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Abstract
Carbon nanotubes (CNTs) have great potential in the development of high-power electron beam
sources. However, for such a high-performance electronic device, the electric and thermal
contact problem between the metal and CNTs must be improved. Here, we report graphene as an
interfacial layer between the metal and CNTs to improve the interfacial contact. The interfacial
graphene layer results in a dramatic decrease of the electrical contact resistance by an order of 2
and an increase of the interfacial thermal conductivity by 16%. Such a high improvement in the
electrical and thermal interface leads to superior field emission performance with a very low
turn-on field of 1.49 V μm−1 at 10 μA cm−2 and a threshold field of 2.00 V μm−1 at 10 mA cm−2,
as well as the maximum current of 16 mA (current density of 2300 A cm−2).
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(Some figures may appear in colour only in the online journal)

1. Introduction

By taking advantage of the superior material properties and
high aspect ratio geometry of CNTs [1], many researchers
have been able to devote their efforts toward the develop-
ment of CNT point emitters, which are capable of provid-
ing low turn-on voltage, high emission current density and
long-term emission stability [2–6]. The extremely high
current density of the point emitter plays an essential role
as a sufficient power source in microwave amplifier tubes,
high-resolution electron-beam instruments and x-ray sour-
ces [7].

A CNT point emitter generally has the configuration of a
one-dimensional CNT structure at a conductive metal tip. The
adhesion method of CNTs at a metal tip is appropriate for the

fabrication of the point emitter when considering the quality
issues of CNTs in the growth method [8, 9]. The CNT point
emitters, based on the adhesion method, were fabricated
either by the wet-spinning of CNT fibers [10], the crystal-like
growth method [11] or by attaching CNTs using dielec-
trophoresis [12], utilizing well-dispersed CNT colloidal
solutions. However, these methods usually result in emitters
with high thermal and electrical contact resistances between
the metal and CNT, which seriously degrade the field emis-
sion performances of the emitters [13–15]. A high electrical
contact resistance not only increases the electric field for
electron emissions but also causes electrical Joule heating at
the contact interface. High thermal contact resistance fre-
quently decreases the lifetime of the emitter due to the sub-
limation of CNTs [16, 17].
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Various efforts have been devoted to improving the
electric and thermal interfaces between metal and CNTs.
These efforts include metal welding to CNTs using an ultra-
sonic bonder [18], an additional carbon layer deposition using
EBID (electron beam-induced deposition) [19] and depositing
a graphitic layer via heat treatment at a temperature above
880 K [20]. Various methods [21, 22], in addition to those
mentioned above, could reduce the electrical contact resis-
tance by an order of 1 to 3; however, no attempt was made at
reducing the thermal resistance. In addition, these methods
usually require a high temperature process or additional
cumbersome treatments. A simple and effective method to
improve the interface between metal and CNTs is necessary.

In the present study, we have investigated graphene as an
interfacial layer between metal and CNTs to improve the
interfacial contact properties. Single-layer graphene has
remarkable electron mobility (∼150 000 cm2 Vs−1) and ther-
mal conductivity (∼3100–5300WmK−1) [23, 24]. Moreover,
since graphene is a two-dimensional material and basically
consists of the same atomic structure as CNT, exhibiting a
similar work function of ∼4.5 eV [25, 26], graphene has great
potential in the interfacial layer to improve the electric and
thermal interfaces between metal surface and CNTs. By
adopting graphene to the interfacial layer between metals and
CNTs, we successfully achieved a dramatic decrease of the
electrical contact resistance by an order of 2 and an increase
of the thermal conductivity by 16%. The performance of the
CNT point emitter, including the graphene interfacial layer, is
also greatly improved.

2. Methods

2.1. Crystal-like growth of the metal oxide/CNT composite fiber

The copper tip is submerged in n,n-DMF solution, which
consists of CNT and sodium tungstate; then, an electric cur-
rent of 1 mA is applied. Due to the applied bias between the
copper tip and counter electrode, negatively charged CNTs
gather around the copper tip with −WO4

2 . After being sub-
merged for 5 min, the copper tip is extracted, and a droplet,
which includes the CNT and WO3 composite, is formed at the
end of the copper tip. The droplet is in the form of a gel and is
moved to have a contact with the Teflon surface, resulting in a
vertically aligned one-dimensional composite structure after
the drying process.

