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ABSTRACT: The enhanced lifetime stability for the carbon nanotubes
(CNTs) by coating hybrid granular structured diamond (HiD) films on Au-
decorated CNTs/Si using a two-step microwave plasma enhanced chemical
vapor deposition process was reported. Electron field emission (EFE)
properties of HiD/Au/CNTs emitters show a low turn-on field (E0) of 3.50
V/μm and a high emission current density (Je) of 0.64 mA/cm2 at an applied
field of 5.0 V/μm. There is no notable current degradation or fluctuation over
a period of τHiD/Au/CNTs = 360 min for HiD/CNTs EFE emitters tested under
a constant current of 4.5 μA. The robustness of the HiD/CNTs EFE emitter is
overwhelmingly superior to that of bare CNTs EFE emitters (τCNTs = 30 min),
even though the HiD/Au/CNTs do not show the same good EFE properties
as CNTs, which are E0 = 0.73 V/μm and Je = 1.10 mA/cm2 at 1.05 V/μm.
Furthermore, the plasma illumination (PI) property of a parallel-plate
microplasma device fabricated using the HiD/Au/CNTs as a cathode shows a
high Ar plasma current density of 1.76 mA/cm2 at an applied field of 5600 V/cm with a lifetime of plasma stability of about 209
min, which is markedly better than the devices utilizing bare CNTs as a cathode. The CNT emitters coated with diamond films
possessing marvelous EFE and PI properties with improved lifetime stability have great potential for the applications as cathodes
in flat-panel displays and microplasma display devices.
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■ INTRODUCTION

Carbon nanotubes (CNTs) have caught broad research interest
since the documented discovery of CNTs in 1991,1 which is
owing to the realization of their high aspect ratio, small tip
radius of curvature, excellent electrical and mechanical
properties, chemical inertness, and marvelous electron field
emission (EFE) properties. CNTs are used as electron sources
in devices ranging from flat-panel displays to emitters for
electron microscopes.2−5 However, the short lifetime and the
poor stability of the CNT emitters have been the major barriers
averting their profitable viability.6 The EFE properties are easily
degraded, since the tips of CNTs are susceptible to ion
bombardment erosion by the residual gases in the devices.7 To
surmount this deficiency, CNTs have been combined with
other field emitting materials by depositing a thin film on
CNTs,8−11 decorating CNTs with nanoparticles,12 or by
making composites of CNTs.13,14

On the contrary, diamond has the strongest bonded structure
and excellent physical and chemical properties, which makes
the diamond strongly competing with cold cathode materials
for EFE applications.15−17 Diamond could operate for a long
lifetime with high reliability. Furthermore, diamond can be

utilized at high temperature or high power due to high electrical
breakdown field and high thermal conductivity properties,
which are highly advantageous over other materials. On the
basis of the high robustness of diamond films and significant
EFE properties of CNTs, it is interesting to integrate these two
carbon materials to attain highly stable EFE characteristics.
Recently, many attempts have been made to couple the

diamond and CNTs,10,11,18−20 but the results are still not
satisfactory, which is probably due to the difficulty in the
integration of these two materials. Zou et al.10 have grown
diamond-coated CNTs, showing teepee-shaped structures, by
hot filament chemical vapor deposition. Sun et al.19 have
performed structural phase transformation from multiwalled
CNTs (MWCNTs) to nanocrystalline diamond by hydrogen
plasma post-treatment. Xiao et al.20 have grown a hybrid
nanocarbon material consisting of ultrananocrystalline diamond
(UNCD) and MWCNTs by selectively patterning a Si(100)
substrate precoated with diamond nanoparticle seeds and

Received: April 17, 2014
Accepted: June 23, 2014
Published: June 23, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 11589 dx.doi.org/10.1021/am502330v | ACS Appl. Mater. Interfaces 2014, 6, 11589−11597

www.acsami.org


catalysts, followed by microwave plasma enhanced chemical
vapor deposition (MPE-CVD) for the growth of UNCD and
MWCNTs. Moreover, among the diamond films with a hybrid
granular structure, the HiD films, obtained by growing the
nanocrystalline diamond (NCD) on a UNCD seeding layer,
possess marvelous EFE properties and are most appropriate for
the development of diamond−CNTs composite EFE emitters.
In this work, we sythesized the HiD films on CNTs using a

two-step MPE-CVD process and investigated their EFE
properties. The achieved EFE behavior is comparable to that
of bare CNTs, but with superior lifetime stability. Such an
observation demonstrated that these HiD-coated CNTs can
potentially be used in EFE-based devices. Additionally, we also
demonstrated the advantage of these HiD-coated CNTs over
the bare CNTs, which were used as the cathode for a
microplasma device for enhancing the performance of the
device.

