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ABSTRACT: Carbon-containing alloy materials such as Ge1−xCx are attractive
candidates for replacing silicon (Si) in the semiconductor industry. The addition of
carbon to diamond lattice not only allows control over the lattice dimensions, but
also enhances the electrical properties by enabling variations in strain and
compositions. However, extremely low carbon solubility in bulk germanium (Ge)
and thermodynamically unfavorable Ge−C bond have hampered the production of
crystalline Ge1−xCx alloy materials in an equilibrium growth system. Here we
successfully synthesized high-quality Ge1−xCx alloy nanowires (NWs) by a
nonequilibrium vapor−liquid−solid (VLS) method. The carbon incorporation
was controlled by NW growth conditions and the position of carbon atoms in the
Ge matrix (at substitutional or interstitial sites) was determined by the carbon
concentration. Furthermore, the shrinking of lattice spacing caused by substitutional
carbon offered the promising possibility of band gap engineering for photovoltaic
and optoelectronic applications.
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■ INTRODUCTION
Group IV alloy semiconductors have been studied with great
interest because of their potential applications in electronic and
optoelectronic devices compatible with silicon (Si)-based
technology.1−4 Carbon-containing alloys such as Ge1−xCx or
Si1−xCx are of particular scientific and technological interest
because strain and band gap can be flexibly controlled by
substitutional carbon incorporation into the group IV element
matrix.5−8 In spite of these promising properties, the growth of
single crystalline alloy materials is very difficult due to the
extremely low equilibrium solubility of carbon in bulk silicon (1
× 1017 cm−3) and germanium (1 × 108 cm−3).9 Nonequilibrium
methods such as molecular beam epitaxy (MBE) or rapid
thermal chemical vapor deposition (RTCVD) have therefore
been used for carbon incorporation above the equilibrium value
in bulk alloy systems.10−13 Compared with bulk materials, the
high-quality alloy materials can be synthesized more easily in
nanoscale growth systems and several papers have reported
incorporation of external atoms with low solubility into IV
group semiconductor nanostructures using nonequilibrium
growth mode.14−16

For high quality of one-dimensional Ge nanostructures,
various growth approaches have been developed17−20 and,
especially, the vapor−liquid−solid (VLS) method with a metal
catalyst has been widely used for good crystallinity and
morphological control.21 As the source molecules decompose

in the vapor phase, they are desorbed into molten metal
droplets and diffused across the vapor−liquid interface. When
more growth species are supplied, their concentration increases
beyond equilibrium in the alloy droplets and supersaturation
occurs at the liquid−solid interface.22 This unique process
provides a “non-equilibrium state” to synthesize carbon-
containing alloy materials without specific growth systems or
organic gases.23,24 Layer-by-layer growth25,26 at the interface
can also improve homogeneous carbon distribution into the
semiconductor matrix, regardless of the thermodynamic
instability of the Ge−C bond.
Here we report the synthesis of a single crystalline Ge1−xCx

alloy nanowire (NW) by a VLS-type mechanism with a
nonequilibrium solid/liquid interface. The concentration of
incorporated carbon and bonding type were controlled in the
alloy NW by optimizing growth conditions including temper-
ature and partial pressure of carbon. Furthermore, the reduced
lattice constant that depends on the substitutional carbon
content indicates the immense potential of Ge-based band gap
engineering.
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■ EXPERIMENTAL SECTION
Nanowire Synthesis. A Si wafer ((100) orientation, B-doped,

0.5−30 Ω cm) with a native oxide layer was chemically cleaned by the
standard RCA method followed by the oxygen plasma process to
remove organic residues on the surface. Gold (Au) film with a nominal
thickness of 2 nm was thermally evaporated on cleaned Si substrates,
and the Au-coated Si substrate was subsequently loaded into the low-
pressure chemical vapor deposition (LPCVD) system. Single-
crystalline Ge1−xCx alloy NWs were grown by flowing controlled
amounts of germane (GeH4), hydrogen chloride (HCl), methane
(CH4) and acetylene (C2H2) gases at temperatures ranging from 300
to 440 °C. To control carbon incorporation, different conditions
(region I and region II) with various temperature (Tg) and partial
pressure of carbon (PCH4

and PC2H2
) were used. Region I conditions

were a total pressure of 60 Torr with a fixed partial pressure of GeH4
(10% diluted in H2) and a partial pressure of CH4 (from 3 to 8 Torr)
in a temperature range of 300−340 °C. And region II conditions were
a total pressure of 40 Torr with a C2H2 partial pressure (from 8 to 11
Torr) and high temperatures ranging from 400 to 440 °C. Additional
HCl gas was introduced to minimize nonspecific Ge deposition at the
side walls under region II conditions. The selective use of carbon
source gas, CH4 (100%) in region I and C2H2 (100%) in region II with
different decomposition temperatures, supported the controlled
growth of metastable Ge1−xCx alloy NWs.
Characterization. SEM images were acquired with a JEOL JSM-

