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ABSTRACT: A thin diamond-like carbon (DLC) film was deposited onto
a densely packed “forest” of vertically aligned multiwalled carbon
nanotubes (VACNT). DLC deposition caused the tips of the CNTs to
clump together to form a microstructured surface. Field-emission tests of
this new composite material show the typical low threshold voltages for
carbon nanotube structures (2 V μm−1) but with greatly increased
emission current, better stability, and longer lifetime.
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1. INTRODUCTION

Carbon-based materials are suitable for use as cold cathode
emitters because of the low voltages required for extraction of
electrons. Thin carbon films with low threshold fields can give
emission current densities high enough for use in flat panel
displays,1,2 and X-ray3 and microwave generators.4 A wide
range of carbon-based field emitters, such as doped diamond,
diamond-like carbon and carbon nanotubes (CNTs), have been
extensively studied. Field-emission current densities of up to 1
mA cm−2 were observed for applied electric fields of less than 5
V μm−1.5 However, poor uniformity and low current stability
have hindered further commercial development.2,6

Field-emission efficiency is determined by a combination of
factors, including the conductivity of the emitter, the surface
work function, the resistance of the emitter/substrate interface,
and the sharpness of the emitting tip (which controls the field-
enhancement factor, β).7 An ideal field emitter should be a
good electrical conductor with low work function, high
enhancement factor and be stable at high emission current
density. Boron-doped diamond has excellent conductivity and a
robust surface with a low work function, allowing some
excellent field-emission devices to be constructed.8,9 However,
to obtain a high β value, complex and expensive micro-
fabrication is usually required to pattern and etch the diamond
into suitable pyramids or needle shapes, although recently
diamond nanocones have been made using a single-step CVD
process that show promising field-emission characteristics.10

Conversely, CNTs have a nanosharp tip as well as high

electrical conductivity, and can be prepared as vertically aligned
(VA) structures, or dense “forests”.7 These have excellent field-
emission properties, with currents of 1 mA cm−2 reported for
threshold fields as low as 2 V μm−1.4 However, their sensitivity
to slight air (oxygen) leaks into the vacuum system, combined
with their tendency to burn out has made their use in field-
emission problematic. Often the problem is that the tallest
CNT in the forest experiences the highest field and so emits the
entire current, which causes it to burn out. The emission then
jumps to the next tallest CNT, which survives for a time, then
also burns out. Gradually, one by one, the CNT forest is burnt
out, until emission ceases completely.
One approach to solve this problem is to use bundles of

CNTs to form a dense matrix of close-packed CNTs, which
usually join together in a nonaligned, random arrangement.
The resulting macroscopic fiber bundles allow the emission
current to be shared among many CNTs, providing low
threshold fields and hence increased lifetime and durability.
Indeed, such CNT bundles have recently been reported to have
threshold field as low as 0.12 V μm−1 and very high current
densities of the order of 13 A cm−2, with lifetimes measured up
to 30 h with high stability.11 Such macroscopic fibres show
great promise for single-source electron beams, but for
multisource microscale devices the task of assembling these
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CNT cathode bundles onto a predefined pattern would be
quite challenging.
Other attempts to improve the field-emission behavior of

CNTs often involve combining the current-carrying properties
of CNTs with a modification to the emitting surface. For
example, CNTs have been decorated with nanoparticles of
erbium,12 silver,13 and ZnO,14 all of which improved the
emission characteristics slightly. Several groups have coated
CNTs with nanodiamond, either individually,14,15 as a dense
bundle or mat,16 or as clusters.2 The robust nature of the
nanodiamond surface often imparted excellent field-emission
properties on the CNTs, with low threshold fields and high
currents while maintaining high enhancement factors. However,
the individually coated CNTs often still suffered from low
lifetimes because of sequential burn out, as mentioned earlier.
Zou et al.8 recently showed that by electrospraying a

