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We modified vertically aligned multiwalled carbon nanotubes (MWCNTSs) grown on a Cu
substrate by NH; direct current plasma treatment for varying durations and investigated
their microstructure and field emission properties. A great improvement on the field emis-
sion properties of the MWCNTs was obtained after the plasma treatment. Specifically, the
MWCNTs after 1.0 min plasma treatment demonstrated the best field emission perfor-
mance with the field enhancement factor increasing from 319 to 546, the turn-on electric
field decreasing from 11.93 to 8.84 V/um, and the highest emission current reaching
0.85mA, as compared to the untreated sample. The improvement was attributed to the
morphology change: the tapered structure of the MWCNTSs generated by the plasma etch-
ing and the increased inter-tip distance due to the cluster structure of the thin tips. The
open-ended tips and the increased structural defects introduced by NH; plasma also played

a role in the enhancement of field emission properties of the MWCNTs.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) have been considered as the next
generation field emission material due to their large aspect
ratio, high mechanical stiffness, good electrical conductivity,
and excellent thermal and chemical stability [1-3]. Vertically
aligned CNTs (VACNTs) demonstrate better field emission
performance as compared to randomly oriented CNTs [4,5].
Therefore, many efforts have been focused on growing VAC-
NTs using various methods [6-8]. Field emission properties
largely depend on the CNT emitter structure, the CNT species,
and especially the CNT morphology, such as the alignment,
length, diameter, density and the crystallization of CNTs. Var-
ious methods have been developed to improve the field emis-
sion performance of CNTs, such as thermal oxidation [4],
laser treatment [9], Ar neutral beam treatment [10], ultraviolet
laser ablation [11], and plasma treatment [12-19]. Among
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these methods, plasma treatment has proven to be an effec-
tive and efficient method for enhancing the field emission
performance of CNTs by changing the CNT morphology [13],
alignment [16], structural defects [20], and work function
[19]. Many types of plasma, such as H, [12], Ar [13], CF4 [15],
N, [16], O, [18], and He [21], have been investigated.

In this study, vertically aligned MWCNTSs were grown on a
Cu substrate by plasma enhanced chemical vapor deposition
(PECVD) method. Cu, due to its low catalytic activity, is a com-
monly used substrate material for the synthesis of graphene
by CVD. However, it is still challenging to synthesize well-
graphitized VACNTs directly on Cu substrate [22]. We aim to
synthesize VACNTSs on Cr coated Cu because this allows for
the in situ fabrication of electron emitters capable of deliver-
ing high current without the post-transfer onto other
conducting substrates. We further aim to treat these CNTs
with NH; direct current (DC) plasma since NH; is one of the
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primary gasses used during the synthesis, and hence, no
additional gasses are needed. NH; plasma not only induces
structural changes, but it also creates chemical doping sites
on CNTs. The effects of plasma treatment on the microstruc-
ture and the field emission properties of the MWCNTSs were
investigated. It was found that the MWCNTSs changed from
the cylindrical shape to the tapered shape after plasma treat-
ment. The tips of the adjacent MWCNTs could easily touch
each other to form clusters of CNTs connected at the tip.
The plasma treatment also induced some structural defects
into CNTs, created many open-ended tips, and resulted in a
nitrogen doping effect. Such features translate into improved
MWCNT field emission properties.

2. Experimental

MWCNTSs were synthesized by PECVD using Ni as a catalyst
and Cr as a buffer layer on a Cu substrate. A 15 nm thick Cr
layer was deposited on the Cu substrate using e-beam evapo-
ration followed by a 6 nm-thick Ni layer. MWCNTs were syn-
thesized using NH3/C,H, at 510 °C under a pressure of 8 torr
with a plasma power of 80 W for 10 min. The gas flow was
maintained at 100 sccm for NH; and 30 sccm for C,H,. The
plasma treatment was carried out at 510 °C under a pressure
of 8 torr with a plasma power of 80 W using NH; flow rate,
which was maintained at 100 sccm for 0.5, 1.0 and 2.0 min.
The samples were labeled as P-0.0 min, P-0.5 min, P-1.0 min,
and P-2.0 min for MWCNTs with plasma treatment for O,
0.5, 1.0, and 2.0 min, respectively.

