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ABSTRACT: Transfer-free fabrication of vertical Ge nanowires
(NWs) on a plastic substrate is demonstrated using a vapor−
liquid−solid (VLS) method. The crystal quality of Ge seed
layers (50 nm thickness) prepared on plastic substrates strongly
influenced the VLS growth morphology, i.e., the density,
uniformity, and crystal quality of Ge NWs. The metal-induced
layer exchange yielded a (111)-oriented Ge seed layer at 325 °C,
which allowed for the VLS growth of vertically aligned Ge NWs.
The Ge NW array had almost the same quality as that formed on
a bulk Ge(111) substrate. Transmission electron microscopy
demonstrated that the Ge NWs were defect-free single crystals.
The present investigation paves the way for advanced electronic
optical devices integrated on a low-cost flexible substrate.
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1. INTRODUCTION

Ge nanowires (NWs) have been actively investigated for over a
decade for fabricating high-performance transistors,1 photo-
detectors,2 and Li ion batteries.3 To synthesize Ge NWs,
researchers have developed many techniques, such as laser
ablation4 and vapor transport.5 Chemical vapor deposition
(CVD) via the metal-catalyzed vapor−liquid−solid (VLS)
mechanism is one of the most popular synthesis methods.6−16

16 In the VLS method, Ge NWs grow in the ⟨111⟩ direction
when the diameter of the metal catalysts is larger than
approximately 10 nm.8,9 Because the direction control of NWs
is essential for producing NW devices,17−20 (111)-oriented Si
or Ge substrates have been used for growing vertically aligned
NW arrays.12−16

However, the use of bulk substrates limits the application of
NW devices. If aligned NWs are synthesized on amorphous
insulators, such as SiO2 or glass, NW devices can be fabricated
in various devices, including man−machine interfaces, photo-
voltaics, and three-dimensional large-scale integrated cir-
cuits.21−24 Using flexible plastic films as a substrate further
expands the application of NW devices.25−30 Transferring
aligned NWs to SiO2,

23 glass,24 or plastic films27−30 is a
promising technique; however, there are difficulties keeping the
process costs low and fabricating large-area devices, such as
displays or solar cells. Some studies report directly grown Ge
NWs on amorphous substrates, resulting in disordered NW
structures because the growth occurred in random direc-
tions.31,32

To grow aligned Ge NWs on amorphous substrates, this
study investigates a way using a (111)-oriented Ge seed layer
formed by Al-induced crystallization (AIC). The concept is
shown in Figure 1. AIC has been reported as a technique to
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Figure 1. Concept of this study: how to grow vertically aligned Ge
NWs on a flexible plastic substrate. A (111)-oriented Ge seed layer is
formed by AIC via layer exchange, followed by VLS growth using
CVD and Au particles.
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control the crystal orientation of Si on glass via the layer
exchange between Si and Al.33−35 The mechanism of layer
exchange is understood as follows: First, Si atoms diffuse from
metastable amorphous Si into Al during annealing. When the Si
concentration in Al is supersaturated, Si nucleates. The
continuous supply of Si atoms induces the lateral growth of
Si crystals, which pushes Al to the upper layer. Eventually, Si
forms the bottom layer while Al forms the upper layer. Using
(111)-oriented AIC-Si as a seed layer, Cohin et al. achieved
vertical GaAs NWs on a SiO2 substrate.36 Recently, we
fabricated a highly (111)-oriented Ge layer on glass and even
on plastic films at low temperatures (180−375 °C) by finding
and optimizing the important growth parameters in AIC.37−39

The AIC-Ge layer was useful as a seed layer for the molecular
beam epitaxy of a high-quality Ge layer.40 In the present paper,
we investigate a transfer-free technique synthesizing aligned Ge
NWs on flexible plastic films. Combining the VLS method with
the orientation-controlled Ge seed layer formed by AIC, a
vertically aligned, defect-free Ge NW array is demonstrated.

2. EXPERIMENTAL SECTION
The VLS growth of Ge NWs was performed using various substrates,
as presented in Table 1. Sample A is a standard specimen with a

Ge(111) substrate. Samples B−E have a flexible polyimide substrate
(125 μm in thickness, Du Pont-Toray Co., Ltd.) with a heatproof
temperature of 400 °C. The following depositions were carried out
using a radio frequency magnetron sputtering (base pressure 3.0 ×
10−4 Pa) with Ar plasma, where the deposition rates were 10 nm min−1

for SiO2, 28 nm min−1 for Ge, and 31 nm min−1 for Al. The polyimide
substrates were coated with 100 nm thick SiO2 layers to avoid
outgassing of the polyimide substrates in vacuum chambers. On the
SiO2 layers, we prepared amorphous Ge (a-Ge) at room temperature
for sample C and polycrystalline Ge (poly-Ge) at 375 °C for sample D
(50 nm thickness each). The grain size of the poly-Ge was a few tens
of nanometers. For sample E, the AIC-Ge layer was prepared as
follows: A 50 nm thick Al layer was prepared on the SiO2 layer, and
then exposed to air for 10 min to form a native AlOx membrane as a
diffusion-limiting layer,37−39 followed by preparing a 50 nm thick a-Ge
layer. Then the sample was annealed at 325 °C in N2 for 100 h to
induce layer exchange between Ge and Al. The Ge islands and Al layer,
remaining in the top layer, are sequentially removed using H2O2 (50%
H2O2) solution for 30 min and HF (1.5% HF) solution for 1 min.40

