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Germanium nanocrystals may be of interest for a variety of electronic and optoelectronic
applications including photovoltaics, primarily due to the tunability of their band gap from the
infrared into the visible range of the spectrum. This letter discusses the synthesis of monodisperse
germanium nanocrystals via a nonthermal plasma approach which allows for precise control of the
nanocrystal size. Germanium crystals are synthesized from germanium tetrachloride and hydrogen
entrained in an argon background gas. The crystal size can be varied between 4 and 50 nm by
changing the residence times of crystals in the plasma between ~30 and 440 ms. Adjusting the
plasma power enables one to synthesize fully amorphous or fully crystalline particles with otherwise
similar properties. © 2007 American Institute of Physics. [DOL 10.1063/1.2778356]

Semiconductor nanocrystals have received significant at-
tention in recent years due to their size-dependent optical and
electronic properties. Most of the attention given to group IV
semiconductor nanocrystals has focused on silicon nanocrys-
tals (Si-NCs), due to their efficient and tunable light
emission." However, germanium nanocrystals (Ge-NCs)
may be more interesting than Si-NCs for device applications
that require a small band gap material, a material that exhib-
its stronger quantum confinement than Si, or a material that
absorbs light better than Si. In particular, Ge-NCs may be
well suited for photovoltaic applications since both
theoretical®’ and experimental8 studies have shown that the
band gap of Ge-NCs can be tuned across the solar spectrum
from the bulk Ge band gap of ~0.7 eV to ~2 eV for crys-
tals 3 nm in diameter.

Many Ge-NC synthesis techniques have previously been
reported. Liquid-phase Ge-NC synthesisg_12 techniques are
convenient  for  subsequent  liquid-phase  surface-
functionalization reactions, but these synthetic routes are of-
ten time consuming, have low material yields, and some-
times produce Ge-NCs with broad size and shape
distributions. Ge-NCs can also be precipitated in the solid
phase,nf16 which leaves Ge-NCs embedded in a matrix ma-
terial that, in many cases, passivates the surfaces very well.
However, the range of possible surface treatments for em-
bedded Ge-NCs is limited, as is the flexibility of using em-
bedded NCs for device applications. Gas-phase synthesis17
produces freestanding Ge-NCs, whose surfaces are easily ac-
cessible for functionalization.>'®!° Unfortunately, uncontrol-
lable particle agglomeration is present in most gas-phase
processes. Such agglomeration makes it challenging to syn-
thesize NCs with a narrow size distribution and may cause
loss of quantum confinement.”

Previously, we reported a nonthermal plasma technique
with large material yields for the synthesis of freestanding
Si-NCs.?! In this letter, we describe the adaptation of this
synthetic approach to the synthesis of nearly monodisperse,
freestanding Ge nanoparticles which can be produced to be
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either crystalline or amorphous, and whose mean diameter
can be controlled from 4 to 50 nm.

A flow-through, nonthermal plasma reactor similar to
that described in Ref. 21 was used to synthesize Ge-NCs. As
sketched in Fig. 1, the reactor consists of a 25 mm outer
diameter quartz tube through which precursor gases are
passed. A Radio frequency power of 50—90 W at 13.56 MHz
is applied to a ring electrode pair wrapped around the tube,
resulting in an ~5 cm long plasma that causes precursor
dissociation and subsequent NC formation. The NCs are col-
lected downstream of the plasma on transmission electron
microscope (TEM) grids or stainless steel filter meshes.

Germanium tetrachloride (GeCl,) entrained in an argon
(Ar) buffer is used as the Ge-NC precursor. Ar is bubbled
through a GeCl,-containing bubbler which is held at 200 kPa
so that the gas mixture entering the reactor has a GeCl,: Ar
ratio of 5:95. Hydrogen (H,) and additional Ar are also
added to the gas flow entering the reactor; H, serves to scav-
enge chlorine (Cl) produced in the dissociation of GeCl,,
while Ar acts as a background gas in the plasma and can be
adjusted to alter the total gas flow rate. The operating pres-
sure in the plasma reactor is ~266 Pa.

The NC residence time in the plasma zone is the primary
parameter affecting NC size, with longer times leading to
larger particles. Figure 2 shows TEM images of Ge-NCs col-
lected on TEM grids downstream of the plasma for 1 min.
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FIG. 1. (Color online) Schematic of the experimental setup.
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FIG. 2. Plasma synthesized germanium nanocrystals for various residence
times in the plasma. Precursor flow rates were (a) 110 SCCM Ar, 10 SCCM
H,, and 0.5 SCCM GeCl, (inset shows high resolution); (b) 55 SCCM Ar,
5 SCCM H,, and 0.25 SCCM GeCly; (c) 27.5 SCCM Ar, 2.5 SCCM H,,
and 0.13 SCCM GeCly; and (d) 6.9 SCCM Ar, 0.63 H,, and 0.03 SCCM
GeCly. All depositions were for ~1 min at 80 W power.

The Ar:H,:GeCl; gas flow ratio was held constant at
220:20:1 while the total flow rate was varied from
121 to 7.5 SCCM (SCCM denotes cubic centimeter per
minute at STP), and thus the residence time from ~27 to
~440 ms. It is clearly seen that the Ge-NCs are rather
monodisperse under all conditions and that longer residence
times lead to larger crystals. The effect of residence time on
NC size is quantitatively summarized in Fig. 3. The mean
particle diameter changes by about a factor of 10 when the
residence time is adjusted throughout the above range, indi-
cating the versatility of this synthesis technique. The smallest
NC size achieved is ~3 nm. According to theoretical calcu-
lations by Nesher et al.” and Takagahara and Takeda,® and
absorption measurements by Wilcoxon et al..® 3 nm Ge-NCs
are predicted to have a band gap of ~2 eV. Based on these
studies, it is expected that the band gap of the produced
Ge-NCs can be smoothly varied from the bulk Ge band gap
of ~0.7 eV (for large NCs) to ~2 eV (for 3 nm NCs) by
altering the NC residence time in the plasma.

