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One-dimensional semiconductor materials have been synthesized
using a wide range of approaches with various advantages and
limitations.1,2 Seeded nanowire growth via the vapor-liquid-solid
(VLS)3 and vapor-solid-solid (VSS)4 mechanisms is broadly
exploited to direct the growth of nanowires of controlled morphol-
ogy and composition.3,5 VLS and VSS growth mechanisms are often
employed in the context of chemical vapor deposition (CVD), in
which reactive gases are selectively decomposed by a metal seed
particle. The seed particle is typically deposited in a separate step
by methods including metal film evaporation,6 gas-phase nanocluster
deposition,7 and solution-phase deposition of colloidal metal
particles.8 In comparison, solution-liquid-solid1 (SLS), super-
critical fluid-liquid-solid9 (SFLS), and supercritical fluid-solid-
solid10 (SFSS) nanowire growth provide straightforward means to
synthesize both seed particles and nanowires sequentially in the
same reactor. This advantage is sometimes mitigated, however, by
the challenge of controlling the incorporation of intentional impuri-
ties, such as dopants, as well as unintentional impurities from the
precursors.11

Here we report the sequential synthesis of solid-phase manganese
germanide seed particles and crystalline germanium nanowires using
low-pressure thermal CVD. This approach to VSS Ge nanowire
growth has at least three compelling advantages: (1) the seed
particle is not Au, avoiding the potentially negative influence on
electrical properties; (2) the vapor-phase deposition and self-
assembly of the seed greatly simplifies the nanowire synthesis
process; and (3) the self-assembled seed naturally produces a narrow
distribution of nanowire diameters.

The sequential synthesis of manganese germanide seeds and Ge
nanowires is depicted in Scheme 1. Si3N4 substrates were cleaned
by sonication in ethanol and loaded into a hot-wall CVD system.
Mn was deposited by flowing 20 sccm H2 through a tricarbonyl-
(methylcyclopentadienyl) manganese (TCMn) bubbler, held at 55
°C and 300 Torr, and into the reactor with 30 sccm of N2 as the
dilutant gas. The reactor temperature and pressure were 350°C
and 100 Torr, respectively, and typical deposition times were 5-10
min. These reactor conditions are sufficient to initiate pyrolysis of
the TCMn in the gas-phase prior to arrival at the substrate, though
pyrolysis is not expected to be complete prior to adsorption of the
TCMn decomposition products on the substrate.12 To complete the
decomposition of TCMn and allow Mn nanoparticles to form, the
Mn deposition was followed by an anneal in 25 sccm each of N2/
H2 for 5-15 min. Annealing was found to improve the nanowire
yield without influencing the nanowire diameter distribution. The
size distribution of the Mn particles formed in this manner was
determinedex situ using atomic force microscopy (AFM) and
threshold height analysis. Figure 1 indicates that the vast majority
of particles are below 10 nm in height, but heights up to∼40 nm
were observed.

Ge nanowire synthesis was initiated at 350°C immediately after
Mn deposition and annealing by introducing 0.125 sccm GeH4 along

with 25 sccm each of N2 and H2 at a total pressure of 25 Torr. The
samples were cooled in the N2/H2 mixture. Growths of 15-120
min were subsequently analyzed by scanning electron microscopy
(SEM) to determine nanowire lengths and growth rates; Figure 1c
shows an SEM image from a 120 min growth with nanowires up
to 20 µm in length. The maximum growth rate observed was 190
nm/min, and studies of a series of increasing germane deposition
times indicate that a nucleation period of approximately 15 min is
required for nanowire growth to begin. Nanowire tip diameters of
10-30 nm were observed with a peak in the distribution of∼18
nm as measured using TEM (Figure 1d).

