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Abstract
Uniformity is one of the most important qualifications for reliable field
emission devices based on carbon nanofibers (CNFs). We synthesized CNFs
by thermal chemical vapor deposition at 600 ◦C on the glass substrate,
promising practical large-area applications. A glass cap was introduced to
enhance the uniformity of CNF emitters vertically grown under the guidance
of micro-grooves, which provided passages for the diffusion of precursor gas
to CNF growth sites. Our CNFs, vertically leveled by the glass cap with the
support of the micro-grooves, and without any post-treatments, showed
excellent uniformity in field emission as well as long-term stability.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Carbon nanotubes [1] have recently emerged as an attractive
cold cathode material due to their excellent field emission
characteristics including low turn-on field, high current density
and long-term stability. Interestingly, another form of
carbon nanostructure, carbon nanofibers (CNFs) [2], has
also demonstrated distinguished field emission characteristics.
Vacuum device applications powered by carbon nanostructures
have been intensively investigated, for example lighting
sources [3], field emission displays [4], vacuum microwave
tubes [5] and x-ray sources [6].

Uniformity in the field emission devices plays a significant
role in determining practical quality and durability. There
have been many efforts to improve uniformity in field
emission devices, such as mechanical polishing [7], chemical
treatment [8], electrical treatment [9], plasma treatment [10]
and laser treatment [11]. Nevertheless, most of the methods
mentioned above focus on post-treatment modifications, which
can cause damage and/or contamination.

In this study, we present a new technique to enhance the
emission uniformity of a cold cathode based on CNFs, without
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the need for any supplementary post-treatments. Micro-
grooves and a glass cap were adopted to allow the CNFs to
become vertically aligned and level during direct growth on
the practical glass substrate. The micro-grooves formed by a
mechanical process led the CNFs to grow vertically, and the
glass cap helped to level their growing height. As a result, the
CNF emitters showed enhanced uniformity.

2. Experimental details

As a first step in the synthesis of our CNF emitter structures,
PR (photoresist) was spin-coated on a glass substrate. For
active gas diffusion and vertical guidance, micro-grooves were
then formed by machining with a dicing saw. Each line had
a width of 200 μm and a depth of 150 μm. The 30 nm-
thick Cr layer and the 300 nm-thick Cu layer were sequentially
deposited by thermal evaporation over the PR layer along with
the micro-grooves. The Cr layer located between the Cu
layer and the glass substrate served as an adhesion layer, and
the Cu layer acted as a seed layer for the following step of
nickel electroplating. A lift-off process was then carried out to
remove redundant metal layers on the PR layer. Subsequently,
a nickel catalyst layer was DC-electroplated on the Cu seed
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Figure 1. Schematic diagrams illustrating the fabrication steps of CNF emitters: (a)–(c) with a glass cap, (d) and (e) without a glass cap.
(a) A specimen prepared for growth with a glass cap. (b) CNFs grown vertically and leveled by a glass cap. (c) CNFs after the removal of the
glass cap. (d) A specimen for growth without a glass cap. (e) CNFs grown without a glass cap.

layer remaining in the micro-grooves. The solution for nickel
electroplating contained nickel sulfate (NiSO4·6H2O), nickel
chloride (NiCl2·6H2O) and boric acid (H3BO3) [12]. The
electroplating was conducted at room temperature for 1 min
at the current density of 5 mA cm−2. The thickness of the Ni
catalyst layer is about 40 nm.

The specimens prepared for the growth with and without a
glass cap, as depicted in figures 1(a) and (d), respectively, were
placed in a thermal CVD chamber, whose temperature was
gradually increased to the desired value in 35 min under a N2

atmosphere. When the temperature reached 600 ◦C, ambient
N2 gas was evacuated and NH3 gas with a flow rate of 100 sccm
was supplied to pretreat the catalysts for 5 min. Consecutively,
C2H2 gas was fed at a flow rate of 40 sccm for 20 min, while the
chamber temperature was still maintained at 600 ◦C. After the
synthesis process, the specimens were slowly cooled to room
temperature.

The morphologies and structures of as-grown CNFs
were examined by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Raman spectral
analysis was performed to analyze whether the crystalline
properties of CNFs were changed by the use of a glass cap.
The wavelength of the Ar excitation laser for the Raman
spectra analysis was 514.53 nm. Figure 3 illustrates the results
of the Raman spectra measured in the frequency range of
1100–1700 cm−1.

The field emission characteristics of CNFs were investi-
gated by using a diode-type configuration in a vacuum chamber

with a base pressure of 4 × 10−6 Torr. The CNF specimen and
a phosphor-coated indium–tin oxide (ITO) glass were used as
the cathode and the anode, respectively. The distance between
the tip ends of the CNF emitters and the anode was 1.21 mm.
The emission current density was evaluated by averaging the
measured current over the area of 4 cm2 (2 × 2 cm square).

