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a b s t r a c t

The Pb-assisted growth of Ge nanowires (NWs) has been investigated under high and low pressure
conditions via thermal decomposition of diphenylgermane. Highly crystalline Ge NWs were obtained and
Pb was established as a viable growth promoter with the Pb particle being in the solid and liquid state.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

One-dimensional semiconductors such as nanotubes, and na-
nowires offer exciting possibilities for future high-density elec-
tronic circuits, sensing, nanophotonics, energy harvesting
and storage applications [1]. Germanium is a particularly inter-
esting semiconductor due to its high hole mobility and the
potential of a transition from an indirect to a direct bandgap
material upon straining [2]. In addition, the use of Ge NW meshes
as viable anode material for lithium ion batteries has shown pro-
mising results [3].

Ge NWs are usually grown via metal-assisted processes using
different metal growth promoters including transition metals Au
[4], Ag [5], Ni [6], Cu [7], Mn [8], Ir [9], Co [9], Fe [9], and main
group metals Al [10], Sn [11], Bi [12] as well as In [13]. Moreover,
FePt [9], MnPt3 [9], AlAu [14] and AgAu [15] alloys are also used to
promote Ge NW growth via gas-phase reactions. For electronic
applications the potential incorporation of the metal seed material
in the semiconductor NW has to be taken into account [16], be-
cause deep level traps can significantly alter the electronic prop-
erties [17]. However, in exceptional cases the incorporation of the
seeding material is desired to form metastable material composi-
tions such as GeSn alloys [18,19]. Typically, Sn and Pb do not lead

to deep level traps in Ge, which makes these seeds particularly
interesting for the Ge NW growth [20]. While Sn seeds have been
used in vapour-phase Ge NW growth processes [21] and in the
solution-based synthesis for the formation of Ge NWs as well as
nanorods [22], Pb has not been described to be a viable growth
promoter for Ge NWs to date.

Following the classification by Schmidt et al. Pb is a type B
growth promoter with a eutectic containing less than 1% of the
semiconductor material and the absence of germanides [23]. The
phase diagram reveals 0.07% Ge in the eutectic with a melting
point of 327.5 °C [24]. As a consequence, Pb may act as an alter-
native growth promoter for the formation of axial heterostruc-
tures with sharp interfaces due to the extremely low solubility
of the semiconductor material and the associated negligible
reservoir effect [25]. The similarity of the phase diagram to the
Sn/Ge system already suggests a potentially similar behaviour in
these alternating growth processes targeting segmented nano-
structures.

Here we report the Pb-supported Ge NW growth via super-
critical-fluid synthesis as well as low pressure CVD. The growth
procedures have been performed above and below the eutectic
temperature in the Ge/Pb system. The results suggest that the
growth can proceed via the vapour-liquid-solid (VLS) [26] and the
related supercritical fluid-liquid-solid (SFLS) [27] mechanism as
well as from solid seeds representing the supercritical fluid-solid-
solid (SFSS) growth mode [28].
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2. Experimental section

The growth was typically performed in batch reactions in su-
percritical toluene and also via low pressure CVD using diphe-
nylgermane (DPG) as precursor at temperatures of 340–430 °C.
DPG was used before for Ge NW formation in both aforemen-
tioned growth strategies using different growth seeds [29,30]. The
detailed growth conditions are described in the Supplementary
Information. In addition, operators should be aware of the toxicity
of Pb-containing materials and compounds.

3. Results and discussion

Typical scanning electron micrographs show the formation of
Ge NWs in high density when grown at temperatures of higher
than 380 °C by SFLS and VLS (Fig. 1aþb). Usually the Ge NW
density is higher in the solvent-based synthesis procedures, which
could be caused by the exclusive handling of the growth pro-
moters under inert atmospheres in a glove box. In contrast, silicon
substrates containing Pb growth seeds have been transferred to

the CVD growth chamber under ambient atmospheres. This
transport might have caused oxidation/deactivation of the metal
particles resulting in lower Ge NW density. A clear indication of
the metal supported growth via the VLS/SFLS mechanism is pro-
vided in TEM and SEM images showing the termination of each
wire with a metal particle. For instance, Fig. S1 in the supple-
mentary information shows the formation of short NWs termi-
nated with hemispherical particles.

