AlP | e ™

High stability electron field emitters made of nanocrystalline diamond coated carbon
nanotubes
K. J. Sankaran, K. Srinivasu, K. C. Leou, N. H. Tai, and I. N. Lin

A

Citation: Applied Physics Letters 103, 251601 (2013); doi: 10.1063/1.4850525

View online: http://dx.doi.org/10.1063/1.4850525

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/103/25?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Atomic layer coating of hafnium oxide on carbon nanotubes for high-performance field emitters
Appl. Phys. Lett. 99, 153115 (2011); 10.1063/1.3650471

Resonant tunneling and extreme brightness from diamond field emitters and carbon nanotubes
J. Appl. Phys. 108, 094322 (2010); 10.1063/1.3505798

Barium strontium oxide coated carbon nanotubes as field emitters
Appl. Phys. Lett. 90, 143114 (2007); 10.1063/1.2719645

High field-emission current of carbon nanotubes grown on TiN-coated Ta substrate for electron emitters in a
microwave power amplifier
J. Vac. Sci. Technol. B 22, 1636 (2004); 10.1116/1.1759345

Environmental stability of carbon nanotube field emitters
AIP Conf. Proc. 544, 499 (2000); 10.1063/1.1342562

AI P ‘ Chaos

CALL FOR APPLICANTS
Seeking new Editor-in-Chief



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1077920811/x01/AIP-PT/APL_ArticleDL_1014/AIP-2293_Chaos_Call_for_EIC_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=K.+J.+Sankaran&option1=author
http://scitation.aip.org/search?value1=K.+Srinivasu&option1=author
http://scitation.aip.org/search?value1=K.+C.+Leou&option1=author
http://scitation.aip.org/search?value1=N.+H.+Tai&option1=author
http://scitation.aip.org/search?value1=I.+N.+Lin&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4850525
http://scitation.aip.org/content/aip/journal/apl/103/25?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/99/15/10.1063/1.3650471?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/108/9/10.1063/1.3505798?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/90/14/10.1063/1.2719645?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/22/4/10.1116/1.1759345?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/22/4/10.1116/1.1759345?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.1342562?ver=pdfcov

APPLIED PHYSICS LETTERS 103, 251601 (2013)

@ CrossMark
& click for update

High stability electron field emitters made of nanocrystalline diamond
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We report enhanced life-time stability for the electron field emitters prepared by coating
nanocrystalline diamond (NCD) on carbon nanotubes (CNTs). Upon overcoming the problem of
poor stability in CNTs, the NCD-CNTs exhibit excellent life-time stability of 250 min tested at
different applied voltages of 600 and 900 V. In contrast, the life-time stability of CNTs is only
33 min even at relatively low voltage of 360V and starts arcing at 400 V. Hence, the NCD-CNTs
with improved life-time stability have great potential for the applications as cathodes in flat panel
displays and microplasma display devices. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4850525]

One dimensional (1D) nanostructures (nanowires, nano-
rods, nanotubes, etc.) have attracted a great deal of interest
for both scientific fundamentals in nanoscience and potential
applications in nanoscale systems, including various elec-
tronic and photonic nanodevices."™ Since the documented
discovery of carbon nanotubes (CNTs) in 1991 (Ref. 5) and
the realization of their high aspect ratio and small tip radius
of curvature, their excellent electrical and mechanical prop-
erties and chemical inertness enable them to be used as elec-
tron sources in devices ranging from flat-panel displays to
electron microscopes.®” However, the short life-time and
the poor stability of the CNTs have been the major barriers
averting their profitable viability.'” The residual gases in the
devices can damage the CNT tips after long time ion bom-
bardment, degrading the electron field emission (EFE) prop-
erties.'! To surmount this deficiency, CNTs have been
combined with other field emitting materials by depositing
thin films on CNTs,'>™"> decorating CNTs with nanopar-
ticles,'® or by making composites of CNTs.'”-'*

Diamond is well known to possess a series of excellent
physical and chemical properties, thereby invoking it to be a
strongly competing cold cathode materials for EFE applica-
tions.'” Diamond has the most strongly bonded crystal struc-
ture, which backs the reason for diamond-based EFE devices
to possibly operate with better life-time stability and reliabil-
ity, and moreover, it does not suffer tip burn-out to the same
degree as like CNT devices. Furthermore, diamond could be
activated at high temperature or high power due to its high
electrical breakdown field and high thermal conductivity;
and these superior properties are highly advantageous to
EFE devices. Based on the significant EFE properties of
CNTs and diamond films, it will be interesting to integrate
these two carbon nanomaterials to yield highly stable EFE
characteristics. Many attempts have been made to couple
diamond and CNTs.'*1220-22

In the present work, nanocrystalline diamond (NCD)
films on CNTs have been deposited using microwave plasma
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enhanced chemical vapor deposition (MPECVD) system and
their EFE properties are investigated. The achieved EFE
behavior is comparable to that of CNTs, demonstrating that
these promising NCD coated CNTs with markedly superior
life-time stability can be employed to enhance the quality of
EFE devices. Additionally, the advantage of these NCD
coated CNTs with better EFE properties on exciting Ar
plasma in a device with parallel-plate configuration is also
demonstrated.

