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The earliest and prevailing synthetic route of one-
dimensional semiconductors is the catalytic chemical-vapor
growth of semiconductor nanowires (NWs), where various
metal nanoclusters are employed for the catalytic decomposi-
tion of the vapor precursors of semiconductors, and for the
dimensionally confined nucleation and growth.1,2 Therein the
metal nanoclusters typically mediate the catalytic crystal-
lization as alloy liquids1,2 or solid solutions by providing3-10

lower activation energy for given reactions. Ideally the
diameters of given NWs in these growth schemes can be
predetermined by the size of employed catalysts by a one-
to-one deterministic manner, and therefore the preparation
of monodispersed catalysts is critical for the controlled
growth of NWs with well-defined diameters. In practice the
monodispersion of catalysts can be elaborately achieved by
preparation of colloidal catalyst arrays on substrates or by
lithography of very thin metal films. Here we report an
alternative method to grow single-crystalline Ge NWs on
Cu-Ni bulk alloys by a self-organized fashion without
employing metal nanoclusters. Specifically, we found that
GeH4 precursors selectively and catalytically decompose into
Cu within the Ni-Cu alloy matrix and spontaneously form
Cu3Ge nanocrystals. Subsequently the decomposed Ge
precipitates out from Cu3Ge nanocrystal seeds by solid-phase
diffusion and crystallizes into Ge NWs. Our simple growth
scheme does not involve the elaborate preparation of well-
defined metal catalysts at the nanometer scale and thus can
suggest practical implications for the large-area growth of
semiconductor nanowires.11-13

Figure 1a schematically describes the main observations
from our growth. We first begin with the preparation of
Cu-Ni alloy films of 80 nm in thickness by cosputtering on
300 nm SiO2/Si(100) substrates. The relative composition
of Ni and Cu in the cosputtered films is measured to be 0.65
and 0.35 by energy dispersive X-ray (EDX) spectroscopy.
Then the substrates are subsequently loaded into a hot-walled
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quartz-tube furnace, where we carry out chemical vapor
deposition, using GeH4 precursors (specifically, 10% of GeH4

diluted in high purity H2).14,15 Figure 1b is a representative
plan-view of the scanning electron microscope (SEM) image
of the 20-min-long reaction products using 300 Torr of GeH4

at 275 °C, and the X-ray diffraction pattern in the inset shows
that the products correspond to pure Ge, Cu3Ge, and NiGe.
Typically, we have observed two different kinds of nanowires
of distinctive morphologies in Figure 1b. The first kind of
NWs is relatively thin with the average diameter of 25 nm
and is straight along the wire axes, as shown in Figure 1c
by transmission electron microscopy (TEM). The other kind
is rather thick in diameter above 50 nm with irregular zigzag
shapes along the wire axes, as in Figure 1d. We found that
the thin and straight NWs are longer in length, compared
with the thick and zigzag NWs, with smaller concentrations
of defects. We speculate that the differences in morphologies
of two types of NWs are due to the diameter-dependent
growth kinetics, that is, the NW crystallization at the smaller
diameter is faster and spatially uniform within a finite
diameter, leading to straight crystals with fewer defects.4,8

We found a general trend that the relative portion of thin
and straight (thick and zigzag) Ge NWs decreases (increases)
on the thicker catalyst films. Nevertheless the average
diameters of the thin Ge NWs are not significantly affected
by the catalyst-film thickness. Figure 2a captures both kinds
of NWs in the same images, and the corresponding EDX
spectra in the inset, probed on individual NWs, show that
the NW stems of both kinds are pure Ge within the
instrumental limit, whereas the tips are abundant with Cu.