Compared to Ge-NCs synthesized using many of the
techniques previously reported in the literature, the size and
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FIG. 3. Particle mean diameter and standard deviation of the particle size
distribution as a function of the particle residence time in the reactor. Plasma
conditions were as in Fig. 2.
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shape distributions of our particles are rather narrow, though
the distributions broaden with increasing particle size
(Fig. 3). For 5 nm Ge-NCs, standard deviations (determined
by measurement of >50 NCs from TEM images) of 10%—
15% are typical. The particles are nearly uniformly spherical
at small sizes, but some shape deviations are introduced at
larger sizes and faceting can be seen. In addition, the par-
ticles do not fuse together to form “hard” agglomerates.
Rather, the boundaries between particles are easily distin-
guishable and, as we will show in a different paper, NCs that
may appear to be “stuck together” are easily separated during
liquid-phase chemical reactions used to terminate the NC
surfaces. As we previously reported for Si-NCs,?! we believe
that the plasma environment effectively inhibits agglomera-
tion by dispensing a unipolar negative charge on the NCs.
Nonagglomerated, monodisperse particles such as the Ge-
NCs reported here are required for many device processing
steps such as the formation of densel;r packed or superlattice
films from NC colloidal solutions.”***

Gas flow ratios other than 220:20:1 Ar:H,:GeCl; may
be used to alter NC production. In particular, simultaneously
increasing the GeCl, and H, flows results in greater mass
yield—with yields as high as tens of milligrams per hour—
but does not significantly affect the NC size since the much
larger Ar flow is the dominant factor in determining the resi-
dence time. Changing the GeCl,: H, ratio alters both the NC
size and yield, with more H, leading to larger Ge-NCs and
too little H, resulting in no NC formation. We believe that H
radicals prevent the fast recombination of Cl with fragments
of dissociated GeCly so that GeCl, fragments have a chance
to bond with each other, leading to Ge-NC nucleation. We
suspect that, in the absence of H, gas, Cl radicals reattach to
Ge atoms to re-form GeCl, before Ge-NC nucleation can
occur. With increasing H,, less Cl is present to hinder Ge-NC
growth, leading to larger particles. For practical purposes, it
is convenient to fix the GeCl,:H, ratio and alter only the
parameters already discussed, since these give more than ad-
equate control of the NC size and mass yield.

The amount of power coupled to the plasma provides an
effective handle on the particle crystallinity without altering
the particle size or mass yield. Figure 4 compares x-ray dif-
fraction (XRD) and TEM results for samples grown with 60
and 90 W power, and otherwise identical conditions. Two
broad features characteristic of amorphous material are seen
in the XRD pattern of the low power sample, while the (111),
(220), (311), (400), and (331) diffraction peaks of diamond
cubic Ge are clearly visible for the high power sample. The
width of the diffraction peaks is consistent with the Ge-NC
size of ~5 nm observed in TEM. Selected-area diffraction
(SAD) performed in the TEM corroborates these results;
rings corresponding to the (111), (220), and (311) diffrac-
tions are present in the SAD pattern of the high power
sample but not the low power sample. Crystallinity aside, Ge
nanoparticles synthesized with 60 and 90 W are similar in
both their shape and size, as seen in the TEM images shown
in Fig. 4.

While crystalline materials are generally preferred for
their superior electronic properties, certain applications may
favor amorphous materials and it is convenient to be able to
easily synthesize both crystalline and amorphous Ge nano-
particles. For example, a nanoporous polycrystal could be
made by depositing a few crystalline NC seeds in a porous
film of amorphous Ge particles so that, upon annealing, the
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FIG. 4. (Color online) (a) X-ray diffraction patterns of particles synthesized
with 60 and 90 W power. Both samples were deposited for 20 min using
60 SCCM Ar, 15 SCCM H,, and 0.5 SCCM GeCl,. Transmission electron
micrographs and selected area diffraction patterns of particles deposited for
1 min with the above flow rates using (b) 60 W and (c) 90 W power.

amorphous particles adopt the crystallographic orientation of
the NC seeds to form extended, porous crystals.

Nanocrystalline Ge with feature sizes smaller than
~6 nm have been reported by others to exhibit visible pho-
toluminescence (PL). 2429 The source of this PL is contro-
versial, with some authors claiming that it is intrinsic to the
NCs and is blueshifted due to quantum conﬁneme:nt,8’24’25
and others claiming it to be extrinsic and resulting from ox-
ides and defects.”** No PL was observed from the Ge-NCs
reported here, independent of their size and oxidation state.
This may possibly be a result of Cl on the NC surfaces, since
halogens have been observed to quench PL in porous si.*

In summary, we have demonstrated the synthesis of free-
standing Ge-NCs using a nonthermal plasma technique
which allows control of the NC properties. Nearly monodis-
perse NCs with mean diameters of 4—50 nm have been syn-
thesized with mass yields as high as tens of milligrams per
hour. The nanoparticle crystallinity can be controlled inde-
pendent of other particle properties by varying the plasma
power. As the plasma synthesis approach produces Ge-NCs
without any surfactants, subsequent surface functionalization
schemes can likely be used to impart additional functionality
to the particles.
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