The CNTs were grown on Si substrates, using CHy as car-
bon source and Ni nanoclusters as catalysts, in a thermal
chemical vapor deposition process (900 °C, 30min). The Ni
nanoclusters were obtained from the thermal annealing
(600°C, 10min) of a thin Ni coating (~5nm) on a Si sub-
strate. The CNTs were then scratched off from the Si sub-
strates, thoroughly mixed with Ag paste in a weight ratio of
1:1 and screen printed on a glass substrate, followed by heat
treatment at 400 °C for 30 min. Fig. 1(a) shows the field emis-
sion scanning electron microscopy (FESEM; JEOL-6500)
image of CNTs (designated as “bare CNTs”). The NCD films
were directly grown on the bare CNTs by using MPECVD
system (2.45GHz, 6 in. IPLAS-CYRANNUS-I, Troisdorf,
Germany) in a Ar(49%)/H,(50%)/CH4(1%) plasma with a
microwave power of 1300 W for 60 min. The pressure and the
flow rate were maintained at 80 Torr and 100 sccm, respec-
tively. No external heater was used to heat the substrate and
the substrate temperature was in the range of 450-470°C,
which was due to plasma heating and was monitored by a
thermocouple embedded in the stainless steel substrate holder.
Thus, obtained samples were designated as “NCD-CNTs.”
Fig. 1(b) shows FESEM image of NCD-CNTs, which reveals
that the NCD films are conformally coated on CNTs. It is to
be noted that there was no nucleation or any other pretreat-
ments carried out for CNTs prior to the synthesis of NCD
films. The formation of C-H bonds due to the presence of
atomic hydrogen in the plasma is considered as defect sites on
the sp” network. The continued hydrogenation of the CNT
walls will either result in clustering of sp® defects or it will
increase the density of isolated sp’-point defects. The sp
defects offer suitable sites for nucleation of carbon

© 2013 AIP Publishing LLC
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FIG. 1. FESEM micrographs for (a) bare CNTs and (b) NCD-CNTs with the
insets showing the corresponding UV-Raman spectra.

nanoparticles. Initially, the nuclei forms an amorphous
structure,”’ which then undergoes a phase transition into the
diamond structure (crystallization).23

The insets of Figs. 1(a) and 1(b) show that the
UV-Raman spectra (Lab Raman HRS800, Jobin Yvon, i:
325nm) of bare CNTs and NCD-CNTs, respectively, indi-
cating that while the CNTs contain predominantly the
D*-band at 1328 cm ™' representing the presence of disor-
dered sp® carbon®* and G band at 1575cm™' representing
the graphite phase, the NCD-CNTs contain broadened
Raman peaks, which are characteristic of diamond materials
with nano-sized grains. The UV-Raman spectra of the bare
CNTs and the NCD-CNTs were deconvoluted by using the
multi-peak Lorentzian fitting method. A sharp resonance
peak near 1332 cm ™" (D-band) is observed, which represents
sp3-b0nds, indicating the existence of diamond grains.
Moreover, there is a v-band at 1182cm ™", representing the
presence of frans-polyacetylene phase at grain boundaries of
NCD films* and D*-band at 1355 cm ™' representing the ex-
istence of disordered sp* carbon.?* The G band of NCD films
is observed at 1569cm '. A shoulder peak around
1600cm ' (designated as G*-band) possibly arises from the
nanographitic contents in the films.*

EFE is a kind of quantum tunneling in which electrons
pass from the cathode to the anode through vacuum in the
presence of a high electric field. The EFE properties of the
bare CNTs and NCD-CNTs were measured with a tunable
parallel plate setup, in which the cathode (bare CNTs or
NCD-CNTs)-to-anode (molybdenum rod with a diameter of
2mm) distance was controlled using a micrometer. The
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current-voltage (I-V) characteristics were measured using an
electrometer (Keithley 2410) at pressure below 10~ ° Torr.
The EFE parameters were extracted from the obtained /-V
curves by using Fowler-Nordheim (F-N) model*’