2.2. Instruments and methods

The field emission characteristics were measured at room
temperature under 3 × 10−7 torr. A voltage between the CNT
cathode and an anode was applied using a DC power supply
(Matsusade Precision Inc.). The plate-shaped molybdenum
(Mo) was used as the anode. The emission current was
measured using a multimeter (Keithley 2000). The distance
between the cathode and anode was fixed at 500 μm by a
separator. SEM analysis was performed using a Hitachi S-
4800 field-emission electron microscope at an acceleration
voltage of 10–15 KeV. Raman spectra were obtained using a
micro Raman system (Horiba Jobin-Yvon LabRAM 300)
with a 50X objective lens (Olympus, NA 0.75).

Figure 1. (a) An optical image of sharpened copper wire using the electro-chemical etching process. (b) Schematic drawing to fabricate the
graphene growth by chemical vapor deposition (CVD). (c) Optical images of a carbon nanotube point emitter through the crystal-like growth
method. (Inset shows the schematic drawing of the crystal-like growth method.) (d) Scanning electron micrograph of the point emitter that is
comprised of an aligned carbon nanotube with one direction.
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3. Results and discussion

A CNT point emitter was fabricated by the crystal-like growth
method [11, 27] using a copper wire tip, as shown in figure 1.
The tip of the copper wire was sharpened by electro-chemical
etching [28] (figure 1(a)), followed by a graphene synthesis
on the wire using the CVD process with H2 and CH4 gas
flows at 1000 °C (figure 1(b)) [29]. Figure 1(c) shows the
experimental procedure used to fabricate the CNT point
emitter based on a single-walled CNT (SWNT) colloidal
solution mixed with sodium tungstate (see the methods
section in the supporting information for details) [11]. The
SWNTs have a length of 5–10 μm, and the average bundle
diameter of the SWNTs is determined from transmission
electron microscopy (TEM) analysis as 7 nm (figure S1 in the
supporting information). Upon applying the bias between the
copper tip and counter electrode, the CNTs that are negatively
charged through the purification process and the −WO4

2

migrate to the copper tip. The −WO4
2 changes into WO3

during the plating process, encouraging tight contact between
the adjacent CNTs as well as the CNT and the graphene
surface. An electron probe microanalysis (EPMA) technique
reveals that the tungsten and carbon are uniformly distributed
throughout the composite structure in which the WO3 was
electroplated on the SWNT wall [11]. After the electroplating
process, the copper tip is withdrawn with a droplet; the CNT
and WO3 composite are included. The droplet is placed on a
Teflon surface to constrain the free end of droplet, resulting in
a straight one-dimensional composite structure after solvent
evaporation.

The composite structure is finally detached from the
Teflon surface, as shown in figure 1(d); then, the resulting
emitter has a cylindrical geometry with a diameter of ∼30 μm,
of which the length can be controlled by adjusting the plating
time [11]. The ‘nail head’ geometry (see the tip of the CNT
emitter in figure 1(d)) is formed due to the contact-drying
process that is necessary to make the structure straight. The
nail head can be removed by a post-processing treatment. As
shown in the inset of figure 1(d), the CNTs are well aligned
along the emitter axis. The CNTs, which are randomly dis-
persed in the solution, are aligned in the direction of the
emitter during the crystal-like growth process [11]. Since the
alignment is made in the direction of the electron path during
the field emission, the self-alignment helps to enhance the
performances of the emitter.

