work

aCDClz solution.? C;Dg solution.

to these compounds in synthetic materials sciencgG€)SiH,

is readily identified and characterized by its IR, NMR, and mass
spectra. Its IR spectrum is relatively simple, showing two sharp
absorptions at 2152 and 2074 thwhich are assigned to the
Si—H and Ge-H stretching modes, respectively. These assign-
ments are consistent with those made previously §GéSiH.1”

®rhe intensity of the GeH peak in the spectrum is significantly

stronger than the SiH peak in accordance with the higher
number of Ge-H bonds relative to SiH bonds in the molecule.
Other prominent absorptions at 805 and 702 tare attributed
to Si—H and Ge-H bending modes, respectively. A weak band
at 324 cnr! corresponds to the skeletaFSbe stretching mode.
A more detailed interpretation of the full IR spectrum is obtained
from quantum chemical calculations, and it is described below.
The mass spectrum of the compound displays a well-defined
isotopic envelope for (SiGelg™). The!H NMR spectra show
a triplet centered at 3.11 ppmd Ge—H) due to GeH moieties
and a septet at 3.39 ppm Si—H) due to SiH, The HMQC
spectrum shows a correlation betweenHaesonance at 3.11
ppm © Ge—H) and the?°Si resonance at102.45 ppm. The
NMR data collectively point to a (k&e)SiH, structure in which
a central SiH group is bonded with two terminal Gelroieties.
The integrated GeH/Si—H proton ratio is 3:1, as expected.
The NMR frequencies correlate well witheBeSiH; (Table 1)
and the related (§Ge)SiH and (HGe)Si described below.

We also prepared (#6Be)SiH, via an alternative two-step
process as a possible route to higher yields. As shown below,
we initially synthesized and isolated the monosubstitutgd H

described below. Recently, the synthesis of the analogousGeSiH(SOsCFs) compound by reactions of PhSiBieH; with

(SiH3)4Ge species and its derivatives (9)kGeH; and (SiH)s-
GeH has been reporté8Our preparation of (kGe)SiHy, (Hz-
Ge)SiH, and (HGe)Si described here, therefore, completes a
broad family of mixed SiGe tetrahedral hydrides with formulas
(HsGe)SiHs—x and (SiH)GeH;—, respectively.

(a) (H3Ge)SiH,. The (HsGe)SiH, product is obtained in
high yields (60%) as a colorless, air-sensitive, and volatile liquid
with a vapor pressure of 55 Torr at 2Z. (HsGe)SiH; is
thermally robust and appears to be less reactive in air than H
GeSiH; and related silanes that are known to react explosively
with oxygen. The high vapor pressure and good thermal stability
indicate that (HGe)SiH; is suitable for CVD applications. This

HSO;CR; in the absence of solventaB5 °C (eq 4). Subsequent

reactions of HGeSiH(SO;CR;) with KGeH; affords the di-

substituted (HGe)SiH, product (eq 5).

PhSiH,GeH, + HSO,CF; — H;GeSiH,(SO,CF;) + CiHq

(4)

H,GeSiH,(SO,CF;) + KGeH; — (H;Ge),SiH, + KSO,CF;
(5)

The intermediate EGeSiH(SO;CFs) species is isolated for
the first time as a colorless, low-volatility liquid (vp 3 Torr

at 22°C) at 72% vyield. The product remains thermally stable
when stored at-25 °C but decomposes slowly at 2€ to give

compound also appears to possess higher stability than the wellH;GeSiH; and an unidentified residue. The compound was

known homonuclear analogues such as trisilangSikSiH,,
and digermane, ¥6GeGeH, which are commonly used in the
fabrication of Si-based devices. Thus,3G€)SiH, offers the
possibility of becoming a safer and more efficient alternative

characterized by gas-phase IR, NM®Ri(13C, 19F), and mass
spectrometry, and the data are consistent with the proposed H
GeSiHSO;CF; molecular structure (see Experimental Section
for details).

(16) Lobreyer, T.; Oberhammer, H.; Sundermeyer Afigew. Chenil993 105
587—588.

(17) Lannon, J. A.; Weiss, G. S.; Nixon, E. Bpectrochim. Acta, Part A97Q
26, 221-233.
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(b) (H3Ge)SiH. Pure (HGe)lSiH is obtained inr~30% yields LI B WA N
as a colorless, air-sensitive, and volatile liquid with a vapor Ge film
pressure of 10 Torr at 22C. Extensive NMR, mass spectro- 250
metric, and IR characterizations indicated that the molecular
structure comprised a central Si atom that is bonded to three
GehHs and one H groups similar to isobutane. In particular, the
IH NMR spectra showed a deciplet at 3.41 ppm and a doublet
at 3.29 ppm corresponding to the-$i and Ge-H protons,
respectively. The splitting patterns of the-$i and Ge-H
resonances and their corresponding integrated peak ratio of 1:9
are consistent with the isobutane-like 3(£)%SiH structure.
Furthermore, the HMQC spectrum showed a correlation between
theH resonance at 3.29 pprd Ge—H) and the?Si at—112.73 05 10 15
ppm. The mass spectra showed an isotopic envelop at 255 Energy MeV
238 amu as the highest mass peak corresponding {Bifse Figure 2. RBS spectrum of a 500-nm film grown via decomposition of
Although the molecule appears to readily lose H in the mass (HsGe)Si at 300°C on Si. Simulation of the composition using the program
spectrometer, the SiGeore is retained in the gas phase. The RUMP gives exactly a 4Ge:1Si elemental ratio.

IR spectrum shows the characteristie-&i and Ge-H stretching

modes at 2071 and 2132 cfy respectively, and a set of time, (HsGe)SiH, with a symmetric propane-like structure. As
absorptions at 881, 788, and 680 ¢nsorresponding to bending ~ discussed previously, Mackay et al. have reported the asym-
modes. The IR spectrum for ¢8e)SiH was also calculated ~ Metric isomer (HGe)GeH(SiHs) as well as the related JSe-
using the B3LYP functional and the 6-3t3G(2d,2p) basis  (SiH2)SiHs and (HSi):GeH, isomers using silent electric
set as described in the next section. A close agreement betweeflischarge of Sikland GeH.!° The absence of the symmetric
experiment and theory was obtained. (HsGe)SiH, isomer suggests that it may not be stable under