7401F field emission scanning electron microscope (FESEM). The
crystallinity and composition of the NWs were characterized using a
JEOL JEM-2100F transmission electron microscope (TEM) and
electron diffraction (ED) analysis. For TEM imaging, Ge1−xCx alloy
NWs suspended in ethanol were dispersed onto a Cu grid with a lacey
carbon support film and imaged at an accelerating voltage of 200 kV.
Raman spectroscopy (Renishaw, RM-1000 Invia) with excitation
energy of 2.41 eV (514 nm, Ar-ion laser) was used to characterize the
Ge1−xCx alloy NWs dispersed on 200 nm Aluminum (Al) substrates.
Infrared (IR) absorption measurements in the spectral range of 400−
4000 cm−1 were performed using an IFS 66 v/s (BRUKER) infrared
Fourier-transform spectrometer. The crystal structures of alloy NWs
on Si substrates were characterized by X-ray diffraction (XRD, Rigaku
D/max-rc). A scanning rate of 0.04/s was applied to record the
patterns and data in a 2θ range of 20−100°.

■ RESULTS AND DISCUSSION

Considering the extremely low solubility of C in Ge, it is not
possible to synthesize high-quality crystalline Ge1−xCx alloy
materials in a general equilibrium-state growth system.27,28

However, the metal-assisted VLS growth based on a layer-by-
layer synthetic mode can provide a nonequilibrium state at the
liquid/solid interface, resulting in enhanced homogeneous
carbon distribution along the NW elongation. In addition, the
chemical vapor deposition (CVD) process allows convenient
control of the components of the alloyed NW. A metal catalyst
(Au) can act as a window of decomposed carbon species in the
vapor phase. Although Au in the bulk state has low carbon
solubility, recent research revealed that nanoscale Au particles
have significantly increased carbon solubility and can be used
with another catalyst for high-quality carbon nanotube
growth.29,30

Our experimental scheme included two growth parameters,
such as temperature and partial pressure of carbon which could
critically affect Ge1−xCx alloy NW formation and controllable
carbon incorporation. Also, source gases were selectively used
for the controlled supply of carbon. The use of CH4 gas at high
temperature has advantage to increase carbon content in alloy
NWs because it has lower decomposition temperature than
C2H2 gas. For the successful growth of Ge1−xCx alloy NWs, a
wide range of CVD growth conditions was investigated and the

following phenomena were revealed: (i) low temperature (Tg <
400 °C) and high partial pressure (PC2H2

> 8 Torr) hindered the
NW nucleation due to the relatively reduced Ge content and
thermal energy; (ii) high temperature (Tg > 400 °C) and low
partial pressure (PCH4 < 8 Torr) promoted the more active Ge
decomposition, resulting a heavily tapered structure with very
small carbon concentration; iii) higher temperature (Tg >500
°C) made the incorporated carbon atoms to precipitate on Ge
surface at even low partial pressure of carbon. Based on these
preliminary studies, the optimized growth conditions for
metastable Ge1‑xCx alloy NWs were strategically divided into
region I and region II with different carbon source (Figure 1).

Region I conditions were lower partial pressure (PCH4
< 8 Torr)

and lower temperature (Tg < 400 °C) for low carbon content,
whereas region II conditions were higher partial pressure (PC2H2

> 8 Torr) and higher temperature (Tg > 400 °C) for high
carbon incorporation.
Images a and c in Figure 2 show that high-density Ge1−xCx

alloy NWs were successfully grown under both of region I and
region II conditions. Alloy NWs grown under region II
conditions (Figure 2c) had less tapered morphology despite
high temperatures because additional HCl gas reduced the Ge
decomposition at the NW side wall during the growth
process.31,32 Carbon incorporation into the lattice is known
to affect the crystallinity of Ge or Si materials.33 However, high
resolution TEM images and clear spots in the diffraction
pattern showed that Ge1−xCx alloy NWs were grown as single
crystals without severe deterioration of crystallinity (Figure 2b,
d). Also, sharp Ge−Ge peaks at 300 cm−1 in the Raman spectra
also confirmed that structural disorder did not occur (inset of
Figure 2a, c). A selective Ge wet etching process demonstrated
that there was no deposition of unwanted carbon atoms on the
NW surface and that the Au droplet acted as the exclusive
window for carbon incorporation (see Figure S1 in the
Supporting Information).
In the Ge1−xCx alloy system, four different types of chemical

