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Group IV semiconductor nanocrystals have long been the
focus of intense research as a result of their unique chemical
and optical characteristics.1 The emergence of size dependent
properties in nanoscale silicon and germanium has not only
challenged semiconductor band structure models but also
expanded the potential applications of these materials. Silicon
and germanium nanocrystals (nc-Si, nc-Ge) both display size-
dependent photoluminescence (PL)2,3 resulting from quantum
confinement effects. Because of their unique optical and
electronic characteristics, these materials have been inves-
tigated for potential integration into a variety of optoelec-
tronic4,5 as well as data storage devices,6 among others. It is
well-established that alloying silicon with germanium affords
a convenient method for tailoring the band gap energy of
semiconductor thin films and bulk materials.7 Since silicon
and germanium form a continuous alloy throughout the entire
compositional range, the alloy band gap energy can be
monotonically tuned by increasing the germanium content.
In this regard, silicon germanium alloy nanocrystals (nc-
Si1-xGex), which also exhibit size-dependent PL,8 could offer
increased versatility relative to their elemental counterparts
because their optical response can be tailored through
compositional control.9 These alloy nanocrystals have po-
tential applications in thermophotovoltaics (TPV), tandem
solar cells, and silicon-based optoelectronic devices.7,10

Existing methods for preparingnc-Si1-xGex include mag-
netron co-sputtering,9-11 chemical vapor deposition (CVD),7,12

thermal evaporation,13 and molecular beam epitaxy (MBE),14

all of which require subsequent high-temperature annealing.
These infrastructure intensive fabrication methods only afford
small quantities of oxide embedded or substrate supported
nanocrystals. Current methods for preparing freestandingnc-
Si1-xGex also require elaborate equipment and experimental
design while affording particles of ill-defined size and
shape.13,15

We recently reported the preparation ofnc-Si from the
thermally induced disproportionation of hydrogen silsesqui-
oxane (HSQ).16 We proposed that noncrystalline silicon
nanodomains formed from the decomposition of silane
originating from the collapse of the HSQ cage structure at
350-500°C. These domains crystallized with heating above
900°C. Germanium diiodide (GeI2) disproportionates at 350
°C yielding elemental Ge and GeI4.17 Here we extend the
versatility of our thermolytic method for synthesizing group
IV semiconductor nanomaterials by preparing silicon-
germanium alloy nanocrystals (nc-Si0.45Ge0.55) from the
simultaneous thermal decomposition of HSQ and GeI2.
Unlike othernc-Si1-xGex preparative methods that employ
reagents requiring specialized handling procedures,7,12 HSQ
and GeI2 are easily manipulated using standard laboratory
techniques. Relevant decomposition reactions are sum-
marized in Scheme 1.

Removal of the solvent from a FOx-17 (Dow Corning)
HSQ stock solution in vacuo yields a white solid that was
used without further purification. In a typical preparation,
HSQ (0.20 g, 0.47mmol) and GeI2 (1.60 g, 4.90mmol) were
intimately mixed by mechanical grinding in a glovebox
atmosphere to yield a uniform light yellow powder. The free
flowing powder was transferred to a quartz reaction boat in
a high-temperature tube furnace and heated to a maximum
processing temperature of 1100°C at approximately 60°C/
min in a slightly reducing atmosphere (5% H2, 95% Ar).
Reaction mixtures were heated for 1, 5, 10, and 20 h to yield
GeI4 and1, 2, 3, and4, respectively, as glassy brown solids
(12% mass yield).

Sample2 was ground into a fine powder and sonicated in
a 5:1 mixture of H2O2:MeOH at 40°C for 60 min to remove
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Scheme 1. Thermally Induced Reactions Providing
nc-Si0.45Ge0.55 from the Simultaneous Thermal

Disproportionation of HSQ and GeI2
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bulk Ge and GeI4 impurities.18 After the powder was isolated
by centrifugation and dried in an argon stream, hydride
surface terminatednc-Si0.45Ge0.55 molecules were liberated
from the oxide matrix upon etching with hydrofluoric acid
(HF) ethanol-water solutions for 60 min and isolated as an
ultrafine black powder,5, using repeated centrifugation/
sonication cycles in deionized water.