■ EXPERIMENTAL METHODS
The CNTs were grown on Si substrates, using C2H2 as carbon sources
and Fe nanoclusters as catalysts, in a thermal chemical vapor
deposition process (750 °C, 10 min). The Fe nanoclusters were
obtained from the thermal annealing (750 °C, 5 min) of a thin Fe
coating (∼2 nm) on Si substrates. Prior to the growth of diamond
films, the CNTs were decorated with nanosized diamond particulates
by the electrophoresis deposition (EPD) process, which has been
described in detail elsewhere.21 In the EPD process, the single-digit
diamond particulates (Plasma Chem) aqueous solution with a
concentration of 0.1 g/L was used. The CNTs/Si substrates were
biased at approximate +20 V with respect to the Pt reference electrode,
and the EPD process was performed for 30 s. The UNCD films were
first grown on the CNTs by using a MPE-CVD system (2.45 GHz,
IPLAS-CYRANNUS) in a CH4(4%)/Ar plasma with a microwave
power of 1200 W for 60 min. The pressure and the total flow rate were
maintained at 120 Torr and 100 sccm, respectively. Subsequently, a
layer of NCD film was grown on top of UNCD/CNTs by the
secondary MPE-CVD process using a CH4/Ar(49%)/H2(50%) plasma
with 80 Torr chamber pressure and 1300 W microwave power for 60
min to obtain a diamond film with a hybrid granular structure, the HiD
film. No external heater was used to heat the substrate. The substrate
temperature was increased due to the plasma bombardment heating up
to around 450−470 °C, which was monitored by a thermocouple
embedded in the stainless steel substrate holder. Thus, the obtained
samples were designated as UNCD/CNTs or HiD/CNTs.
The morphology and the microstructure of the bare CNTs,

UNCD/CNTs, and HiD/CNTs were examined using a scanning
electron microscope (SEM, JEOL-6500) and a high-resolution
transmission electron microscope (HRTEM; JEOL-2100F operated
at 200 kV), respectively. The bonding structure of the bare CNTs,
UNCD/CNTs, and HiD/CNTs was characterized by a UV-Raman
spectroscope (Lab Raman HR800, Jobin Yvon, λ = 325 nm). The EFE
properties of the bare CNTs, UNCD/CNTs, and HiD/CNTs were
measured using a parallel-plate setup, in which the diamond films
coated CNTs were used as cathodes and the indium tin oxide (ITO)
glass coated with phosphor was used as an anode. The anode-to-
cathode separation was fixed by a polytetrafluoroethylene (PTFE)
spacer with a thickness of 200 μm. The current−voltage (I−V)
characteristics of EFE properties were measured using an electrometer
(Keithley 2410) under pressure below 10−6 Torr, and the I−V
charactersitcs were analyzed by the Fowler−Nordheim theory.22

The plasma illumination (PI) characteristics of a microplasma
device using bare CNTs, UNCD/CNTs, or HiD/CNTs as cathodes
were also investigated. In the microplasma devices, the glass coated
with ITO was used as an anode and the anode-to-cathode separation
was fixed by a PTFE spacer (1.0 mm in thickness). A circular hole
about 3.0 mm in diameter was cut out from the PTFE spacer to form a
microcavity. The device was connected through a circiut with two 1
MΩ resisters in parallel, and the plasma was triggered using a direct

current voltage source. The chamber was evacuated to reach a base
pressure of 0.1 mTorr and then purged with Ar for 10 min (in 2 Torr).
The Ar gas was channeled into the chamber at a flow rate of 10 sccm
throughout the measurements. The plasma current versus applied
voltage characteristics were measured using an electrometer (Keithley
237).

