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ABSTRACT: We synthesized thermally stable graphene-covered Ge (Ge@
G) nanowires and applied them in field emission devices. Vertically aligned
Ge@G nanowires were prepared by sequential growth of the Ge nanowires
and graphene shells in a single chamber. As a result of the thermal treatment
experiments, Ge@G nanowires were much more stable than pure Ge
nanowires, maintaining their shape at high temperatures up to 850 °C. In
addition, field emission devices based on the Ge@G nanowires clearly
exhibited enhanced thermal reliability. Moreover, field emission characteristics
yielded the highest field enhancement factor (∼2298) yet reported for this
type of device, and also had low turn-on voltage. Our proposed approach for
the application of graphene as a protective layer for a semiconductor nanowire
is an efficient way to enhance the thermal reliability of nanomaterials.
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1. INTRODUCTION

Ge nanowires (NWs) have received attention as strong
candidate materials for nanoscale electronic and photonic
devices, because Ge NWs have the advantages over Si NWs of
higher carrier mobility and lower growth temperatures.1−4

However, there is an obstacle of chemical instability to deal
with in developing the Ge nanomaterials: their usual covering
of Ge oxide is water-soluble.5,6 Moreover, the high surface-to-
volume ratio of Ge NWs makes them unstable, depressing the
melting point.7 Therefore, researchers have tried to reduce the
chemical and thermal instability through various passivation
approaches.5,6,8−13 For example, the surface as-grown Ge NWs
were modified by organic self-assembled molecules
(SAMs).6,8,13 SAM-coated Ge NWs are stable in the air for
more than 1 week.6,13 These SAM approaches are quite simple
and cheap; however, the organic residues bring about
contamination issues for electrical applications. In addition,
organic layers cannot endure at high temperatures well.
Accordingly, a different passivation approach, depositing stable
semiconductor shells on the surface of the Ge NWs, has been
suggested.14−16 Si and SiGe alloy shells have both been
successful in protecting Ge cores, and Ge/Si and Ge/SiGe
core/shell NWs are suitable for use in various electronic
devices, such as high-performance field-effect transistors and
optoelectronics.15,16 However, it is not easy to control the
thickness of the shells, and they tend to have misfit structures
due to the lattice mismatch. A third method is to deposit a
carbon shell on the Ge surface.9−12,17 By flowing a carbon-

containing Ge source gas at high temperature, a Ge/C core/
shell nanostructure can be obtained. The clasped carbon shell
protects the core Ge from mechanical force and chemical
reaction.12,17 However, these approaches are unable to control
the diameter or length of the Ge NWs, or the thickness of the
carbon sheath.9−11 Furthermore, the carbon-coating process
deformed the Ge NWs structures by exposing them to high
temperatures for a long time.17

To increase the functionality of the shell protecting the Ge
surface, it should (i) be highly stable, both chemically and
physically; (ii) be very thin; and (iii) be easily removable.
Graphene can meet all of these requirements. Graphene has
been extensively studied in various fields.18−24 Especially, it has
been used as a protecting layer for metals because of its perfect
honeycomb structures with strong sp2 hybridization; graphene
efficiently suppresses corrosion and oxidation of the underlying
metals, reducing the rate of these reactions by a factor of 10 or
more compared to those for the bare metals.25,26 Recently, Kim
et al. successfully demonstrated that graphene shells preserve
Ge NWs from mechanical stresses during lithiation/delithiation
cycles.27 However, there have been no reports on the use of
graphene to enhance the thermal stability of nanomaterials.
Herein, we confirmed the possibility of using a graphene

layer to protect semiconductor Ge NWs from thermal energy.
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Ge is an effective catalyst for single-layer graphene growth
because of the extremely low solid solubility of C in Ge.27,28 We
describe our synthesis of graphene-covered Ge NWs (Ge@G
NWs) using a conventional low-pressure chemical vapor

deposition (LPCVD) system; these Ge@G NWs exhibited
high thermal stability and maintained their original NW
structures at 850 °C. We also applied Ge@G NWs in field
emission devices to compare the thermal reliability of these

Figure 1. (a) Schematic illustration of Ge@G NW growth. Cross-sectional SEM images of vertically grown (b) Ge NWs and (c) Ge@G NWs; scale
bar: 1 μm. Inset of (c) shows HR-TEM image of the top region of the Ge@G NWs; scale bar: 50 nm.

