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Abstract: Diamond nanostructures (DNSs) were synthesized from three different morphological
diamond, including microcrystalline diamond (MCD), nanocrystalline diamond (NCD), and
ultrananocrystalline diamond (UNCD) films by RIE method and the plasma behavior of microplasma
devices using the DNSs and diamond films as cathode materials were investigated. The Paschen-
curve approach revealed that the y-value of diamond materials is similar irrespective of the
microstructure (MCD, NCD and UNCD) and geometry (DNSs and diamond films) of the materials.
The diamond materials show markedly larger y-coefficient than the conventional metallic cathode
materials such as Mo and resulted in markedly better plasma illumination behavior for the
corresponding microplasma devices. Moreover, the plasma illumination behavior, i.e., the voltage
dependence of plasma current density (J,-V) and plasma density (ne-V) characteristics and the
robustness of the devices varied markedly with the microstructure and geometry of the cathode
materials that is closely correlated with the EFE properties of the cathode materials. The UNCD
nano-pillars, which possess the best EFE properties, resulted in markedly superior plasma behavior,
whereas the MCD diamond films, which possess the worst EFE properties, led to inferior plasma
behavior than the other kind of diamond cathode materials. Therefore, the detailed study
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demonstrates that enhancement of plasma characteristics is due to collective effect of EFE behavior

and secondary electron emission properties of cathode materials.

Keywords: diamond nanostructures, microplasma, electron field emission, secondary electron

emission, plasma illumination.

1. Introduction

Micro-discharges have indispensable applications like plasma displays [7], tunable ultra-violet
sources [9], spectroscopy of gases [10, 11], spectroscopy of water to study impurities [12], plasma
treatment for materials and nanostructured arrays [13] and confined silicon etching processes [8].
Due to these potential applications, new area of research has been opened now to search for a
cathode material, which can improve the plasma characteristics as well as enhance the long term
sustainability of micro-discharges. High efficiency in generating secondary electrons via plasma ion
bombardment (i.e., large y-coefficient), which can improve the sustainability of micro-discharges, is
of prime importance in the choice of the cathode materials for microplasma devices [15]. Diamond is
one of the unique materials with high secondary electron emission coefficient y-coefficient [14].
Moreover, diamond possesses outstanding properties like low sputtering yield due to its rigidity, high
thermal conductivity and high chemical inertness, rendering these materials suitable for applications
as cathode materials for microplasma devices. Diamond electrode has been employed as cathode in
gas discharge light source for liquid crystal display backlighting [18, 19] and cathode in gas
discharge tubes [20]. Recently, diamond films and their composites have been utilized in the
fabrication of microplasma devices [21-26]. However, it is still not clear how the intrinsic
characteristic of diamond such as its microstructure/geometry influenced the y-coefficient of cathode
materials, which in turn, enhanced the performance of the microplasma devices.

The estimation on y-coefficient of cathode is an important task for designing the microplasma

devices, as higher y can give superior self-sustaining capability for the microplasma devices [16, 17].
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Theoretical calculations and direct measurements of secondary electron yield by high energetic
primary ion bombardment on materials can provide information on the intrinsic y-coefficient of a
material [27], but they do not predict how the microstructure and geometry of the cathode materials
modified their y-coefficient [28, 29]. In general, not only cathode’s intrinsic properties but also its
surface structure influences the secondary electron emission characteristics [30-32]. So it is of utmost
importance to directly estimate the y value by analyzing the discharge behavior of the plasma [33].
The well-known method called Paschen law, which was derived from Townscend theory, evaluated
the y-value of the cathode materials by using the electric breakdown properties of gases, such as
minimum breakdown voltages (V}) at optimum pressure x distance (pd)-value [34]. This technique is
simple and effective for evaluating cathode materials in practical plasma environment.

In this study, we have synthesized diamond nanostructures (DNSs) from three different pristine
diamond films via reactive ion etching (RIE) process. We have evaluated the y-coefficient of these
DNSs and diamond films by using Paschen curves approach and measured the microplasma
properties such as voltage dependence of the plasma illumination (PI) and plasma density behaviors.
The lifetime stability of these microplasma devices was also investigated to evaluate the robustness

of these cathode materials.

2. Experimental methods
2.1. Cathode Materials

We fabricated three kinds of DNSs, such as microcrystalline diamond (MCD) nanocones,
nanocrystalline diamond (NCD) nanotips and ultrananocrystalline diamond (UNCD) nanopillars
from their respective diamond films. The fabrication process of DNSs is reported elsewhere [35].
Briefly, the pristine MCD, NCD and UNCD diamond films were first grown on Si substrates by
using the microwave plasma enhanced chemical vapor deposition system (IPLAS, Cyrannus, 2.45
GHz), using CH4(1%)/H,, CH4(1%)/Ar(49%)/H,(50%) and CH4(1%)/Ar plasma, respectively. Prior
to the reactive ion etching (RIE) process, Au thin film of 4 nm in thickness was deposited on pristine
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diamond films, followed by annealing at 750°C to form self-assembled Au nanodots, which served as
a mask in the RIE process for fabricating the DNSs. These diamond films were then subjected to DC
biased RIE etching process in the presence of O, + CF, plasma. The fabricated DNSs were
characterized using field emission scanning electron microscopy (FESEM, JEOL-6500) and visible-
Raman spectroscopy (A=632.8 nm, Lab Raman HR800, Jobin Yvon).
2.1. Microplasma devices

