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Development of long lifetime cathode materials for microplasma application

Srinivasu Kunuku,” Kamatchi Jothiramalingam Sankaran,” Chung-Li Dong,° Nyan-Hwa Tai,”

Keh-Chyang Leou,” and I-Nan Lin,**

Abstract: In this paper we are presenting the growth of three kinds of diamond films including
ultrananocrystalline diamond (UNCD), nitrogen doped UNCD and hybrid granular structured
diamond (HiD) films on Au coated silicon for applying as cathode in a parallel-plate type
microplasma device. The phase constituents and microstructures of these diamond films were
investigated in order to understand the role of intrinsic properties of these cathode materials on
manipulation of the plasma characteristics of the corresponding devices. We observed that, while the
diamond materials with high fraction of sp’-bonded carbons exhibited the superior electron field
emission (EFE) properties and hence the better plasma illumination (PI) behavior, the cathode
materials with proper microstructure are required to ensure longer lifetime for practical applications
of the microplasmas devices. Based on these observations, we have developed hybrid granular
structured diamond films, in which the sp>-bonded carbons were hidden in the boundaries between
the sp>-bonded diamond grains, such that the films exhibited not only excellent EFE properties and

PI behavior but also good PI behavior with long lifetime.
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Introduction

Microplasmas are gas discharges in small confined regions, which have potential applications
in various fields such as ozone production for air cleaning,' surface treatment of materials for
enhancing the wetting and adhesion properties of polymers,® highly efficient excimer ultra-violet

3-7

(UV) light sources, plasma display panels,””’” and CO, lasers.*'® Recently, microplasmas are

employed in the field of biotechnology for biological decontamination, sterilization and diffuse

. 11-14
discharges.

Microplasma devices were successfully utilized in the fabrication of
nanomaterials.'>'® Development of atmospheric pressure microplasmas have great potentials for
material synthesis, processing and material modifications for bio related applications'”2°. Previous
studies on cylindrical microplasma devices had shown broad range of operating parameters.”’ ™ The
electrode materials employed in micro-discharges are one of the key factors to sustain the high
density plasmas at various pressures for long lifetime. Many different types of materials have been
successfully applied as electrodes in microplasmas, ranging from refractive metals to

231 Due to ease of micro fabrication of Si, it was the most favorable material as

semiconductors.
electrode in microplasma applications.”” In case of microplasma applications at high pressures, we
need the electrode materials with high melting point materials such as molybdenum, alumina and
boron nitride for operating at high temperature.’®** However, to sustain the plasma discharges,
cathode materials with large secondary electron emission coefficient (y-coefficient) are needed.*
Diamond is the potential replacement of other materials as cathode due to its excellent physical and
chemical properties such as wide bandgap, highest hardness, pronounced thermal conductivity,

tunable negative electron affinity, high chemical inertness and most importantly the high

2
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y-coefficient.*'* Diamond films possessing superior electron field emission (EFE) properties and
can supply electrons more efficiently has been observed to enhance the plasma illumination (PI)
behavior of the microplasma devices.*’° Integration of diamond with CNT’s, and different granular
structure diamond films employed in order to enhance the microplasma characteristics’ . On the
other hand, high hardness and chemical inertness are the other features necessary to improve the
robustness of cathode materials in microplasma devices. To achieve these characteristics

simultaneously, microstructure for diamond films has to be developed properly.

In this study we had grown three kinds of diamond films with different granular structures for
applying as the cathodes in the microplasma devices and systematically investigated their effect on
the stability of the devices. The three different granular structures are ultrananocrystalline diamond
(UNCD) films consisting of equi-axed ultra-small spherical grains™, nitrogen doped UNCD
(N-UNCD) films existing with acicular needle like granular structure® and hybrid granular diamond
(HiD) films containing large diamond aggregates evenly dispersed in a matrix of nano-sized
diamond grains®®. We observed that diamond films with needle-like granular structure, which
contains high fraction of sp>-bonded carbon, possessing good EFE properties and superior PI
behavior for the corresponding microplasma devices, but with inferior lifetime. Moreover, we found
out that the hybrid granular structure diamond films, which have sp’-bonded carbon embedded in
sp>-bonded diamond grains, showed not only marvelous EFE properties and hence superior PI

behavior, but also exhibit excellent robustness.