■ RESULTS AND DISCUSSION
Figure 1a,b shows the cross-sectional and top-view SEM
morphologies, respectively, of the CNTs used to grow the

diamond films. The CNTs were completely etched out by the
CH4/Ar plasma during the growth UNCD process in the MPE-
CVD system. To solve the difficulty in growing diamond on
CNTs by the MPE-CVD process, we utilized the EPD
process21 to precoat nanodiamond particulates (∼10 nm in
size) on the top of CNTs to protect them from the damage due
to Ar-ion bombardment. Figure 1c shows the top-view SEM
micrograph for CNTs after the decoration of nanodiamond
particulates.
The decoration of nanodiamond particulates on CNTs not

only increased the durability of CNTs in CH4/Ar plasma but
also facilitated markedly the nucleation of the diamond. Figure
2a shows that the UNCD films were grown easily on top of
CNTs, using a CH4(4%)/Ar plasma, fully covered nano-
diamond decorated CNTs. The cross-sectional image of
UNCD/CNTs is shown as the inset in Figure 2a. It should
be noted that the nucleation and growth behavior of UNCD

Figure 1. (a) The cross-sectional and (b) the top-view SEM
micrographs of the vertically aligned CNTs grown on Si substrates
(the CNTs are about 100 μm in length). (c) The top-view SEM
micrographs of the vertically aligned CNTs, which were decorated
with nanodiamond particulates.
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films on nanodiamond decorated CNTs is very much different
from that on planar Si substrates. Usually, when the planar Si
substrates were pretreated with the proper nucleation process,
such as ultrasonication in nanodiamond containing methanol
solution, the UNCD films can be grown readily in CH4/Ar
plasma. Successful growth of UNCD films on Si substrates has
been observed for CH4/Ar plasma with CH4 content in growth
plasma varying from 0.5% to 10%. However, in the case of
nanodiamond decorated CNTs, no diamond films were
observed when the CH4 content in the CH4/Ar plasma is
smaller than a critical value, i.e., 4%, because the CNTs were
etched out in the plasma containing a too low percentage of
CH4. When the CH4 content is larger than the critical value, the
UNCD films grew nicely, fully covering the CNTs. The
morphologies of the UNCD films grown on top of nano-
diamond decorated CNTs are similar to those of the
conventional UNCD films grown on Si substrates; i.e., they
contain nanosized diamond grains with very smooth surfaces
(figures not shown).
After the successful growth of UNCD films on CNTs, the

subsequent growth of NCD films on top of the UNCD/CNTs
films is straightforward. Notably, the purpose of growing NCD
films on top of the UNCD seeding layer using CH4(1%)/
Ar(49%)/H2(50%) plasma is to modify the granular structure
of the UNCD layer, as explained in our previous studies,23,24

revealing that the secondary MPE-CVD process preferentially
etched out the trans-polyacetylene phase in the grain
boundaries and triggered the coalescence process for nanosized
diamond grains and, in the meantime, induced the formation of
nanographitic clusters. Such a two-step process formed a HiD
film containing large diamond aggregates dispersed evenly
among the matrix of nanosized diamond grains, resulting in
superior EFE properties, which is even better than the UNCD
films. The typical SEM morphology and cross-sectional SEM of
the HiD/CNT films are shown in Figure 2b and the inset in
Figure 2b, respectively, indicating the formation of a cauli-
flower-like morphology with the size of approximately 100 nm.

Contrary to a single G-band at 1580 cm−1 for CNTs (curve I,
Figure 3), UV Raman spectra shown in Figure 3 (curve II)

corresponding to the UNCD/CNTs materials indicate that
there are several Raman resonance peaks observable for these
films. There is a small D-band resonance peak at 1332 cm−1,25

representing diamond. In addition, there are a diffuse D*-band
(∼1350 cm−1) and a G-band (∼1580 cm−1), representing
disordered carbon and graphite phase, respectively. The ν1-
band (1140 cm−1),26,27 representing the grain boundary phase
designated as trans-polyacetylene, is the one that could be
barely observable. The Raman characteristics of UNCD/CNTs
are similar to those of UNCD grown on Si substrates (not
shown). The broadness of the Raman resonance peaks is
presumably owing to the smallness of the diamond grains in the
UNCD films. Curve III in Figure 3 shows that the HiD/CNT
films contain a large and sharp D-band (at 1332 cm−1) along
with other diffused smaller resonance peaks, implying the
coexistence of large and ultrasmall diamond grains. The
presence of a strong G-band resonance peak near 1580 cm−1

is presumably contributed from the underlying CNTs.
The microstructure of the HiD/CNTs was investigated using