Bulk crystallinity of oxide encapsulated and freestanding
nc-Si0.45Ge0.55 was evaluated by X-ray diffraction (XRD)
using an INEL XRG 3000 X-ray diffractometer equipped
with a Cu KR radiation source. The bonding within thenc-
Si0.45Ge0.55 core was investigated by Raman spectroscopy
using a Renishaw inVia Raman microscope equipped with
a 785 nm diode laser and a power of 7.94 mW on the sample.
Bonding was further investigated by Fourier transform
infrared spectroscopy (FTIR) using a Nicolet Magna 750 IR
spectrophotometer. Crystal morphology, size distribution, and
chemical composition were evaluated by transmission elec-
tron microscopy (TEM) and energy dispersive X-ray spec-
troscopy (EDX) using a JEOL-2010 (LaB6 thermionic
emission source) electron microscope with an accelerating
voltage of 200 keV. TEM samples of freestandingnc-
Si0.45Ge0.55 were drop-coated from a clear brown methanol
suspension onto a carbon coated copper grid.

Influence of annealing time was monitored using XRD
(Figure 1A). After 1 h,1, only sharp peaks corresponding
to bulk diamond lattice Ge can be definitively assigned.
These bulk Ge impurities result from Ge crystallization out-
side of the SiO2-like matrix that forms with HSQ decom-
position. Weak, broad reflections appearing as shoulders on
the bulk Ge reflections are also observed for1; however, it
is nearly impossible to make a definitive assignment. XRD
patterns of2-4 (Figure 1A) clearly show broad diffraction
peaks appearing at approximately 2θ ) 28°, 47°, and 55°
which are readily indexed to characteristic (111), (220), and

(311) reflections of diamond lattice Si0.45Ge0.55. Figure 1A
shows the diffraction peaks do not shift in2, 3, and 4,
highlighting the elemental composition of the alloy remains
constant regardless of thermal processing time. The experi-
mentally determined alloy lattice constant (5.526 Å)19 was
used to estimate the alloy composition as Si0.45Ge0.55 using
(eq 4),

wherea is the lattice constant andx is the Ge mole fraction.20

We also note thatnc-Si0.45Ge0.55 reflection intensities in
the XRD patterns of2-4 qualitatively increase with extended
heating. Similar time dependent intensity relationships
observed for Si1-xGex have been attributed to increased
particle crystallinity.21 The XRD patterns of2-4 exhibit peak
broadening independent of annealing time, suggesting a
constant nanoparticle size. The Debye-Scherrer relationship
affords an estimated nanocrystal diameter of 6.8 nm for2-4.
Figure 1B shows XRD patterns for2 and5, nc-Si0.45Ge0.55

liberated from the oxide matrix through HF etching of2. It
is clear that the (111), (220), and (311) reflections for5 are
consistent with the patterns obtained for2. Figure 1B also
shows a dramatic decrease in the intensity of bulk Ge
reflections after the liberation process. Residual bulk Ge is
likely the result of incomplete etching. It is clear that the
liberatednc-Si0.45Ge0.55 molecules maintain crystallinity and
a constant composition throughout the etching process.

Figure 2A shows baseline corrected Raman spectra for
1-4. Each spectrum shows asymmetric peaks at approxi-
mately 292, 395, and 507 cm-1, corresponding to vibrations
of the Ge-Ge, Si-Ge, and Si-Si optical phonons (OP),
respectively. As expected, the Ge-Ge OP vibration is the
most intense because of the bulk Ge impurities identified in
the XRD patterns. It is clear that prolonged annealing
increases the intensities of the OP vibrations characteristic
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Figure 1. (A) XRD patterns obtained for (i)1, (ii) 2, (iii) 3, and (iv) 4,
showing the characteristic (111), (220), and (311) reflections ofnc-
Si0.45Ge0.55. (B) XRD patterns obtained for (i)5 and (ii) 2. († denote
reflections arising from bulk Ge impurities.)