(c) (HsGeSi. Tetragermylsilane was isolated as a colorless the high-energy conditions of the silent electric discharge
liquid with ~1 Torr vapor pressure at ZZ, which is similar process. This is in fact borne out by explicit thermochemistry
to the reported value for @&exC (1-2 Torr)18 The high calculations (described in detail below) where it is found that
spectrum, which shows absorptions at 2072 and 2062'cm Metrical counterpart by a mere 4 kcal/mol.
corresponding to the symmetric and asymmetrie-Bestretches, Our objective in the present study is to systematically examine
respectively. In addition, no SiH vibrational modes were the structural, energetic, and vibrational trends through the entire
detected by FTIR. The peak positions and relative intensities Sequence of Sii,(GetH)x molecules (e.gx = 1—4), including
closely match the calculated spectrum (see next section forseveral of the related asymmetric isomers. A discrete number
theoretical and experimental IR spectra and corresponding peakof isomers exist for each member in this sequence. Digermyl-
assignments). The highest peak in the mass spectrum is observegilane exhibits symmetrical @&e)SiH, and asymmetrical (&
in the range of 328318 amu. The peak position and the isotopic  Si)Gehb(Gekb) structural isomers with skeletal ordering Ge
distribution indicate KHGe:Si-type species consistent with the Si—Ge and SiGe-Ge, respectively. The trigermylsilane
(GeH),Si tetrahedral structure. THel and2°Si NMR spectra molecule possesses four configurations: two low-energy tetra-
show Sing|e resonances at 3.44 ppm and-ap7.61 ppm, hedral structures, which we refer to aSgG‘E)gSiH and (H;-
respectively. The former corresponds to th&eh; protons.  GekGeH(SiH), and two highly metastable chainlike “Sige
This assignment was made using HMBC experimentsl which isomers, which we do not consider further here. The tetragermyl
confirmed the presence of a Si nucleus bonded to{Betieties. silane molecule also possesses a range of chainlike isomers;
It is interesting to note that théSi resonance in the We again consider only the energetically favored symmetric case
(GeHs),SiHy_4 family of compounds shifts monotonically up- possessing Si in central tetrahedral neopentane-like coordination.
field with increasingx (see Table 1). This trend has also been  The structural, bonding, and vibrational properties of some
observed in the (GeplSi(CHs)s_x Series in whichd 29Si shifts related species, such as silane and germane, have been previ-
from 0.0 ppm forx = 0 to —71.7 ppm forx = 115 The ously studied using a range of theoretical methdd®.Disilane
successful synthesis and isolation of;G¢)Si was further and digermane have also been explored, but to lesser extent.
corroborated by Rutherford backscattering (RBS) analysis Leszczynski et & and Urban et a#? studied HGeSih, using
(Figure 2) of monocrystalline films and electron energy loss @ hybrid density functional theory (DFT) based on the B3LYP
(EELS) analysis of quantum dots produced by MBE via €xchange and correlation energy functional. It is shown that
unimolecular dehydrogenation of the compound at 300 and 550!0ng (~2.4 A) metat-metal bond lengths endow these molecules
°C, respectively, according to eq 6. The analytical data in both With unique dynamical characteristics, including weak energy
cases indicated unequivocally a /Secomposition. barriers against SipiGeH; rotor motion?2 More recently,

200

150 Sj substrate

100

Normalized Yield

50

g
=}

(H;Ge),Si (gas)— Ge,Si (film) + 6H, (gas) (6) (19) Ozberhezlsmmer, H.; Lobreyer, T.; Sundermeyer MMol. Struct1994 323
125-128.

Density Functional Theory Simulations of Molecular (20) Egolmgiéos, A. H.; Kiwi, M.; Ramirez, RPhys. Status Solidi B002 230,
Propel’ties. Our data. indicate that we haVe iSOlated, for the fil’st (21) Leszczyhski, L.; Huang, J. Q,; Schreiner, P. R.; Vacek, G.; Kapp, G.; von

Rague Schleyer, J.; Schaefer, H. F.,Ghem. Phys. Letl995 244,252—

(18) Kouvetakis, J.; Haaland, A.; Shorokhov, D. J.; Volden, H. V.; Girichev, 257.
G. V.; Sokolov, V. I.; Matsunaga, B. Am. Chem. Sod998 120, 6738~ (22) Urban, J.; Schreiner, P. R.; Vacek, G.; Schleyer, P.; Huang, J. Q.;
6744. Leszczynski, JChem. Phys. Lettl997, 264, 441—-448.

9858 J. AM. CHEM. SOC. = VOL. 127, NO. 27, 2005



Synthesis and Studies of (H3Ge)ySiHs—x Molecules ARTICLES

Table 2. Calculated Geometries for a Selection of (HsGe),SiH4—x Molecules with x = 1—42

H3SiGeH,; (HsGe),SiH, SiH,GeH,GeHs (H3Ge);SiH (H3Ge),GeH(SiH3) (HsGe),Si
Bond Lengths
Si—Ge 2.394 2.397 2.398 2.401 2.401 2.404
(2.397)
Ge-Ge 2.445 2.450
Si—H 1.481 1.484 1.482 1.487 1.482
(1.483)
Ge-H 1.539 1.539 1.543 1.539 1.546 1.539
(1.536) 1.539 1.539
Bond Angles
Si—Ge-Ge 113.1 1131
Ge-Si—Ge 112.1 110.6 109.5
H—Si—H 108.7 108.0 110.6
(108.8)
H—Ge—H 108.2 107.1 1105 110.6
(108.3)
H-Si—Ge 110.2 108.3 108.4 108.4 108.4 108.5
(110.2)
H—Ge-Si 110.9 110.7 110.8 110.8 110.9 110.6
(111.0)

aBond lengths are listed in angstroms, and bond angles are in degrees. Values listed in parenthgSesSthk Were obtained using a 6-31#G-(3df,2pd)
basis set.