The MWCNTs were characterized by scanning electron
microscopy (SEM, JEOL JSM-6330F), transmission electron
microscopy (TEM, JEOL-2010F), and Raman spectroscopy (Ar* la-
ser excitation, wavelength: 514.5nm). X-ray photoelectron
spectroscopy (XPS) measurements were carried out in an ul-
tra-high vacuum (1.0 x 107'° torr) to analyze the possible bond-
ing structure of nitrogen with MWCNTSs by probing the N 1s core
levels. Field emission measurements were carried out using a
planar diode configuration in a vacuum chamber at a pressure
level of 1077 torr. The gap between the cathode and the anode
was 250 pm and the emission area was 0.785 cm?. The emission
current was monitored with a Keithley 4200-SCS, and DC power
was supplied by a DC power supply (Matsusada AU-15P20).

3. Results and discussion

Typical SEM images of the MWCNTSs before and after NH;
plasma treatment are shown in Fig. 1. The as-synthesized
sample P-0.0 min consists of a high-density array of VACNTs,
as shown in Fig. 1a. The as-grown CNTs showed a cylindrical
structure with a large diameter of around 80 nm. The CNT
length was non-uniform and in the range of 1-1.5 um. Some
CNTs were protruding higher than others. These protruding
CNTs can act as effective emission sites. After 0.5 min treat-
ment, the MWCNTs became thinner as compared to sample
P-0.0 min due to the etching effect of the plasma as shown
in Fig. 1b. The plasma treatment also resulted in sharper tips
of the MWCNTs as compared with the pristine MWCNTSs. In
addition, the longer MWCNTSs were cut by the plasma, result-
ing in a relatively uniform length after the plasma etching.

The etching effect became more significant after 1.0 min
treatment. As shown in Fig. 1c, the MWCNT showed a tapered
structure with a very sharp tip compared with the pristine
MWCNTs. This tapered structure is favorable for the field
emission because of an increased aspect ratio. The thinner
tips also easily touched each other and, as a result, seemed
to form a cluster structure. The tips of the MWCNTs form a
bundle after 1.0 min treatment as observed in the inset of
Fig. 1c. Each bundle consists of several CNTs connected at
the tips. Therefore, the inter-tip distance increased for the
sample P-1.0 min as compared with the samples P-0.0 min
and P-0.5min, as shown in the insets of Fig. 1a—c. Nilsson
et al. predicted that an intertube distance of about 2 times
the height of the CNTs optimizes the emitted current per unit
area [23]. Recently, Dionne et al. have performed a numerical
investigation of the field enhancement factor of individual as
well as array of CNTs and confirmed that the spacing between
identical CNTs should be about twice their height to minimize
the screening effects [24]. In addition, their study also indi-
cated that in an array consisting of CNTs with two different
heights, there was no significant screening of the electric field
from short CNTs when the taller CNTs were twice the height
of the shorter ones. Larger differences in height lead to stron-
ger screening effects on the smaller structures and the smal-
ler CNTs do not contribute significantly to the total field
emission current. Therefore, the structure changes after plas-
ma treatment will effectively alleviate the screening effect in
the MWCNT film, resulting in the enhanced field emission
properties. However, after 2.0 min plasma treatment, the
morphology of the MWCNTSs was drastically different from
the previous samples, as shown in Fig. 1d. The prolonged
plasma treatment resulted in a severe damage to the struc-
ture and alignment of MWCNTs as shown in the inset of
Fig. 1d. Hence, a significant decrease in the field emission per-
formance is expected for the CNTs with the prolonged plasma
treatment.

TEM observations were carried out to examine the micro-
structures of MWCNTs. Fig. 2 shows the TEM images of the
MWCNTSs before and after NH; plasma treatment. Without
the plasma treatment, the MWCNTs showed a cylindrical
structure, as shown in Fig. 2a. The crystallinity was not ideal,
but graphitic layers could still be found. All the CNTs had
closed tips with a catalyst particle at the tip. The MWCNTSs
had slightly different diameters, which depends on the size
of the catalyst fragment produced from the catalyst island.
The diameter of the CNTs in Fig. 2a was around 80 nm. The
inset in Fig. 2a shows a low magnification TEM image. We
found that the MWCNTs showed bamboo-like structures with
a catalyst particle trapped at the tip, which is the characteris-
tic of the CNTs synthesized by PECVD process [25]. The gra-
phitic planes in the tube walls are not always parallel to the
tube axis but are often twisted and broken, as shown in the
inset of Fig. 2a. After 0.5 min treatment, the MWCNTSs became
thinner due to the plasma etching effect with a diameter of
50 nm, as shown in Fig. 2b. The etching effect was more sig-
nificant at the tip, resulting in a sharp tip with a diameter
of ~20 nm. The graphene layers at the tip were particularly
damaged, as evidenced by the etched catalyst particles. As a
result, the CNTs showed an open tip with some damage on
the wall. However, the high resolution TEM image shows a