TEM. Notably, in the preparation of the TEM thin foil, the
samples can be either ion-milled from the Si side to form a thin
foil mainly containing the surface region of the HiD/CNT
materials (designated as “surface region”) or ion-milled from
the diamond side to form a thin foil mainly containing the
region near the HiD-to-CNTs interface (designated as
“interface region”). Figure 4a shows that the “surface region”
of the HiD/CNTs materials contains some large aggregates
evenly distributed among the matrix of ultrasmall diamond
grains. The detailed microstructure of the large aggregates
(region “I”, Figure 4a) is illustrated using the TEM structure
image depicted in Figure 4b. This micrograph and the
associated Fourier transformed diffractogram FT0b (inset,
Figure 4b) show that the aggregate is of diamond materials,
containing a large proportion of planar defects, which is
indicated by the presence of streaks and a systematic row of
diffraction spots in the FT0b image. The ft1 shows the FT
images corresponding to region 1 in Figure 4b. The presence of
the planar defects is highlighted by area 2 and the associated FT
image (ft2) in Figure 4b. On the other hand, the TEM image
corresponding to the ultrasmall grains region, which is adjacent
to the large diamond aggregates (region “II”, Figure 4a), is
shown in Figure 4c, implying that this region contains abundant
nanosized clusters ranging from 5 to 10 nm. The FT image
(FT0c, inset of Figure 4c) clearly illustrates that these nanosized

Figure 2. SEM micrographs of the diamond-coated CNTs: (a)
UNCD/CNTs with the cross-sectional image of UNCD/CNTs shown
as the inset and (b) HiD/CNTs with the cross-sectional image of
HiD/CNTs shown as the inset.

Figure 3. Raman spectroscopy of (I) CNTs, (II) UNCD/CNTs, (III)
HiD/CNTs, and (IV) HiD/Au/CNTs.
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clusters are diamond. Moreover, this region contains a large
proportion of sp2-bonded carbons, indicated by the presence of
a large diffuse diffraction ring in the center of the FT0c image.
Apparently, the presence of a sp2-bonded phase among the
boundaries of the small diamond grains formed a conducting
network, facilitating the transport of electrons, which is the
prime factor rendering HiD materials to exhibit overwhelmingly
superior EFE properties compared with the UNCD films.
In contrast, Figure 5 shows the microstructure of the

“interface region”, which is underneath the “surface region”.
Although the TEM bright-field image in Figure 5a does not
clearly reveal the existence of diamond grains, the selective area
electron diffraction (SAED) shown in inset I of Figure 5a
clearly indicated the presence of the (111)dia, (220)dia, and
(311)dia diffraction rings, implying that these materials
contained mostly diamond. It is interesting to note that there
appears a prominent diffraction ring with the size slightly larger
than the (111)dia, which corresponds to n-diamond, an
allotropy of the Fm3m structured diamond.28−30 It should be
noted that the n-diamond has carbon atoms arranged in FCC
lattices, which can be viewed as a diamond structure with some
carbon atoms missing, and is presumed to be the materials

formed prior to the nucleation of diamond from the carbon
matrix.28−30 The core-loss electron energy loss spectroscopy
(EELS) (inset II in Figure 5a) indicates the presence of a σ*-
band near 289.5 eV with a deep valley near 302 eV, further
confirming that this region was predominated with the sp3-
bonded carbon, diamond.31,32 The plasmon-loss EELS (inset
III, Figure 5a) shows a peak at 33 eV with a shoulder near 23
eV. The peak at 33 eV corresponds to the bulk plasma of the
nanosized diamond cluster, whereas the shoulder near 23 eV
corresponds to the suface plasma of the diamond clusters.28,33

These plasmon-loss EELS further confirm that the materials in
this region contain mostly diamond.
Figure 5b shows the enlarged TEM micrograph of the

interface region, which is marked by a dashed square in Figure
5a, indicating that this region contains abundant clusters. The
granular structure of the clusters is not clearly resolvable. The
SAED shown as inset I in Figure 5b contains a prominent n-
diamond diffraction ring besides the (111)dia, (220)dia, and
(311)dia diamond diffraction rings. There is large intensity of a
central diffuse diffraction pattern, implying the existence of a
large proportion of sp2-bonded carbon, including amorphous or
graphitic phases in this region. Moreover, the TEM structure

Figure 4. (a) The TEM bright-field image of the “surface region” of
the HiD/CNTs films with the inset showing the SAED. (b) The
enlarged TEM image of the large aggregated (region I in “a”) with the
inset FT0b showing the FT image corresponding to the whole structure
image in “b”, and the ft1 and ft2 show the FT images corresponding to
regions 1 and 2, respectively. (c) The enlarged TEM image of the
small grain region (region II in “a”) with the inset FT0c showing the
FT image corresponding to the whole structure image in “c”, and the
ft3 and ft4 show the FT images corresponding to regions 3 and 4,
respectively.