Experimental Methods

The diamond deposition on Si substrate started with deposition of 100 nm Au on n-type Si substrates
by a dc sputter deposition system (Helix) using a power of 50 W in argon partial pressure of 5
mTorr. A thin layer of Cr (~5 nm) was deposited on Si before the Au deposition to attain strong

adhesion of Au on Si. Notably, the Au-interlayer was utilized to suppress the formation of
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amorphous carbon (a-C), which usually formed prior to the nucleation of diamond in conventional
microwave plasma enhanced chemical vapor deposition system (MPECVD) process.””® The
transport of electrons from the Si-substrate to diamond films will thus be enhanced due to Au
interlayer. The Au coated Si samples were ultrasonicated for 45 min in methanol solution containing
the mixture of diamond powder (about 4 nm in size) and Ti powder (SIGMA-Aldrich) (365 mesh)
prior to the growth of diamond films. The three kinds of diamond films were grown on Au coated Si
in a microwave plasma enhanced chemical vapor deposition (MPECVD) apparatus (IPLAS,
Cyrannus) with different growth conditions. Ultrananocrystalline diamond (UNCD) films were
grown by Ar(99%)/CH4(1%) plasma with process pressure of 120 Torr and microwave power of
1200 W for 5 h with substrate temperature around 450°C, whereas nitrogen incorporated UNCD
(N-UNCD) films were grown by N»(94%)/CH4(6%) plasma with microwave power of 1200 W,
process pressure of 50 Torr, substrate temperature of 700°C and growth time of 1 h. In contrast, the
hybrid granular structured diamond (HiD) films were grown by a two-step MPECVD process, in
which we first grew 200 nm UNCD film for 1 h using above-mentioned growth conditions to serve
as nucleation layer, followed by the deposition of diamond film using H; (50%)/Ar(49%)/CH4 (1%)
plasma at power 1300 W, process pressure of 80 Torr and growth time of 1 h. It should be mentioned
that HiD films investigated in previous studies have observed that these films possess hybrid

granular structure with enhanced EFE properties even better than the UNCD films.”

The morphology and microstructure of the diamond films were studied using field emission
scanning electron microscopy (FESEM; JEOL 6500) and transmission electron microscopy (TEM;
JEOL 2100 F), respectively. The bonding characteristics for all these films were examined using UV
Raman (A= 325 nm; Lab Raman HR800; Jobin Yvon, Inc., NJ, USA) and near edge X-ray absorption
fine structure spectroscopy (NEXAFS, NSRRC, Taiwan). The EFE behavior of materials was

measured by a parallel plate set-up, in which the anode was a Mo rod (2 mm in diameter) and the
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cathode was the diamond films. The anode-to-cathode separation was controlled by a micrometer.
The EFE current densities versus electrical field (Jer.—E) characteristics were attained using Keithley

2410 (USA) electrometer and these were explained using the Fowler-Nordheim (F-N) ‘[heory.60

To investigate the feasibility of using these diamond films as cathode for a microplasma device,
which used an indium tin oxide (ITO)-coated glass as anode and the diamond films are cathode
materials. The cathode-to-anode separation was fixed by a polytetrafluoroethylene (PTFE) spacer
(1.0 mm in thickness) and a hole about 3.0 mm in diameter was cut out from the PTFE spacer to
form a microcavity. The plasma was triggered using a direct current voltage source, which can reach
up to the maximum applied voltage of 1000 V and was connected to device through a 500 kQ
resister . Prior to measurements, all samples were heated at 200° C in vacuum for 1 h to remove
moisture from surface of the films to attain reliable results. The chamber was evacuated to reach a
base pressure of 0.1 mTorr and then purged with Ar for 10 min. The Ar gas was channeled into the
chamber at a flow rate of 10 sccm and the PI measurements were carried out at pressure of 2 Torr.
Plasma intensity of the microplasma devices were examined by an optical emission spectroscopy
(OES; BWTEK, BWSpec 3.25, Newark, DE, USA ) near an Ar emission line, i.e., in the region of

near Infra-red (NIR, 811.5 nm), with the applied voltage of 430 to 550 V (voltage across the plasma).

Results and Discussion
A. Plasma illumination behavior of the microplasma devices based on diamond cathode

materials

The main objective in the synthesis of diamond films is for the application as cathode materials
in microplasma devices. The PI behavior of the microplasma devices was investigated first to
understand how the different characteristics of these cathode materials influenced the devices
performances. Figures la, 1b and 1c¢ show the OES of NIR (812.5 nm) of the microplasma devices

using UNCD, N-UNCD and HiD as cathodes, respectively, with the corresponding PI images shown
5
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as insets. These results depict the increase in intensity of Ar plasma with the applied voltage, which
is better illustrated by the voltage dependence of integrated intensity of 811.5 nm spectra line in Fig.
2a. This figure shows that the N-UNCD based microplasma devices perform better than those of
other two devices by showing high intensity. Moreover, the variation of plasma current density, (J¢)py,
against the applied voltage characteristics were shown in Fig. 2b, where the onset of plasma ignition,
at 2 Torr is designated as the threshold breakdown voltage (Vi )pr. Curve I in Fig. 2b shows that the
(Vin)p= 433 V for UNCD based device and plasma current density (J.)p; increased linearly with the
applied voltage, reaching a (J¢)p; value of 3.49 mA/cm” at an applied voltage 623 V. Curve II in Fig.
2b depicts that, in case of N-UNCD based devices, the (Vin)p= 399 V and the (J.)p; values also
increase linearly with applied voltage, reached (Jo)p value of 3.98 mA/cm? at an applied voltage of
580 V, whereas curve III in Fig. 2b indicates that, for HiD based devices, the (Vi,)p= 415 V and the

(Je)pr value reached 3.67 mA/cm? at applied voltage of 615 V.