Ensuring that the high-quality graphene is uniformly
synthesized on the surface of the copper wire before the
crystal-like growth of the CNT emitter is the most important
step in the present study. The inset of figure 2(a) shows the
optical image of the copper wire after the synthesis of the
graphene layer. To confirm a graphene layer on the copper
wire, Raman analysis was carried out, as shown in figure 2(a).
The Raman peaks, characteristic of the G-band (∼1579 cm−1)
and 2D-band (∼2693 cm−1) of the graphene, are clearly
observed over a broad background signal of the copper.
Almost identical Raman characteristics were observed along
the lengthwise direction of the Cu wire and along the cone-
shaped region, confirming the uniform growth of graphene on
the wire (figure S2 in the supporting information). We
transferred the graphene onto a silicon substrate to exclu-
sively analyze the characteristics. The inset of figure 2(b)
shows the optical image of the graphene transferred to a
silicon substrate after etching the copper wire and drying it at
an ambient condition. The cylindrical structure of the gra-
phene that wrapped around the copper wire collapsed into a
ribbon geometry during the transfer process. The Raman
spectra of the transferred graphene are shown in figure 2(b).
The intensity of the D-band at ∼1350 cm−1 is negligible, and
the 2D/G ratio was estimated to be ∼2.1, indicating that one
or two layers of high-quality graphene was successfully
synthesized on the copper wire [30]. An atomic force
microscopy (AFM) study also revealed a thickness of ∼1 nm
for the graphene layer, as determined by the Raman analysis
(figure S3 in the supporting information).

Figure 2. (a) Raman spectrum of graphene on a copper tip obtained
by 532 nm photoexcitation. (Inset shows an optical image of the
copper wire after graphene growth.) (b) Raman spectrum of the
transferred graphene on the silicon substrate obtained by 532 nm
photoexcitation. (Inset shows an optical image of the transferred
graphene to the silicon substrate.)
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The effectiveness of the graphene interfacial layer for
electrical and thermal contacts was demonstrated, as shown in
figure 3. The total electrical resistance of the CNT point
emitter consists of the resistances of the copper wire, the CNT
structure and the interfacial contact resistance between the
copper tip and the CNTs, as schematically described in the
inset of figure 3(a). The contact resistance was evaluated by
subtracting the resistances of the copper wire and the CNT
structure from the total resistance of the emitter. The contact
resistance of the emitter without graphene was 2.39 kΩ,
which corresponds to most of the total resistance (2.40 kΩ),
while the emitter with the graphene interfacial layer shows
25Ω of the total resistance, having a very low contact resis-
tance of 14Ω. It is noteworthy that the contact resistance of
the emitter with the graphene interfacial layer is 2 orders of
magnitude lower than that without the layer.

Since the field emission stability of a CNT emitter is
degraded by the sublimation of the CNTs at the end of the
emitter, the high thermal conductivity of the emitter is very
important so that it rapidly dissipates the heat generated
during emission. The thermal interfacial resistance of the
present emitter was investigated by comparing the thermal
conductivity of the emitter with and without a graphene

interfacial layer, as shown in figure 3(b). The emitters with
and without a graphene interfacial layer prepared with the
same geometry (i.e. the emitter length and diameter) were
placed in a vacuum chamber (∼10−3 torr) to minimize the heat
convection effect of air. The controlled temperature was
applied to the end of the copper wire using electrical Joule
heating of the chromium wire (see the inset of figure 3(b)).
The temperatures of the copper wire (T1) and the CNT emitter
tip (T2) were measured using a thermocouple by making a
contact with thermally conductive epoxy. Figure 3(b) shows
the temperature differences (ΔT = T1− T2) with respect to the
applied temperature to the copper wire. The thermal con-
ductivity ratio can be expressed as the inverse of the tem-
perature change ratio ( Δ Δ=K K T Tw w o w o w/ / ) based on the
heat conduction equation, where K represents the thermal
conductivity, and the subscripts w and w/o denote the samples
with and without a graphene interfacial layer, respectively.
The temperature change shows a linear relationship with
respect to the applied temperature. It is noteworthy that the
use of a graphene interfacial layer increases the thermal
conductivity of the emitter by 16%, as shown in figure 3(b).

