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Nanoparticles of the group IV semiconductors Si and
Ge are important materials because of their size-depen-
dent photoluminescence (PL) properties' and their
potential application in biological imaging,” as well as in
optical and electronic devices.® Ge nanoparticles exhibit
quantum confinement effects at larger particle diameters
than Si,* and there is growing interest in developing syn-
thetic routes to these materials. Many of the strategies for
synthesizing Ge nanoparticles involve physical or thin film
methods, such as chemical vapor deposition,” etching,®
plasma techniques,” and gas-phase pyrolysis.® Solution
methods have also been used to access Ge nano-
particles, and these are particularly intriguing because of
the potential for scalability and facile surface modifica-
tion. Typical solution routes to Ge nanoparticles include
chemical reactions of Ge Zintl salts,’ thermal decom-
position of metal—organic complexes in high-boiling
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solvents'® or supercritical CO,,'" and chemical reduction

of Ge salts using strong reducing agents such as alkali
metals,*!? n-butyllithium,13 alkali metal naphthalides,14
and metal hydrides.'> Here, we report a room-tempera-
ture colloidal route to Ge nanoparticles. Using a modified
polyol process, Ge nanoparticles stabilized by polyvinyl-
pyrrolidone (PVP) are synthesized by borohydride reduc-
tion of GeCly in ethylene glycol. This strategy involves
simple benchtop chemistry and represents an alternative
to the harsh methods and specialized laboratory equip-
ment typically required for synthesizing colloidal Ge
nanoparticles.

In a typical synthesis, GeCly (267 uL) and PVP (50 mg,
MW =630000) were dissolved in 10 mL of ethylene gly-
col. After purging with Ar, 6 mL of a 2 M solution of
NaBH, in triethylene glycol dimethyl ether (triglyme)
was added via a two-channel syringe pump at a rate of
1.5 mL/min for the first 2 mL and a rate of 0.15 mL/min
for the remaining 4 mL. After 30 min, the precipitate was
separated by centrifugation and washed with ethanol to
remove undesired reaction byproducts, including organic
species. All reactions were carried out in 20 mL sample
vials at room temperature on a benchtop under ambient
conditions. Ar was continuously bubbled through the
samples via a disposable pipet tip attached to a plastic
tube connected to an Ar tank. The nanoparticles were
dispersible in water, ethanol, and acetonitrile.

Figure 1 shows representative transmission electron
microscopy (TEM) images for Ge nanoparticles synthe-
sized as described above. The particles are fairly mono-
disperse with an average diameter of 5 + 1 nm, as seen in
the large-area and cropped TEM images in Figure la,c,
respectively, as well as in the size distribution histogram in
Figure 1b. Energy-dispersive X-ray spectroscopy (EDS)
shows the presence of only Ge, as well as Cu from
the TEM grid (Figure 2). The selected area electron
diffraction (SAED) pattern in Figure 1 shows rings
corresponding to the 111, 220, 311, 331, and 440 planes
of diamond-type Ge. A high-resolution TEM image
(Figure 1d) indicates that the Ge nanoparticles are highly
crystalline, showing lattice fringes that correspond to
the 220 plane of Ge (2.0 A). The powder X-ray diffrac-
tion (XRD) pattern for the Ge nanoparticles, shown in
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Figure 1. TEM images of Ge nanoparticles (different magnifications)
synthesized by reducing GeCly in ethylene glycol with NaBHy in triglyme
asdescribed in the text. The inset in (a) shows the SAED pattern for the Ge
nanoparticles and the HRTEM image in (d) shows lattice planes corre-
sponding to the 200 plane of diamond-type Ge. A size distribution
histogram for the sample in (a) is shown in (b).
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Figure 2. Powder XRD data for Ge nanoparticles as-synthesized (room
temperature) and after heating to 600 °C. The simulated XRD pattern for
diamond-type Ge is shown for comparison. Inset: EDS data for Ge
nanoparticles (Cu comes from the TEM grid).

Figure 2, indicates that they are amorphous as synthe-
sized at room temperature. Crystallization and concomi-
tant particle growth occur after heating to 600 °C under
Ar. This is consistent with previous reports.”'* Compar-
ing the TEM and XRD data, we speculate that the Ge
nanoparticles are amorphous as-made but crystallize in
the TEM beam.