From each (J.)p; -values, we can calculate the plasma density (n.), by using Child’s law shown

as equation (1).61

n,=—= (1)

Here n. is the electron density, J. is plasma current density at cathode, e is the electron charge and ug
is the Bhom velocity. Bhom velocity of Ar ion is strictly depending on the kinetic energy of the

electron and the mass of ion, which has described as below equation (2).%2

uy, = |—= (2)
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here k is the Boltzmann constant, m; is Ar ion mass and Tk is electron temperature is 7840 K. Now
submit the equation (2) in to (1) gives the equation for measurements of n, which shown as the

equation (3).

n:JC\/%
e e\/ﬁ

3)

Figure 2c shows the n.-V characteristics of these devices, revealing that the n. increased
linearly with the applied voltage and reaching n. value of (ne)uncp = 1.42 x 10" /m’ at an applied
voltage 553 V for UNCD based device (curve I); (ne)x-uncp = 1.87 x 10'7 /m> at an applied voltage of
550 V for N-UNCD based device (curve II) and (ne)uip = 1.54 x 10'7 /m” at an applied voltage of 555
V for HiD based device (curve III). These plasma parameters were listed in Table 1. The PI behavior
measurements clearly indicate that N-UNCD and HiD based devices perform better as compared to
that of the UNCD-based ones, viz. they have the lower threshold voltage and can achieve higher
plasma density. It is to be noted that the N-UNCD based devices are superior to that of the HiD

based ones.

Generally, gas discharges in a device will be ignited by the impact of EFE electrons from
cathode, photoionization, y-ray irradiation (by radioactive elements present near by the device) and
cosmic ionization,”' whereas the sustaining of the plasma relies on the efficient supply of electrons
from the cathodes for inducing cascade ionization of Ar-species in the plasma. Diamond films are
known to possess high ion bombardment induced (Auger electrons) y-coefficient.”> However, the
y-coefficient of diamond films is insignificantly different for the diamond films with different
morphology and phase constituents.*” There must be other source of electrons for sustaining the
plasma, which make the N-UNCD and the HiD based devices performing overwhelmingly better

than that of the UNCD based ones. The field emitted electrons are the possible source, as previous
7
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studies observed that the high EFE materials do lead to large plasma current density.®® To investigate
the possible contribution of the field emitted electrons to the plasma process, we have measured the
EFE current density versus applied field (Jo.—E) characteristics, which were modeled by the F-N
theory.60

3

ABE? —Bg?
Jefe{ /; jexp ﬂg 4

Where 4 =1.54 x 10° A eV V? and B =6.83 x 10° eV*V m™, Bis the ficld-enhancement factor, £
is the applied field and ¢ is the work function of the emitting materials (5.2 eV for diamond). The
turn-on field (Eq) for EFE process was designated as the intercepts of the straight lines extrapolated
from the high-field and the low-field segments of the F-N plots. The J.r -E curves of UNCD,
N-UNCD and HiD films are shown in the Fig. 3, with the inset revealing the F-N plots. This figure
shows that the EFE process for UNCD films can be turned on at (E¢)yncp= 7.96 V/pm, achieving an
EFE current density of (Jete)uncp = 4.26 mA/cm® at an applied field of 15.5 V/um (curve I). In case
of the N-UNCD films, the EFE process can be turned on at (Eg)n.uncp= 2.07 V/um with large EFE
current density of (Jeg)x-uncp = 5.42 mA/cm” at an applied field of 4 V/um (curve II). In contrast, for
HiD films, the EFE process can be turned on at (E¢)yip= 4.5 V/pum with EFE current density of
(Jete)uin= 4.75 mA/cm?’ at an applied field of 9.2 V/um (curve III). These EFE parameters were also
listed in Table 1 to facilitate the comparison. The N-UNCD and HiD films exhibited overwhelmingly
superior EFE properties to the UNCD films which could be the key parameter, resulting in better PI
performance for the N-UNCD and the HiD based microplasma devices as compared with the UNCD

based ones.

Actually, in practical application, the optimization of lifetime is a crucial parameter of concern

for any microplasma device. Lifetime of these devices was evaluated in Ar gas atmosphere at
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working pressure of 50 Torr with applied DC power of 0.5 W (designated as J.; profile) or 1 W
(designated as J.; profile). The lifetime measurements in Ar plasma for UNCD, N-UNCD and HiD
based devices were shown in Fig. 4. For the case of UNCD based devices, the J.; profile started to
decay at 2.09 days (curve I, Fig. 4a) and onset of J., profile decaying decreased to 21.7 h for applied
power of 1 W (curve II, Fig. 4a). In contrast, for the N-UNCD based device, J.; profile started to
decay in 2.02 days (curve I, Fig. 4b), whereas J, profile started to decay at 20 h (curve I, Fig. 4b).
In case of the HiD based device, J¢; profile started to decay in 4.0 days (curve I, Fig. 4c), whereas J,
started to decay at 24.5 h (curve II, Fig. 4c). Interestingly the HiD based devices show longest

lifetime compared with those of UNCD and N-UNCD based devices.

