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Ultralow field emission is achieved from carbon nanotubes (CNTs) by using microwave hydrogen plasma
processing. After the processing, typical capped CNT tips are removed, with thinned, open-ended, and
defected CNTs left. Structural analyses indicate that the processed CNTs have more SP3-hybridized
defects as compared to the pristine ones. The morphology of CNTs can be readily controlled by adjusting
microwave powers, which change the shape of CNTs by means of hydrogen plasma etching. Processed
CNTs with optimal morphology are found to have an ultralow turn-on field of 0.566 V/pwm and threshold
field of 0.896 V/pm, much better than 0.948 and 1.559V/um of the as-grown CNTs, respectively. This
improved FE performance is ascribed to the structural changes of CNTs after the processing. The thinned
and open-ended shape of CNTs can facilitate electron tunneling through barriers and additionally, the
increased defects at tube walls can serve as new active emission sites. Furthermore, our plasma processed
CNTs exhibit excellent field emission stability at a large emission current density of 10.36 mA/cm? after
being perfectly aged, showing promising prospects in applications as high-performance vacuum electron

sources.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

High-performance field emission (FE) is of great importance
in potential applications for vacuum electron emitting sources. It
is often associated with low turn-on field (Eon, applied field at
10 wA/cm?) and threshold field (Ey,, applied field at 10 mA/cm?2),
large current, and good stability, which requires emitters having
large aspect ratios, dense and uniform emission sites, and good
electrical and mechanical properties. Carbon nanotubes (CNTs), a
quasi-one-dimensional material having excellent conductivity, can
perfectly meet these requirements. CNTs have been intensively
studied as cold field emitters since their first FE demonstration in
1995 [1-4], and have shed light on a wide range of applications
such as flat panel displays [5], X-ray tubes [6], lamps [7], and field-
effect transistors [8]. In comparison with other good field emitters
such as nanotips [9], single-layer graphenes [10], and nanofibers
[11], CNTs have lower Eon and Ey, due to their incomparable large
aspect ratios. However, the E,, of CNTs, especially for densely
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arrayed CNTs prepared by using chemical vapor deposition (CVD),
isoftenlarger than 1.0 V/um [12,13], which is detrimental in practi-
cal applications. The arrayed CNTs already have advantages in large
area homogeneous FE due to their uniform distribution of emis-
sion sites, it is thus essential to further lower their Eqn and Ey, to
make them widely applicable. Great efforts have been paid on low-
ering the operation field of CNTs in recent years. Typical approaches
are decreasing the work function of emitters by element doping
[14], introducing new active emission sites by ion irradiation and
composition [4,12,13], chemical processing [15], and so on. Plasma
treatment is another widely employed strategy. For example, Chen
at al reported the FE properties of NH3 plasma processed CNTs, and
they found that the treated CNTs have a much lower E,, than that
of the untreated ones [16]. Similar strategies have also been used
to improve the FE properties of CNTs, such as oxygen [17,18] and
nitrogen processing [19,20]. However, there are still great efforts
need to be made to further lower the Eq, and Ey,, ameliorate the FE
stability, and deeply understand the FE enhancement mechanism.

In the present study, we prepared CVD CNTs and processed them
by using microwave hydrogen plasma. Thinned, open-ended, and
defected CNTs were obtained after the processing. We studied their
FE properties and found that the processed CNTs have far better FE
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Fig. 1. (a) Schematic of the microwave system used for the hydrogen plasma
processing on CNTs. (b) Schematic of the diode-type setup used for the FE tests.

performance than that of the as-grown ones, and we also proposed
a mechanism to illustrate this FE improvement.

2. Experimental details
2.1. Sample preparation

CNTs are prepared in a tubular furnace with C;H, as the car-
bon feedback by using a classical thermal CVD approach. This has
been described in detail in our previous studies [4,12] and can also
be found in ‘Methods’ of the Supplementary information (includ-
ing Figs. S1 and S2). The hydrogen plasma processing on CNTs was
performed in a vacuum chamber at room temperature by using
a microwave (2.45GHz) plasma system, as schematically shown
in Fig. 1(a). The CNTs were placed on a graphite specimen holder.
The hydrogen plasma processing was taken under 10 sccm H; at
1KkPa. The distance between the plasma flame and our samples
was ~1cm. The morphology of the processed CNTs was mainly
controlled by adjusting the processing time and microwave pow-
ers. After then, samples were cooled to room temperature in H;
ambient.