Figure 5. (a) The TEM bright-field image of the “interface region” of
the HiD/CNTs films with the inset I showing the SAED and the insets
II and III showing the core-loss and plasmon-loss EELS spectra,
respectively. (b) The enlarged TEM micrograph of the region
designated as dashed square in “a” with the inset I showing the
SAED and the insets II and III showing the core-loss and plasmon-loss
EELS spectra, respectively. The inset IV shows the TEM structure
image of a typical region in “b”.
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image shown in inset IV of Figure 5b and the associated FT
image (inset of inset IV) revealed again that this region
contains mostly the n-diamond clusters (the ring-shaped
diffraction pattern) with some proportion of sp2-bonded
carbon (the central diffuse ring). The core-loss EELS shown
as inset II in Figure 5b is predominated with the π*-band near
284.5 eV, the peak at ∼292 eV that corresponds to transitions
from the 1s to the σ* states, which is presumably contributed
by the underlying CNT materials. The sign of diamond (σ*-
band at 289.5 eV and deep valley at 302 eV) was not clearly
observable. The plasmon-loss EELS (inset III, Figure 5b) shows
a single peak near 25 eV, confirming that the sp2-bonded
materials contained in this region are the graphitic phase. Such
an observation inferred that the nucleation of diamond on top
of CNTs started with the formation of the graphitic phase,
followed by the nucleation of n-diamond nanocrystals among
the graphitic phase.
Figure 6a shows the EFE properties, the J−E curves, of the

materials, whereas Figure 6b indicates the corresponding
Fowler−Nordheim (F−N) plots. From the interception of
the straight line segments of the F−N plots, the turn-on field
(E0) of the EFE process was determined. The CNTs possess
very good EFE and PI properties. Curves labeled I of Figure
6a,b show that the EFE process for CNTs can be turned on at
(E0)CNTs = 0.73 V/μm and the EFE current density (Je) reached
a large value of 1.10 mA/cm2 at an applied field of 1.05 V/μm.
However, even though the CNTs possess extremely good EFE
properties, they suffer from short lifetimes. Curve I in Figure 6c
shows that the lifetime of CNT emitters is as short as 30 min,
when tested under the condition of 4.5 μA (0.18 mA/cm2) in
10−6 Torr. These EFEs are summarized in Table 1.
On the contrary, curve II in Figure 6a shows that, for

UNCD/CNTs films, the EFE process can be turned on at
(E0)UNCD/CNTs = 4.90 V/μm, attaining a large EFE current
density of (Je)UNCD/CNTs = 0.23 mA/cm2 at an applied field of
6.5 V/μm (curve II). Although these EFE properties are
inferior to those of CNT emitters (curve I in Figure 6a), they
are still markedly better than those of the UNCD films grown
directly on Si substrates [(E0)UNCD/Si = 16.86 V/μm].
Moreover, using the HiD films to replace the UNCD films in

diamond−CNTs composites markedly enhanced the EFE
properties. The HiD/CNT films show superior EFE properties
(curve III, Figure 6a) to the UNCD/CNTs, i.e., (E0)HiD/CNTs =
3.89 V/μm, with (Je)HiD/CNTs = 0.53 mA/cm2 at an applied field
of 5.3 V/μm. The HiD/CNTs emitters exhibit markedly longer
lifetimes, compared with those based on CNTs, although HiD/
CNT films do not show as good EFE properties as CNTs.
Curve II in Figure 6c reveals that, when the lifetime was tested
at 4.5 μA (0.18 mA/cm2), the HiD/CNT emitters can last
τHiD/CNTs = 275 min without showing any sign of decaying in
EFE characteristics, compared with the short lifetime of CNTs
(τCNTs = 30 min, curve I in Figure 6c). Obviously, the two-step
MPE-CVD process, which converted ultrasmall grain micro-
structured UNCD films into HiD films, not only enhanced the
EFE but also improved the robustness of the corresponding
devices. It is noteworthy that the robustness of the EFE
emitters is of more concern from the viewpoint of practical
applications.
To further enhance the EFE of the diamond/CNTs

materials, the CNTs were precoated with a thin Au layer (∼5
nm) prior to the decoration of nanodiamond particulates for
benefitting the growth of HiD films. Curve IV in Figure 6a
shows that the E0 was further reduced to (E0)HiD/Au/CNTs = 3.50