multiwalled VACNT forest with a nanodiamond-in-liquid
suspension, the liquid surface tension caused the tips of the
CNTs to stick together to form what the authors termed
“teepee” structures. The teepees were composed of ∼50 CNTs
meeting at a common point. Subsequent short diamond
deposition allowed a thin layer of boron-doped diamond to be
grown onto these teepees, locking the structure in place. Field-
emission tests showed that although the threshold voltages
were similar to those from normal B-doped diamond, the
stability of the emission was greatly improved, as was the
lifetime, which exceeded a few thousand hours even at relatively
high emission currents. These structures combined the high
current carrying capacity of the ∼50 component CNTs with the
robust low-work-function of the emitting diamond surface to
produce a composite field-emission material that has the
electrical characteristics and long lifetime required for
commercial devices.
However, diamond chemical vapor deposition (CVD) is still

a relatively expensive and manpower intensive procedure, and
for coating the teepees the growth time had to be carefully

controlled to obtain optimal results. An alternative approach is
to use diamond-like carbon (DLC) as the capping layer for the
teepee structures. DLC is a type of amorphous carbon film with
high sp3 carbon content that can be deposited using CVD
techniques over large areas at low temperatures,1,17 and this has
now become a relatively cheap, widespread industrial process.
Moreover, DLC is another strong candidate for field-emission
cathode devices because of its low electron affinity and
chemical inertness. The field-emission properties of DLC
depend upon the thickness, density, microstructure and sp2/sp3

carbon ratio in the films,1,18,19 with typical threshold field values
ranging from 5 to 50 V μm−1.1,7,20−22 These values are not as
low as those for CNTs or diamond, but DLC has the advantage
of simplicity of deposition and scalability to large area.
In this work, we study for the first time the field-emission

properties of VACNT/DLC composite materials. Thin DLC
films were deposited onto dense VACNT forests creating a 3D
microstructure as a result of the CNT tips sticking together. We
evaluate this new material using scanning electron microscopy,
Raman spectroscopy, and field-emission tests.

2. EXPERIMENTAL SECTION

The VACNT films were produced using a microwave-plasma
(MWCVD) chamber operating at 2.45 GHz.23 Substrates were
Ti sheets (10 mm × 10 mm × 0.5 mm) covered with a 10 nm
Ni layer deposited by electron-beam evaporation. The Ni layer
was heated in a N2/H2 (10/90 sccm) plasma, which caused it to
ball up into nanoclusters that subsequently became the catalyst
particles for VACNT growth. The nanocluster formation took
place as the substrate temperature increased from 350 to 800
°C over a period of 5 min. To grow the VACNT forest, we
introduced CH4 (14 sccm) into the chamber for 1 min,
maintaining a substrate temperature of 800 °C. The reactor
pressure was 30 Torr during all procedures.
The DLC layer was then deposited onto the VACNT surface

using a plasma-enhanced CVD (PECVD) reactor fed with

Figure 1. Electron microscope images of the sample morphologies: (a) the as-grown VACNT forest. (b) Top view of VACNT/DLC composite
showing the honeycomb structures. (c) Higher-magnification image of the DLC coating on top of the VACNT/DLC honeycomb ridges. (d)
Transmission electron microscope images of the as-grown VACNT and (inset) the VACNT/DLC, allowing the CNT diameter before and after
DLC deposition to be estimated. (e) Top view of VACNT samples following immersion in water and drying. (f) Detail of the agglomeration at the
tips of the joined structures following wetting.
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hexane vapor and argon gas at 0.01−0.03 Torr for 10 min and a
discharge voltage of −700 V.24 Morphological analyses were
performed with a high-resolution scanning electron microscope
(FEI Inspect F50) operated at 20−30 kV. A Renishaw laser
Raman spectrometer excited by an argon-ion laser (λ = 514.5
nm) provided the room temperature Raman spectra. The spot
size was 15 μm and laser power was around 6 mW.
A parallel-plate configuration was used for field-emission