B. Materials characteristics of the diamond cathode materials used in microplasma devices

These lifetime measurements clearly indicated that the microplasma devices based on
N-UNCD films cannot last as long as UNCD films, although the N-UNCD films possess
overwhelmingly superior EFE properties and PI performances than that of the UNCD films. The
N-UNCD films are thus not ideal cathode materials for microplasma devices. In contrast, not only
the HiD films possess superior EFE properties to the UNCD films, but also the HiD based
microplasma devices exhibit better PI performance and are more robust than the UNCD based ones.
The HiD films seem to be better choice for serving as cathode materials for the microplasma devices.
To investigate the genuine mechanism that influenced the EFE, PI and robustness of the
microplasma devices, the characteristics of these diamond cathode materials were studied
thoroughly.

Figure 5 shows the FESEM images of diamond cathode materials grown on the Au coated Si.
The surface morphology of Ar plasma grown UNCD films is very smooth (Fig. 5a), which is due to
the ultra-small diamond grains of size (around 5-10 nm) contained in these films. Whereas the

surface morphology of N; plasma grown N-UNCD films contain the horizontally spread elongated
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wire-like structures (Fig. 5b) and the surface morphology of 2-step MPECVD grown HiD films
appears cauliflower-like morphology with large equi-axed grains of size 40-50 nm (Fig. 5c). These
granular structures of UNCD, N-UNCD and HiD films are exactly the same as those grown directly
on bare Si-substrates. Although the utilization of Au interlayer will markedly enhance the EFE
behavior of the films.””® it does not much affect the surface morphologies of UNCD and N-UNCD

films.

The bonding structure of the diamond films were shown by the UV Raman spectroscopy in Fig.

6. Figure 6a reveals that, the UNCD films contain diffuse Raman resonance peaks, which can be
deconvoluted into v; at 1172 cm™!, D-band at 1336 cm™ ', D*-band at 1367 cm ™', and G-band at 1580
cm . The v; mode indicates the presence of frans-polyacetylene (+-PA) along the grain boundaries of
UNCD films grown on Si.** The D-band corresponds to the diamond materials, whereas the D*-band
and G-band imply the presence of disordered carbon and ordered graphitic phase, respectively.“’ 66
The relatively smaller D-band resonance peaks compared with the G-band and similar intense
D*-band implies that the UNCD films are predominated with sp*-bonded carbons. To obtain the
clearer depiction on bond structures of carbon in diamond, we have measured NEXAFS. The curve |
in Fig. 7 indicates that, for UNCD films, there appears an abrupt rise at 289.84 eV, corresponding to
electron core excitation of C-C (1 s)-c* band, and a second absorption valley at 301.06 eV. These
are the signature of diamond.®”*” Very small signal of C1s-n* band at 283.7 eV was observable. The
NEXAFS reveals clearly that the UNCD films are predominated with sp’-bonded carbon, the
diamond.

In case of N-UNCD film grown on Au coated Si, UV Raman spectrum (Fig. 6(b)) also shows
the presence of vi- (1168 cm™), D- (1338 cm™), D*- (1392 cm™), and G- (1598 cm™) bands. The
intensity of D*-band is much higher than D band, implying the presence of large amounts of disorder
carbon in N-UNCD films. Again, the NEXAFS spectrum for N-UNCD films was examined to

elucidate the nature of bonding in these films. Curve II in Fig. 7 shows that the N-UNCD films were
10
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also predominated with Cls-c* band and a second absorption valley, but with a large Cls-n*
observed at 283.7 eV. These observations imply that the N-UNCD films are diamond, but contain
larger proportion of sp>-bonded carbon.”””' In contrast, the Raman spectrum of HiD film, which was
shown in the Fig. 6¢, revealing the presence of sharp and high intensity of D-(1338 cm’™), besides the
broaden v;-(1170 cm™) and G-(1580 cm™) bands. The presence of high intensity D-band
simultaneously with the other diffuse Raman peaks is an indication of the presence of large diamond
and ultra-small grains at the same time in HiD films.®*® NEXAFS results of the HiD films shown as
curve III in the Fig. 7 is also similar to those of the UNCD films, viz. the spectrum contains C-C
(1s)-c* at 289.84 eV and second absorption valley at 301.06 eV that are the signature of sp*-bonded
carbon, the diamond.®””® The Cls-m* was observed at 283.7 eV but the peak intensity is not as large
as that in N-UNCD film, indicating the presence of some graphitic phase in the HiD films®® but
the amount of graphitic phase is much less than those of N-UNCD films.