Please cite this article in press as: Chen G et al. An increase in the field emission from vertically aligned multiwalled carbon nanotubes caused by
NH3 plasma treatment. Carbon (2012), http://dx.doi.org/10.1016/j.carbon.2012.09.058



http://dx.doi.org/10.1016/j.carbon.2012.09.058

CARBON XXX (20I2) XXX-XXX 3

Fig. 1 - SEM images of the MWCNTs before and after NH; plasma treatment: (a) P-0.0 min, (b) P-0.5 min, (c) P-1.0 min, and (d)
P-2.0 min. The insets show the corresponding top-view images.

Fig. 2 - TEM images of the MWCNTSs before and after NH; plasma treatment: (a) P-0.0 min, (b) P-0.5 min, (c) P-1.0 min, and (d)
P-2.0 min. The inset in (a) shows a bamboo-like structure. The inset in (b) shows the lattice fringes of graphitic planes in a

single MWCNT.

section of ordered graphitic layers with the separation of
about 0.34 nm which corresponds to the separation of lattice
planes (00 2) of graphite, as shown in the inset of Fig. 2b. The
etching effect became more pronounced with continued

plasma treatment, to the extent that the CNTs completely
changed from the cylindrical structure to a tapered structure
with a very sharp tip, as shown in Fig. 2c. This tapered struc-
ture is favorable for field emission due to its large aspect ratio.
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After 2.0 min plasma treatment, the MWCNTSs were severely
destroyed. It was difficult to find the tubular structure under
TEM observation, as shown in Fig. 2d. The plasma treatment
with longer time induced very severe damage and structural
defects to the MWCNTs. Accordingly, the MWCNTs should
show greatly degraded field emission performance (more dis-
cussions to follow).

Etching effect on various MWCNTSs by H,, CF4, or N, plas-
ma was reported [12,15,16]. Zhu et al. studied CF, plasma
treatment on cylindrical MWCNTSs and similar etching effect
was found [15]. Gohel et al. studied morphological changes
of MWCNTs treated by N, and Ar plasma and found that
the nanotube density decreases and the random MWCNTSs
bundle together to form arrays of vertically aligned nanotube
bundles. Each bundle consists of several nanotubes that are
joined at their tips [16]. Since our MWCNTSs were synthesized
by PECVD, they always have amorphous layers and high den-
sity of defects on the outside of their walls, they may be easily
etched by plasma to form tapered structures than the cylin-
drical MWCNTs.

To further understand the effect of NH; plasma treatment
on the field emission properties of MWCNTSs, Raman spec-
troscopy was carried out to analyze the microstructure and
defect density of the samples. Raman spectra of the MWCNTs
before and after the plasma treatment are shown in Fig. 3a.
The graphitic crystal structure of the MWCNTSs has a charac-
teristic peak at ~1593cm™' (the G band) and a peak at
~1368cm™! (the D band). The G band indicates a good
arrangement of the hexagonal lattice of graphite (i.e., crystal-
linity of the sample, pristine arrangement of atoms). The D
band gives an indication of defects in CNTs (i.e., carbona-
ceous impurities with sp® bonding, broken sp? bonds in the
sidewall) [16]. The relative ratio of the intensity of the D band
to the G band (Ip/Ig) can be considered as the level of the dis-
order degree in the graphite sheets. Fig. 3b shows the Ip/Ig ra-
tios for the different plasma treatment time. It can be seen
that the Ip/Ig ratio increased with the plasma treatment time,
indicating that the plasma treatment results in some struc-
tural defects to the MWCNTSs. This is in good agreement with
the results of SEM and TEM observations.