measurements, with a sample acting as the cathode and a
phosphor screen acting as the anode. A 10 nm gold or
aluminum layer coated the anode to collect the current. A silica
spacer kept a fixed separation of d = 150 μm between the two
electrodes. The vacuum chamber pressure was 5 × 10−7 Torr.
The emission current, I, was measured as the anode voltage, V,
was ramped up and down under computer control. The
phosphor screen emitted light when struck by the emitted
electrons, and this allowed the emission area, A, to be
estimated. To normalize the data, therefore, we have plotted
emission current density, J (A cm−2) versus electric field, E (V
μm−1), as well as in the form of a Fowler−Nordheim (F−N)
plot (ln(J/E2) versus 1/E).8

3. RESULTS AND DISCUSSION
Figures 1a−f show typical SEM images of the VACNT forest
and VACNT/DLC composite structures. Figure 1a shows the
as-grown VACNT forest, and highlights its alignment, its high
spatial density, and relatively flat, carpetlike surface.25 The
CNTs are ∼40 μm long and about 40 nm thick; with each
CNT nearly touching its neighbor (separation distance is
estimated at ∼10 nm. The top view of the VACNT/DLC
sample shows a patterned surface (Figure 1b), indicating that
after a few minutes of DLC deposition the VACNT tips have
stuck together. Unlike with diamond CVD, however, instead of
individual teepee structures the DLC coating has caused the
CNTs to form linked rings, a bit like a honeycomb structure,
although less regular. The type of microstructuring (teepees,
honeycombs, or two-dimensional ridges) seen when depositing
films onto CNTs depends mostly upon the density of CNT
growth, and for these VACNTs the density was such that
honeycomb structures predominate. On the crests of the
honeycomb edges one can see a build-up of DLC, as shown in
Figure 1c. Figure 1d shows details of the nanotubes before and
after DLC deposition using high magnification TEM. Before
deposition, the typical CNT diameter is 30−50 nm (consistent
with image a), and after deposition the diameter is measured at
80−100 nm (inset), which suggests that the average DLC
thickness on the CNT walls is ∼25 nm, although it may be
considerably thicker than this on the top surface (as shown in
Figure 1c).
In a separate experiment, some as-grown VACNT samples

were wetted with a drop of water and dried at room
temperature, see Figure 1e. The as-grown sample is hydro-
phobic and the drop of water caused the CNT tips to stick
together to form honeycomb structures, although they are not
as well-defined as in Figure 1b. The detail of the clustering at
the tips of the CNTs can be seen in Figure 1f. Although
honeycomb structures can be formed in VACNT forests by
both DLC deposition (Figure 1b) and wetting (Figure 1e), the
feature sizes are very different. The wetted VACNT forest has
honeycomb structures ∼500 nm in size, whereas the VACNT/
DLC honeycombs are ∼5 μm. Moreover, the honeycombs
formed by wetting (Figure 1f) are only held together by contact
forces (van der Waals forces), whereas those in Figure 1c are

locked into shape because of the chemical bonding between the
DLC coating and the underlying nanotubes. This suggests that
the DLC layer locks the tips of the tubes together both
chemically and physically.
Because the pulsed PECVD process contains hydrogen, the

DLC it produces has properties consistent with those of
hydrogenated amorphous carbon films (a-C:H).3,10,21 The
presence of H within the film changes the network by
converting some CC groups into sp3-bonded −CH3
groups.26 Figure 2 shows typical Raman spectra of the