bonds (Ge−Ge, Ge−C, sp3 C−C, and sp2 C−C bonds) can be
present and can be analyzed by optical measurement tools such
as Raman or Fourier transform infrared (FTIR). The Raman
spectra for the Ge1−xCx alloy NWs grown under region I and
region II conditions are shown in Figure 3. At low temperature
with a CH4 partial pressure of 3 Torr, we did not observe any
carbon-related peaks. When the partial pressure was increased
under the same conditions, a weak amorphous peak appeared at
1500 cm−1 and the intensity gradually increased (Figure 3a).34

The broad asymmetric peak suggested that incorporated carbon

Figure 1. Schematic diagram of the strategy used to synthesize
Ge1−xCx alloy NWs with different growth conditions.
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atoms were likely bonded with Ge or with other carbon atoms
in sp3 hybridization. However, the peak may have been
primarily produced by Ge−C bonds considering the CVD
growth conditions of low temperature and partial pressure of
carbon.35,36 Region II conditions with high temperature and
partial pressure of carbon invoked active carbon decomposition
and sufficient incorporation into the molten metal catalyst.
With an increase in the C2H2 partial pressure from 8 to 11 Torr

at 430 °C, two resolved peaks appeared around 1350 and 1550
cm−1, corresponding to the D (disorder) and G (graphite)
phases of sp2 C−C bonds (Figure 3b).37,38 This indicates that
sp2-bonded multiple configurations of carbon were formed in
the alloy NW body and increased depending on the partial
pressure of carbon at fixed temperature. A similar tendency was
observed when the growth temperature was increased at a fixed
partial pressure under region I and region II (Figure 3c, d). It is

Figure 2. Representative SEM and TEM images showing a high density of single crystalline Ge1−xCx alloy NWs grown at (a, b) 340 °C, PCH4
= 3

Torr and (c, d) 430 °C, PC2H2
= 11 Torr. The insets are Raman spectra of as-grown alloy NWs dispersed on Al substrates.

Figure 3. (a, b) Raman spectra of Ge1−xCx alloy NWs as a function of partial pressure at 320 and 430 °C. (c, d) Function of temperature with CH4
and C2H2 partial pressure of 5 and 8 Torr.
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known that when very small amounts of carbon atoms are
incorporated into the Ge lattice, they can occupy almost
substitutional sites surrounding sp3 hybridized Ge atoms.
However, sp2 multiple-carbon configurations are formed in
substitutional or interstitial sites as the carbon content
increases.39,40 Contrary to the Si1‑xCx alloy system, the most
stable configuration for carbon atoms in the Ge lattice is not
the substitutional sites, because the formation energy per
carbon atom decreases with increasing numbers of carbon
atoms. Theoretical calculation has shown that the formation
energy of multiple carbon atoms at a site is lower than for a
carbon atom at a substitutional site.41,42 Therefore, region I
conditions with low temperature and partial pressure of carbon
induced low carbon decomposition, resulting mainly sp3 bonds
to Ge or C atoms. Under region II conditions, sp2 C−C
multiple configurations were also formed due to high carbon
incorporation in the alloy NW. These results show that not
only the carbon concentration but also the configuration in the
Ge1−xCx alloy NW can be controlled by adjusting CVD growth
parameters. And, it reveals that region II conditions can induce
more carbon incorporation into crystalline Ge1−xCx alloy NWs
than region I ones.
Tunable bandgap energy caused by quantum confinement

effect is unique property of nanomaterials and the size
reduction to below critical size (e.g., Bohr radius) have
shown promising future for optical and electrical application
in many papers.43,44 In addition, the bandgap energy can be
controlled by lattice-engineered alloy effect which generates
appropriate strain between the mixed atoms. It is known that
the incorporated carbon atoms occupy substitutional or
interstitial sites in the Ge1−‑xCx alloy system, whereas excess
atoms are precipitated onto the surface of the material.45,46