High resolution TEM images in Figure 2b,c demonstrate that
the tip and the stem are single-crystalline and are respectively
indexed to orthorhombic Cu3Ge and cubic Ge by the fast
Fourier transformation diffraction patterns, as in the insets.
We have examined more than 10 sets of NWs from different
growth batches and consistently found that the crystal phases
of the tip and the stem are Cu3Ge and Ge. This observation
strongly suggests that single-crystalline Ge NWs precipitate
out of Cu3Ge catalytic tips and is consistent with the case
of Ge NW growth from Cu nanoclusters alone in a separate
study;16 see also Figure 4. We note that the eutectic
temperature of the Ge-Cu binary phase system to be
644 °C,17 which is much higher than our growth temperature
of 275 °C. Instead, at lower temperatures an intermediate
solid solution such as Cu3Ge and Cu5Ge persists down to
200 °C with the appreciable solubility. We attribute the low-
temperature growth of 275 °C, well below the Cu-Ge
eutectic temperature by 369 °C, to the growth by the catalytic
decomposition of Ge precursors onto the solid-phase Cu
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Figure 1. (a) Schematics of the growth Ge nanowires (NWs) from Cu-Ni
bulk alloys in this study. (b) A plan-view scanning electron microscope
image of Ge NWs grown by 300 Torr of GeH4 at 275 °C. The scale bar is
1 µm. X-ray diffraction pattern in the inset shows that the products
correspond to Ge, Cu3Ge, and NiGe. (c and d) Representative transmission
electron microscope images of the two different kinds of Ge NWs: the
relatively thin and straight NWs in (c) and the thick and irregularly zigzag
shaped NWs in (d). The scale bar is 50 nm.

Figure 2. (a) A TEM image of both thin and thick Ge NWs, showing the
tip at the end with a dark contrast. The scale bar is 50 nm. The inset is
energy dispersive X-ray spectra collected from the tip and the stem of two
nanowires, marked with numbers in the main panel, respectively. (b) A
high-resolution TEM image of a Ge NW near the catalytic tip and the
corresponding fast Fourier transformation diffraction pattern (FFT-DP)
indexed to orthorhombic Cu3Ge. The scale bar is 5 nm. (c) A high-resolution
TEM image of the stem of a Ge NW and the corresponding FFT-DP indexed
to cubic Ge. The scale bar is 2 nm.

Figure 3. (a) High angle annular dark field (HAADF) TEM image of as-
deposited Cu-Ni alloy films. The scale bar is 30 nm. (b and c) EDX
elemental mapping of Cu (b) and Ni (c) corresponding to TEM image of
(a). The brighter contrast represents the higher element concentration. (d)
HAADF TEM image of the reacted Cu-Ni alloy films with GeH4. The
scale bar is 500 nm. (e and f) EDX elemental mapping of Cu (e) and Ni (f)
corresponding to TEM image of (d). The inset shows EDS mapping of an
individual nanowire. The scale bar is 30 nm.

6578 Chem. Mater., Vol. 20, No. 21, 2008 Communications



catalysts. In fact the synthetic routes from the solid catalysts
are evident by the accumulating examples of semiconductor-
catalyst systems, such as Si-Ti,3 Ge-Ni,4 GaAs-Au,5

InAs-Au,6 Si-Al,7 Si-Cu,8 Mn-Ge,9 and Ge-Au.10

Therein it has been commonly documented that the NW
crystallization can be available by solid-phase diffusion of
semiconductor elements through the solid catalysts. One-
dimensinoal Ge diffusion across Cu catalysts in our study
can be expressed by JGe ) FGeν ) DGe ∂φ/∂r, where J is the
Ge difffusion flux, F is the atomic density of Ge, ν is the
axial growth rate of Ge NWs, D is the Ge diffusivity in Cu,
and ∂φ/∂r is the Ge concentration gradient in Cu catalyst of
the radius r. Then we determine the average ∆φ to be 1.7 ×
1020 cm-3 for Ge nanowires (the thin and straight NWs) of
the average radius of 12 nm with the values of the observed
ν (130 nm/min) and DGe (6.8 × 10-11 cm2/s at 275 °C).18

Assuming the Ge NW growth is Ge diffusion limited, for
example, Ge crystallization kinetics at the catalyst-NW
interfaces is much faster than Ge diffusion, we estimate that
the concentration gradient across the Cu catalysts, ∆φ/φ, is
established by 3.9% for the equilibrium Ge concentration in
Cu, φ (7.4 × 1021 cm-3) at 275 °C.

It is interesting to note that the reaction between GeH4

precursor and Cu-Ni bulk alloys leads to the selectiVely Cu-
catalytic Ge NW growth in a self-organized manner, as
opposed to the Ni-catalytic growth. Indeed we observed such
self-organization of Cu nanocrystals, as shown in the
snapshots of the intial growth stages. Figure 3a is a
representative plane view image by a scanning TEM of
Cu-Ni alloy films before the reaction along with the
corresponding EDX elemental mapping of (b) Cu and (c)
Ni. This demonstrates that the as-deposited Cu-Ni alloy
films are textured with polycrystalline Cu-Ni grains, in
which Cu and Ni are randomly mixed at the atomic scale
without noticeable phase segregation. However, the subse-
quent GeH4 chemical vapor reaction for 5 min at 275 °C, as
in Figure 3d-f, significantly reorganizes the spatial distribu-
tion of Cu and Ni with several embryonic Ge NWs.