VACNT/DLC composite, the DLC film and the as-grown
VACNT forest. The DLC spectrum shows two broad Gaussian
bands, the D band centered at 1340 cm−1 resulting from the
breathing mode of sp2 carbon sites in rings but not chains, and
the G band centered ∼1537 cm−1 arising from stretching of any
pair of sp2 sites whether in rings or chains. The intensity ratio
ID/IG was used, together with suitable calibration graphs (see
Figure 7 in ref 27) to estimate the sp3 carbon content and the
optical or Tauc band gap.28,29 For the DLC film with an
intensity ratio of ID/IG = 0.28, following this procedure gives an
sp3 carbon content of ∼60−70% and a Tauc gap of ∼2−2.5 eV.
In the VACNT/DLC composite, ID/IG = 0.52, which
corresponds to ∼45−55% sp3 and Tauc gap ∼1.6−1.8 eV.
The VACNT first-order Raman spectrum (Figure 2) has two

pronounced peaks centered at 1357 cm−1 (D-band) and 1585
cm−1 (G-band).30,31 The D-band for CNTs is related to defects
and disordered carbon, whereas the G-band (E2g) is related to
well-ordered crystalline graphite.18,22 The D′-peak (1622 cm−1)
is also observed and is also correlated to disorder.18 The
VACNT second-order Raman spectrum revealed a pronounced
G′-peak, confirming the good crystallinity shown by Figure 1d.
The Raman spectrum of VACNT/DLC films is a combination
of both DLC and VACNT Raman characteristics. Clearly, for
VACNT/DLC the narrower VACNT D-band appears
combined with the broader DLC one, and the G-band shows
a broader feature involving the DLC G-band and the VACNT
G- and D′-bands. This indicates that the DLC has not replaced
the CNTs, but simply coated them.
Panels a and b in Figure 3 show the data from the field-

emission measurements performed on 3 types of sample, the as
grown VACNT forest, a wetted VACNT forest, and a DLC/
VACNT composite. For this experiment we have defined the
threshold field, Eth, as that corresponding to an electron
emission density of 0.01 mA cm−2. From the as-grown
VACNT, Eth was ∼3.2 V μm−1, consistent with previously
published values for CNT arrays.32,33 Eth for the wetted

Figure 2. Raman spectra of the DLC film, the CNT forest, and the
VACNT-DLC composite.
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VACNT decreased to ∼1.8 V μm−1, and for VACNT/DLC Eth
∼2.1 V μm−1. These data are all consistent with the F−N
model for electron emission via quantum mechanical tunnelling
through a potential barrier.34 The field-enhancement factor β
was calculated using the F−N equation

ϕ
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where J is the emission current density in A μm−2, b = 6.83 ×
103 eV−3/2 V μm−1, A = 1.56 × 10−6 A V−2 eV, E is the applied
electric field in V μm−1, and ϕ is the work function of the
material in eV. In the literature, the work function of DLC
ranges from 1.5 to 4.7 eV,35 depending on the type of
amorphous carbon produced. In our case, using the calibration
graph from Figure 10 in ref 34, our DLC film with a thickness
of ∼25 nm gives an sp3 ratio of ∼50% (consistent with the
estimate made from Figure 1d) and a work function of ∼4 eV.
Consistent with previous authors, we have taken the work
function of CNTs to be ∼5.0 eV.36

The field-enhancement factor was then estimated by fitting
the slope of the F−N plot (inset within Figure 3a) to −bϕ3/2/β.
The average field-enhancement factors obtained this way were
β ≈ 2695, 5277, and 2529 for as-grown VACNT, wetted
VACNT, and VACNT/DLC samples, respectively, values that
are consistent with those from other reports from similar
patterned VACNT emitting systems.37,38 Note that the
geometrical β (∼2000) calculated from (h/r) using the height
(h) and radius (r) of the individual nanotubes is considerably
lower than the values calculated from these F−N plots, a
finding which is often reported for field-emission from VACNT
forests.32 There are a number of possible suggested reasons for
this difference, including (a) perturbations of the electric field
because of the experimental configuration, especially the
interelectrode separation,39 (b) the emission being a multistage
process from many adjacent emitting tips rather than being
from one isolated tip,40 (c) electrical and thermal conduction
effects from the surrounding VACNT forest,36 and/or (d) high
field enhancement at the nanotube−substrate−vacuum triple
junction at the base of the CNTs causing electrons to be
emitted directly into the vacuum.32 Thus, it is clear that
although the absolute magnitude of β values derived from F−N
plots should be regarded with caution,38 so long as they were
measured under identical conditions then sensible deductions
can be made based on their relative values.