Becerra et af? studied the PES of #6GeSiH; using both high- is observed in the central core from-Ske to Si-Ge.
level G2/MP2 and DFT methods. All of these studies established Furthermore, these values correspond closely.2%) to those
the importance of including d-type polarization functions on in bulk Si—Ge films. The asymmetrical (S§ficeH,(GeHs) and
heavy atoms (Si,Ge) and p-type polarization functions on (HzGe)GeH(SiH) isomers display normal bulk Ge5e bond
hydrogen atoms. Excellent agreement was found between thelengths (2.446 A) with values 2.445 and 2.450 A, respectively.
calculated and measured structural and vibrational propertiesThe SiH and Ge-H bond lengths occur as terminal groups
using a 6-3116G+(3df,2pd) basis set with typical bond length  (SiHs;,GeH), central SiH, GeH moieties, or central SiH, GeH
and frequency discrepancies on the order of 0.4 and 1.4%, moieties. From the table it can be seen that the shortedti Si
respectively. bond lengths, 1.481 and 1.482 A, occur in the terminalsSiH
Structural and Thermochemical Trends. As a preliminary groups of HGeSiH and (Sikl)GeH(GeH), respectively. A
step in our study of the ground-state properties af{e}SiHs—x slightly longer Si-H bond length (1.484 A) is found in the SiH
molecules, we first reproduced the earlier results of Becerra et unit of (H3Ge}SiH,, while the maximal StH bond length 1.487
al 23 for HyGeSiH; using the high quality B3LYP/6-3116+- A'is associated with (kGe)SiH.
(3df,2pd) employed in their work. After testing several alterna-  Similarly, the Ge-H bond lengths of the GeHigands have
tive basis sets, we concluded that a slight reduction in basis seta consistent value of 1.539 A in all molecules while central
size still provides an efficient and highly accurate description Ge—H bond lengths in (SigGeHy(Gehs) and (HGepGeH-
of molecular properties (e.g., structure trends and vibrational (SiHs) take on slightly dilated values 1.543 and 1.546 A,
spectra), particularly for the heaviest members of the sequencerespectively. The intermetallic G&Si—Ge skeletal bond angles
which are more computationally demanding. Accordingly, all vary significantly from 110.8in (HsGekSiH to 109.5 in the
of our calculations were performed at the B3LYP/6-31G- (H3Ge)Si and 112.1in the symmetric (HGe)SiH, molecule.
(2d,2p) basis set level as implemented in@sssian0Zode?* The largest skeletal intermetallic bonds occur in the asym-
The results of the structural optimizations, obtained using tight metrical (HSi)GeHy(GeHs) and (HiGe)GeH(SiH) molecules
convergence criteria, are presented in Table 2. For completenesswhere the St Ge—Ge bond angles take on a value of 1£3.1
and to compare our results with those obtained earlier by BecerraThe H-Si—H and H-Ge—H bond angles follow a more
et al.22 we include results for the 4&eSiH; molecule. For this systematic trend throughout the molecular sequence. We find
molecule, the bond lengths obtained using a 6-3t#®&d,- that the H-M—H bond angles in the terminal Si and Ge groups
2p) basis set differ by less than 0.2% from those generated atare in the 108.£108.5 range (H-Ge—H and H-Si—H bond
the 6-311G-+(3df,2pd) level with corresponding bond angle angles at the bottom and top of the range, respectively). The
changes on the order of several tenths of a degree. The tableH—Ge—Si and H-Si—Ge bond angles are almost constant and
lists the bond length and bond angle data for six molecules: take on average values 110anhd 108.4, respectively, with a
HsGeSih, the symmetrical and asymmetrical isomers of both variance of about 0°2hroughout the entire molecular sequence.
SiGeHs and SiGeHio, and (HGe)Si. As can be seen from Table 3 lists the thermochemical energies of the molecules,
our data, the structural trend in the-Ste skeletal bonding is inc]uding the total ground-sta’[e electronic ene@ythe Zero-
very simple and consists of a systematic increase in bond lengthsyoint energy correctiorfpg), as well as the thermal corrections
throughout the sequence from 2.394 A inG¢SiH; to 2.404 to the entha|py|~ﬂCORR) and free enerquCORR) at 298 K. The
A'in (HsGe)Si. These are typical SiGe bonds; no stretching  totals obtained by adding the corrections to the electronic energy
are also listed in the table. A comparison of the calculdigd
(23) Becerra, R.; Boganov, S. E.; Egorov, M. P.; Faustov, V. |.; Nefedov, O. andEzpg for HzGeSikH;, obtained using the 6-3%G(2d,2p)

M.; Walsh, R.Phys. Chem. Chem. Phy2001, 3, 184-192. X . .
(24) Frisch, M. J. et alGaussian 03Gaussian Inc.: Pittsburgh, PA, 2003. and 6-31#+G(3df,2pd) basis sets, with the latter shown in
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Table 3. Calculated Thermochemical Energies for a Selection of (HsGe)xSiHa—x Molecules with x = 1—42
molecule E Ezpe Eo + Hoorr Ey + Georr
HsSiGeHs —2370.13514 0.04748 —2370.08140 —2370.11559
(—2370.14109) (0.04739) (—2370.08754) (—2370.12189)
(HsGe)SiH. —4448.35457 0.06244 —4448.28454 —4448.32403
SiH:GeH,GeHs —4448.36041 0.06362 —4448.28772 —4448.33032
(HsGe)lSiH —6526.57532 0.07888 —6526.48413 —6526.53578
(HsGe)GeH(SiH) —6526.58679 0.07941 —6526.49506 —6526.54628
(HsGe)Si —8604.79645 0.09325 —8604.68837 —8604.74718

aThermal corrections for zero-point energy, internal energy, enthalpy, and Gibbs free energy are I5tag Beot, Hcorr @andGeorr respectively.
Values listed in parentheses fog®eSiH; were obtained using a 6-31#G-(3df,2pd) basis set (energies in hartree).

parentheses, indicates small energetic differences of about

0.006 hartree £20 meV/atom). All of the other calculated
energies reported in Table 3 were computed using the 6-30G-
(2d,2p) basis. The total Gibbs free energy of each molecule at
298 K is obtained by adding the thermal free energy correction
to the electronic ground state energy value from each column.
Our calculations indicate that the asymmetrical isomers are
generally slightly favored at room temperature. Specifically, for
Hs;GeSiH; the free energy difference is 0.0063 hartree (16 meV/
atom), while for (HGe)»GeH(SiHs) the difference is 0.0105
hartree (20 meV/atom). Note thigdT at 300 K~ 25 meV. On

this basis, the symmetrical isomers that we obtained experi-
mentally are slightly metastable compared to their asymmetric
counterparts.