Specifically, the presence of Cu is strongly concentrated onto
the tip of NWs, as further exemplified in the insets, forming
Cu-nanocrystals, as also verified in Figure 2. Clearly the
spatial distribution of Cu is spontaneouly reorganized within
the Cu-Ni matrix into the Ge NW nuclei. Meanwhile we
have not observed any obvious correlation between the
spatial distribution of Ni and Ge NWs. As verified in the
inset of Figure 1b, the reaction between GeH4 precursor and
the Cu-Ni bulk alloys produces not only Ge and Cu3Ge
but also NiGe. That is, the Ni-catalytic Ge NW growth itself
can be feasible in the thermodynamic limit. In fact it was
reported that Ge NWs can be grown from Ni nanocrystal
seeds at 460 °C in supercritical toluene by solid diffusion.4,19

Therefore the selective Cu-catalytic growth in our study can
be discussed in the kinetic limit, by comparing Ge diffusivity
in Cu and Ni. From literature we find significant difference
by many orders of magnitudes between Ge diffusivity in Cu
(6.80 × 10-11 cm2/s) and in Ni (1.48 × 10-25 cm2/s) at
275 °C. It is thus probable that Ge diffusion through Cu can
be selectively activated over Ni catalysts.

To further examine whether the Ge diffusion can be
responsible for the selective Cu-catalytic growth in the kinetic
limit, we attempted to grow Ge NWs from Cu and Ni
nanocrystals alone, which are prepared by 1 nm thick films,
rather than from Cu-Ni bulk alloys. The insets of Figure 4
are the representative SEM images of the corresponding Cu-
catalytic Ge NWs and Ni-catalytic Ge NWs, respectively.
The Cu nanocrystal-catalytic growth is as facilitated as much
in the case of the Cu-Ni bulk alloys with the similar growth
rate, as in the upper inset. At the same time we also found
that Ni-catalyzed Ge NW growth is indeed possible even at
275 °C, as seen in the lower inset. Nevertheless, in terms of
the growth kinetics, we found much difference in the axial
growth for Cu- and Ni-catalysts to be 112 nm/min and 16
nm/min, respectively. We therefore conclude that the sig-
nificant difference in Ge diffusion through Cu and Ni is
responsible for the selective Cu-catalytic growth observed
in our study in the diffusion kinetic limit.

In summary, we report a novel growth method of single-
crystalline Ge nanowires from Cu-Ni bulk alloys without
the elaborate preparation of well-defined metal catalysts at
the nanometer scale. Specifically, it is found that the GeH4

precursor selectively and catalytically decomposes into Cu
within the Ni-Cu matrix and forms Cu3Ge nanocrystals in
a self-organized manner. Subsequently the decomposed Ge
precipitates out from these Cu3Ge nanocrystals to crystallize
into Ge nanowires. We provide evidence of such growth
behaviors by extensive transmission electron microscopy
studies and discuss this selective Cu-catalytic growth around
the role of the solid-phase Ge diffusion in the kinetic limit.

Acknowledgment. This work was supported by Nano R&D
program through the Korea Science and Engineering Foundation
(2007-02864), “System IC 2010” project of Korea Ministry of
Commerce, Industry and Energy, the Korean Research Founda-
tion Grant MOEHRD (KRF-2005-005-J13103), and Samsung
Electronics.

CM802184A

(18) Wang, Z.; Ramanath, G.; Allen, L. H.; Rockett, A.; Doyle, J. P.;
Svensson, B. G. J. Appl. Phys. 1997, 7, 82.

(19) Tuan, H.-Y.; Lee, D. C.; Hanrath, T.; Korgel, B. A. Nano Lett. 2005,
5, 681–684.

Figure 4. The axial length of Ge NWs as a function of growth time, for
the growth on 80 nm Cu-Ni alloy films, Cu 1 nm films, and Ni 1 nm
films, respectively. The inset shows SEM images of Ge NWs grown on Cu
1 nm films and Ni 1 nm films.
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