2.2. Structural characterization

Morphological changes to CNTs due to the hydrogen plasma
processing were studied by using scanning electron microscopy
(SEM, S-4800, Hitachi, Japan) imaging with an accelerating volt-
age of 10kV. Transmission electron microscope (TEM, JEM-2010,
JEOL, Japan, 200kV) was used to observe the fine structure of
our samples. The defect analysis was performed by using Raman
spectroscopy (LabRAM Aramis, Horiba Jobin Yivon, France) with
a He-Ne laser (wavelength: 633 nm) in atmosphere and X-ray
photoelectron spectroscopy (XPS, PHI Quantera SXM) using Al Ka
irradiation (~1486.6eV). The work function of our samples was
measured by using a photoelectron spectrometer (AC-2, Riken
Keiki, Japan, spot area: 4 mm x 4 mm) at ambient pressure.

2.3. FE tests

The FE tests of CNTs were performed by using a conventional
diode-type setup in a vacuum chamber (~1 x 10~7 Pa), as schemat-
ically shown in Fig. 1(b). The prepared samples were used as
the cathode against a stainless steel plate as the anode, and the
cathode-anode gap was 2 mm. During the FE tests, a DC voltage
ranging from 0 to 10kV was applied on the anode with a con-
stant increasing rate of 500 V/min while grounding the cathode.
The FE results were automatically recorded by a computer in terms
of emission current versus applied voltage.

3. Results and discussion
3.1. CNTs in different processing stages

The morphology of CNTs in different processing stages was
observed by using SEM, as shown in Fig. 2. In this research,
the microwave power is 400 W. The tips of as-grown CNTs are
40-60 nmin diameter, ~22 pwmin length, densely arrayed, and have
curved tips and smooth surfaces (Fig. 2(a) and (b)). While that for
the 30-min processed CNTs are 20-40 nm in diameter, ~18 wm in

Fig. 2. Side-view SEM images of hydrogen plasma processed CNTs for (a) 0 min, (c) 30 min, and (e) 60 min. The insets are the corresponding low-resolution side-view SEM
images showing the length of CNTs. Top-view SEM images of the processed CNTs for (b) 0 min, (d) 30 min, and (f) 60 min. Scale bars in (a-f) are 500 nm, in the insets of (a, c,

e)are 10 pm.
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Fig. 3. Raman spectra of the as-grown CNTs and CNTs processed in 30 and 60 min.
The Ip/lg is the intensity ratio of the D peak (centered at ~1334cm~') and the G
peak (centered at ~1585cm1).

length, relatively sparsely distributed, and severely defected, as
shown in Fig. 2(c) and (d). In addition, the pristine curved CNT
tips are removed by the plasma (Fig. 2(b)), with a few ultrathin
CNTs lying on the surface of the array (Fig. 2(d)). The morphol-
ogy change of CNTs with further increasing the processing time to
60 min is not obvious except that the length of CNTs decreases to
~16 wm (Fig. 2(e) and (f)). We attribute this length change to the
hydrogen plasma etching on our carbon materials, which has been
well-reported in previous studies [21,22]. The above results indi-
cate that the hydrogen plasma processing can bring defects to CNTSs,
thin CNT tips, and shorten CNTs.

The defects of CNTs are characterized by using Raman spec-
troscopy (laser wavelength: 633 nm) and XPS. Fig. 3 shows Raman
spectra of the as-grown CNTs and CNTs processed in 30 and 60 min.
For all types of CNTs, they have two typical Raman peaks: a D-peak
centered at ~1334 cm~! and a G-peak centered at ~1585 cm~1. The
D-peak corresponds with the defected graphite in CNTs while the
G-peak arises from the ordered one [23-25]. The intensity ratio of
the D peak and G peak (Ip/Ig) is often used to qualitatively evaluate
the defect of CNTs [23]. The Ip/Ig ratios for the as-grown CNTs, and
CNTs processed in 30 and 60 min are 1.69, 2.12, and 2.24, respec-
tively. In comparison with the as-grown CNTs, this slight increase
of Ip/I¢ ratio indicates that a small amount of defects are introduced
to CNTs after the plasma processing, which is quite different from
theionirradiation on CNTs reported previously that brings plenty of
defects to CNTs [4,26]. Itis interesting that the increase of Ip /I ratio
is negligible when the processing time is prolonged from 30 min
to 60 min. We attribute this to the high etching rate of hydrogen
plasma on CNTs in our processing conditions that makes the resid-
ual CNTs have similar defect levels before being removed.