The above-described studies are not sufficient for understanding the different behavior in
serving as cathode materials of microplasma devices. For this purpose, the TEM microstructure of
these films was examined. The bright field (BF) TEM micrograph shown in Fig. 8a reveals that the
UNCD films contain uniformly nanosized grains with a few aggregates of diamond grains sparsely
distributed over the samples. Notably, these aggregates are soft agglomerates, as they can be
disintegrated easily due to the electron irradiation during the TEM investigation. The inset in Fig. 8a
reveals that the selective area electron diffraction (SAED) pattern contains mainly the ring shaped
patterns corresponding to the (311), (220), and (111) lattice-planes of diamond, indicating that the
materials are diamond with randomly oriented nanosized diamond grains. There exists a prominent
diffused ring in the center of this SAED, indicating the existence of some graphitic (or a-C) phase in
these films. The size distribution of the diamond grains in these films are better illustrated by the
composed dark field (c-DF) images, which are the superposition of several dark field images,

acquired using different diffraction spots. Figure 8b shows the c-DF images of UNCD films
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corresponding to the BF image in Fig. 8a, which were superposition of DF images taken from three
different diffraction spots (blue, red and green color circles in the inset SAED pattern of Fig. 8b),
indicating that the films contain many ultra-small diamond grains of sizes about 5-10 nm and the
some diamond aggregates scarcely distributed among the ultra-small grain matrix.

More detailed investigations were carried out for the identification of different phase
constituents in UNCD/Au-Si films by high resolution TEM (HRTEM) studies. Figure 8c shows the
structure image for UNCD films corresponding to the region designated by arrow in Fig. 8a,
indicating that this material consists of both the regions with straight lattice fringes corresponding to
diamond aggregates (lower left corner) and some nano-sized diamond grains (indicated by arrows in
Fig. 8c) dispersed in the regions with curved fringes. The region with curved fringes corresponds to
graphitic phase (center and upper right corner). The Fourier transformed (FT) image of the whole
structure image (FTy) shows a spotted diffraction pattern arranged in a ring, which is of diamond (d)
phase, and donut-shaped diffused diffraction ring located at the center of the FT image, which
corresponds to graphitic (g) phase. The presence of diamond materials is highlighted by the FT
image, FT), corresponding to the region “1”, whereas the presence of nano-graphitic phase is
highlighted by the FT image, FT,, corresponding to the region “2”.

Electron energy loss spectroscopy (EELS) spectra were recorded in the carbon K-edge region
to unambiguously distinguish between the different carbon materials such as diamond, graphite and
a-C.”* Curve I of Fig. 9a and 9b show, respectively, the selected area core-loss and plasmon-loss
EELS spectra corresponding to the BF images of Figs. 8a. Cure I in Fig. 9a shows that the core-loss
EELS spectra of UNCD films are similar with the corresponding NEXAFS (cf. curve I, Fig. 7). The
carbon edge core-loss EELS spectra of UNCD films indicate the presence of abrupt rise near 290.5
eV (o*-band) and a large dip in the vicinity of 302 eV, inferring the diamond nature of these
materials.”*™ Moreover, there is a small w*-band at 285.5 eV in this core-loss EELS spectra,

inferring the presence of some sp>-bonded carbons in UNCD films. However, it is still necessary to
12
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differentiate the nature of the sp”-bonded carbon to understand the genuine mechanism, which alters
the characteristics of these diamond films. It should be pointed out that the plasmon-loss EELS
spectra is the most effective measurement for distinguishing the crystalline sp*-bonded carbon (the
graphite) from the amorphous ones, as the plasmon-loss EELS spectra for the graphitic phase shows
a prominent peak at s3 (27 eV) and those for the a-C phase shows a peak at s; (22 ¢V).”*"”” In contrast,
the crystalline sp’-bonded carbons, the diamond, shows a peak consequent to the bulk plasmon at s,
(33 eV) with a shoulder corresponding to the surface plasmon at s; (23 eV). The I/l ratio is about
1:/2.*” Curve I in Fig. 9b shows the plasmon-loss EELS spectra of the same regions of UCND
films in Fig. 8a, revealing that the UNCD films are dominated with s, and s4 peaks, indicating that
UNCD films are predominantly diamond.”*"

In contrast, Fig. 10a depicts a BF-TEM image of the N-UNCD film grown using N,/CHy
plasma with clear evidence of the formation of needle-like diamond grains of a length of 50—400 nm
and a few nanometers in diameter. The SAED contains, besides the sharp diffraction rings
corresponding to the (311), (220), and (111) lattice-planes of diamond, a more prominent diffused
ring in the center compared with those of UNCD films (cf. Fig. 8a), signifying the existence of larger
proportion of graphitic phase in these films. Figure 10b evinced the c-DF image of the films
corresponding to the BF image in Fig. 10a, indicating clearly the growth of diamond as needle-like
structures. Furthermore, the detail granular structure of the N-UNCD is unraveled by the HRTEM
micrograph (Fig. 10c), exhibiting a clear core-shell microstructure. Each wire-like grain is encased
by a few graphite layers with the thickness up to around 5 nm. The FT, image shown in the inset of
Fig. 10c illustrates a bright spotted diffraction spot corresponding to needle-like diamond grains and
weaker diffraction patterns arranged in a ring, which corresponds to randomly oriented diamond (d)
grains. Moreover, there is a donut shaped diffused diffraction ring located at the center of the FT
image, which corresponds to graphitic (g) phase lying in the matrix of the materials. The diamond