The field emission properties of the MWCNTs were inves-
tigated. The schematic of the measurement setup is shown in
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the upper right inset of Fig. 4a. The anode and cathode were
stainless steel plates. The MWCNTSs/Cu emitter was attached
firmly onto the cathode by applying Ag paste. The Ag paste
will also enable a good electrical contact between the cathode
and the MWCNTs/Cu emitter during the field emission exper-
iments. Two ceramic plates were used as spacers. For each
sample, we repeated the field emission measurement several
times to confirm the repeatability of the emission characteris-
tics (emission current versus applied voltage (I-V) curves).
The MWCNTs demonstrated different field emission proper-
ties according to different plasma treatment durations as
shown in Fig. 4a. The turn-on electric field (Etum-on) for sample
P-0.0 min was 11.93 V/um. The Etym-on is the field required to
obtain an emission current density of 0.1 uA/cm?. After the
plasma treatment, the turn-on electric field decreased accord-
ing to the plasma treatment durations. More specifically, the
Eturn-on for samples P-0.5 min and P-1.0 min were 10.98 and
8.84 V/um, respectively. However, after 2 min plasma treat-
ment, the Eqym-on increased slightly to 10.81 V/pm. The sam-
ple P-1.0 min showed the lowest Ewyn-on. In addition, the
sample P-1.0 min showed the highest emission current of
0.85 mA. Both the lowest Eyym-on and the highest emission
current suggest that 1.0 min of NHj3 plasma treatment can
greatly improve the field emission performance of MWCNTs.

Several papers calculated the Joule heating effect on CNT
during electron emission and reported that the temperature
of individual CNT structure can easily go above 1000K at an
emission current level of pA/tube [24,26]. The high tempera-
ture might influence the emission regime from a Fowler-Nord-
heim (F-N) type of emission towards a thermo-field (T-F)
emission where tip temperature plays an important role [27-
29]. We estimated the current per tube in our research. Consid-
ering Fig. 1a as an example, the MWCNT density was esti-
mated to be about 14 tubes/um? This value was obtained
upon considering the screening effect between the MWCNTSs
with different heights, namely, the short MWCNTs will not
contribute significantly to the total field emission current
[24]. The maximum emission current density of the P-
0.0 min sample was about 0.18 mA/cm?. As a result, the cur-
rent per tube was around 1.3 x 10~* nA. This value is far below
300 nA, which is the typical threshold for possible emission
degradation of the tubes [30]. We think that high temperatures
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Fig. 3 - (a) Raman spectra of the MWCNTSs before and after NH; plasma treatment. (b) Corresponding Ip/I¢ ratios.
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Fig. 4 - Field emission characteristics of the MWCNTSs before and after NH; plasma treatment. (a) I-V curves. The inset shows
the corresponding F-N plots and the upper right inset shows the schematic of the field emission measurement setup. (b) Field
enhancement factor () and turn-on electric field (Exym-on) of MWCNTSs according to NH; plasma treatment time.

on the MWCNT tip might have not been achieved. Therefore,
the F-N equation is still applicable in the present experiment.
The inset in Fig. 4a shows the corresponding F-N plots for the
MWCNT emitters. The straight lines indicate the quantum
mechanical tunnelling characteristic of field electron emis-
sion. The field enhancement factor can be calculated using
the F-N equation:

J = A(B’F? /¢ )exp(—B¢** / fF) (1)