XPS spectra can provide the chemical bonding information of
CNTs and thus can help us deeply understand their microstruc-
ture. Fig. 4(a) shows the XPS spectrum of the Cls peak for the
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as-grown CNTs. The XPS spectra for CNTs processed in 30 and
60 min are shown in Fig. S3 of the Supplementary information.
De-convolution of the C1s peaks shows three component peaks
centered at 284, 285, and 288 eV, which arise from the C—C SP?
hybridization [27], C—C SP3 hybridization [28], and oxygen con-
tamination [29], respectively. Since CNT is mainly a SP2-hybridized
carbon network, the fraction of SP3-hybridized carbon (SP3%) can
thus be used to roughly characterize the amount of defects. And, in
comparison with the planar SP2-hybridized carbon, the distorted
SP3-hybridized carbon is believed to be helpful for FE [30]. How-
ever, too many defects will also deteriorate the electrical properties
of CNTs. The SP3% values of the processed CNTs are slightly larger
than that of the as-grown ones, as shown in Fig. 4(b), indicating that
the plasma processing introduces a small amount of defects to our
CNTs. We consider that this slight increase of defects will not only
facilitate the FE of CNTs but also reserve their excellent electrical
properties. Furthermore, the SP2% and SP3% values of the 30 min
sample are similar to those of the 60 min one, indicating that the
processed CNTs are in similar defect levels over a certain processing
time. This is in good agreement with our previous Raman analysis
that the Ip/I; ratios of these two types of samples show no much
difference.

The fine structure of our samples was characterized by using a
TEM. As-grown CNTs and CNTs processed in 30 min were chosen to
perform the TEM observation for comparison. Fig. 5(a) shows a low-
resolution TEM image of a capped as-grown CNT. This CNT has a
thick tip of ~77 nm in diameter and a typical hollow core. CNTs thin
greatly after the 30 min plasma processing and the capped structure
is removed with open ends left, as shown in Fig. 5(b). Fig. 5(c) and
(d) shows the fine structure of tube walls of an as-grown CNT and a
processed one, respectively. Their layers are ~60 and ~40, respec-
tively, further indicating the thinning of CNTs after the plasma
processing. High-resolution TEM images of much thinner processed
CNTs can also be found in Fig. S4 of the Supplementary informa-
tion. Additionally, the surface topography of these two types of
CNTs is different. The as-grown CNT has a uniform and relatively
smooth surface while that for the processed one is inhomogenous
and bumpy. We consider that these defects can serve as new active
emission sites during FE and thus enhance the FE performance of
CNTs.

3.2. The influence of microwave powers on the morphology of
CNTs

Fig. 6(a) and (b) shows top-view SEM images of CNTs processed
at 200 and 600 W for 60 min, respectively. In comparison with the
CNTs processed at 400 W, as shown in Fig. 2(e) and (f), the 200W
sample has more ultrathin CNTs lying down on the top surface of
the array. This is ascribed to the relatively weak hydrogen plasma
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Fig. 4. XPS spectrum of the C1s peak for the as-grown CNTs, which has three component peaks centered at 284, 285, and 288 eV. (b) The intensity fractions of the SP?- and

SP3-hybridized carbon of our samples.
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Fig. 5. Low-resolution TEM images of (a) a capped as-grown CNT and (b) a thinned and open-ended processed CNT. High-resolution TEM images of (c) an as-grown CNT with

~60 layers and (d) a processed CNT with ~40 layers and defected outer shells.

etching in the 200 W condition, resulting in that more CNTs are
reserved with their outer shells being etched away. We consider
that this flat-lying CNT net contributes less in improving the FE
behavior of CNTs because the horizontally distributed CNTs have
far smaller aspect ratios than that of the vertically aligned ones. The
600 W sample by contrast (Fig. 6(b)), has morphology similar to the
400 W sample but with relatively less ultrathin CNTs, suggesting
that the etching of CNTs is more intense in this condition. We have
further increased the microwave power to 1200 W and found that
nearly all CNTs were removed after being processed for 60 min, as
shown in Fig. S5 of the Supplementary information. In a word, the
microwave power influences the morphology of CNTs by means
of plasma etching, and we can readily obtain our anticipated CNT
morphology by merely adjusting microwave powers.