and graphitic structures are further confirmed by FT diffractograms corresponding to the selected
13
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areas. The FT; pattern from the marked area “1” gives the diamond structure, whereas the FT,
pattern from the marked area “2” points to the graphitic structure. These results confirm that each
needle-like nanowire is diamond, which is encapsulated by a sheath of graphitic phase.

Curve II in Fig. 9a shows that the core-loss EELS spectra of N-UNCD films are similar with
those of UNCD films (cf. curve I, Fig. 9a), i.e., containing an abrupt rise near 290.5 eV (c*-band)
and a large dip in the vicinity of 302 eV that inferred the diamond nature of these materials.”>"*
Moreover, there is a more prominent t*-band at 285.5 eV in the core-loss EELS spectra of N-UNCD
films compared with those of UNCD films, inferring the presence of more abundant spz-bonded
carbons in N-UNCD films. The plasmon-loss EELS spectrum of N-UNCD films (curve II, Fig. 10b)
is dominated by larger s;-band (~27 eV) with the s, and ss;-bands of much smaller intensity,
indicating that this region consists of larger proportion of graphitic phases than diamond.

These TEM microstructures indicate that the prime factor by which the N-UNCD films possess
overwhelmingly superior EFE properties to the UNCD films is the presence of graphitic sheath along
the needle-like diamond grains. This graphitic sheath with good crystallinity conducts better the
electrons compared with the a-C phase contained in the grain boundaries of the UNCD films.
However, the graphite sheath is not as strong as the sp3-bonded diamond that rendered the N-UNCD
films more susceptible to the Ar-ion bombardment erosion. Therefore, the microplasma devices
utilizing the N-UNCD films as cathode cannot last as long as those used UNCD films as cathode.
These observations imply that the possible way of enhancing the PI performance of the microplasma
devices without sacrificing their robustness is to develop materials with proper microstructure.

Interestingly, the HiD based microplasma devices not only possess superior PI performance but
also exhibit better robustness, compared with those based on UNCD films. Such a behavior is
different from those of N-UNCD based microplasma devices, which own superior PI properties but
with inferior lifetime stability. To understand how the HiD films possess superior EFE properties, yet

the corresponding microplasma devices still show better robustness compared with the UNCD ones,
14
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the microstructure and the bonding structure of the HiD films was also investigated, respectively,
using TEM and EELS. Figure 11a shows the BF-TEM micrograph of HiD films, which reveals that
the films contain large diamond aggregates, about a few hundred nanometers in size, dispersed
evenly among the ultra-small grain matrix, forming a hybrid granular structure. The c-DF image of
HiD films in Fig. 11b corresponding to the BF image in Fig. 11a shows more clearly the existence of
large diamond aggregates (blue and green regions) of dimensions around 30-80 nm among the
ultra-small diamond grains (red regions). The SAED shown as inset in Fig. 11a contains spotty
diffraction spots arranged in a ring geometry, corresponding to (111), (220), and (311) lattices of
diamond, which is owing to the co-existence of the large diamond aggregates and the randomly
oriented nano-sized diamond grains in the film. The detail microstructures of the HiD films were
further examined using HRTEM. The FT (inset, Fig. 11c¢) shows the presence of streaks associated
with the major diffraction spots, which corresponds to the planar defects, the stacking faults,
contained in the large diamond aggregates that is highlighted by FT, image corresponding to the
marked area “1” in Fig. 11c. The presence of planar defects implied that the large aggregates were
formed by the coalescence of the ultra-small diamond grains.”® Moreover, there exists a diffused
diffraction ring located at the center of the FT, image, which corresponds to graphitic (or a-C) phase,
indicating that the regions adjacent the large diamond aggregates contain large proportion of
sp>-bonded carbon, which is highlighted by the FT, image corresponding to the marked area “2”.
The proportion of sp*-bonded carbon in HiD films is much less than that in N-UNCD films.