Subsequently, Ge NWs were prepared for samples A−E as follows: All
samples were cleaned using HF solution (1.5% HF), followed by
preparing Au nanocolloid particles (40 nm in diameter) on the
surfaces. Then CVD (base pressure 2.0 × 10−6 Pa) using 10 sccm
GeH4 (100%) was performed at 360 °C for 10 min, where the pressure
was set at 8 Torr by mixing with N2 gas.

3. RESULTS AND DISCUSSION
The growth morphology of samples A−D was observed using
scanning electron microscopy (SEM). Figure 2a shows the
result of sample A, indicating that Ge NWs are densely formed
and vertically aligned without tapering. The inset in Figure 2a
suggests that each NW has a Au particle on its head. Thus, this

VLS condition is appropriate for epitaxially growing Ge NWs in
the ⟨111⟩ direction. In contrast, Figure 2b shows that sample B
has remarkably few NWs. Besides, unreacted Au particles were
observed on the SiO2 surface. These may have occurred
because it is difficult for Ge atoms to adhere to SiO2 during
CVD.32,41 Figure 2c shows an SEM image of sample C,
indicating that preparing an a-Ge seed layer significantly
improves the density of NWs. Regarding sample D (Figure 2d),
prepared with a poly-Ge seed layer, the density of Ge NWs is
higher than that of sample C, and is almost the same as that of
sample A. These results suggest that the nucleation frequency
of Ge NWs depends on the crystal state of the seed layer:
crystalline seed layers provide higher nucleation frequency than
amorphous seed layers. Note that the Ge NWs of samples B−
D, shown in Figure 2b−d, are disordered because their seed
layers are not crystallographically oriented. Figure 2e schemati-
cally shows the VLS growth morphology of samples B−D.
When the seed layer is amorphous or polycrystalline, Ge NWs
do not grow, or grow in random directions. Therefore, a (111)-
oriented seed layer is necessary to grow vertically aligned Ge
NWs on a plastic substrate.
The quality of the seed layer for sample E, formed by AIC,

was characterized and is summarized in Figure 3. Figure 3a,b
indicates that the Ge layer uniformly covers the plastic
substrate, which is attributed to the complete layer exchange
between Al and Ge layers. The Ge layer did not have cracks
after being slightly bent as shown in Figure 3a. Figure 3b
indicates that the Ge surface is a little rough, as a result of the
initial shape of the Al layer.34,37 The crystal orientation of Ge
was evaluated using electron backscatter diffraction (EBSD)
analysis. Figure 3c indicates that the Ge layer is highly (111)-

Table 1. Samples Prepared in This Study

sample substrate
process temperature for preparing the

substrate

A bulk Ge(111)
B SiO2/plastic rt
C a-Ge/SiO2/plastic rt
D poly-Ge/SiO2/plastic 375 °C
E AIC-Ge/SiO2/plastic 325 °C

Figure 2. SEM images of samples (a) A, (b) B, (c) C, and (d) D,
where the samples are 70° tilted. The inset in (a) shows a high-
magnification SEM image of Ge NWs in sample A. (e) Schematic of
the VLS growth of Ge NWs on amorphous or polycrystalline
substrates.
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oriented in the normal direction (ND). The area fraction of the
(111) orientation was calculated to be 96%. Such (111)
orientation in AIC-Ge can be explained from the perspective of
the appearance of the energetically stable plane.37−39 As shown
in Figure 3d, the crystal orientation in the transverse direction
(TD) is random; however, the grain size is estimated to be
larger than 100 μm. The cross-section structure was evaluated
using transmission electron microscopy (TEM), where the
sample was prepared by a conventional focused ion beam
method. As representatively shown in Figure 3e, the Ge layer
contained no obvious defects, such as stacking faults or
disordered grain boundaries, in the region processed for TEM
(6.4 μm in width). The selected area diffraction (SAED)
pattern in Figure 3e indicates a single-crystal Ge layer, which is
close to the (111) orientation in the direction normal to the
substrate. From the SAED pattern, the lattice constant was
calculated to be 0.566 nm, corresponding to relaxed Ge. Thus,
we formed a high-quality (111)-oriented seed layer on a plastic
substrate.
Sample E was characterized after the VLS growth and is

summarized in Figure 4. Figure 4a shows that the sample has a
circular red area corresponding to the area where the Au colloid
was applied. This suggests the VLS growth of dense Ge NWs
because NW structures cause the antireflection effect that is
useful for fabricating high-efficiency optical devices.17−19 As
shown in Figure 4b, sample E was bent and attached to the
sample stage of the scanning electron microscope. Figure 4c,d