Figure 2. (a) Raman spectra of Ge@G NWs. Three specific peaks are located ranging from 1300 to 3200 cm−1. (b) XPS spectra of Ge@G NWs. (c)
SEM image of graphene nanotube−Ge@G NW hybrid structures after thermal annealing of Ge@G NWs in vacuum for 10 min at 800 °C; scale bar:
100 nm. (d) HR-TEM image of the Ge core and graphene shell. Single-layer graphene covers the surface of Ge NWs; scale bar: 2 nm. Inset shows a
SAED pattern from Ge@G NW.
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devices when the graphene-covered and pure Ge NWs were
used. The field emission characteristics of the device based on
Ge@G NWs exhibited the highest field enhancement factor
(∼2298) yet reported for this type of device.

2. EXPERIEMENTAL DETAILS
Synthesis of Vertically Aligned Ge@G NWs. Three nm

thickness Au films were deposited on H-terminated Si(111) wafers
by thermal evaporation. The substrate was loaded in an LPCVD
system, and the chamber was evacuated. The furnace was then heated
to 420 °C under an Ar atmosphere with a base pressure of 5 mTorr.
GeH4 (20 sccm, 10% diluted in H2) was flowed as a Ge source at 420
°C and 10 Torr for 20 min. To prevent unwanted deposition of Ge
during the NW growth, we added HCl gas (5 sccm, 50% diluted in
N2). The graphene shell on the Ge NW was grown in the same
chamber. After growth of Ge NWs, the furnace was heated up to 850−
900 °C; simultaneously, a mixture of CH4 and H2 (CH4:H2 ratio of
1:50) gas was flowed for 5 min with maintaining a total pressure of 10
Torr.
Characterization. SEM images were measured using a JEOL JSM-

7401F field emission scanning electron microscope. The crystallinity
and composition of the NWs were characterized using a JEOL ARM
200F and a JEM-2100F transmission electron microscope (TEM). For
TEM imaging, Ge NWs and Ge@G NWs were suspended in ethanol,
dispersed onto a Cu grid without a lacey carbon support film, and
imaged at an accelerating voltage of 80 and 200 kV. XPS analysis was
carried out in an ESCA2000 spectrometer using monochromatic Al
Kα radiation (1468.6 eV). The peak energies were calibrated to the C
1s peak at 284.6 eV. Raman spectroscopy (Renishaw, RM-1000 Invia)
with an excitation energy of 2.41 eV (514 nm; Ar ion laser) was used
to characterize NWs of both types dispersed on 300 nm SiO2
substrates. Current−voltage (Ids−Vds) and transfer (Ids−Vg) character-
istics of single graphene nanoribborn (GNR) devices were measured
using a Keithley 4200 SCS at room temperature.
Field Emission Measurement. The field emission characteristics

of the as-grown samples were measured in a high-vacuum chamber
with a parallel diode type configuration at a base pressure of 10−7 Torr.
The FE current was measured at different voltages using an
automatically controlled Keithley 2001 electrometer and power supply
(Fug Power HCN 700-3500).

3. RESULTS AND DISCUSSION
The in-situ growth process used to vertically grow Ge@G NWs
on a Si(111) substrate is shown schematically in Figure 1a. We
first grew epitaxial Ge NWs on a Si(111) substrate via
previously reported methods.29 The graphene protective shell

was grown immediately thereafter at 850 °C. After the growth
of the graphene shell, the tip region of the NWs was slightly
melted and evaporated while the vertical structure of the Ge@
G NWs was well-preserved (Figure 1b,c). The HR-TEM image
of the Ge@G NW clearly shows that the crumpled graphene
was grown on the tip of the NWs (inset of Figure 1c). In
contrast, when pure Ge NWs were exposed to vacuum for 5
min at 850 °C without supply of the carbon source to form the
graphene shell, they were completely melted, forming
polycrystalline Ge film (Figure S1, Supporting Information).
The growth of the graphene shell on Ge NWs was confirmed

by various spectroscopy and microscopy tools. Three specific
peaks, the D band, G band, and 2D band, are observed in the
Raman spectrum at ∼1345, ∼1588, and ∼2688 cm−1,
respectively; this is strong evidence of the existence of a
graphene shell (Figure 2a).30 The intensity of the D peak is a
good indicator that confirms the quality of graphene.30,31 When
the graphene shell is grown at 850 °C, the intensity ratio of
I(D)/I(G) is over 1.3, and this ratio decreases as the growth
temperature increases. These results indicated that the quality
of graphene strongly depends on the growth temperature.
However, if the growth temperature was over 850 °C, the
vertically aligned structure of Ge NWs was severely deformed
(Figure S2, Supporting Information). We also measured the
transmittance by using an ultraviolet−visible spectrometer, after
transferring the graphene on the quartz (Figure S3, Supporting
Information). Ge-catalyzed graphene shows high transmittance
over 97.5% at the visible range, which is comparable to the
value of the absorption of single-layer graphene.32 The Raman
peak at ∼300 cm−1 and its full width at half-maximum indicate
that the crystallinity of the Ge NWs is not affected by high
temperatures after graphene growth (Figure S4, Supporting
Information). X-ray photoelectron spectroscopy (XPS) was
employed to investigate the chemical state of the graphene
shell; a peak at 284.6 eV corresponded to the C−C bond of sp2