Curve III of Fig. 9a shows the carbon edge core-loss EELS spectra of the HiD films, indicating
the presence of abrupt rise near 289.5 eV (c*-band) and a large dip in the vicinity of 302 eV, that is
similar with those of UNCD and N-UNCD films, inferring the diamond nature of these materials.”>"*
No m*-band at 285.5 eV was observable, indicating less sp*-bonded carbon contained in HiD film.
The plasmon-loss spectrum for HiD films (curve III, Fig. 9b) is subjugated by s3-band (27 eV), but

the s,- and s4-bands still dominate. These observations indicate that the HiD films contain less
15
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sp>-bonded carbon than the N-UNCD films (but more graphitic phase than the UNCD films). These
EELS results imply that although the region “2” in Fig. 11c shows abundant curved fringes and no
parallel fringes representing diamond lattice planes was observable; this region is still predominately
diamond. The lattice fringes are not observable simply because that the diamond grains in this region
was oriented away from a zone axis, weakly diffracting the electrons and showing no phase contrast.
The curved fringes corresponding to nanographite phase are thus showing up. The nanographite
phase is located above (or beneath) the diamond grains. Restated, Fig. 11c shows that the HiD films
have graphitic phase embedded in the boundaries between the large diamond aggregates and the
matrix of ultra-small diamond grains that can still enhance the electron transport, but will not be
easily eroded by the bombarding Ar-ions. Therefore, utilization of HiD films as cathode materials
can enhance the plasma illumination behavior, but will not degrade the lifetime stability for the
microplasma devices.
CONCLUSIONS

Parallel-plate kind of microplasma devices have been made by using diamond films as cathode
materials. Raman spectroscopy, NEXAFS and TEM studies reveal that, for N-UNCD films,
formation of more graphite phases around the diamond grains resulted in enhanced EFE properties
for the films. As a result, microplasma device based on these films shows better PI properties due to
enhanced EFE properties. But the lifetime studies in Ar plasma show the material erosion within a
few days for applied power of 0.5 W for N-UNCD based devices due to the inevitable exposure of
graphitic phases, which encased the needle-like diamond grains, to the Ar plasma. To achieve good
EFE properties as well as longer lifetime, we have developed HiD films, which contain sp*-bonded
carbons embedded in the boundaries of diamond grains. Such HiD films not only exhibit excellent
EFE properties and thus better PI performance, but also show better robustness for the corresponding
microplasma devices, viz. longer lifetime of four days for an applied DC power of 0.5 W in Ar

plasma. From all above studies, we conclude that the HiD films grown on Au coated Si can be
16
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applied as the electrodes for microplasma devices. This investigation sheds a light on the
development of next generation cathode materials for microplasma devices due to its enhanced PI

properties and longer lifetimes.
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Table 1. The Plasma illumination and the electron field emission parameters of
three kinds of diamond films.

Samples Plasma illumination properties Electron field emission properties
Va (V) n. (/m’) 1 (days) E, Je

(V/pm) (mA/cm?)

UNCD 433 1.42 x10" @ 2.09 7.96 4.26 @
553V 15.5 V/um

N-UNCD 415 1.87 x10" @ 2.02 2.07 542 @
550V 4.0 V/um

HiD 390 1.54 x10" @ 4.0 4.50 4.75 @
555v 9.2 V/um

(Vin)pr: Threshold breakdown voltage of Ar gas.

n. : Plasma density measured at an applied field of 5800 V/cm.
E,: Turn-on field in EFE process.

Jere: EFE current density measured at designated applied field.

1: lifetime of a microplasma device measured at applied power of 0.5 W.
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Figure captions

Figure 1. OES of Ar NIR line (811.5 nm) of the microplasma devices, which used (a) UNCD/Au-Si
films (b) N-UNCD/Au-Si films and (c) HiD/Au-Si films as cathode. The insets show the

corresponding PI images.

Figure 2. The voltage dependency of (a) Ar NIR (811.5 nm) spectral line intensiry, (b) The plasma
current density versus applied, (J.)pi-E, characteristics and (c) the plasma
density versus applied field, (n.)pi-E, characteristics of the microplasma devices, which used

(I) UNCD/Au-Si film, (II) N-UNCD/Au-Si film and (III) HiD/Au-Si films as cathode.

Figure 3. The EFE characteristics, J.—E properties, of (I) UNCD/Au-Si films, (I) N-UNCD/Au-Si
films and (IIT) HiD/Au-Si films. The inset shows the F-N plots of the UNCD/Au-Si films
(curve I), N-UNCD/Au-Si films (curve II) and HiD/Au-Si films (curve III) [Error bars in the

curves depicts the 4-6 % error in experimental data].

Figure 4. The lifetime measurements in Ar plasma environment with applied DC power of (I) 0.5
and (IT) 1 W for the microplasma devices, which used (a) UNCD/Au-Si films, (b)
N-UNCD/Au-Si films and (¢) HiD/Au-Si films as cathode.

Figure 5. The SEM micrographs of (a) UNCD/Au-Si films, (b) N-UNCD/Au-Si films and (c)
HiD/Au-Si films.

Figure 6. The UV-Raman spectra for (a) UNCD/Au-Si films, (b) N-UNCD/Au-Si films and (c)
HiD/Au-Si films.

Figure 7. The NEXAFS spectra of (I) UNCD/Au-Si films, (I) N-UNCD/Au-Si films and (III)
HiD/Au-Si films.