V/μm and the EFE current density was increased to
(Je)HiD/Au/CNTs = 0.64 mA/cm2 at an applied field of 5.0 V/
μm. In addition, the EFE current density of HiD/Au/CNTs
increased more steadily versus the applied field, compared with
the Je−E behavior of HiD/CNT materials. The most beneficial
effect due to the utilization of the Au interlayer is the
enhancement in stability of the EFE emitters. Figure 6c shows
that the utilization of the Au interlayer increased the lifetime of
the EFE emitters markedly, from 275 min for HiD/CNTs to
360 min for HiD/Au/CNTs, before the onset of decaying.
On the other hand, Figure 7 shows that, for the microplasma

devices using CNTs as a cathode, the plasma can be ignited at a
low voltage of 360 V, which corresponds to a threshold field of
(Epl)CNTs = 3600 V/cm. The brightness of the plasma increased
monotonically with the applied voltage. Such a characteristic is
better illustrated by the plasma current density−applied field
(Jpl−E) curves in Figure 8a (curve I), which indicates that the
Jpl value increased from 0.45 mA/cm2 at an applied field of

Figure 6. (a) The electron field emission properties, J−E curves, and
(b) the Fowler−Nordheim plots, i.e., ln(Je/E

2)−1/E plots), of (I)
CNTs, (II) UNCD/CNTs, (III) HiD/CNTs, and (IV) HiD/Au/
CNTs. (c) The lifetime test at 4.5 μA for the (I) CNTs, (II) HiD/
CNTs, and (III) HiD/Au/CNTs EFE emitters.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am502330v | ACS Appl. Mater. Interfaces 2014, 6, 11589−1159711593



Table 1. EFE and PI Characteristics of CNTs, UNCD/CNTs, HiD/CNTs, and HiD/Au/CNTs Composite Materials

EFE properties plasma illumination properties

materials aE0 (V/μm)
bJe (mA/cm

2) cτefe (min) d(Eth)pl (V/cm) eJpl (mA/cm2) fne (10
14·cm−3) gτpl (min)

CNTs 0.73 1.10@1.05 30 3600 1.86 1.34 60
UNCD/CNTs 4.90 0.23@6.5 4000 1.52 1.08
HiD/CNTs 3.89 0.53@5.3 275 3800 1.62 1.16 175
HiD/Au/CNTs 3.50 0.64@5.0 360 3600 1.76 1.25 209

aE0: the turn-on field for inducing EFE process, which was designated as the interception of the straight line segments extrapolated from the low field
and high field of F−N plots. bJe: the EFE current density at the designated applied field in V/μm. cτefe: the lifetime measured at applied current of 4.5
μA (0.18 mA/cm2). d(Eth)pl: the threshold field for igniting the plasma in parallel-plate microplasma devices. eJpl: the plasma current density in
parallel-plate microplasma devices measured at an applied field of 5600 V/cm. fne: the plasma density, which is also the electron density in the
parallel-plate microplasma devices, measured at an applied field of 5600 V/cm. gτpl: the lifetime measured at 100 μA (1.41 mA/cm2) applied current
in parallel-plate microplasma devices.

Figure 7. Plasma illumination images of a microplasma, which uses
panel (I) CNTs, panel (II) UNCD/CNTs, panel (III) HiD/CNTs,
and panel (IV) HiD/Au/CNTs as cathodes.