where ] is the emission current density, A = 1.56 x 107° AV 2 eV,
B=6.83x10°eV~>2vm~! [31], B is the field enhancement fac-
tor, ¢ is the work function, and F is the applied electric field.
Assuming the work function of the MWCNTSs to be 5.0 eV [32],
the field enhancement factor can be calculated by fitting the
slope of the F-N plot. The field enhancement factors for sam-
ples P-0.0 min, P-0.5 min, P-1.0 min, and P-2.0 min were 319,
372, 546, and 405, respectively. We note that the field enhance-
ment factor increased as the plasma treatment time increased,
and the MWCNTs with 1 min plasma treatment showed the
highest value of the field enhancement factor. Fig. 4b presents
the field enhancement factors and Eym-on for different plasma
treatment time. With the plasma treatment less than 2 min,
the field enhancement factor increased and the turn-on elec-
tric field decreased, indicating an enhanced field emission per-
formance of the MWCNTs. However, after 2 min plasma
treatment, the MWCNTs showed a decreased field enhance-
ment factor and an increased turn-on electric field, indicating
that the MWCNTs were damaged severely and showed a de-
graded field emission performance. Lee et al. studied the field
emission characteristics of MWCNTSs after Ar plasma treat-
ment and found that the work function slightly increased from
4.57 eV to 4.87 eV (about 6% increase) after 3 min of plasma
treatment [19]. If we assume that the work function changed
about 6% for samples P-0.0 min and P-1.0 min (i.e. the sample
P-0.0 min has a work function of 4.7 eV and the sample P-
1.0 min has a work function of 5 eV), the enhancement factor
will be 291 for sample P-0.0 min and 546 for sample P-1.0 min
corresponding to an increase of 88% in the enhancement fac-
tor. In the present work, we use the work function of 5.0 eV
for all samples for simplicity. Using the work function of

5.0 eV, the calculated enhancement factor is 319 for sample
P-0.0 min and 546 for sample P-1.0 min, correspondingto anin-
crease of 71% in the enhancement factor. Comparing the in-
crease of the enhancement factor (88% and 71%) obtained
using different work functions, it is clear that the assumption
of the work function of 5.0 eV in this work gave reasonable val-
ues for the enhancement factors for samples after different
plasma treatment. Fig. 4(b) shows that the enhancement factor
increased at first and then decreased as the plasma treatment
time increased which was consistent with the results of SEM
and TEM observations. Previous studies investigated the rela-
tionship between the field enhancement factor, the aspect ra-
tio of CNT structures, and the spacing between CNT structures
[24,33]. A more accurate expression for the field enhancement
factor was considered as f = 1.2(2.15 + (h/1))%° [33], with large
aspect ratios leading to greater field enhancement factor. Plas-
ma treatment made the CNTs tapered. The tapered CNTs will
have increased aspect ratios since their reduced tip diameter
can be regarded as the effective diameter. As a result, the field
enhancement factor increased. In addition, Dionne et al. con-
cluded that larger field enhancement factor values can be ob-
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Fig. 5 - Field emission stability of the MWCNTs before and
after NH; plasma treatment.
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tained if the spacingbetween two tubes is greater than the sum
of their height (Ax >h; + h,), whereas significant screening
effects will reduce the field enhancement factor if the spacing
between the two tubes is equal to or smaller than the sum of
their height (Ax < hy + hy) [24]. Therefore, the increased inter-
tip distance after plasma treatment resulted in the lowered
screening effect and consequently an increased field enhance-
ment factor. It is obvious that the 1 min plasma treatment can
greatly improve the field emission performance of the
MWCNTs. The tapered CNT structure, the clustered CNT tips,
and the increased inter-tip distance due to NH; plasma treat-
ment enhanced the field emission properties of the MWCNTSs.

We also evaluated the emission current stability of the
MWCNTs before and after NH;3 plasma treatment as shown
in Fig. 5. The initial emission current was around 0.25 mA
and then the applied voltage was kept constant for 10 h
or longer. The applied voltages were 5000, 4500, 4000, and
4400V for samples P-0.0 min, P-0.5 min, P-1.0 min, and P-
2.0 min, respectively. The initial emission current density
was about 0.3 mA/cm?, which is a relatively severe condi-
tion to visualize current degradation vividly within a
relatively short time. Among these MWCNTs, the sample
P-1.0min demonstrated excellent field emission stability
over 50 h, even though the emission current still decreased
gradually.
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The morphology of CNT's can significantly affect their field
emission properties. In general, the field enhancement factor
is mainly related to the aspect ratio of the CNTs [34]. Its thick
diameter and short length may result in a high turn-on elec-
tric field due to the small field enhancement factor. After the
NH; plasma treatment, the MWCNTSs changed from the thick
cylindrical structure to the thin tapered structure. As a result,
the field enhancement factor increased from 319 to 546 and
the turn-on electric field decreased from 11.93 to 8.84 V/um.
In addition, the tips of the MWCNTSs were opened by the plas-
ma treatment, and a high density of structural defects was
introduced into the CNTs. CNTs with open-ended tips are
favorable for field emission. Both the open-ended tips and
structural defects are regarded as one of the possible factors
for the improvement on field emission properties of CNTs
[12,35]. Moreover, it is well known that the screening effect
in the CNT film can significantly reduce the field emission
performance of CNTs [23,24]. From the top-view SEM images
of the 1.0 min plasma treated sample, the thinner tips of
the MWCNTs easily touched each other to form clusters
and, as a consequence, the inter-tip distance became a
slightly bigger compared with the untreated sample. There-
fore, the screening effect will be effectively alleviated.