Figure 8. The (a) bright field and (b) composed dark field TEM micrographs of the UNCD/Au-Si
films with the inset showing the corresponding SAED. (c) The TEM structure image of the
region designated in “a”, where the ultra-small diamond grains were designated by arrows.
The FT, represents the Fourier transformed (FT) diffractogram corresponding to the whole

structure image. FT| and FT, represent the FT image of regions “1” and “2”, respectively.
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Figure 9. The selected area (a) core-loss and (b) plasmon-loss EELS spectra for (I) UNCD/Au-Si
films, (IT) N-UNCD/Au-Si films and (III) HiD/Au-Si films.

Figure 10. The (a) bright field and (b) composed dark field TEM micrographs of the N-
UNCD/Au-Si films with the inset showing the corresponding SAED. (c) The TEM
structure image of the region designated in “A”, where the FT, represents the Fourier
transformed diffractogram corresponding to the whole structure image. FT, and FT;

represent the FT images of regions “1” and “2”, respectively.

Figure 11. The (a) bright field and (b) composed dark field TEM micrographs of the HiD/Au-Si
films with the inset showing the corresponding SAED. (c¢) The TEM structure image of the
region designated in “a”, where the FT, represents the Fourier transformed diffractogram
corresponding to the whole structure image. FT; and FT, represent the FT images of

regions “1” and “2”, respectively.
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Figure 1. OES of Ar NIR line (811.5 nm) of the microplasma devices, which used (a) UNCD/Au-Si
films (b) N-UNCD/Au-Si films and (c) HiD/Au-Si films as cathode. The insets show the

corresponding PI images.
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[ Error bars in the curves depicts the 4-6 % error in experimental data].

29



RSC Advances Page 30 of 39

1/E (um/V.
A

10 00 0.2 0.8 1% @
() UNCD ay 23

(n N-.UNCD 0 ‘ ) (z-

84 (Ill) HiD \‘ P
- AAAt =

6+ P * 10
” 12

Figure 3. The EFE characteristics, J.—E properties, of (I) UNCD/Au-Si films, (I) N-UNCD/Au-Si
films and (IIT) HiD/Au-Si films. The inset shows the F-N plots of the UNCD/Au-Si films
(curve I), N-UNCD/Au-Si films (curve II) and HiD/Au-Si films (curve III).
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Figure 4. The lifetime measurements in Ar plasma environment with applied DC power of (I) 0.5
and (IT) 1 W for the microplasma devices, which used (a) UNCD/Au-Si films, (b)
N-UNCD/Au-Si films and (c) HiD/Au-Si films as cathode.
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Figure 5. The SEM micrographs of (a) UNCD/Au-Si films, (b) N-UNCD/Au-Si films and (c)
HiD/Au-Si films.
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Figure 6. The UV-Raman spectra for (a) UNCD/Au-Si films, (b) N-UNCD/Au-Si films and (c)

HiD/Au-Si films.
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Figure 7. The NEXAFS spectra of (I) UNCD/Au-Si films, (II) N-UNCD/Au-Si films and (III)
HiD/Au-Si films.
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Figure 8. The (a) bright field and (b) composed dark field TEM micrographs of the UNCD/Au-Si
films with the inset showing the corresponding SAED. (c) The TEM structure image of the
region designated in “a”, where the ultra-small diamond grains were designated by arrows.
The FT, represents the Fourier transformed (FT) diffractogram corresponding to the whole

structure image. FT, and FT, represent the FT image of regions “1”” and “2”, respectively.
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Figure 9. The selected area (a) core-loss and (b) plasmon-loss EELS spectra for (I) UNCD/Au-Si
films, (II) N-UNCD/Au-Si films and (III) HiD/Au-Si films.
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Figure 10. The (a) bright field and (b) composed dark field TEM micrographs of the N-
UNCD/Au-Si films with the inset showing the corresponding SAED. (c) The TEM structure image

of the region designated in “A”, where the FT( represents the Fourier transformed diffractogram
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corresponding to the whole structure image. FT; and FT; represent the FT images of regions “1” and

“2”, respectively.

Figure 11. The (a) bright field and (b) composed dark field TEM micrographs of the HiD/Au-Si
films with the inset showing the corresponding SAED. (¢) The TEM structure image of the
region designated in “a”, where the FT, represents the Fourier transformed diffractogram
corresponding to the whole structure image. FT; and FT, represent the FT images of

regions “1” and “2”, respectively.
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Table of Content

Diamond films are grown on Au coated silicon substrate with different granular structures, which
are differentiating in phase compositions and related properties. Microplasma devices are
architecture by using these three kinds of diamond films as cathode materials. The plasma
illumination properties such plasma current enhanced for the device made with the diamond film,
which consists of higher fraction of sp” carbon. Plasma characteristics described by optical
emission spectrum collected from different applied voltages and corresponding illumination
photographs. The robustness of diamond films in microplasma devices tested by estimating
lifetime, these results reveals that diamond films with higher fraction of sp> carbon exhibits long

lifetime.
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