In metals with poor wettability, such as Pt, Ni, Ag and Cu,
the contact barrier (such as a vacuum gap or surface oxides) is

Figure 3. (a) Graph shows the change of resistance due to the graphene interfacial layer. (Inset shows three electrical resistance components:
RM is the resistance of copper wire, RI is the interface resistance and RE is the resistance of the point emitter.) (b) Graph shows the
improvement of the heat conductivity by 16% with the graphene interfacial layer. (Inset shows schematic drawings of the thermal
conductivity measurement.) (c) Schematic drawing and optical image to measure the electrical contact resistance. (d) Comparison of the
contact resistance between the copper and CNT with and without a graphene layer (Gr(T) is the transferred graphene layer and Gr(A) is the
as-grown graphene layer.)
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easily formed between the metal and the CNT [31]. van der
Waals force is not great enough to make complete physical
contact between the copper and the CNT, as previously
observed in the dewetting phenomena of CNTs and metal
contacts [32, 33] in which an atomic-level vacuum gap was
observed. The atomic-level vacuum gap results in large elec-
trical contact resistance [34]. However, if we prepare copper
with the surface covered by a synthesized graphene layer
through carbon segregation and/or a precipitation process, the
graphene automatically has maximized contact area with the
copper. Moreover, the graphene has not only ohmic contact
with the CNT because of an almost identical work function but
also a large contact area with the CNT due to the van der Waals
forces and to π–π stacking interactions [35, 36]. As a con-
sequence, the adoption of the graphene interfacial layer results
in very low contact resistance of the emitter.

To confirm the effect of the contact area between the
copper and CNTs, we prepared three specimens with different
stacking sequences: (1) copper and CNTs; (2) copper, trans-
ferred graphene and CNTs; and (3) copper with synthesized
graphene and CNTs. We measured their electrical contact
resistance, as shown in figures 3((c)–(d)). The CNT layer is
simply stacked by placing a thin CNT film on the specimens.
The contact resistance between the copper and the CNT with
the synthesized graphene interfacial layer is 150 times lower

than that without the graphene layer and 10 times lower than
that with the transferred graphene interfacial layer. The lower
contact resistance with the graphene layer than without the
graphene layer could be attributed to the increased contact
area and the π–π stacking interactions due to the graphene
interfacial layer. Moreover, it is clear that the synthesized
graphene interfacial layer allows a larger contact area between
the copper and graphene than the transferred graphene layer.
It is believed that metal-based contamination or wrinkles that
occurred during the wet transfer process adopted in this test
causes a physical gap between the copper and the transferred
graphene layer [37, 38].

The improved interface with the graphene layer may
enhance the field emission performance of the present emitter.
The effect of adopting the graphene layer to the emitter was
investigated with respect to the field emission performance.
The nail head geometry of the emitter tip, shown in
figure 1(d), results from a pinning effect and from the capil-
lary flow in which the contact line of the drying column on
the Teflon surface is replenished by solvent from the interior
as the solvent evaporates from the edge. The nail head geo-
metry at the tip of the emitter is not desirable for a point
emitter because it degrades the electric field concentration and
structural robustness. An EDM (electric discharge machining)
process could be utilized to remove the nail head [27].

Figure 4. (a) Scanning electron micrograph of the pristine emitter with the nail head. (b) Scanning electron micrograph of the emitter with the
nail head removed by FIB treatment. (c) The close-up scanning electron micrograph of the cross-section area with the FIB treatment. Inset
image shows the trace of the Ga ion during the FIB treatment. (d) Raman spectra obtained by 532 nm photoexcitation at the cross-section area
of the carbon nanotube point emitter of the two cases before FIB and after FIB treatment.
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However, a very high current (∼7 ampere) that passed
through the CNT emitter might degrade the electrical prop-
erties of CNT emitter. Thus, we adopted a focused ion beam
(FIB) treatment to remove the nail head. It was severed from
the emitter by the irradiation of the Ga ion beam with high
energy. The emitter without the nail head is clearly shown in
the SEM image of figure 4(b) and has a diameter of 30 μm.
From the SEM observation of figure 4(c), the severed surface
is formed in a very consistent and regular manner and tex-
tured in the direction of beam irradiation. Raman analysis was
carried out to investigate the effect of the FIB treatment on the
surface of the CNT emitter tip. In the Raman spectra of the
emitter before and after the FIB treatment, the change of G/D
ratio is insignificant. The slight increase of the D peak could
be attributed to physical damage on the CNT due to Ga ion
collisions.