Vibrational Spectra. To corroborate the identification of the
synthesized precursors, we simulated the infrared vibrational
spectra of the symmetric g&e)SiHs—x isomers using the
B3LYP DFT functional at the 6-3Ht+G(2d,2p) basis set level.
The spectra of (kl5e)SiHp, (H3Ge)kSiH, and (RGe)Si are
shown in Figure 3. No symmetry was imposed in the calculation
of the frequency spectra, and all molecules (includigGeSiH;,
not shown) exhibited a positive definite spectrum of harmonic
frequencies, indicating that the ground-state structures are
dynamically stable. Corresponding experimental spectra are
shown as negative traces in these plots. Each plot (Figure 3)
shows the low-frequency nonskeletal band4Q00 cnt?) and

an inset comparing the calculated and measured high-frequency

spectra (StH and Ge-H vibrations). Scale factors of 0.98 and
0.989 were applied to the high- and low-frequency spectra,
respectively. The latter value (0.989) agrees with the value found
by Urban et aP? in their treatment of $SHg, GeHs, and Hs-
GeSiH; using B3LYP density functional theory. We also
calculated the IR spectrum of the asymmetric (g&¢Hx(SiHs)

isomer (not shown) and found excellent agreement with the data

reported previously by MacKay et Hl.

The interpretation of the high-frequency spectral features is
straightforward: the peaks designated “1” and “2” in the insets
(Figure 3) are common to all molecules and are due to
symmetric and anti-symmetric G#1 stretching vibrations,
respectively. But the progression is not monotonic through the
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Figure 3. Calculated and observed IR spectra (upper and lower trace,
respectively). Inset shows the hydrogen stretching region. The numbers
labeling the various features are described in the text. Note the excellent
agreement of both the vibrational frequencies and the peak intensities
between the experimental and calculated spectra.

molecular sequence: the scaled calculated frequencies for the

(HsGe)SiH,, (GeH)sSiH, and (HGe)Si are 2054, 2067, and
2050 cnt! for the symmetric GeH stretches and 2067, 2080,
and 2067 cm! for the asymmetric counterparts. The corre-
sponding experimental GeH features are 2066(2074), 2060-
(2072), and 2060(2070) cth The mean observed splitting
between features “1” and “2” of approximately 10 chagrees
well with the computed splitting of 14 cm. The asymmetric
Si—H bands in (HGe)SiH, and (HGe)SiH occur at slightly
higher frequency. These bands are labeled “3” in the inset of
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Figure 3 (top and middle). The band labeled “4” in the inset of
Figure 3 (top) is associated with a symmetric vibration of the
Si—H bond. No Si-H bands are present in §8e)ySi.

Again, the splitting between the symmetric and anti-sym-
metric Si-H stretch frequencies in @&e)SiH; is calculated
to be ~12 cntl, which is identical to the observed splitting.
However, as seen from the plotted spectra the calculated
separatiorbetweenthe frequency centroids of the Gél and
Si—H bands €89 cnt?) is somewhat larger than the observed
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Figure 4. RBS spectra of a SiGdilm on Si(100). The sharp reduction in
channeling from the film interface to the surface indicates that the defect
concentration decreases across the layer.

separation of~77 cntl. Our benchmark tests using smaller
basis sets reveal thattH bands exhibit the greatest sensitivity
to basis set size. As an example we have verified, in the caseFigure 5. XTEM micrograph of a SiGglayer grown on Si(100). The

. bulk of the threading dislocations is concentrated at the interface and does
of the (HsGepSiH; IR spectrum, that the use of the 6-311G- not propagate to the surface. In addition, the layer is highly uniform in

(3df,2pd) does not significantly improve the quality of the thickness and displays an atomically smooth and continuous surface
calculated spectrum, yielding a contraction of the calculated morphology.

Ge—H, Si—H centroid spacing of only about 8 crh

The lower frequency nonskeletal vibrational structure is ratio of the aligned versus the random peak heightg)( which
considerably more complex, but several of the most intense measures the degree of crystallinity across the layer, was
features are strongly correlated across the different molecules.relatively low, typically ranging from 30% at the interface to
Symmetric Ge-H Waggmg vibrations appear as features “6” 7% near the surface. The decrease Of}&hﬁ value across the
in (HsGe)SiH, (805 cnt?), “4” in (H sGe)SiH (790 cnt?), and layer thickness suggests that most of the defects are concentrated

“1” in (H3Ge)ySi (782 cnrl). We assign symmetric SH near the interface region. This was clearly established by cross-
wagging to features “5” in (gGeySiH, (704 cntl) and “3” in sectional transmission electron microscopy (XTEM). The bright
(HsGe)SiH (686 cnr?), while asymmetrical GeH wagging field XTEM images inf110projection show common threading
vibrations have been identified as features “7” in@¢)SiH, dislocations propagating along the (111) lattice planes. Never-
(884 cnrl), “6” in (H3GekSiH (883 cml), and “2” in (Hs- theless, the bulk of these defects annihilated até@les within

Ge)Si (887 cnmY). Finally, feature “8” in (HGe)SiH, (930 10 nm from the film interface (Figure 5). The upper portion of
cm1) is uniquely assigned as a symmetrie-Bi—H bending the film is relatively free of threading defects, particularly those
mode and is not present in the other molecules. In summary, Penetrating to the top surface. In addition, phase and Z-contrast
symmetric and anti-symmetric Géi wagging vibrations occur high-resolution XTEM images showed sharp and well-defined
at approximately 790 and 885 ctin all molecules, respec-  interfaces with perfectly epitaxial microstructures in which the
tively, while symmetric Si-H wagging correlates with spectral ~ (111) lattice planes of the film and the substrate are completely
features near 695 crh The remaining weak features have also commensurate. The surface morphology of the films was

been analyzed, and their detailed assignment will be presentecexamined by AFM scans. The films possess highly planar
elsewhere. surfaces even in the 16G00-nm thickness range, which

Film Growth. Initial deposition reactions of the g&e)SiHs considerably exceeds the expected critical thickness. The AFM

compounds were conducted in a gas source MBE chamber withRMS values range between 0.5 and 1 nm for typicalk@5x

base pressure of 2 10710 Torr. The Si(100) substrates were 25um areas. In addition, the surface planarity was found to be
prepared for epitaxy by repeated flashing at 128@o vaporize ~ thermally stable up to 75€C.