2 ;
Jo = (Aﬁ¢E2>exp (—Bﬁ@E) : (1)

where A=1.54x107° A eV/V* and B=6.83 x 10°eV*
V/m, f is the field-enhancement factor, E is the applied field,
J. 1s the emission current density, and ¢ is the work function
of the emitting materials. We have fabricated five
NCD-CNTs or bare CNTs based cathodic devices which
were tested in the same configuration at three places of each
sample by keeping a constant anode to cathode distance. The
data presented in Fig. 2 are the average of the EFE properties
of five NCD-CNTs or bare CNTs based EFE cathodic devi-
ces. Curve I in Fig. 2(a) shows that the bare CNTs possess
very good EFE properties, viz. the EFE process for the bare
CNTs can be turned on at (Eg)cnts = 1.44 V/um and achieve
high (Joents=1.97mA/cm® at an applied field of
2.77 V/um. However, as expected, the bare CNTs cannot last
very long. Curve I in Fig. 2(b) shows that the bare CNTs can
only last for 33 min at an applied voltage of 360 V. They
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FIG. 2. (a) EFE current density (J..) as a function of applied field (E) of bare
CNTs and NCD-CNTs emitters (the inset shows the corresponding
Fowler-Nordheim plots, i.e., log(]e/E2)-1/E plots), (b) life-time stability
measurement, i.e., J. versus time of (I) bare CNTs and (II, III) NCD-CNTs
emitters with inset photographs showing the luminous field emission device
with bare CNTs (or NCD-CNTs) as cathode at different applied voltages.
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were completely burnt-out in a few seconds under the
applied voltage of 400V (figure not shown).

Curve Il in Fig. 2(a) shows that the NCD-CNTs possess in-
ferior EFE properties to the bare CNTs, which is as expected.
The EFE process for NCD-CNTs can be turned on at
(Eo)nep-onts = 2.19 V/um, which is markedly higher than
(Eo)ents: The J. value of NCD-CNTs can only reach
(J)nep.ons = 0.006 mA/cm? at the applied field of 2.77 V/um.
It requires high applied field, (Egp)ncep.onts=4.7 V/um, to
achieve the same EFE capacity (1.97 mA/cm?) as that of the
bare CNTs. The f§ values were estimated to be (ff)cnrs = 4350
and (f)nep-onts =2566 for bare CNTs and NCD-CNTs,
respectively. The NCD-CNTs exhibit significantly higher E,
and lower J,, values that is apparently due to lower conductivity
and smaller f—factor of the NCD-CNT's compared with the val-
ues of bare CNTs. Nevertheless, the coating of NCD on CNTs
does provide a benefit for the EFE emitters, which is over-
whelmingly advantageous for device applications, viz. it
increases significantly the life-time of the emitters.

The J. versus time curves of NCD-CNTs are presented
in Fig. 2(b), which show the emission current variations
recorded over a period of 250 min tested at different applied
voltages of 600 and 900 V (curves II and III). As seen from
the figure, there are no current degradations or notable fluc-
tuations during this period. Moreover, EFE light emitting
performance was tested using an indium tin oxide (ITO)
coated glass on which green phosphor was coated, as anode
and the bare CNTs (or NCD-CNTs) as cathode. The catho-
de-to-anode separation was fixed by a polytetrafluoroethyl-
ene (PTFE) spacer (1.0 mm in thickness). The uniformity of
the emission current can be confirmed from the lumines-
cence of the phosphor coated anode plate at the same applied
voltages (600 and 900 V), which are shown in the insets II
and IIT of Fig. 2(b), respectively. In contrast, the bare CNTs
show an inhomogeneity in luminescence behavior [inset
image I, Fig. 2(b)] at an applied voltage of 360 V. The lumi-
nescence image of the CNTs at the corresponding applied
voltage of 360V is the best luminescence available. When
the applied voltage is increased to 400 V, the CNTs are com-
pletely burnt-out (figure not shown). This shows that the
CNTs cannot withstand higher voltages.