Figure 5 shows the field emission characteristics of the
CNT point emitters. The distance between the cathode tip and
anode (d) was used to calculate the macroscopic field
( =E V d , where E and V represent an applied electric field
and the voltage) [4]. It is noteworthy, as shown in figure 5(a),
that the turn-on field (Eon: 1.49 V μm−1 at 10 μA cm−2) and
the threshold field (Eth: 2.00 V μm−1 at 10 mA cm−2) of the
emitter with the graphene interfacial layer are considerably

lower than those without the graphene interface (Eon:
2.74 V μm−1, Eth: 3.25 V μm−1). Moreover, the maximum
current of the emitter with the graphene interfacial layer
reaches up to 16 mA, which corresponds to the current den-
sity of 2300 A cm−2, while it is 6 mA for the emitter without
the graphene interface. It is obvious that the improved elec-
trical and thermal contacts between the copper wire and the
CNT emitter are responsible for the enhancement of the
emission performance. Figure 5(b) shows the Fowler–Nord-
heim (F–N) curves of the emission, and the slope of the F–N
curve represents the field enhancement factor of an emitter.
The field enhancement factor of 2120 for the emitter with the
graphene interfacial layer is almost two times higher than that
of 1180 for the emitter without a graphene interface. The
CNT emitter with high electrical and thermal conductivity is
attributed to the excellent field emission characteristics.
Moreover, it is interesting that two distinct behaviors
regarding the F–N curves were observed. The field
enhancement factor of the emitters with and without a gra-
phene interface is almost linear in a low field region. How-
ever, it turns nonlinear in the region of the high electrical field
because of the thermally enhanced electron emission due to
Joule heating of the carbon nanotube [39]. Joule heating at the
tip of the emitter, which may exceed up to 1000 K, adds a

Figure 5. (a) I-V plots of the point emitter with and without the graphene interfacial layer. (Inset shows the J-E plot with the logarithmic
current density.) (b) Fowler–Nordheim plots of field emission characteristics (I-V plot). ((c), (d)) Field emission stability test of the emitter
without and with the graphene interfacial layer.
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thermionic emission current to the field emission, enhancing
the overall emission performance [40].

The emission stability of the present emitter was inves-
tigated by a continuously performing emission with a current
of 1–5 mA for 10 h, as shown in figures 5(c) and (d). The
current is not stable during the test in the emitter without a
graphene interface, and considerable degradation was
observed, for instance, 30% in 1 mA, 50% in 3 mA and 56%
in 5 mA after 10 h of operation (figure 5(c)). As shown in
figures 3(a) and (b), the emitter without the graphene layer
has high electrical and thermal resistance, especially at the
interface. At a given field emission current for the stability
tests, the emitter without a graphene layer demands a higher
electric field compared to that of the emitter with the graphene
layer, which in turn leads to severe heat accumulation. It
might lead to the oxidation and/or the severe degradation of
the emitters by Joule heating [41]. However, the emission
stability was significantly improved when the emitter with the
graphene interfacial layer was used, as shown in figure 5(d).
The reasonably small degradation in the current was observed
after 10 h of operation to be 15% in 1 mA, 23% in 3 mA and
30% in 5 mA.

4. Conclusion

The contact interface involved in fabricating a CNT point
emitter is one of the important issues to be resolved. In the
present study, the adoption of graphene as an interfacial layer
between the metal and the CNT has been investigated. High-
quality graphene was uniformly grown on a copper wire. The
interfacial graphene layer results in a dramatic decrease of the
electrical contact resistance by an order of 2 and an increase
of the interfacial thermal conductivity by 16%. Such a high
improvement in the electrical and thermal interface leads to
the superior field emission performance with a very low turn-
on field of 1.49 V μm−1 at 10 μA cm−2 and a threshold field of
2.00 V μm−1 at 10 mA cm−2, as well as the maximum current
of 16 mA (current density of 2300 A cm−2). The emitter also
shows stable emission characteristics with a high current of
5 mA (700 A cm−2) for 10 h.
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