It is suggested that NH; plasma treatment not only in-
duces structural defects but also creates doping effects. XPS
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Fig. 6 - XPS spectra from N 1s core level of the MWCNTSs before and after NH; plasma treatment: (a) P-0.0 min, (b) P-0.5 min, (c)

P-1.0 min, and (d) P-2.0 min.
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measurements were carried out to analyze the MWCNTs. The
XPS spectra from N 1s core level of the MWCNTSs before and
after NH; plasma treatment are shown in Fig. 6. The spectra
can be fitted with component peaks labeled N1, N2, N3, N4,
N5, and N6 at 402.5, 400.8, 399.7, 398.6, 397.2, and 396.1¢€V,
respectively. The values of the full width at half maxima of
each peak were about 0.9-1.2 eV, which were in agreement
with the previous report [36]. The peaks of N2, N3 and N4 cor-
responded to NO, C=N (sp? bonding), and C=N (sp> bonding),
respectively [36]. The high binding energy N1 peak was attrib-
uted to interstitial N [16]. The two low binding energy peaks of
N5, and N6 were attributed to Cr,N [37], and CrN [38], respec-
tively. The intensities of these two peaks increased dramati-
cally, especially after 2min plasma treatment (not shown
here). We can also confirm the chromium nitrides based on
the structure change observed under SEM, showing that
MWCNTSs were badly destroyed so that the substrate was ex-
posed. Considering the growth in this work followed the tip
growth mode, many Ni catalyst nanoparticles were encapsu-
lated in the MWCNTSs. Therefore, the chromium nitrides
formed on the substrate contributed dominantly to the XPS
spectra as increasing the plasma treatment time. From the
XPS spectra, we have confirmed that nitrogen has been doped
into the MWCNTSs even for the untreated MWCNTSs, since we
used NH; plasma during growth. Fig. 7 shows the area frac-
tion of CN bonding (N3 and N4 peaks) with respect to the full
N 1s spectra for different NH; plasma treatment durations.
The area fraction reflects the number of CN bonding (N3
and N4 peaks) in the full N 1s spectra. Thus, the number of
CN bonding increased at first and then decreased, indicating
the doping effect changed along with NH; plasma treatment
time. The number of CN bonding peaked at 0.5 min NHj; plas-
ma treatment. Longer the plasma treatment time resulted in
lower area fraction of CN bonding. It has been shown that
nitrogen doping can improve the field emission performance
of CNTs [39,40]. Although 0.5min NH; plasma treatment
showed the highest area fraction of CN bonding, NH; plasma
treatment after 1 min demonstrated the best field emission
performance. We suggest that the little difference is mainly
attributed to the morphology change. The morphology
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Fig. 7 - Area fraction of CN bonding according to NH; plasma
treatment time.

change played a dominant role in field emission in this work.
Based on the above viewpoints, the NH; plasma treatment
could greatly improve the field emission performance of the
MWCNTSs grown on a Cu substrate.

4, Conclusions

The effect of NH; plasma treatment on the microstructure
and field emission properties of vertically aligned MWCNTSs
grown on a Cu substrate were investigated. After 1.0 min
treatment, a great improvement on the field emission proper-
ties of the MWCNTs was obtained. This improvement was
caused primarily by the morphology change. The MWCNTs
changed from the cylindrical shape to the tapered shape after
plasma treatment. The thinner tips of the MWCNTs could
easily touch each other to form clusters; consequently, the in-
ter-tip distance increased. The tips of the MWCNTs were
opened by the plasma treatment, and a high density of struc-
tural defects was introduced into the CNTs, both of which
could improve field emission performance. The nitrogen dop-
ing induced by NH; plasma treatment might also effectively
improve the field emission properties. All the results indicate
that NH; plasma treatment could be an effective way to im-
prove the field emission performance of CNTs.
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