Substitutional carbon atoms reduce lattice spacing of Ge crystal
since the very small covalent radii of carbon atoms induce
tensile strain associated with lattice spacing. Thus, band gap
could be increased with the carbon concentration at substitu-
tional sites. In contrast, interstitial or precipitated carbon atoms

result in a decrease of the band gap by increased lattice
spacing.47−50 Panels a and b in Figure 4 show the infrared
absorption spectra for Ge1−xCx alloy NWs grown under region
I and region II conditions, according to the temperature or
partial pressure of carbon. Two strong absorption bands around
590 and 640 cm−1 were clearly visible, and were attributed to
the Ge−H wagging and Ge−C vibrations, respectively.51−53 As
the growth temperature and partial pressure of carbon were
increased, the intensity of the absorption band corresponding
to the Ge−C stretching vibration was increased dramatically
(Figure 4c, d). The increase of Ge−C band intensity indicated
that the concentration of the substitutional carbon could be
controlled by CVD growth parameters.54,55 The Ge (111)
diffraction peak positions of Ge1−xCx alloy NWs under different
growth conditions were carefully evaluated in order to
investigate structural change by carbon incorporation (Figure
4e, f). The lattice constant of the alloy NWs was calculated
from the XRD pattern and Bragg equation (see Figure S2 in the
Supporting Information). With increased partial pressure of
carbon or temperature at the other fixed conditions, the lattice
constants continued to decrease gradually under the region I
and region II. These results clearly demonstrated that relatively
many substitutional carbon atoms, as well as interstitial ones,
were occupied in Ge matrix and were consistent with the
Raman and FTIR analysis in Figures 3 and 4. Considering the
region II condition with high temperature and partial pressure,
the decrease in lattice constants at region II, compared to those
at region I, was relatively small. It can be explained by the
formation of sp2 hybridized multiple-carbon configurations in
the interstitial sites at region II, compensating for the shrinkage
of the lattice dimension by carbon atoms in substitutional sites.
On the basis of a theoretical model,56 we estimate that
maximum carbon concentration in Ge1−xCx alloy NWs is
approximately 0.9%. However, the theoretical model assumed
that all carbon atoms are substitutional defect and real carbon
concentration under region II can be larger than 0.9%

Figure 4. (a, b) FTIR absorption spectra for Ge1−xCx alloy NWs grown under various conditions; region I (blue) PCH4
= 3 and 5 Torr at 320 °C,

region II (red) PC2H2
= 9 and 11 Torr at 430 °C, region I (blue) PCH4

= 5 Torr at 300 and 320 °C, and region II (red) PC2H2
= 8 Torr at 410 and 430

°C. (c, d) Ge−C peak intensities in FTIR spectra as a function of partial pressure at different temperatures and temperature at different partial
pressures of carbon. (e, f) Variation in lattice constants to the growth parameters, as identified by the colored lines in (a, b).
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considering carbon atoms occupied in sp2 interstitial sites in
Ge1−xCx alloy NWs.
The successful synthesis of metastable Ge1−xCx alloy NWs

can be also confirmed by thermal annealing of the alloy NWs
since the thermal annealing induces precipitation of incorpo-
rated carbon atoms on the surface.57−59 The Raman spectra of
the Ge1−xCx alloy NW annealed with argon (Ar) gas flow are
shown in Figure 5a. We did not observe any other carbon-

related Raman peak until an annealing temperature of 500 °C
was reached, whereas broad D and G band peaks appeared at
600 °C.
To investigate the origin of the sp2-related peak, we

investigated Ge1−xCx alloy NWs annealed at 600 °C. In
contrast with as-grown alloy NWs, the morphology of annealed
NWs was dramatically changed to tubelike structures consisting
of a Ge core and carbon shell (Figure 5b). A part of the
remaining Ge core still had single crystallinity, whereas another
part (white arrow) consisted of only an amorphous carbon shell
due to migration and vaporization of Ge (Figure 5c and insert).
A magnified image (Figure 5d) showed a small carbon cluster
with a 5 nm diameter located in the carbon shell along the NW.
The thermal annealing process at high temperature (Ta > 600
°C) provided sufficient thermal energy to carbon atoms in the
Ge lattice causing them to diffuse onto the NW surface.
Therefore, thermal precipitation of carbon atoms may not only
result in the weak D and G band peaks at 600 °C, but may also
directly reveal the presence of carbon atoms in metastable
Ge1−xCx alloy NWs.

■ CONCLUSION

In summary, we successfully synthesized high-quality single-
crystalline Ge1−xCx alloy NWs in a conventional LPCVD
system. A nonequilibrium process at the solid/liquid interface

of the VLS mechanism and a metal catalyst as a window can
enable incorporation of carbon atoms into the Ge lattice. In
addition, we demonstrated that the carbon concentration could
be controlled by adjusting growth conditions, and that lattice
spacing was reduced by increasing the carbon content in
substitutional sites of the Ge diamond lattice, suggesting the
promising possibility of band gap engineering of Ge-based
material.
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