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High-density germanium (Ge) nanowire arrays grown from porous alumina templates via supercritical fluid-liquid-solid (SFLS)
growth were successfully synthesized. Before the growth of Ge nanowire arrays, the gold metal nanoparticles as growth catalyst
layer were synthesized at the bottoms of anodic porous alumina (AAO) templates by pulsed electro-deposition. Partial exposure of
Ge NW arrays from AAO or free standing of Ge NW arrays was demonstrated by using different etching solutions. The growth of
single crystalline Ge NW arrays from AAO significantly provides a low-cost with high yield approach to control the size of Ge NWs
by the AAO template.
© 2013 The Electrochemical Society. [DOI: 10.1149/2.010306ssl] All rights reserved.
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One-dimensional nanowires (NWs) have attracted much attention
for various applications due to their specific physical and chemi-
cal behaviors.1–3 Among one-dimension nanowires, semiconductor
nanowires, especially Ge nanowires, have been spent much effects
on acquiring the best performance owing to its higher carrier mo-
bility compared with that of silicon (Si) and larger Bohr exciton ra-
dius (24.3 nm). For nanowire growth, the metal-catalytic growth via
vapor–liquid–solid (VLS) is a common mechanism for the bottoms-
up approaches.4,5 However, precursors for the growth of Ge nanowires
(NWs) from GeH4 and GeCl4 at CVD-based VLS growth require an
extremely careful treatment due to its pyrophoric and toxic properties.6

In addition, expensive high-vacuum equipment and gas installations
for safety consideration must be taken into account.

On the other hand, the solution-phase synthesis method provides
an alternative promising route for mass production of Ge NWs with
a higher yield at a low temperature environment compared to that of
conventional vapor phase synthesis.7 Due to the high pressure condi-
tion of the supercritical fluid, the liquid phase precursors can easily
diffuse into the templates for growth of NWs. Generally, the achieved
yield of Ge NWs in SFLS growth was relatively higher than that of Ge
NWs in conventional VLS growth.8 It was indicated that high-density,
ordered nanowire or nanorod arrays could be fabricated by templates
or masks, which defines sizes and lengths of nanorod arrays.9,10 Due to
controllable dimension of hole including size and length, the porous
anodic aluminum oxide (AAO) becomes one of the most common
structures served as the template for fabrication of nanostructures.11,12

Previous works have demonstrated the growth of 1D nanostructures
by atomic layer deposition (ALD), thermal evaporation, and electro-
chemical reaction using the AAO as the templates.13–15 However, very
few researches mentioned the fabrication NW arrays by solution-phase
synthesis combined with AAO-templated approach. In this study, a
well-controlled Ge NW arrays fabrication was carried out by combin-
ing the supercritical fluid-based synthesis approach with metal nuclei,
with which diameter of NWs was defined by the pore size of the
AAO-template.

For fabrication of Au-catalyst anodic aluminum oxide (AAO) tem-
plate, pure Al (99.997%) sheets were used and sliced into 1 × 2 cm2.
The samples were then electropolished in perchloric acid (HClO4)
solution at a specific current density for several min at 10◦C. After
electropolishing, the samples were washed by cold deionized water.
There are two steps for formation of AAO template, namely pore
nucleation and pore arrays ordering. In the pore nucleation, the pre-
treated Al samples were first anodized at a constant voltage mode.
The 1st anodic alumina films were dissolved in a mixed solution of
0.2 M H2CrO4 and 0.4 M H3PO4 at 60◦C for 30 min, respectively.
For the pore arrays ordering, the 2nd anodization was performed in
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0.3 M H2Cr2O4 solution at 10◦C with a bias of 40 V. Besides, a current
limited anodization method was subsequently performed on samples
for thinning the barrier layer at the bottom of anodic porous alumina
templates. To form the gold metal catalyst layer on the bottom of AAO
for the growth of the Ge NW arrays, the experiment was performed
by using cyclic voltammetry, with which a three electrode system
composed of work (porous alumina), reference (Ag/AgCl(a.q.)), and
counter electrodes (graphite) was used. A mixing solution of 0.01 M
Chloroauric acid (AuCl4) and 0.25 M Boric acid (HBO3) were as
electrolyte for the whole electrochemical process.16,17