Figure 8. (a) Plasma current density vs applied field (Jpl−E) and (b)
plasma density vs applied field (ne−E) characteristics for of (I) CNTs,
(II) UNCD/CNTs, (III) HiD/CNTs, and (IV) HiD/Au/CNTs. (c)
The lifetime test (at 100 μA) for a microplasma device (at 100 μA)
using (I) CNTs, (II) HiD/CNTs, and (III) HiD/Au/CNTs as
cathodes.
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3600 V/cm to around 1.86 mA/cm2 at 5600 V/cm. From each
Jpl value, we can calculate the corresponding plasma density,
which is the same as the electron density (ne) for the plasma, by
using eqs 1−334

μ
=n

J

E ee
pl

e (1)

where Jpl is plasma current density, E is applied electric filed, e is
electron charge, and μe is electron mobility, which can be
calculated by the Einstein relation

μ
κ

=D T
ee

e

(2)

where κ (1.38 × 10−23) is the Boltzmann constant, Te is the
electron temperature, and D is the diffusion coefficient, which
can be estimated from the empirical formula

= ×
D

K
p

105

(3)

where p is pressure and K is 6.3 for Ar gas.34 By using
computational fluid simulation, we have estimated Te = 2 eV for
pressure ranging from 2 to 100 Torr. Figure 8b shows that the
plasma density of the CNT cathode ((ne)CNTs) also increased
monotonously versus the applied field, reaching a value of 1.34
× 1014 cm−3 at an applied field of 5600 V/cm. Again, even
though the CNT-based microplasma devices possess superior
PI behavior, they suffer from shorter lifetimes. Curve I in Figure
8c indicates that the microplasma devices using CNTs as a
cathode can last only for 60 min when they were tested in the
condition of 100 μA (1.41 mA/cm2) under a pressure of 2 Torr
in an Ar atmosphere.
The UNCD/CNTs-based microplasma devices need a

slightly larger applied voltage [(Vpl)UNCD/CNTs = 400 V,
(Epl)UNCD/CNTs = 4000 V/cm] to ignite the plasma (Figure 7,
panel II) with smaller plasma current density [(Jpl)UNCD/CNTs =
1.52 mA/cm2 at 5600 V/cm, also curve II in Figure 8a], as
compared with those for the CNT-based devices. However,
these PI performances are still better than those using UNCD/
Si films as cathodes [(Epl)UNCD/Si = 4000 V/cm]. Similarly, by
using eqs 1−3, ne, the plasma density corresponding to a
specific Jpl value, can be calculated; and the ne−E curve of the
UNCD/CNTs-based microplasma device is shown by curve II
in Figure 8b, revealing that the ne values reach around ∼1.08 ×
1014 cm−3 at an applied field of 5600 V/cm. The panel III in
Figure 7 shows that the HiD/CNTs-based microplasma can be
ignited at lower voltage (380 V), which corresponds to a
threshold field of (Epl)HiD/CNTs = 3800 V/cm, with a plasma
current of (Jpl)HiD/CNTs = 0.5 mA/cm2 at an applied field of
3800 V/cm (curve III, Figure 8a). The plasma current density
(Jpl) and the plasma density (ne) increased monotonously with
applied field, attaining a large plasma current density value of
(Jpl)HiD/CNTs = 1.62 mA/cm2 (curve III, Figure 8a) and a large
plasma density value of (ne)HiD/CNTs = 1.16 × 1014 cm−3 (curve
III, Figure 8b) at an applied field of 5600 V/cm. These PI
parameters are also summarized in Table 1. Moreover, panel IV
in Figure 7 shows that the plasma illumination behavior of the
device using HiD/Au/CNTs as a cathode is similar to that of
the one using HiD/CNTs as a cathode. However, further
detailed analysis of plasma current density vs applied field (Jpl−
E) revealed that utilization of the Au interlayer improved
slightly the Jpl−E behavior. The Jpl value not only increased

more steadily against the applied field but also reached a larger
value, i.e., Jpl = 1.76 mA/cm2 (curve IV, Figure 8a) with the
large ne value of ne = 1.25 × 1014 cm−3 (curve IV, Figure 8b) at
an applied field of 5600 V/cm.
However, the most noticeable beneficial effect of coating the

diamond films on CNTs is the marked improvement in the
robustness of the emitters. Figure 8c shows that the HiD/
CNTs-based microplasma devices possess significantly better
stability. Curve II in Figure 8c indicates that the HiD/CNTs-
based microplasma devices can be operated at 100 μA (1.41
mA/cm2) for (τpl)HiD/CNTs = 175 min before starting to decay,
which is overwhelmingly superior to the CNT-based micro-
plasma devices ((τpl)CNTs = 60 min, curve I, Figure 8b).
Moreover, curve III in Figure 8c indicates that the microplasma
devices using HiD/Au/CNTs materials as cathodes last even
longer, i.e., 209 min for HiD/Au/CNTs cathode devics.
How the presence of the Au interlayer between the HiD and