For our results, the trend in the measured β values is
consistent with the geometry and sharpness of the overall
emitting structures.41 The flattest sample is the as-grown
VACNT forest while the sharpest is the wetted VACNT forest,
and these have the lowest and highest β values, respectively.
The VACNT/DLC composite can be thought of as a smoothed
version of the latter, and has an intermediate β value.
Furthermore, the emission current from the VACNT/DLC
samples may have been higher than expected because of
tunnelling of electrons from the CNT ends through the DLC
capping layer, which is a relatively easy process because of the
lower work function of DLC.
Stability tests performed on the same samples measured the

emission current as a function of time maintaining the potential
constant at 1700 V, as shown in Figure 3b. Visual observation
of the bright area on the phosphor screen allowed the
uniformity of the emission current within the emission area
to be estimated. For all three samples, emission was uniform
(i.e., uniform brightness on the phosphor screen) at the start of
the test; however, as the test progressed, the three samples
showed different behavior. The emission intensity from the
wetted VACNT jumped between different spots, and the
stability test was possible for no more than 100 min (which is
why it is not plotted in Figure 3b). This behavior was probably
due to the tip nanostructures separating because of heating
during emission. For the VACNT sample, the field-emission
current was uniform and constant throughout 20,000 min, but
the current density used was quite low (1.25 mA cm−2) and
reduced substantially during the test due to the individual
CNTs burning out. In contrast, the VACNT/DLC sample has a
reasonably uniform emission current, but at a relatively high
current density level (∼2.2 mA cm−2), and this continued for
an uninterrupted period of 45 000 min. The test was halted
only because the equipment was needed for another experi-
ment, so the true lifetime could be much longer than this lower
limit.

4. CONCLUSIONS

We have described a novel method to produce a low-cost,
scalable, hybrid field-emission material by depositing DLC onto
vertically aligned CNTs. Depending on the DLC deposition
conditions and the CNT density, the hybrid structure develops
nanostructuring whereby the CNT tips stick together to form
honeycomb structures. Although there is only a small
improvement in field-emission threshold voltage, the major

Figure 3. (a) Field-emission characteristics of the VACNT forest, the DLC-coated VACNT forest, and the wetted VACNT samples, showing curves
of current density, J, versus electric field, E, for an average of 5 data sets. Inset: Fowler−Nordheim plots from the 3 types of samples. (b) Field-
emission current−density stability test from the uncoated VACNT and VACNT/DLC samples.

ACS Applied Materials & Interfaces Letter

dx.doi.org/10.1021/am403386a | ACS Appl. Mater. Interfaces 2013, 5, 12238−1224312241



advantage of these hybrid structures is their significant
improvement in emission current, lifetime, stability, and
flickering characteristics. This hybrid material combines the
excellent electrical conductivity and transport properties of
multiple CNTs with the robust diamond-like surface of a DLC
film with high sp3 carbon content. The good electrical contact
between the CNT and the titanium substrate may also
contribute to the high currents achieved. Another contributing
factor may be the physical separation of the honeycomb walls
(typically 10−40 μm) which may help reduce space-charge
effects that often limit emission current in more densely packed
devices.
Although preliminary, these experiments have shown that

such VACNT/DLC hybrids may be excellent candidates for a
cheap, reliable, robust field-emission material. There are still a
number of parameters that need to be investigated to improve
and optimize the emission performance. These include the sp2/
sp3 carbon ratio in the DLC, the conductivity of the DLC
(which may be changed by doping with other elements), the
size, length, and packing density of the CNTs, the substrate
composition, the honeycomb separation, or alternative micro-
structures (teepees, ridges, etc.) that might be formed by
changing the DLC deposition conditions.
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