Figure 2. (A) Raman spectra obtained for (i)1, (ii) 2, (iii) 3, and (iv)4,
showing the Ge-Ge, Si-Ge, and Si-Si OP vibrations characteristic of
nc-Si0.45Ge0.55. (B) Raman spectra for (i)5 and (ii) 2.

a(x) ) 0.002 733x2 + 0.019 92x + 0.5401 nm (4)
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of nc-Si0.45Ge0.55. This can be related to an increase in the
number of Ge-Ge, Si-Ge, and Si-Si bonds, consistent with
the XRD data that suggest increased particle crystallinity
upon extended annealing. Figure 2B shows baseline corrected
Raman spectra for2 and5. The Raman spectrum of5 shows
a decrease in the Ge-Ge OP vibration intensity and an
increase in the intensity of Si-Ge and Si-Si vibrations,
consistent with the removal of the bulk Ge impurities during
the liberation procedure. Shifts in the Raman frequencies of
nc-Si1-xGex with respect to bulk Si and bulk Ge can be
related to elemental composition, phonon confinement ef-
fects, particle size, and stress relaxation of matrix embedded
particles.10 However, particle size and composition are not
readily obtained through the Raman data because it is non-
trivial to distinguish between these factors and their relative
contributions to the overall shift.

Figure 3 shows the FTIR spectra of2 and5. The FTIR
spectrum of2 (Figure 3A) is dominated by a broad band
associated with Si-O-Si bending (ca. 1100 cm-1) of the
SiO2-like matrix. Upon etching with HF acid,5 (Figure 3B),
the oxide is removed and the nanocrystal surface is domi-
nated by Si-H and Ge-H functionalities, as evidenced by
the vibrations at approximately 2100 cm-1 (Si-Hx and Ge-
Hx stretches). Bending frequencies of Si-O-Si bonding at
e1400 cm-1 remain, suggesting the presence of a small
amount of surface oxide possibly arising from incomplete
etching and post-etching oxidation of the nanocrystal surface.
Further evidence for hydride surface termination are the
peaks ate1000 cm-1 assigned to Si-Hx and Ge-Hx

scissoring. Peaks appearing at approximately 2900 cm-1 and
1500-1400 cm-1 are from residual ethanol used in the
etching process. Hydride terminated nanocrystal surfaces
have been shown to act as reaction platforms for the
formation of Si-C and Ge-C bonds via hydrosilylation and
hydrogermylation reactions, respectively.3,22

Images A and B of Figure 4 show representative bright-
field TEM images of freestandingnc-Si0.45Ge0.55, 5. Many
of the nanocrystals have aggregated, most likely resulting
from hydrophobic interactions between the hydride surface
terminated nanocrystals and water impurities in the methanol
suspension. It can be seen that the nanocrystals adopt
pseudospherical morphologies. Figure 4C shows the mea-
sured size distribution with a mean diameter of 12.68 nm
(2σ ) 4.09 nm;n ) 565). This value differs significantly
from the value determined using Scherrer analysis. In-
homogeneous strain within the nanocrystals resulting from
alloying defects and crystal lattice mismatches could cause
an increase in XRD signal broadening and account for the
small crystal size calculated from the Scherrer analysis.23

Lattice spacings determined using selected area electron
diffraction are consistant with XRD and support a Si:Ge ratio
of 0.45:0.55. Figure 4D shows the EDX spectrum of liberated
nc-Si0.45Ge0.55, showing the nanocrystals are composed only
of Si and Ge.

In summary, we report the preparation of pseudospherical
Si0.45Ge0.55alloy nanocrystals via the simultaneous thermally
induced disproportionation of HSQ and GeI2. XRD suggested
a composition consistent with Si0.45Ge0.55 that remained
constant regardless of annealing time and HF etching. XRD,
Raman spectroscopy, TEM, and EDX all confirm the
presence ofnc-Si0.45Ge0.55. FTIR spectroscopy confirmed
nanoparticle hydride surface termination upon HF etching.
Ongoing investigations include tailoring of particle shape,
size, composition, and surface chemistry as well as an
investigation of the PL response of these materials.
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Figure 3. (A) FTIR spectrum of2. (B) FTIR spectrum obtained for5,
showing Si-Hx and Ge-Hx stretches and scissoring.

Figure 4. (A, B) Representative bright field TEM micrographs of5 (bar
) 100 nm). (C) Size distribution of5 (mean) 12.68 nm, 2σ ) 4.09 nm,
n ) 565). (D) EDX spectrum of5.
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