Ge NWs are also formed approx. 80 °C below the eutectic
temperature in the supercritical fluid system at 250 °C. Testing this
growth regime requires a change in growth strategy, which in-
cludes the use of Pb and Ge imides as precursors. DPG does not
decompose sufficiently at these temperatures and therefore the
change in precursor species is necessary. The density of the Ge
NWs grown at these reduced temperatures is much lower and
kinking is more pronounced when compared to NWs grown at
temperatures above the eutectic (Fig. S2).

SEM images in Fig. 1(c) show the non-hemispherical metal
particles typical for the SFSS mechanism at low temperatures. In
contrast, the shape of a molten particle typical for SFLS/VLS
growth at temperatures above the eutectic is illustrated in the TEM
image. Differences in the composition between the NW body and
the terminating particle are represented by the different bright-
ness of the two components due to the Z-contrast. The possibility
to grow NWs from the same seed material in either solid or
molten state has been already demonstrated for Au nanoparticles
by lowering the growth temperatures during in situ imaging [4]. In
addition, growth of Ge NWs on Pb bulk substrates has been in-
vestigated in supercritical toluene in a batch process to comple-
ment the studies using Pb particles. Fig. S3 shows clearly the for-
mation of Ge NWs from those bulk substrates close to the eutectic
temperature (320 °C).

The Pb-seeded Ge NWs have been characterised by transmis-
sion electron microscopy (TEM). Fig. 2 shows TEM images of highly
crystalline Pb-seeded Ge NWs. According to the TEM images and
the corresponding fast Fourier transform (FFT) pattern, the growth
of the majority of Ge NWs proceeds along the 〈011〉 axis and a
smaller fraction of 〈111〉-oriented NWs is observed. The high
number of 〈011〉-oriented Ge NWs is probably caused by the dia-
meter of the majority (490°%) of the NWs (10–25 nm), which is
known to result in a higher number of group 14 NWs with 〈011〉
growth direction for diameters below 20 nm [31,32]. The small
radial dimensions and more examples of high resolution TEM
images in Fig. S4 and S5 of the supplementary information.

The local Pb concentration in the Ge NWs has been evaluated
using energy dispersive X-ray spectroscopy (EDX) elemental
mapping. Fig. 3 shows a bright field TEM image of a Ge NW with
the metal particle at the tip as well as scanning transmission
electron microscopy (STEM)-EDX mapping for Pb and Ge. The Pb
signal is confined to the tip region and the NW body contains
exclusively Ge. These results could be expected from the phase
diagram of the immiscible Ge and Pb components; however, we
cannot rule out the incorporation of very small Pb concentrations
using EDX analysis. Recently, a rare report described up to 0.2% Pb
at substitutional sites for a crystallised, thin GePb layer prepared
by laser ablation; nevertheless these metastable phases usually
require kinetic instead of thermodynamic control of the formation
process [33].

4. Conclusions

The potential of Pb to act as growth seed for Ge NWs has been
demonstrated under supercritical conditions and by low pressure
CVD. SFSS and SFLS/VLS growth regimes are observed and asso-
ciated with solid Pb seeds and molten particles. These

Fig. 1. The SEM images show Ge NWs grown in (a) supercritical toluene at 380 °C
with a reactor pressure of 320 bar and (b) by low pressure CVD at 430 °C at 10�2

mbar using DPG as precursor. (c) Shows the observed shapes of the metal particle
associated with a liquid growth promoter (SFLS mechanism; T4340 °C) and solid
seeds (SFSS mechanism; T¼250 °C).
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