shows that the Ge NWs are densely formed, similar to those on
a bulk Ge(111) substrate (Figure 2a) and vertically aligned
even on the bent substrate. This is an advantage of aligned NW
structures on a flexible substrate over those formed on a solid
substrate.25,30 The crystal orientation of Ge in sample E, before
and after the VLS growth, was evaluated using a θ−2θ X-ray
diffraction (XRD) measurement (spot size 10 mm). The
resulting XRD patterns are shown in Figure 4e. Some broad
peaks, especially at approximately 22° and 26°, correspond to
the polyimide substrates. Sharp peaks at approximately 27.2°
correspond to the (111) plane in Ge, while other peaks
corresponding to Ge diffraction do not appear. The intensity of
the (111) peak clearly increases after the VLS growth. These
results indicate that the Ge NWs epitaxially grew from the
(111)-oriented Ge seed layer.
The crystal quality of Ge NWs was compared among samples

A−E using microprobe Raman scattering spectroscopy (spot
size 1 μm, wavelength 532 nm). The representative Raman
spectra are shown in Figure 5. For all samples, except sample B,
which has few NWs, sharp peaks are observed at approximately
300 cm−1, corresponding to the Ge−Ge vibration mode.15 We
obtained Raman spectra from several points in each sample and
calculated the average value of the full width at half-maximum
(fwhm) of the Ge−Ge peak. Note that the Ge−Ge peak of
sample C is slightly flared at the bottom left because the a-Ge
seed layer has a broad peak at approximately 277 cm−1.15 The
effect of a-Ge was subtracted when the fwhm of sample C was
calculated. The fwhm are shown in the inset. In the horizontal
axis, the samples are arranged in the order of the crystal quality
of the seed layer: a-Ge for sample C, poly-Ge for sample D
, (111)-oriented Ge for sample E, and bulk Ge for sample A.
Samples prepared with seed layers of higher quality provide

Figure 3. Characteristics of the Ge seed layer of sample E, formed by
AIC. (a) Photograph of the sample. (b) SEM image of the sample,
where the sample is 70° tilted. (c, d) EBSD images of the Ge layer,
where the (c) ND and (d) TD maps correspond to the same region.
(e) Cross-section TEM image, where the inset SAED pattern shows
the Ge⟨011⟩ zone axis, taken of the sample.

Figure 4. Characteristics of sample E after VLS growth. (a)
Photograph of the sample. (b−d) SEM images of the sample with
magnification of (b) 40×, (c) 5000×, and (d) 30000×, where the
sample is 70° tilted. (e) XRD pattern of the sample. The XRD pattern
of the sample before VLS growth is shown for comparison.
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smaller fwhm values, indicating the higher quality of the
resulting Ge NWs. This behavior can be explained as follows:
Because the diameter of Au particles (approximately 40 nm) is
larger than that of Ge nuclei (no more than 5 nm),42 a few Ge
nuclei may occur on the interface between a Au particle and a
seed layer at the initial stage of VLS growth. When the seed
layer is single crystalline or large grained, the initial Ge nuclei,
epitaxially growing on a shared crystal, merge without forming
defects. In contrast, when the seed layer is amorphous or small
grained, the initial Ge nuclei differ from one another in the
crystal orientations, and thus form defects as a result of their
collisions. Therefore, the larger fwhm values for samples
prepared with seed layers of lower quality are likely attributed
to the defects on the bottom of NWs. Note that the fwhm of
sample E is 3.41 cm−1, close to that of sample A (3.32 cm−1).
This result indicates that the crystal quality of the Ge NWs on
the plastic substrate approaches that on the bulk Ge substrate.
The detailed crystal structure of the Ge NWs in sample E

was observed using TEM. The representative results are shown
in Figure 6. Figure 6a shows that a Au catalyst, which activated
the VLS growth, is present on the NW head. The NWs were
not tapered and were approximately 40 nm in diameter, which
was equal to the initial diameter of Au nanocolloid particles.
Figure 6b and the inset lattice image indicate that the Ge NW
has a fringe contrast corresponding to the {111} planes. This is
evidence of the growth in the ⟨111⟩ direction. We observed
several Ge NWs and found that they were single crystalline and
had no defects, including dislocations or stacking faults in the
entire region, as representatively shown in Figure 6. Thus, the
TEM observation demonstrated defect-free single-crystal Ge
NWs on a flexible plastic substrate.

4. CONCLUSION
We investigated a transfer-free technique for fabricating Ge
NWs on a flexible plastic film using a VLS method. Although it
was difficult to grow Ge NWs directly on a plastic substrate,
preparing a-Ge or poly-Ge seed layers facilitated the NW
growth. However, the resulting NW array was inhomogeneous
because of the growth in random directions. We therefore

formed a (111)-oriented Ge seed layer using AIC with layer
exchange, which allowed for the direct synthesis of vertically
aligned Ge NWs. TEM observation demonstrated that the Ge
NWs were defect-free single crystals. Thus, we realized a Ge
NW array on a plastic film, which had almost the same quality
as that on a bulk Ge substrate. This achievement opens up the
possibility for developing next-generation flexible devices that
are simultaneously high performing and inexpensive.
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