3. Results and discussion

Figure 2 shows the SEM images of CNFs synthesized in the
micro-grooves with and without a glass cap. The CNFs grown
on the micro-grooves without the glass cap have a rugged
morphology (figures 2(a) and (b)), which reveals ordinary
growth characteristics of carbon nanostructures synthesized by
the conventional thermal CVD method [13]. In comparison,
figures 2(c) and (d) indicate that the CNFs in the micro-
grooves with the glass cap were vertically leveled to a uniform
height of about 350 μm from the bottom of the micro-
grooves. Vertically aligned CNFs with a high aspect ratio due
to their very long length suggest that they are likely to have
high performance field emission characteristics, which will be
discussed in the later section. Figure 3 shows HR-TEM images
of CNFs synthesized in the micro-grooves with and without
a glass cap. Their diameters are about 200 nm. Figure 4
shows the Raman spectra of CNFs synthesized in the micro-
grooves with and without a glass cap. The relative intensity
ratios (ID/IG) of the two specimens with and without a glass
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Figure 2. SEM images of CNFs: (a) and (b) without a glass cap, (c) and (d) with a glass cap.

(a) (b)

Figure 3. TEM images of CNFs: (a) with a glass cap, (b) without a glass cap.

Figure 4. Raman spectra of the CNFs with and without a glass cap.

cap were 0.87 and 0.88, respectively, indicating low crystalline
properties, which is similar with that of the carbon nanocoils
grown on copper micro-tips reported in [14].

Figure 5 demonstrates the field emission characteristics
of the CNFs vertically leveled by the glass cap and the
CNFs grown without a glass cap. The measured currents are
plotted as a function of the applied field in figure 5(a), and
the corresponding Fowler–Nordheim (F–N) plot is displayed
in figure 5(b). Figure 5(b) indicates the F–N plot for the
CNFs; it is obvious that our emission results agree well with
the theoretical F–N plot. It was observed that the turn-
on field (defined as the electric field at a current density of
10 μA cm−2) of the CNFs vertically leveled by the glass cap
was 0.50 V μm−1, while that of the CNFs without a glass
cap was 0.71 V μm−1. The current density of the CNFs
vertically leveled by the glass cap reached 1 mA cm−2 at an
electric field of 0.67 V μm−1, whereas that of the CNFs grown
without a glass cap reached 0.47 mA cm−2 at an electric field
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Figure 5. (a) Current–voltage (I –V ) curves and (b) Fowler–Nordheim plots with and without a glass cap.

of 0.83 V μm−1. The field-emitting current density of the
CNFs vertically leveled by the glass cap was larger than that
of CNFs without a glass cap. The very low turn-on field and
the large current density at a low electric field are a result of
the morphology and high aspect ratio due to the long emitter
lengths [15, 16].

The actual emission area (α) and the field enhancement
factor (β) of the CNF emitters can be estimated from the
intercepts and the gradients of the F–N plot. The values of
α were 1.91 × 10−6 cm2 and 4.06 × 10−9 cm2 for the case
with the glass cap and without a glass cap, respectively. The
larger actual emission area for the CNFs vertically leveled by
the glass cap is an outcome of the enhanced uniformity and
their sidewall emission due to the warped CNFs [17, 18].

The field enhancement factor (β) of the CNF emitters can
be evaluated from the well-known equation β = −Bφ3/2d/S,
where B = 6.83×107 (V eV−3/2 cm−1), φ is a work function,
d is the distance between the cathode and the anode and S is the
slope of the F–N plot [19]. The work function of the CNFs was
assumed to be equal to that of graphite (∼5 eV) [14, 20]. We
figured out β of the CNFs vertically leveled by the glass cap
in both the low and high field regimes and found it to be about
12 670 and 9198, respectively and those of the CNFs without a
glass cap were about 4514 (low field regimes) and 12 255 (high
field regimes), respectively, better than the previously reported
values that ranged from 200–5000 [21].

The turn-on field of our CNFs vertically leveled by the
glass cap and aligned by the micro-grooves is much lower than
that of other carbon nanostructures. This may be due to not
only the high aspect ratio based on their long lengths but also
the strong electric field concentration on the edge formed on
the insulating glass substrate [22].

Our CNFs vertically leveled by the glass cap had a long
emission lifetime. Figure 6 represents the emission current
stability over the test period of 40 h at a direct current
(DC) field of 0.59 V μm−1. The emission current has a
maximal drift of 22.7% over 40 h. The short-term peak–peak
fluctuations were smaller than 0.02%. Figure 7 displays the
emission sites of CNFs with and without a glass cap. The
specimen of CNF emitters vertically leveled by the glass cap

Figure 6. Time dependence of the emission current density of CNFs
vertically leveled by a glass cap.

showed a much more uniform distribution of emission sites
than that grown without a glass cap. It is conjectured that the
ring-shaped spots observed in the inset image of figure 7(a)
are due to the sidewall electron emission from the warped
CNFs [17, 18].

4. Conclusion

In summary, we synthesized CNFs by thermal CVD at 600 ◦C
on a glass substrate to ensure wide practical applications of
CNFs. The micro-grooves were used so that the CNFs could
be grown vertically aligned and with a very long length. For
enhanced uniformity, a glass cap was introduced to level the
height of the vertically aligned CNFs during their growth,
and thus eliminate the need for any post-treatments. Our
CNFs showed excellent field emission characteristics: low
turn-on field, high field enhancement factor, uniform emission
distribution and good durability. This high performance
resulted from the high aspect ratio of our CNFs as well as
the strong electric field concentration on the edge formed on
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Figure 7. The emission site distributions of two specimens: (a) with a glass cap (inset image observed at low applied voltage) and (b) without
a glass cap.

the insulating substrate. Our CNFs attain three of the most
important factors of field emitters at the same time: long
length, vertical alignment and fine uniformity. Our CNFs
vertically leveled by the glass cap are expected to have great
potential in applications including large-area field emission
devices and nanoelectronic devices.
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