the native oxide layer. Film growth was obtained by exposing Raman and high-resolution XRD were used to investigate
the substrate surface to the gaseous precursor at partial pressurdébe structural, bonding, and strain properties of all films. In
in the range of 107 to 10°® Torr. Under these conditions, the particular, the Raman spectra of the SiG8iGe, and SiGe
HsGeSiH;, (HsGe)lSiH,, (H3Ge)kSiH, and (HGexSi com- materials showed that the films are fully relaxed. X-ray
pounds dissociated on the Si surface via completelichination reciprocal space maps of the (224) and (004) reflections were
at 450, 400, 350, and 30T, respectively, to produce films at  used to measure the lattice constants normal and parallel to the
growth rates of 23 nm/min. RBS in random mode indicated interface plane. These were virtually identical in most samples,
film compositions of SiGe, SiGe SiGe, and SiGg, respec- indicating a lack of strain distortion from perfect cubic sym-
tively, in agreement with the elemental content of the Si/Ge metry. In addition, the X-ray data indicated highly aligned
framework of the corresponding precursors. The RBS channeledheterostructures with mosaics spreads as low &s . tontrast
spectra showed that the Si and Ge atoms in the structureto SiGe (x = 2, 3, 4), the SiGe alloys possessed substantial
channeled remarkably well despite the low growth temperature, residual strain. The X-ray reciprocal space map measurements
which is consistent with monocrystalline materials in epitaxial showed an elongation along the “c” direction consistent with a
alignment with the Si substrate. As a representative example,tetragonal distortion. The calculated strain was in the B0%
Figure 4 compares RBS random and channeled spectra for arange. Remarkably, similar strain values were determined from
SiGe; film on Si(100). As in this case, in most samples the Raman shifts of the SiSi, Si-Ge, and Ge-Ge phonon modes.
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Figure 7. LEEM images of CVD of SiGgon Si(100)-(2 x 1) at 350°C
over a field of view of 8um taken with the {(»,0) diffraction beam such
that the (2x 1) and (1x 2) terraces separated by single-height atomic
steps alternate in contrast from dark to bright due to the rotation of the
dimer reconstruction across a step. (a) Morphology of a clean surface. (b)
Deposition of the first layer.

Figure 6. (Top panel) A bright field XTEM micrograph showing a set of ; ;
highly coherent (no threading defects) SiGeantum dots of uniform size. as shown for a representative sample produced BBEISIH.

(Left panel) High-resolution Z-contrast image of the interface region NOte that in Z-contrast images the i.m_enslity is proportional to
showing perfect epitaxial alignment as well as a sharp and uniform interface. Z1-7, and consequently the Ge-containing islands as well as the

(Right panel) AFM image showing an ensemble of dome-shaped islands \yetting layers appear considerably brighter than the underlying
with a narrow size distribution. Inset is an enlarged view of faceted islands. Si. Figure 6 is also representative of the most commonly found

. . o . quantum dot microstructure showing a perfectly sharp and
Raman was used to investigate the distribution of strain in theseuniform interface. The highly coherent nature (no defects are

SiGe layers, by measuring the phonon frequencies using laser .
lines with different penetration depths. The results showed thatobserved) of the quantum dots grown by our method is

the R ks did not ch ith depth. indicating that th confirmed by the Raman spectra, which show that the islands
€ Raman peaks did not change with depth, indicating that fne ;. highly strained, as expected due to the lattice mismatch of
strain does not vary across the layers. Collectively, the

h terizati ¢ SiG terial led wih of the dots with the substrate. We used RBS and electron energy
¢ arftl:llerlza;]_lorr:l 0 Qt” al € mat(ralnas ;eveae gr(;) .fo loss spectroscopy (EELS) at 1.7 A resolution to determine the
crystaliing, highly epitaxial, Smooth, confinuous, and unitorm - stoichiometry and elemental homogeneity. The compositions
alloy layers with Ge-rich concentrations and uniformly stressed

; laxed mi he K h ; Iof the islands were found to be SiGeSiGe, and SiGe,
or stra|r_1-re axe mlcros_tructures. The key 1o the successfu reflecting the stoichiometries of the unimolecular precursogs (H
synthesis of our films is the unprecederffedbw growth

h rf ity of the Si Ge)SiH,, (H3Ge)SiH, and (HGe)Si, respectively, used for
;enrgperrzt\lljerre: tmi[;:d:gerzu afligi mt%té'rgjo treij;i‘;‘ndifeh?t%ngrowth. EELS compositional profiles across the dots revealed

) P " greg o . y g . g yremarkably uniform elemental distributions at the nanometer
uniform compositional and strain profiles at the atomic level. ;1o an important point to make with regard to composition

In addition, the incorporation of the entire-Sbe molecular g that there is no apparent mixing of the elements across the
core promotes the formation of exceptionally uniform bonding nierface as is typically observed when pure Ge islands are

arrangements over the entire crystal, leading to relaxed films grown on Si aff > 550°C. This type of Si interdiffusion from
with planar surface morphology (no surface ripples). the substrate into Ge islands represents the most commonly
The growth of St-Ge materials via dehydrogenation of reported method to form SiGe quantum dots on Si with Ge
(HsGe)SiHs was investigated in the temperature range of - 50 atom %. Unfortunately, interdiffusion of the elements in
300-700 °C. In the high temperature regime, we observe thjs case depletes the Si at the base of the islands to form a
exclusive growth of self-assembled islands, or quantum dots. ytench several nanometers in depth. In addition, the Sz
Presumably these form spontaneously during the epitaxial 4ot interface is no longer distinct. A wide and blurred transition
growth of Si-Ge on Si to relieve the strain induced by the yegion with a graded composition develops across the original
mismatch between the film and the substrate. In our experiments,interface. Substantial gradients of concentration are also found
the islands appear after the formation of a completely planar i the vertical direction across the entire dot. Our single source
wetting layer~3—5 monolayers thick. The morphology distri- approach circumvents these difficulties.
bution and size of the islands were examined by AFM and  Gyowth Kinetics. The decomposition profiles of 4&eSik,
XTEM. A representative AFM image of islands grown at 550 (14,Ge),SiH,, (HsGelSiH, and (HGe)Si to form the corre-

C using (HGepSiH; is presented in Figure 6. The islands are  gnonding SiGe, SiGeSiGe, and SiGelayers were investigated
primarily dome-shaped and reasonably U”'forT in size with an sing low energy electron microscpopy (LEEM). In particular,
approximate density distribution of3 x 10°cm 2 The bright  {he activation energy with respect to, idesorption from the
field XTEM micrographs showed ensembles of coherent islands Si(100) surface was determined for each of the compounds by
with defect-free microstructure and with a narrow size distribu- measuring the growth rate versus temperature for a single Si
tion. The microstructural properties of the islands were explored ¢ monolayer. Figure 7 shows LEEM images of a clean Si
via Z-contrast imaging performed on a JEOL 2010F. These g, face and the first full monolayer of Sigeroduced via

experiments confirmed the presence of distinct islands grown deposition of (HGeySiH,. The contrast reversal in the (21)
on the substrate surface via a wetting layer of uniform thickness , (1x 2) terraces indicates a layer-by-layer growth. The