To unravel the internal structure of the NCD-CNTs for
understanding how the coating of NCD enhanced the
life-time of the emitters, we used transmission electron mi-
croscopy (TEM; JEOL-2100F operated at 200kV) to charac-
terize the sample. The TEM image shown in Fig. 3(a)
illustrates that several NCD particles with the sizes ranging
from 2 to 70 nm were formed on the surface of the CNTs.
The selected area electron diffraction (SAED) pattern of the
NCD-CNTs is shown in the inset of Fig. 3(a). Ring-shaped
patterns are observed. The diffraction rings correspond to the
(111), (220) and (311) lattice planes of diamond. The (200)
diffraction ring, which is a forbidden reflection in diamond
lattice, is presumably arisen from i-carbon, the bcc struc-
tured allotrope of diamond, which are the nano-carbon clus-
ters formed prior to the formation of the diamond nuclei.
There is a prominent diffused ring at the center of the
SAED pattern, signifying the existence of amorphous
(or sp>-bonded) phase. Fig. 3(b) shows the typical high reso-
lution transmission electron microscopy (HRTEM) structure
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FIG. 3. (a) TEM micrograph for NCD-CNTs with the inset showing the
SAED pattern and (b) HRTEM image of NCD-CNTs of the designated
region in Fig. 3(a). High magnification HRTEM image “i” of the region “1”
shows the diamond structure with a lattice spacing of 0.21 nm and HRTEM

------

0.34nm. Moreover, the insets Fourier-transformed diffractogram of the
regions marked “1-4” in the HRTEM image are shown in the insets
FT,-FTy, respectively, to illustrate the presence of diamond, graphite and
CNT phases. (c) EELS spectra for the corresponding regions marked “1-4”
in the HRTEM image [Fig. 3(b)].

image of the NCD-CNTs, corresponding to the designated
region in Fig. 3(a). The Fourier transformed (FT;) diffracto-
gram corresponding to large aggregate in region “1” indi-
cates clearly the diamond (D) phase that is more clearly
revealed by the high magnification HRTEM image “i” of the
region “1” presented in Fig. 3(b), illustrating the crystalline
nature of diamond with a lattice spacing of 0.21 nm for the
large aggregates. The FT, image of the region “2” shows a
spotted diffraction pattern arranged in a ring, which corre-
sponds to diamond (D) phase, and a diffused diffraction ring
located at the center of the FT image, which corresponds
to graphite (G) phase. Hence it is evident that the
“small-cluster” contained nanosized diamond particles,
which are surrounded by graphitic grain boundaries. To illus-
trate more clearly the grain boundary phases, the FT; image
is taken from the region “3,” which signifies the existence of
graphitic phases in the grain boundaries of NCD particles,
which is in accord with the UV-Raman spectroscopy
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observation shown in the inset of Fig. 1(b). In addition, the
FT, image corresponding to the marked region “4” illustrates
the presence of CNTs, that is, again, revealed by the high
magnification HRTEM image “ii” of the corresponding
region “4,” showing the CNT structure with the lattice spac-
ing of 0.34 nm.

Electron energy loss spectroscopy (EELS) spectra were
recorded in the carbon K-edge region to unambiguously dis-
tinguish between the different carbon materials such as dia-
mond, graphite, and amorphous carbon.?® Fig. 3(c) shows
the EELS spectra for the corresponding regions “1-4” of
Fig. 3(b). The EELS spectrum 1 for large aggregates in
region “1” exhibits a sharp peak around 292.0eV, corre-
sponding to the transitions from the 1s to the g* energy
states (1 s-0%*) and a dip around 302.0eV, which is a charac-
teristic feature of the crystalline diamond.?® No signal near
284.5eV (the IT*-band) was observed, implying that there is
no sp”-bonded carbon contained in this large diamond aggre-
gate. The spectrum 2 of region “2” corresponds to the signal
for sp>-bonded diamond with a shoulder band around
285.0eV that confirms the presence of graphitic phases in
the grain boundaries. Spectra 3 and 4 for regions “3” and
“4,” respectively, shows a band at 285.0eV, which corre-
sponds to the graphite phases (existing in the grain bounda-
ries of NCD) and the CNTs.*’ No diamond signal is
observed in these spectra. Hence, it is evident from the TEM
and EELS studies, CNTs are conformally coated by NCD
films and each nanosized diamond grain is surrounded by
graphitic grain boundaries.