Elongated “leader” particles were found at the tips of all Ge
nanowires (Figure 2a). Analytical and high-resolution TEM was
used to further characterize the nanowire and leader structure and
composition. High-resolution TEM images show a crystalline core

Scheme 1. Deposition of Mn Seeds by Pyrolysis of TCMn
Followed by the Sequential Growth of Ge Nanowires upon
Exposure to GeH4

Figure 1. (a) AFM image showing Mn seeds from a 5 min deposition
followed by a 15 min anneal on a Si3N4 substrate. (b) Histogram of the
height distribution for Mn seeds determined using AFM. (c) FE-SEM image
of Ge nanowires grown for 120 min. (d) Histogram of the Ge nanowire tip
diameters grown from seeds prepared by the same method as (a) (determined
using TEM). The distribution of Ge nanowire diameters is narrower than
that of the seed particles and peaked at 16-18 nm.
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with an amorphous shell at the tip of the Mn-seeded nanowires
(Figure 2a). Energy dispersive X-ray spectroscopy (Supporting
Information) indicates that Mn and Ge are present in both the core
and the shell of the leader. The leader shown in Figure 1a is not
on a low-index zone axis, but electron diffraction studies of other
leaders established the crystalline phase as Mn11Ge8 (Supporting
Information). HRTEM and diffraction analysis led to the identifica-
tion of Ge nanowires with<110>, <111>, and<112> growth
directions (Figure 2b-d). A statistical study of the growth axis for
∼50 nanowires found that 44% are oriented along the<110>
direction, 30% along the<112> direction, and 26% along the
<111> direction. The dominant orientation is<110> for tip
diameters less than 14 nm, whereas for larger tip diameters, the
most prevalent growth direction is<111>. This observed diameter
dependence on the nanowire growth axis is reminiscent of reports
by Hanrath et al.13 for SFLS grown Ge nanowires and by Wu et
al.14 and Schmidt et al.15 for VLS grown Si nanowires, despite the
differences in the growth mechanism. This interesting finding
warrants further study, as it has been proposed that a fluctuating
liquid-solid interface is responsible for the selectivity.15

We conclude from the above data that the crystalline “leader”
directs crystalline Ge nanowire growth from a gas-phase precursor.
The observed nanowire nucleation time of∼15 min can be
attributed to the formation of the manganese germanide leader from
the Mn particles in the presence of GeH4. Interestingly, the growth
occurs 370°C below the lowest eutectic point on the Mn-Ge binary
phase diagram, suggesting that the leader is solid during this VSS
nanowire growth.16 We have intentionally avoided using the term
“catalyst” to refer to the leader because we have not established
the extent to which the amorphous MnxGe1-x region promotes the
decomposition of GeH4. Most generally, the leader-nanowire

interface can be understood to lower the energy of formation of
the germanium crystal, leading to growth along a particular axis.

A more detailed discussion of this unusual growth process must
be deferred, but we can identify the essential elements of one-
dimensional growth as (1) a fixed leader diameter and (2) a stable
leader morphology at the Ge nanowire tip. As will be described in
a future publication, the leader lengthens with time but does not
increase in diameter, confirming that the leader is a solid during
growth. Ge and Mn adatoms on the tip must therefore diffuse to
the leader-nanowire interface, where they incorporate into the
crystalline nanowire and leader, respectively, and contribute to
elongation. In the absence of continued TCMn flow, the nanowire
growth eventually stops. Importantly, it appears that further growth
of the crystalline germanide in the radial direction is energetically
unfavorable. This observation is certainly related to the narrow range
of nanowire tip diameters, which originates from the narrow
diameter range of the leader nuclei.

In summary, we report the VSS growth of Ge nanowires with a
narrow diameter distribution from CVD-deposited self-assembled
manganese seed particles. The similarities between metal ger-
manides, and between germanides and silicides, suggest that this
growth mechanism might be extended to other systems including
silicon nanowires.
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Figure 2. High-resolution TEM images (JEOL JEM-2100F) of the Ge
nanowires. (a) An elongated seed particle, or “leader”, is seen at the tip of
a Ge nanowire. The crystalline manganese germanide core is surrounded
by an amorphous MnxGe1-x shell. The Ge-germanide growth interface is
abrupt. (b) A 17 nm (diameter) nanowire with<110> growth axis. (c) A
30 nm nanowire with<112> growth axis. (d) A 32 nm nanowire with
<111> growth axis. The inset FFTs indicate the growth axes.
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