(25) Kim, H.; Taylor, N.; Bramblett, T. R.; Greene, J. E.Appl. Phys199§ average growth rate for the first laye_r as a fL_mCtlon of
84, 6372-6381. temperature was measured, and activation energies were ex-

9862 J. AM. CHEM. SOC. = VOL. 127, NO. 27, 2005



Synthesis and Studies of (H3Ge)ySiHs—x Molecules ARTICLES

tracted from its temperature dependence. The data are consisterExperimental Section

with first-order H desorption kinetics and yield activation General. All manipulations were carried out under inert conditions
energies 1.7, 1.7, and 1.5 eV for4Bk)SiH,, (H3Ge)SiH, and using standard Schlenk and drybox techniques. Dry, air-free solvents
(HsGe)Si, respectively. For comparison, the activation energy were distilled from either anhydrous Ca@r sodium benzophenone
of pure HGeGeH (1.7 eV) was also determined using the same ketyl prior to use. Dir-hexyl ether was dried and distilled from N&
method. Note that these activation energies are remarkablealloy prior to use. All NMR spectra were collected on an Varian INOVA
similarity to that of HGeGeH. Furthermore, the activation 00 spectrometer operating at 500 MHz. Samples were dissolved in
energies are in good agreement with the values of 1.7 and 1.61(;'\3?3'0 a”tci'] :" gu%e;\llvels f;?rzr;(;id gtgir g:)r;c)tly r?lremdlre;;%/'f'tzd
: . . r residual solv . unless specifi
ev Obtameq p.reVIous.Iy for #idesorption from a pure Ge(100) otherwise?® IR spectra were recorded using a 10-cm gas cell with KBr
surface®® It is interesting to note that our growth study of-H

s L . windows. Elemental analyses were performed by Desert Analytics
GeSiH in the LEEM gave an activation energy of 2.0 eV, which (Tucson, AZ). Gas chromatography mass spectrometry—(@6)

is intermediate to our measured value of digermane (1.7 V) gpectra were obtained using a JEOL JMS-GC Mate Il spectrometer
and that reported for disilane (2.3 e¥)The 2.0 eV value  (IE 45.4 eV). Trifluoromethane sulfonic acid (Alfa Aesar),r@hexyl
appears to be reasonable sincgGHSiH; is essentially a  ether (Alfa Aesar), nonafluorobutane-1-sulfonic acid (Aldrich), diphe-
compositional hybrid of BSiSiH; and HGeGeHh (i.e., Hs- nylsilane (Gelest), triphenylsilane (Gelest), dichlorodiphenylsilane
SiSiH; + H3GeGeH — 2 H3GeSiH). (Gelest), and semiconductor-grade germane (Voltaix, Inc.) were used
The activation energy results reveal that the decomposition @S received. Phgnylggrmylsilane, phenylsilane, and silyl triﬂaFe were
kinetics of the series (4Ge)SiHa_x (x = 2—4) are remarkably prepared according to I|ter¢_ature pro_cedJr%?§P_K_Gel—_b was synthesaed_
similar to those of (Gekj, and suggest that these compounds in either monoglyme or diglyme via a modified literature preparation

. ; . . using sodium-potassium (80% K) alloy. Both bis- and tris-(trifluo-
are more reactive than either (S)glor GeHSiHs. Accordingly, romethylsulfonyloxy)silane were synthesized according to the reported

th_ey represent a unlqug Iow-temperature Sourge to Ge'”Chliterature method! Although synthetic methodologies fokSI(SQCRs)s«
Si-«Ge alloys. The facile reactivity of (kGekSiHz, (Hs- (x =1, 2) and CISi(SQ:CFs), have been described in the literature,
Ge)SiH, and (HGe)Si pave the way to immediate development we found that these did not give the correct conditions leading to the
of SiGe semiconductors on specialty substrates able to enduraarget compounds in suitable yield and purity. Below we describe
low-temperature processing below 30Q such as flexible modified procedures to obtain these in pure form and quantitative yields

displays. in most cases.
H2Si(SOsCF3)2 and HSI(SO;CF3)s. The preparation for bSi(SGs-
Conclusions CR), and HSIi(SQCR); utilized reactions of the corresponding

. . . . phenylsilanes with stoichiometric amounts of triflic acid. The synthesis
We have described synthetic routes that provide the entire of HSI(SGCFs)s required heating of the reaction mixture under nitrogen

family of (HsGe)SiHs—x (x = 1—4) silicon—germanium hy- 4t 60-80 °C for 12 h to achieve complete substitution of the phenyl
drides with molecular formulas J&eSik, (HsGepSiH,, (Hs- groups. The synthesis of,Bi(SQCFs), was carried out at ambient
Ge)SiH, and (HGekSi. A complete characterization of the conditions. In both cases, thests byproduct was removed under
products was conducted via a range of spectroscopic andvacuum, and the crudeBi(SQCFs). and HSi(SQCFs)s products were
analytical methods, and the data collectively confirm the purified by short path distillation at 48C/1.0 Torr and 48C/0.1 Torr,
proposed molecular compositions and tetrahedral structures in"espectively, as colorless liquids in near-quantitative yields. The purity
which a central Si atom is bonded directly to H and GeH ©f g?g;(ggncplg?n(lj—|ggjc(lig?fg%dgb{o'\éhgﬁsrf;;ﬁ?scsggéd dropwise
groups. The experimental results compare extremely well with 2 232 ey

DFT calculations of the spectroscopic and bonding properties to pure CiSiPF (12.0 g, 47.4 mmol) in a 200-mL flask over the course

;i . . of 20 min, with continuous stirring, at 8C. The mixture was slowly
of the molecules. The ({&e}SiH,, (HGe}SiH, and (HGe).Si warmed to 22°C and stirred for 18 h and then distilled several times