CNTs can markedly enhance the EFE and the PI behaviors is
not totally clear yet. Although using the Au interlayer can
markedly enhance the efficiency for the nucleation of diamond
nuclei and improve the EFE properties of the UNCD films
grown on Si substrates,35,36 such a mechanism cannot be
applied to the HiD/CNTs case, as the Au interlayer is expected
not to interdiffuse with the CNTs. The possible explanation is
that the Au coating, which formed nanodots sitting on the top
of CNTs, improved the adhesion of nanosized diamond
particlulates and, therefore, facilitated the formation of diamond
nuclei on top of the CNTs.
The properties of the as-fabricated EFE and the PI devices

are relevant to each other because they adopted the same
UNCD films as the cathode materials. Even though we did not
fully understand how the EFE properties affect the plasma
illumination performance; it is clear that gas discharge takes
place under the following four factors, including EFE electrons
from cathodes, photoionization, cosmic rays, and radioactive
elements. Obviously, the EFE of electrons from the cathode is
the mechanism for gas discharge because the measurement of
EFE property was carried out in a closed system without
applying light and radiation. Moreover it should be mentioned
that the threshold field, (Eth)pl, required to trigger the Ar
plasma for the microplasma devices using diamond as a cathode
is perceptibly smaller than the turn-on field, (E0)EFE, for
inducing the EFE process of the corresponding UNCD/CNTs
diamond films (cf. Table 1; (Eth)pl = 4000 V/cm and (E0)efe =
4.90 V/μm)). Such a phenomenon is due to different
mechanisms for igniting the plasma in an Ar environment
(tens of torr) and for turning on the EFE process in a high-
vacuum environment (10−6 Torr). In a microplasma device, the
plasma can be ignited when the electrons emitted from the
cathode (primary electron) gain sufficient kinetic energy by
applying an electric field to ionize the gas molecules (e.g., 15.7
eV for Ar). Once the primary electrons ionize the Ar gases, the
Ar gases become Ar+ ions, which accelerate in sheath fields and
move toward cathode. The high-energy Ar+ ions bombard the
cathode surface and eject secondary electrons, which play the
most important role in maintaining stable discharges due to
cascade ionization. Therefore, it seems that the low EFE turn-
on field for the HiD/CNT film is not helpful in lowering the
threshold field of plasma ignition as compared with those for
UNCD/CNTs. However, when the plasma was ignited, there
formed a plasma sheath in the vicinity of the cathode where the
electric field was markedly increased. For typical plasma with
the sheath around 10 μm in thickness,37 the electric field
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experienced by the cathode will increase to around 40 V/μm
under an applied voltage of 400 V. Such a field is far larger than
the turn-on field of the EFE process for most of the diamond
films. A large number of electrons will be emitted from the
diamond cathode due to bombardment of Ar+ gases on the
diamond cathode, inducing secondary electrons that ionized the
rest of the Ar gases, as a result, producing cascade electrons and
subsequently enhancing the plasma current density. This is the
reason why a larger Jpl is observed when the HiD/CNT films
were used to replace UNCD/CNTs as cathodes (cf. Table 1).

■ CONCLUSIONS
In conclusion, we demonstrated a facile and a reproducible way
of synthesizing HiD films on CNTs with long lifetime stability
of EFE and PI performances, thus overcoming the poor stability
of CNT field emitters. The HiD/CNTs (or HiD/Au/CNTs)
emitters exhibit an excellent EFE lifetime stability of τefe = 275
(or 360) min, when tested at an applied current of 4.5 μA (τefe
= 30 min for CNTs emitters). In addition, for HiD-based
microplasma devices, the plasma current of 100 μA is upheld
for a period of over 175 (or 209) min, showing better plasma
stability compared with that of bare CNT-based ones (τpl = 60
min). The present approach of synthesizing HiD/CNT (or
HiD/Au/CNT) materials is a direct and simple process that
provides a solution for the fabrication of functional field
emission devices and opens new prospects of high-definition
flat-panel displays or microplasma-based devices.
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