3.3. FE performance of the processed CNTs

FE properties of as-grown CNTs and processed CNTs with typical
morphology were tested for comparison. Three types of processed
CNTs are chosen: (1) 400 W for 30 min; (2) 400 W for 60 min; (3)
200W for 60 min. We name them here as sample 30 min, sample
60 min, and sample 200 W for convenience. The differences among
these samples are that the sample 30 min and sample 60 min have
difference in length (insets of Fig. 2(c) and (e)), and the sample
200W has an ultrathin CNT net covered on the top surface of the
array (Fig. 6(a)). Fig. 7 shows FE properties of the four types of
CNTs above mentioned, presented in terms of emission current
density (J) versus applied field (E), i.e., the J-E curves. It should
be emphasized that these J-E curves were obtained right after an
aging process, in which continuous FE at constant applied fields was

performed on CNTs for 5h when the J is around 10 mA/cm?2. This
aging process is helpful for removing any absorbates on CNTs and
burning out loosely bonded CNTs [31,32]. The corresponding FE
results are shown in Table 1. It can be seen that the Eoy and Eyy
for the processed CNTs are far smaller than those for the as-grown
ones, indicating that the plasma processing ameliorates the FE per-
formance of our emitters. Sample 60 min has the optimal FE prop-
erties. It has an ultralow Eyy of 0.566 V/wm and Eyy, of 0.896 V/m.
Considering the high density of our CNTs, this FE performance is
outstanding. It is far better than a great many well reported CNT
emitters such asionirradiated CNTs [4], CNT-graphene composites
[12,13], element doped CNTs [14], chemically processed CNTs [15],
NHj3, oxygen, and nitrogen processed CNTs [16-20]. Replotting of
the dataasIn(J/E2) versus 1/E, i.e., the F-N plots, as shown in the inset
of Fig. 7, indicates typical F-N type FE behavior [33]. The work func-
tion (@) of our samples was determined by using a photoelectron
spectrometer. The @ values of the processed CNTs (4.75-4.79 eV)
are slightly smaller than that of the as-grown ones (4.89 eV), which
is attributed to the fact that the Fermi level is promoted by the
increased state density of defects after the plasma processing [34].

Table 1
FE testing results of our samples. @ is the work function and g is the field enhance-
ment factor. The 60 min sample (bolded) has the best FE performance.

Samples Eon (V/pm) Etn (V/pm) @ (eV) B

As-grown 0.948 1.559 4.89 3414
30 min 0.617 0.948 477 6495
60 min 0.566 0.896 4.75 7504
200W 0.804 1.124 479 4041
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Fig. 6. Top-view SEM images of CNTs processed at (a) 200W and (b) 600 W. The
insets are the corresponding side-view SEM images. The processing time is 60 min.

With @ and the constant slopes of the F-N plots in the low-E regions,
the field enhancement factor (f) for our samples can be deter-
mined by following the F-N theory [33]. The sample 60 min has
the largest B (~7504), far larger than that of the as-grown CNTs
(~3414). Together with the FE J-E curves above presented, it can be
found that the FE performance of CNTs is mainly determined by the
B factors. Additionally, the sample 30 min, ~18 wm in length, has a
smaller 8 (~6495) than that of the sample 60 min (~7504), which
is ~16 wm in length, suggesting that the § factor is not merely
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Fig. 7. FE J-E curves of the as-grown CNTs, and CNTs processed in 30 and 60 min,
and at 200 W. The inset is the corresponding F-N plots given in terms of In(J/E?)
versus 1/E.
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Fig. 8. Schematic illustration for the FE improvement of CNTs after the hydrogen
plasma processing. The “e” represents emitted electrons.

dependent on the aspect ratios of emitters. We consider that the Sis
a composite factor related to both the aspect ratio and the number
of active emission sites of emitters. Furthermore, we should also
take the field screening effect into consideration due to the high
density of our emitters [35], which means that the f is not directly
determined by the actual ratio of length to diameter. In compar-
ison with the sample 30 min and sample 60 min, the deteriorated
FE performance from the sample 200 W is ascribed to the screening
of the horizontally distributed ultrathin CNT net that hinders the
electron emitting from the underneath CNT arrays.

Fig. 8 schematically illustrates the FE improvement of CNTs after
the hydrogen plasma processing. As discussed above, the enhanced
FE performance is mainly due to the structural change of CNTs
rather than the decrease of work function. We consider that there
are two major structural changes. First, in comparison with the
smooth spherical surface of the as-grown CNTs, the thinned and
open-ended shape of the processed CNTs can yield far larger local
applied fields at emission sites and thus facilitate the electron tun-
neling through barriers [3]. Second, the defects at the tube walls of
processed CNTSs can also serve as new active emission sites, which
will greatly increase electron transferring traces [30]. For example,
electron transferring mainly occurs at the tip of a defect-free CNT, as
shown in Fig. 8, but for a defected one, the distorted SP3-hybridized
defects at tube walls can also emit electrons. This increase of elec-
tron transferring traces will greatly improve the FE properties of
emitters. In a word, both the shape change and the microstructure
change of CNTs will enhance their FE performance.