are isolated for the first time as volatile colorless liquids that through a U-trap held at25 °C. Pure CISi(SOCF), was obtained
display the necessary physical and chemical properties to beas a clear liquid (10.7 g, 57% yield) and checked#yNMR (CDCly)
viable chemical vapor deposition sources. The previously known to confirm the absence of phenyl protorf8Si NMR (99.3 MHz,
Hs;GeSiH; gaseous analogue has been synthesized in practicalCDCL): 6 —62.5. GC-MS: m/z398.3 (M" = Cl,Si(SOCR)."), 363.8
high purity yields. Targeted deposition experiments of the (M*— Cl), 345.4 (M — Cl, F), 324.0 (M — 2F), 260.1 (M — 2CF),
compounds have been conducted via gas-source MBE t0246.4 (M" — SOCR), 181.9 (CISQCR), 149.9 (SGCK"), 134.0
delineate the parameter space for growth of device quality films (S:CFs"), 99.9 (SQCI*, SG;F).
and quantum dots directly on silicon substrates. The films are dr;)ﬁ'g%gé';?; Ealzhse;myleIIeanH(ggong 12:"393 r;”;‘;')7"r‘]’13ns]o"’|‘)diied
H H o t ’ 49 . s .
obtallned n j[he Iow-temper.ature rangg 3050 °C and fulfill a 50-mL flask at OC. The flask was warmed to 22, and the mixture
cruplal req.uwemenlt‘s.as suitable canc‘illdates. for devglopme.nt ofWaS stirred fo 2 h after which the gH byproduct was removed in a
I.attlcej-englne.ered VI'rtuaI Subsltrates . on Si. Potential applllca- vacuum to yield a colorless solid that was recrystallized from toluene
tions include integration of strained Si and Ge channel devices 4t —20 °c. 14 NMR (500 MHz, CDC): & 5.287 (s,Nsi = 318.4
on silicon exhibiting extremely high electron and hole mobilities. Hz, Si-H,). 2°Si NMR (99.3 MHz, CDCJ): ¢ —32.2. Anal. Calcd for
In the high temperature range, depositions of the precursors yieldCgF163,06SiHx: C, 15.3; H, 0.03; F, 54.4. Found: C, 14.99; H, 0.78;
assemblies of three-dimensional coherently strained islandsF, 53.79. Mp= 39 °C. An H—2°Si HMQC NMR spectrum showed
(quantum dots) reflecting the stoichiometry of the precursor in that the'H resonance at 5.287 ppm was directly coupled to?#5e

all cases without any segregation of either Ge or Si. resonance at-32.2 ppm.
(28) Harris, R. K.; Becker, E. D.; Cabral De Menezes, S. M.; Goodfellow, R.;
(26) (a) Eres, G.; Sharp, J. W. Vac. Sci. Technol., A993 11, 2463-2471. Granger, PPure Appl. Chem2001, 73, 1795-1818.
(b) Bramblett, T. R.; Lu, Q.; Lee, N. E.; Taylor, N.; Hasan, M. A.; Greene, (29) Zech, J.; Schmidbauer, i€hem. Ber199Q 123 2087-2091.
J. E.J. Appl. Phys1995 77, 1504-1513. (30) Olah, G. A,; Hussain, A.; Gupta, B. F. B.; Salem, G. F.; Narang, S. C.
(27) Takahashi, J.; Utsumi, Y.; Akazawa, H.; Kawashima, |.; UrisuAppl. Org. Chem.1981, 46, 5212-5214.
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HSi(SOsC4Fg)s. Triphenylsilane (2.84 g, 10.9 mmol) was added
under N to pure HSQC,Fg (10.20 g, 34.0 mmol) in a 50-mL flask at
0 °C. The mixture was warmed to 22 and stirred for 2 h, after which
the GHe byproduct was removed in a vacuum. The colorless liquid
was heated at 95C for 24 h, and the additional byproductts was
removed under vacuum. The product was purified by extracting with
CH_Cl,. Pure HSIi(SGC4F); was obtained as a colorless liquid in nearly
quantitative yield.*H NMR (500 MHz, CDC}) 6 5.520 (s, Jsin =
414.7 Hz, Si-H). 2°Si NMR (99.3 MHz, CDC}) 6 —76.1. Anal. Calcd
for C12F2;S500SiH: C, 15.56; H, 0.01; F, 55.38. Found: C, 15.57; H,
0.39; F, 55.29. AnftH—2°Si HMQC NMR spectrum showed that the
1H resonance at 5.520 ppm was directly coupled to*¥#8eresonance
at—76.1 ppm.

H3GeSiHs. A solution of KGeh (4.00 g, 3.49 mmol) in diglyme
(45 mL) was slowly added over the course of 45 min to a toluene
solution (35 mL) of HSI(SQCFR;) (9.43 g, 5.24 mmol) in a 250-mL
flask with stirring at—60 °C. The procedure involved the addition of
several drops of KGe#fdiglyme to the reaction flask with vigorous
stirring and subsequent trapping of the product throu@B and—196

held at—40 °C ((HsGe)SiH and trace ether);-78 °C (ether and a
trace (HGe)SiH,), and—196°C (ether and trace GeH The contents
of the —40 °C trap were separated by fractional distillation to obtain
pure (HGe)lSiH (0.645 g, 30% vyield). The vapor pressure of
(HsGe)SiH is 10 Torr at 22C. IR (gas, cm?): 2132 (m), 2071 (vs),
2010 (w), 922 (vw), 881 (w), 788 (vs), 745 (vw), 680 (s), 634 (vw),
606 (W), 514 (vw), 409(vw)H NMR (500 MHz, CDC}, 5 °C): ¢
3.410 (dec) = 4 Hz, 1H, Si-H), 6 3.294 (d,J = 4 Hz, 9H, Ge-Hs).
25Si NMR (99.3 MHz, CDC4, 5°C) 6 —112.7 (s). GEG-MS: m/z 255~
238 (SiGegHx"), 230-213 (GgH,"), 185-170 (SiGeHy"), 154-140
(GeHyt), 109-100 (SiGek"), 77—71 (GeH™).

An alternate synthesis of g&e)SiH involving the reaction of HSIi-
(SOsC4F)s With KGeHs under conditions virtually identical to those
described above gave a comparable yield.

(H3Ge)Si. A liquid sample of CJSi(SGCFs)2 (2.40 g, 6 mmol) was
added at-45 °C to a mixture of KGeH (2.98 g, 26 mmol) in 50 mL
of diethyl ether. (The pressure in the reaction assembly was reduced
to 300 Torr during the addition of €3i(SQCFs)..) The flask was then
warmed to 22°C, and the mixture was stirred at 2€ for 2 h. The

°C traps under static vacuum. This procedure was repeated until all of volatiles were subsequently collected in a U-trap held 26 °C under
the KGeH had been added. The reaction flask was slowly warmed to dynamic vacuum. The contents of thel96 °C trap were redistilled

22 °C with continuous pumping through78 and—196 °C traps for
1 h. Gas-phase IR revealed the presence of diglyme and toluef&e (
°C trap) and HSiGeH, SiHs, and GeH (—196°C trap). The contents
of the—196°C trap were redistilled through U-traps held-&t35 and
—196°C to collect pure HGeSiH; (—135°C) in 35% yield. Significant
amounts of Sikdand GeH were also found in the-196 °C trap.