Figure 1 shows a schematic of experimental design for the Super-
critical fluid-liquid-solid (SFLS) growth. Nanowire growth from the
AAO template was carried out in a 10 mL titanium (Ti) reactor. The
inlet of the cell was connected to an injector valve (Valco) coupled
with a 5 mL or a 10 mL injection loop. A high-pressure liquid chro-
matography pump (Lab Alliance, series 1500) was used as a liquid
deliver pump to transport solvent mixture to the reactor system. The
outlet of the cell was connected to a micro control-metering valve
(HF4-V, HIP), respectively. This valve was used to control the system
pressure and the outlet rate of reactants. Additionally, heating tape and
insulation tape covered the whole cell were used to maintain the reac-
tor temperature. The temperature of the reactor was controlled within
1◦C deviation by a temperature controller. The system pressure was
monitored with a digital pressure gauge.

In general, the precursors were first well-mixed with benzene,
followed by an injection of the reaction chamber with metal cata-
lysts, resulting in formation of 1D nanostructures (e.g. nanowires).
Diphenylgermane, (Ge(C6H5)2H2; DPG), was used as a Ge-content
precursor involved in synthetic process.18 In the reaction chamber,
germanium nanowires were synthesized by thermal decomposition of

Figure 1. Schematic of Ge NWs array growth via supercritical fluid-liquid-
solid (SFLS) growth.
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Figure 2. (a)-(c) Schematics of synthesis of Ge NWs by SFLS growth in
porous alumina templates. (d)-(f) show the corresponding SEM images for
each step.

DPG in the presence of Gold (Au) nuclei in supercritical benzene at
370◦C with a pressure of 10.34 MPa. (Note: the critical point of ben-
zene is 4.74 MPa, 289◦C.) A phosphoric acid solution was then used to
remove the porous alumina mold after SFLS synthesis. A JSM-6500F
field emission scanning electron microscope (FE-SEM), operating at
15 kV and a JEM-3000F field emission transmission electron micro-
scope (FE-TEM) equipped with an energy dispersion spectrometer
(EDS), operating at 300 kV were used to study microstructures and
surface morphologies. Shimadzu XRD- 6000 spectrometer with Cu
Kα monochromatic radiation source at 40 kV and 30 mA was per-
formed to characterize microstructures.

A series of process flows for the growth of Ge nanowire arrays
from the AAO template are shown in Figures 2a to 2c, with which the
corresponding SEM images are shown in Figures 2d to 2f, respectively.
As can be seen from Figure 2d, the pore size of the as-etched porous
alumina template is ∼25 nm in diameter and ∼2 μm in length. For
the growth of Ge NW arrays from AAO, the growth of Au catalysts
via the pulse electrodeposition (PED) approach inside the AAO is an
imperative stage. A brighter-area layer at the bottom of the porous
alumina template in Fig. 2e indicates a uniform thin gold metal layer
deposited after optimizing the experimental parameters of the PED.
This bottom metal layer was treated as catalysts for NW growth.
A. M. Chockla and B. A. Korgel evidenced that Au layer plays an
important role in a rate of decomposition of DPG.19 In an absence
of Au catalyst, the rate of DPG decomposition is too slow to be a
suitable reactant for the growth of nanowire. However, the color of
reacting solution instantaneously turns into black due to the formation
of Ge atoms from the DPG when the Au catalysts were used. After
the decomposition of DPG, Ge atoms form a liquid droplet with Au
catalyst via oversaturated solid-phase alloy catalyst with the growth
temperature of being at 370◦C, closed to Au - Ge eutectic temperature
(361◦C). Subsequently, the temperature fluctuation could trigger the
segregation of Ge atoms out of the oversaturated Ge-Au alloy catalyst.
As a result, the axial growth of Ge nanowires could be occurred as
shown in Figure 2f. In particular, since the growth of Ge NWs was

Figure 3. XRD spectra of Ge nanowire arrays with Au signal is originated
from the Au catalyst.

performed in AAO template, the shape of Ge NWs could be controlled
by morphology of AAO. As a result, we are also able to control the
size of Ge NW by controlling the different pore size of the AAO. A
direct evidence can be confirmed by the SEM, for which NW have the
same size with that of AAO.

In X-ray diffraction analysis of the as-grown Ge/AAO sample
as shown in Figure 3, several signals with relative high intensity
[27.3◦:(111); 45.3◦:(220); 53.7◦:(311)] were detected, which indicate
a highly crystalline Ge structure. In addition, Au (111) peak was
also collected, representing the gold catalyst. Other peaks found in
spectrum might come from the AAO substrate.