Longtime stable FE at Jy, (threshold emission current density,
10mA/cm?) is of great importance in practical applications. In
this research, FE stability of the as-grown CNTs and the sample
60 min, which has the best FE J-E performance, was measured for
comparison. Fig. 9 shows the 20-h FE stability of these two types of
samples at ~Jy,. The experimental data is plotted in terms of ] versus
time. The current density degradation is characterized by using a

—— As-grown
—&— Sample 60 min

J(a.u.)
&

Stable emission stage

0 5 10 15 20
time (hour)

Fig. 9. 20-h FE stability of the as-grown CNTs and the CNTs processed at 400 W for
60 min (sample 60 min), presented in terms of J versus time.
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Table 2

FE stability testing results of the as-grown CNTs and the CNTs processed at 400 W for
60 min (sample 60 min). Jmean is the mean emission current density, E is the constant
fields applied on samples during the stability tests, Jrop.1 and Jurop2 are the current
density degradation in the first 5h (aging stage) and the last 15 h (stable emission
stage), respectively. The “+” and “~” represent the current decrease and increase
during stability tests, respectively.

Samples ]mean (mA/CmZ ) E (V/P*m) ]drop.l (%) ]drop.z (%)
As-grown 10.39 1.60 +19.4 +0.4
60 min 10.36 0.95 +24.0 -1.6

parameter: Jqyop, Which is calculated by (Jfirse —Jiast)/Jmean, Where
the Jhrst, Jiast» and Jmean are the first, the last, and the mean emission
current density in a certain testing duration. The corresponding FE
stability testing results are shown in Table 2. It can be seen that the
current degradation in the first 5 h is dramatic while it is negligible
in the last 15h, and we name the Jg,0p, in these two durations as
Jarop, and Jarop2- The Jyrop1 values of the as-grown CNTs and the
sample 60 min are 19.4% and 24.0%, respectively. This great current
degradation is attributed to the Joule heating induced burning out
of active emission sites [32], which is helpful for the aging of our
samples, thus the first 5 h is actually the aging stage. Furthermore,
the Jgrop,1 Of the sample 60 min is larger than that of the as-grown
CNTs. We attribute this to that the processed CNTs have a great
many defected and thinned CNTs, and these CNTs are more likely
to be burned out during the longtime large current FE. After being
perfectly aged, the electron emission is nearly stable, as seen from
the J-time curves of the last 15 h shown in Fig. 9 (stable emission
stage) and the small Jgrop2 (<1.6%) shown in Table 2. It should
be emphasized that the operation E of the sample 60 min is only
0.95V/wm, far smaller than 1.60V/pwm of the as-grown CNTs,
which is quite essential in practical applications. Furthermore, in
comparison with the as-grown CNTs, the current fluctuation of
the processed CNTs is smaller. We attribute this to the uniform tip
morphology of the processed CNTs that provide a homogeneous
array of active emission sites, which is quite different from the
curved and sparely distributed tips of the as-grown CNTs (Fig. 2(b)).

4. Conclusions

Thinned, open-ended, and defected CNTs were obtained by
using microwave hydrogen plasma processing on CVD prepared
CNT arrays. Based on Raman, XPS, and TEM analyses, we find that
the processed CNTs have more SP3-hybridized defects as com-
pared to as-grown ones, and these defects are widely distributed
on the tube walls. The shape of CNTs can be adjusted by chang-
ing microwave powers, mainly due to that the hydrogen plasma
etching rate on CNTs is microwave power dependent. The FE study
indicates that the processed CNTs have superior FE performance to
that of the as-grown ones. This improved FE is ascribed to, first,
the open-ended and thinned shape of CNTs that promotes the
local applied fields at emission sites and second, the increased SP3-
hybridized defects that introduces new active emission sites to our
emitters. Optimal FE properties are obtained from a processed CNT
array. It has an ultralow Eqp of 0.566 V/m and Ey, of 0.896 V/um,
much better than those of the as-grown CNTs. The FE stability study
shows that stable FE can be achieved by perfectly pre-aging our
samples. The ultralow Eo, and Ey;,, and the excellent FE stability at
~Jin have made our hydrogen plasma processed CNTs an excellent
FE material in potential applications for vacuum electron sources.
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