The beneficial effect of NCD coating on increasing the
robustness of the CNTs can be better illustrated by using these
EFE emitters as cathodes for a microplasma device, which is
the harshest environment for electron emitters, as the emitters
are subjected to energetic Ar-ions bombardment in these devi-
ces. The plasma illumination (PI) characteristics of a micro-
plasma device using bare CNTs (or NCD-CNTs) as cathodes
were investigated, in which the ITO coated glass was used as
an anode. The cathode-to-anode separation was fixed by a
PTFE spacer (1.0mm in thickness). A circular hole about
8.0mm in diameter was cut out in the PTFE spacer to form a
microcavity. The plasma was triggered using a pulsed direct
current voltage in a bipolar pulse mode (20 ms square pulse,
6 kHz repetition rate). The chamber was evacuated to reach a
base pressure of 0.1 mTorr and was then purged with Ar for
10 min. The Ar gas was channeled into the chamber at a flow
rate of 10 sccm throughout the measurements. The plasma cur-
rent versus applied voltage was measured using an electrome-
ter (Keithley 237). The data presented in Fig. 4 are the average
of PI characteristics of tested NCD-CNTs or bare CNTs based
microplasma cathodic devices which were tested in the same
configuration. Fig. 4(a) shows the series of photographs of the
PI behavior of the plasma devices, which utilized the bare
CNTs [image series I, Fig. 4(a)] and NCD-CNTs [image series
II, Fig. 4(a)] as cathode materials. The intensity of the
plasma increases monotonically with the applied voltage.
The bare-CNTs based microplasma devices need 320V
[(Ew)ents = 0.32 V/um; image series I, Fig. 4(a)] to trigger the
plasma, while the NCD-CNTs based microplasma devices can
be triggered by a voltage =330V [(Ey)nep-onts = 0.33 V/um;
image series II, Fig. 4(a)]. The PI characteristics are better

Appl. Phys. Lett. 103, 251601 (2013)
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FIG. 4. (a) The photographs of plasma illumination characteristics and (b)
plasma current density (Jpy) versus applied field (E) of a microplasma cavity,
which utilized the ITO coated glass as anode and using either (I) bare CNTs
or (II) NCD-CNTs as cathode materials. The upper left inset in Fig. 4(b)
shows the plasma illumination stability of NCD-CNTs electrodes at Os and
360 min (21 500s), whereas the bottom right inset shows the plasma illumi-
nation stability of bare CNTs electrodes at Os and 190 min (11430s5), after
ignition of plasma at the applied voltage of 400V, revealing that the illumi-
nation of the NCD-CNTs plasma is essentially not degraded even after long
time services.

illustrated by the variation of the plasma current density (Jpy)
versus £, which is plotted in Fig. 4(b). The bare CNTs based
microplasma devices [curve I of Fig. 4(b)] achieve a Jp; value
of 6.1 mA/cm? at an applied field of 0.50 V/um, whereas the
Jpr reaches 5.9mA/cm” at the same applied field for the
devices which were electroded with NCD-CNTs [curve II of
Fig. 4(b)].

To evaluate the stability of the CNTs and NCD-CNTs
cathode materials, the plasma current was monitored over a
long period with a constant applied voltage of 400V [inset
of Fig. 4(b)]. The plasma current of 210 uA decayed fast af-
ter 190min (114305s) of plasma ignition for the bare CNTs-
based microplasma devices [bottom right inset, Fig. 4(b)].
The intensity of the PI for the microplasma devices is
reduced at 11430s as compared to the Os. In contrast, the
plasma current of 210 pA is upheld for a period over 360 min
(215005s), showing high life-time stability for NCD-CNTs
based microplasma devices [upper left inset, Fig. 4(b)]. The
intensity of the PI of the NCD-CNTs based microplasma
devices at 400 V remains stable over 360 min (21 500 s) that
represents the high stability of the NCD-CNTs. Apparently,
the better PI performance of the microplasma devices based
on the NCD-CNTs, as compared with bare CNTs-based
ones, is intimately correlated with the superior robustness of
NCD coated CNTs based electron field emitters. The micro-
plasma based devices represent a photonics technology at the
intersection of plasma science, optoelectronics, and materials
science and provide a great potential for a broad spectrum of
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applications in microdisplays, material synthesis, and ele-
mental analysis.’*~? Particularly, diamond exhibits a large
secondary electron emission efficiency, which is especially
proficient for serving as a cathode material in microplasma
based devices.*”

In conclusion, a facile and a reproducible way of synthe-
sizing NCD films on CNTs with high life-time stability EFE
and PI performances is being demonstrated. Surmounting the
problems of CNTs electron field emitters, which acquire
poor stability, the NCD-CNTs display excellent EFE life-
time stability of 250 min tested at different applied voltages
of 600 and 900 V. There are no notable current degradations
or fluctuations of NCD-CNTs over a period of 250 min at
different applied voltages of 600 and 900 V. In addition, the
plasma current of 210 pA is upheld for a period over 360 min
(21500s), showing better life-time plasma stability for
NCD-CNTs based microplasma devices than that of bare
CNTs (190min). The present approach of synthesizing
NCD-CNTs is a direct and simple process that provides a so-
lution for the fabrication of functional 1D field emission
devices and opens prospects of high definition flat panel dis-
plays or microplasma based devices.

The authors like to thank the financial support of
National Science Council, Taiwan, through the Project Nos.
NSC 101-2221-E-007-064-MY3 and NSC 101-2112-M-
032-002-MY2.
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