Figure 4a shows a low magnified TEM image of Ge nanowire ar-
rays with the diameter of ∼30 nm. Clearly, an Au-rich layer could be
found at the bottom of nanowires. Figure 4b shows the correspond-
ing rather highly magnified TEM image taken from an individual
Ge nanowire in (a) where a shell native oxide layer could be found.
Figures 4c and 4d show the high-resolution TEM images selected
from red solid square in (b), indicating that the NW has [111] growth
direction confirmed by fast Fourier transform (FFT) as shown in in-
sets of Figures 4c and 4d. In addition, the d-spacing of 0.21 nm were
indexed, which matches the Ge lattice plane of (220). The composi-
tional results as marked as a and b in (a) show 45 at% Ge, and 54.07
at% Au for metal catalyst layer and pure Ge with 100 at% for Ge
NWs, respectively. The results confirm the pure Ge NWs. In fact, the
AuGe alloy distinctly provides an evidence that the growth of the Ge
NW arrays by the SFLS mechanism, which is an alternative mode
extended from the VLS mechanism.

For the device application, free standing Ge NW arrays after re-
moval of AAO are imperative. By operating the etching solution and
processes carefully, one could remove the AAO template success-
fully without damaging Ge NWs. Here, two kinds of etching results
were achieved, namely Ge NW arrays partially exposed from AAO
as shown in Figures 5a-5b and Ge NW arrays after total removal of
AAO as shown in Figures 5c-5d, where the as-grown samples are
etched by using two kinds of etching solutions, namely 1 M phospho-
ric acid (H3PO4) and 1 M sodium hydrate (NaOH), respectively. In
the initial stages with etching time of 1 hr as shown in Figure 5a, a
partial exposure of Ge NW arrays from the AAO was observed and
the corresponding high magnification image is shown in inset. By
extending the etching time longer, the morphology of Ge NWs stayed
the same as usual while the sidewalls of porous alumina were much
thinner, enlarging diameter of AAO as shown in Figure 5b. It was
revealed that Ge NW arrays apparently appear after AAO is etched.
However, a bunched morphology between the top-ends was found in
the arrangement of NW arrays after etching by 1 M sodium hydrate
(NaOH) at 10 min as shown in Figures 5c and 5d. Clearly, the etching
rate of AAO from NaOH as the etching solution is extremely faster
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Figure 4. (a) a low-magnification TEM image of Ge NW arrays grown from Au catalyst. (b) a TEM image of the Ge NW. (c) and (d) the corresponding
high-resolution TEM images taken from rectangular areas in (b) Insets show the diffraction patterns extracted by fast Fourier transform (FFT), confirming a single
crystalline structure of the Ge NW.

than that of H3PO4 as the etching solution, resulting in the formation
of free standing Ge NW arrays.

Advantages of SFLS growth include a higher yield (60–80%
for SFLS growth and 20–30% for conventional VLS growth) and
chemically-safe liquid organometallic precursor [Diphenylgermane,
(Ge(C6H5)2H2; DPG in our case], which is less harmful, flammable,
corrosive, and toxic compared to gaseous precursor used for conven-
tional VLS growth. We believe that the growth of single crystalline
Ge NW arrays from the AAO significantly provides a low-cost with
high yield approach to control the size of Ge NWs by the pore size of
the AAO template.

In summary, the synthesis of single crystalline Ge NW arrays was
achieved by combining the SFLS growth with porous alumina tem-
plate. By using the pulse electro-deposition, a uniform gold catalyst
layer was formed on the bottoms of template. The Ge NW with a
diamond cubic lattice structure confirmed by HRTEM analysis and
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Figure 5. (a) and (b) SEM images of AAO template filled with Ge NW arrays
etched by 1 M H3PO4 at 1 and 2 hs. (c) and (d) SEM images of Ge nanowire
arrays after removal of AAO by 1 M NaOH at 10 and 15 min.

EDS. Importantly, the morphology and size of Ge NW was defined
by the AAO. Partial exposure of Ge NW arrays from the AAO or
free standing of Ge NW arrays was demonstrated by using different
etching solutions. We believe that the growth of single crystalline Ge
NW arrays from the AAO significantly provides a low-cost and high
yield approach to control the size of Ge NWs by the pore size of the
AAO template.
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