carbon, while a peak at 288.7 eV corresponded to CO groups
(Figure 2b). In the XPS spectrum, the intensity of the C−C
bond was almost 97%, confirming that the dominant state of
the graphene shells was sp2-hybridized carbon. To see the
graphene shell more clearly, Ge@G NWs were annealed in
vacuum for 10 min at 800 °C. Figure 2c shows thin and
uniform graphene nanotubes connected to the Ge@G NWs
because of the Ge evaporation. HR-TEM analysis of the Ge@G

Figure 3. Comparison of thermal stability of pure Ge NWs and Ge@G NWs. (a−d) Cross-sectional images of pure Ge NWs after thermal annealing
in vacuum for 10 min at (a) 550, (b) 575, (c) 600, and (d) 850 °C; scale bar: 200 nm. Insets show low-magnification images of the Ge NWs. At 600
°C, the density of the pure Ge NWs is significantly decreased. At 850 °C; scale bar: 1 μm. (e−h) Cross-sectional images of Ge@G NWs after
thermal annealing in vacuum for 10 min at (e) 550, (f) 575, (g) 600, and (h) 850 °C; scale bar: 200 nm. Insets show low-magnification images of the
Ge@G NWs. There were no noticeable differences in density among the Ge@G NWs in this temperature range; scale bar: 1 μm.
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NWs indicated that a single layer of graphene covered the Ge
NWs (Figure 2d). XPS and TEM results of both pure Ge NWs
and Ge@G NWs after 1 week exposure in air show that the
graphene shell efficiently suppresses the surface oxidation of Ge
NWs, although the surface oxidation was not completely
blocked because of the structural defects of the single-layered
graphene shell (Figure S5, Supporting Information). Further-
more, to investigate the electrical properties of the graphene
shell, we fabricated a single graphene nanoribbon (GNR) field
effect transistor (FET). The GNR device showed p-type
behavior, which is a conventional property of GNRs (Figures
S6 and S7, Supporting Information).33,34

Previous studies have shown that a graphitic or other carbon
shell can enhance the chemical or physical stability of Ge
NWs.12,17,24,27 For example, a simultaneously grown carbon
shell prevents oxidation of Ge NWs.12 Moreover, Ge NWs
coated with carbon sheaths have been used for an anode
material of a highly reproducible lithium-ion battery.17,27

However, there is no research on the thermal stability of
NWs. In our studies, we test thermal stability by attempting to
anneal the Ge NWs and Ge@G NWs in the vacuum at high
temperature. Figure 3 shows SEM images of Ge NWs and Ge@
G NWs after thermal annealing at various temperatures. Pure
Ge NWs started to melt at 550 °C (approx. 380 °C lower than
the melting point of bulk Ge); the tips of the Ge NWs were
melted and became slightly kinked. At 575 °C, the surfaces of
the Ge NWs started to melt, inducing a wavy roughness. At 600
°C, the small-diameter Ge NWs were completely melted and
only large-diameter Ge NWs remained. The tips of the large-
diameter Ge NWs were spherical, and their surfaces were very
rough due to surface melting and evaporation. Finally, Ge NWs
were completely melted at 850 °C. On the contrary, Ge@G
NWs maintained their 1D structure; even the temperature
reached up to 850 °C. Interestingly, we can find the continuous
growth of graphene nanotubes on top of Ge@G NWs as the
temperature increased. It might be caused by the Ge
evaporation via graphene nanotubes. The main reason for
this difference in melting points is strongly related to their

surface energy.7,35−37 For a cylindrical bare nanowire with a
radius r and length L, the surface energy is given by36 σS(r) =
2σV(r−1 + L−1), where σ is the surface energy or surface tension
per unit area, S(r) is the surface area of the nanowire, and V is
the volume. When the size is decreased to the nanometer scale,
the surface-to-volume ratio increases greatly, along with the
surface curvature, and surface energy dominates the overall
thermal stability. The strong sp2-hybridized graphene shell
decreases not only the surface energy but also the interface
energy between Ge and graphene. On the contrary, the surface
of a pure Ge NW is covered by a thin and unstable GeOx
layer.5,6 Generally, GeOx layers generate large numbers of
dangling bonds, thereby increasing the surface energy.38