By changing the reaction conditions, other particle
sizes, size distributions, and shapes are also accessible.
At higher concentrations of GeCly (300 uL using other-
wise identical conditions), a bimodal distribution of 8 £+
2 nm and 2.2 + 0.7 nm particles is observed (Figure 3a).
This is consistent with previous reports indicating that
higher concentrations of Ge salts can lead to larger
particle sizes."*'>® However, using ethanol as a solvent
instead of ethylene glycol led to more uniform larger
particles. Figure 3b shows a TEM image of larger Ge
nanoparticles with an average diameter of 50 4+ 18 nm.
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Figure 3. TEM images of (a) Ge nanoparticles with a bimodal size
distribution synthesized using a higher concentration of GeCly, (b) larger
Ge nanoparticles synthesized in ethanol, and (c—f) large Ge nanocubes
synthesized using a faster reduction rate (see text for details). The TEM
images in (e) and (f) were taken at intermediate stages of the reaction and
show that the nanocubes form from aggregates of smaller nanoparticles.

While significantly larger, these particles are more poly-
disperse and coalesced than those synthesized in ethylene
glycol.

In addition to concentration and solvent, reduction
rate can be used to influence morphology, as previously
reported for indium nanoparticles made using similar
chemistry.'® For example, cube-shaped Ge particles are
accessible using a faster reduction rate under otherwise
identical conditions: 2.5 mL/min for the first 2 mL of the
NaBHy/triglyme solution and 0.15 mL/min for the re-
maining4 mL. The TEM images in Figure 3c,d show large
160 + 30 nm cubes. However, higher-resolution images
acquired at intermediate stages of the reaction (Figure 3e,
f) show evidence that the cube-shaped particles consist of
aggregates of smaller 5—8 nm particles. While the exact
formation mechanism is unknown, we speculate that the
cube-shaped particles form via a polymer-mediated as-
sembly process. (High-resolution TEM images show that
the constituent particles are randomly oriented, and
control experiments with molecular stabilizers do not
result in the formation of cube-shaped aggregates.) Simi-
lar cube-shaped Ge nanoparticles formed by the aggrega-
tion of smaller particles have been previously reported via
reduction of GeCly; with Na metal in a pressurized
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Figure 4. Optical data for 5 nm Ge particles in acetonitrile: (a) UV—vi-
sible absorption spectrum and (b) photoluminescence spectra (solid line,
excitation spectrum detected at 352 nm; dashed line, emission spectrum at
an excitation wavelength of 310 nm).

reactor.'> Taken together, our data provide evidence
that this simple room-temperature benchtop method
for synthesizing Ge nanoparticles can be used to gene-
rate particles with a range of morphological features
that are typically also observed using more harsh
chemical methods.

Ge nanoparticles are known to be highly photolumines-
cent, with intense absorption and emission at ultra-
violet and visible wavelengths. The UV —visible absorption
spectrum for the as-synthesized amorphous 5 nm Ge par-
ticles in acetonitrile (Figure 4a), after washing with ethanol
to remove as much of the organic byproducts as possible,
shows intense absorption in the ultraviolet region near
275 nm. Bulk Ge absorbs near this wavelength as well,
but so do very small Ge nanoparticles.*'' The PL excitation
and emission spectra for the as-synthesized amorphous
5nm Ge particles in acetonitrile, washed as described above,
are shown in Figure 4b. Excitation at 310 nm produces
primarily UV emission with a maximum at 352 nm,
although weak luminescence trailing into the visible region
is also observed. The corresponding excitation spectrum
is shown as well, with A« = 314 nm (detected at A =
352 nm). Most colloidal Ge nanoparticles have optimal
excitation and emission at longer wavelengths, which sug-
gests that our sample contains very small Ge particles based
on the documented trends in PL wavelengths as a function
of particle size.”'"!” Since our Ge nanoparticles are
only weakly passivated with PVP, they are not stable
for long periods of time and begin to degrade quickly
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(within 30—60 min under ambient conditions), as evi-
denced by a disappearance of the light orange/yellow
color that is characteristic of the as-synthesized nanopar-
ticles. It is likely that the effective particle size in solution,
an environment that facilitates sample degradation, is
smaller than the 5 nm observed for dried nanoparticle
samples (which are stable for longer periods of time)
because of surface oxidation and subsequent particle
etching. It is also known that the PL data for Ge nano-
particles can be extremely sensitive to surface chemistry,'®
and the presence of the PVP polymer and possibly
amorphous oxides could also affect the optical properties.
Regardless, the data confirm that luminescent Ge nano-
particles have indeed been produced by this simple bench-
top chemistry method and provide motivation for
studying and modifying the surface chemistry and im-
proving the stability of the nanoparticles.

In conclusion, relatively uniform photoluminescent
Ge nanocrystals have been synthesized using a simple
and mild room-temperature benchtop chemistry method,
and the morphology and size can be modified by changing
the reaction conditions. While colloidal stability is an
issue that can be addressed with further investigation into
surface chemistry and modification, the successful synth-
esis of Ge nanocrystals using such a mild chemical
method is an interesting result that we anticipate will lead
to other novel Ge nanostructures.
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