(H3Ge)SiH,. Method A. A solution of HSi(SGC4F). (8.80 g,
14.00 mmol) in din-hexyl ether (40 mL) was added dropwise to a
solution of KGeH (3.5 g, 30.4 mmol) in di-hexyl ether (30 mL) at
—35°C over the course of 35 min in a 250-mL flask. The mixture was
warmed to 22°C and stirred for~20 h. The volatiles were passed
through a series of U-traps held aB5 and—196 °C under dynamic
vacuum. The reaction flask was heated slowly to°@3while being
pumped through-35 and—196 °C U-traps for 5 h. The-35 °C trap
contained pure solvent. The contents of thd96 °C trap were
redistilled through a series of U-traps held-af8, —130, and—196
°C. Pure (HGe)SiH, was collected in the-78 °C trap (1.5 g, 60%).
The—130°C trap contained 0.311 g of pure®eSiH;, and the—196
°C trap contained traces of Geldnd SiH. Vapor pressure: 55 Torr
(22 °C), 17 Torr (0°C). IR (gas, cm?): 2152 (m), 2074 (vs), 2010
(w), 927 (w), 917 (w), 883 (w), 803 (s), 769 (vw), 723 (vw), 696 (vs),
649 (vw), 641 (vw), 547 (vw), 515 (vw), 424 (vw), 330 (vwH NMR
(500 MHz, CDC}): 6 3.394 (septJ) = 4 Hz, 2H, Si-Hy), 6 3.110 (t,

J = 4 Hz, 6H, Ge-Hs). 2°Si NMR (99.3 MHz, CDCY): ¢ —102.5.
EIMS (m/e): isotopic envelopes centered at 174 (M nH), 148
(GeHes«"), 106 (HGeSiH™), 75 (GeH™), 31 (SiH™).

Method B. A liquid sample of HSI(SGCF); (2.72 g, 8.3 mmol)
was added slowly to a solution of KGekR.37 g, 20.7 mmol) in di-
n-hexyl ether (25 mL) at-25 °C. The mixture was warmed to 22
and stirred for 24 h, after which the volatiles were collected under
dynamic vacuum in traps held at30 and—196°C. The reaction flask
was then heated to 43C for 1-2 h while opened to the-30 and
—196°C traps. The—30 °C trap collected pure solvent. The contents
of the —196 °C trap were distilled through a series of U-traps cooled
to —20,—78, and—196°C, which collected solvent, (&e)SiH,, and
a mixture of GeH, SiH;, and HSiGeH;, respectively. The yield of
(HsGe)SiH, was 0.220 g (15%). We also conducted this reaction in
inert high boiling point solvents such as dnydecane at 0C using
essentially the same conditions. The main product waS&éuSiH,,
which was isolated in approximately 10% yield. Small amounts of H
GeSiH;, SiHs, and GeH were also produced.

(H3Ge)SiH. A liquid sample of HSi(SQCRs); (4.10 g, 8.6 mmol)
was added dropwise to an ether solution (40 mL) of Kg&HO g, 35
mmol) at—35 °C in a 100-mL flask. The reaction flask was warmed
to 22°C, and the mixture was stirred for 5 h. The volatiles, including

through a—45 °C trap to remove the ether and collect a mixture of
(HsGe)SiH and (HGe)Si. Final fractionation was accomplished by
distillation through U-traps cooled t610 and—45 °C. Gas-phase IR
revealed (Geb),Si (—10 °C trap) at approximately 5% yield a small
amount of (HGe)SiH (—45 °C trap) and copious amounts of germane.
No H;GeGeH was observed, indicating that the compound does not
decompose via digermane formation. Vapor pressure gbéySi: 1
Torr (22 °C). IR (gas, cmt): 2130 (vw), 2072 (s), 2062 (s), 2020
(vw), 881 (vw), 777 (vs), 680 (vw), 632 (vw}H NMR (500 MHz,
CDCly): 6 3.437 (s, Ge-H). 2°Si NMR (99.3 MHz, CDCJ): 6 —127.6.
GC—MS: n/z 328-318 (SiGeHx"), 255-238 (SiGeH,"), 230-213
(GesHih), 185-170 (SiGeH,™), 154-140 (GeHy"), 109-100 (SiGe-
Hy"), 77-71 (GeH*).

Synthesis of (HGe)SiH, via H3GeSiH(SO;CF3). HzGeSiHx-
(SOsCF3). Neat HSQCF; (0.645 g, 4.3 mmol) was added slowly to
PhSiHGeH; (0.784 g, 4.3 mmol) at-35 °C and stirred for 30 min.
The mixture was warmed to 2ZC, and the contents were distilled
under vacuum through U-traps held-&25 and—196°C. Pure colorless
Hs:GeSiH(SO;CRs) was obtained in the-25 °C trap (0.756 g, 72%)
(vapor pressurer 3.0 Torr at 22°C). The —196 °C trap contained
CsHs and a small amount of #&eSiH. IR (gas, cm?): 2194 (w),
2155 (s), 2071 (vs), 1425 (m), 1253 (w), 1225 (ms), 1158 (m), 1077
(s), 964 (ms), 951 (ms), 883 (s), 863 (Ms), 844 (w), 792 (s), 763 (vs),
690 (vw), 625 (w), 467 (vw), 434 (vw), 355 (vwiH NMR (500 MHz,
CDCly): 6 5.430 (q, 2H, SiHy), 3.514 (t, 3H, Ge-H3). 1*C NMR
(125.7 MHz, CDCJ): 6 118 (g, 1C, CB). F NMR (470.5 MHz,
CDCl): 6 —76.34 (s, 3F). The integratetH peak ratio between
resonances assigned to-$ and Ge-H was found to be 2:3,
respectively. A 2D(H COSY NMR spectrum showed cross-peaks that
correlated to StH and Ge-H resonances at 5.430 and 3.514 ppm,
respectively, indicating the HSi—Ge—H connectivity.

(HsGe)SiH,. Solid KGeH; (1.70 g, 14.8 mmol) was added to a
solution (20 mL) of HGeSiH(SO;CF;) (2.8 g, 11.0 mmol) im-decane
at —25 °C. The mixture was stirred at 22 for 1 h. The volatiles
were fractionally distilled through a series of U-traps hele-ab, —78,
and —196 °C, which collected small amounts solvent,;G€)SiH,,
and a mixture of Geld SiH,;, and HSiGeh, respectively.
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