Therefore, though the average diameters of both NWs are
similar, the Ge@G NWs are much more thermally stable than
pure Ge NWs.
We adopted our pure Ge NWs and thermally stable Ge@G

NWs for field emission (FE) devices. Various types of FE
devices based on Ge nanostructures have been demonstra-
ted,35,39,40 but the use of Ge NWs formed by the vapor−
liquid−solid (VLS) method in FE devices has not yet been
reported. Figure 4 shows field emission characteristics of pure
Ge NWs and Ge@G NWs. The VLS method is widely used to
vertically grow group IV NWs.2,12,15,29 The vertical structure of
Ge NWs is the proper shape for FE applications; however,
compared with other nanomaterials, it has been difficult to
adopt in FE devices due to the thermal stability issue, despite its
good aspect ratio and high carrier mobility.
Table 1 summarizes the turn-on voltage (Von) and field

enhancement factor (FEF) difference between FE devices
based on Ge NWs and Ge@G NWs. The FE current−voltage
characteristics can be expressed by a simplified Fowler−
Nordheim (FN) equation

β ϕ ϕ β= −J A E E( 2/ )exp( (B )/ )2 2 3/2

where A = 1.54 × 10−6 A eV V−2, B = 6.83 × 103 eV−3/2 V
μm−1, and ϕ is the work function of the emitting materials,

Figure 4. Field emission results of (a) pure GeNWs and (b) Ge@G NWs. (Insets) FN plots of both FE results.

Table 1. Summary of Turn-On Voltages and FEFs of Ge NWs and Ge@G NWs

number of cycles 3 6 9 12 15

Ge NWs turn-on voltage [V μm−1] 1.9 2.6 3.4 4.1 4.3
FEF (β) 1817.5 1308.8 805.1 619.1 687.1

Ge@G NWs turn-on voltage [V μm−1] 2.4 2.4 2.3 2.1 2.0
FEF (β) 2214.7 2190.4 2083.2 2298.7 1953.9

reference results turn-on voltage [V μm−1] 7.635 4.639 1540

FEF (β) 505.935 124239 56040
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which is 5.15 eV for Ge. Repeated FE measurement changes
the turn-on voltage of the pure Ge NWs from 1.9 to 4.3 V
μm−1. In contrast, the turn-on voltage of Ge@G NWs stays
around 2.0−2.4 V μm−1. To check the reproducibility, we
measured one more device and confirmed it (Figure S8,
Supporting Information). The gradually increased turn-on
voltages are mainly attributed to changing shapes of the
emitters, since the FEF of pure Ge NWs is significantly reduced
by repeated measurements. FEF is strongly related to the
geometry, crystallinity, and density of emitters.35,41 The FEF of
pure Ge NW FE devices significantly decreased, but that of the
devices based on Ge@G NWs stayed around 2000, which is the
highest value yet reported for Ge-based FE devices.35,39,40 This
may be due to the high aspect ratio of the NWs with a clumped
and conductive graphene on the tip. Herein, the Ge@G NWs
had an average length of 20 μm and an average diameter of 50−
70 nm, and thus, the aspect ratio is 300−400.
SEM and TEM analyses identify the degradation of the Ge

NWs after 15 cycles of FE measurement, with a change in
geometry of the tips of the pure Ge NWs (Figure 5 and Figure
S9, Supporting Information). Since the high voltage was
focused on the sharp Ge tips, the temperature was increased
with a partial melt of the NWs.42 The tips of the NWs were
melted, forming Ge nanospheres and thereby reducing their
surface energy. Selected area electron diffraction (SAED)
patterns indicated that two single-crystalline Ge NWs were
welded at the top region of the NWs (Figure S9, Supporting
Information). In comparison, Ge@G NWs show no surface
melting phenomena (Figure 5c,d).

4. CONCLUSION
We synthesized Ge@G NWs with enhanced thermal reliability
using an in-situ growth method. In contrast with pure Ge NWs,

Ge@G NWs maintained their original structure at high
temperature because the protective graphene shells mitigated
the nanoscale phenomenon of melting point depression. In
addition, we applied Ge@G NWs in FE devices, where they
showed higher stability compared to devices based on Ge NWs.
Our approach may provide an efficient way to enhance the
stability of nanomaterials.
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