To investigate the effect of DNSs (or diamond films) cathode materials on the behavior of
microplasma devices, a cylindrical type microplasma device was made by using the DNSs (or
diamond films) as cathode and ITO/phosphor coated glass as anode, which were separated by
Teflon™ spacer (~1 mm in thickness). A cylindrical cavity was formed by cutting a circular hole
(size ~5 mm) in Teflon spacer. The schematic diagram of microplasma measurement setup is shown
in figure 1. The devices were kept in the vacuum chamber with base pressure of 0.01 mTorr and
externally connected to DC power supply through a 500 k< resister. Prior to the measurements, all
the samples were heated at 200°C (1 hour) for removing the moisture on the surface to improve the
reliability of the measurements. Argon gas was allowed to flow at the rate of 10 sccm throughout the
measurements. The DC voltage was increased linearly from 0 V to the breakdown and then up to the
maximum voltage of 550 V for all the devices (at room temperature) and the plasma currents were
acquired at constant pressure. We have observed the plasma through transparent anode by USB
microscope and have taken the snapshots for different voltages to characterize the plasma
illumination (PI) behavior of the microplasma devices. The Microsoft paint was used to
quantitatively analyze of plasma illumination intensity, i.e., the RGB (RED+BLUE+GREEN) value,
of emission from the microplasma devices.

We have followed the conventional Paschen-curve method for estimating the y values [36, 37].
The breakdown measurements were carried out for fixed electrode gap of 0.1 cm with the Ar gas

pressure varied from 0.1 to 10 torr and the breakdown phenomenon was monitored by measuring the
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device current throughout process, while increasing the voltage monotonically. The breakdown
voltage of the gas varied with pressure at the particular electrode gap. The lowest breakdown voltage
at particular ‘pd-value’ was used to estimate the value of y [36-39], that is, the breakdown parameters
of Ar gas in all of these devices were used for calculating the y by using equation (1).

1

V= “Bpd 1
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where A, B are constants (A =0.09 Pa* cm ' and B = 1.35V Pa ' cm™* for Ar gas), V and pd are
breakdown voltage and pd-value corresponding to lowest breakdown voltage (p is pressure and d=

distance between electrodes).

3. Results

3.1 Material’s characteristics

Figure 2 shows the SEM images of DNSs fabricated from different morphological diamond
films and the SEM images of pristine diamond films are shown as insets in the corresponding
figures. All these nanostructures (DNSs) are well aligned and uniformly distributed with high aspect
ratios. These DNSs differ not only in the shape and number densities but also in granular structure.
Figure 2 (a) illustrates the vertically aligned MCD nanocones, which were formed by RIE of MCD
films, have geometry of a sharp pyramid and ~40 nm in size (measured in the base of pyramids are
uniform). The size of each nanocones is markedly smaller than that of the grain size of MCD films,
implying that each individual MCD nanocone was single crystalline as it was shaped from a faceted
MCD grain. Each MCD diamond grain was converted into 4-5 MCD nanocones. Figure 2(b) shows
the NCD nanotips of the size around tens of nanometers, which are of long rod geometry and are
about the same size of diamond grains in NCD films (~ tens of nanometers, inset of figure 2(b)).
Therefore, it seems that each nanotip is made by etching along a single NCD column. In contrast,

figure 2(c) shows that the UNCD nanopillars are of totally different geometry from the MCD and
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NCD DNSs. They are of blunt rod geometry and slightly larger in diameters than those of MCD (or
NCD) derived DNSs. The UNCD diamond films consist of ultra-small spherical grains of the size
around 5 nm and relatively thick grain boundaries, containing sp>-bonded carbon [40]. Therefore, the
UNCD nanopillars comprises of multiple diamond grains.

3.2 y-coefficient of cathode materials

The most critical characteristic of the cathode materials, which influences the performance of
the microplasma devices due to the efficiency of the cathode materials to emit secondary electrons
due to the ion bombardment, i.e., the y-coefficient. As it is well known that, while photoionization,
radioactivity ionization and cosmic rays can initiate the breakdown phenomena in DC gas
discharges, only the secondary electron emission from the cathode due to ion bombardment could
make self-sustain the plasma [15-17]. Therefore, it is important to understand that how the granular
structure and geometry of the cathode materials altered their y coefficient. We utilized the Paschen-
curves, which is the variation of breakdown voltage (Vy,) against the pressure-distance product (pd-
value), to evaluate the y-coefficient of the DNSs and diamond films [36-39]. The Paschen curves of
all the devices were measured at fixed cathode-to-anode distances (d = 0.1 cm) and are shown in
figure 3(a) for DNSs and in figure 3(b) for diamond films, where the breakdown voltage (Vy) was
measured with pressure varied from 0.1 Torr to 10 Torr. While increasing the pressure with step of
0.5 Torr at constant distance (d), the breakdown voltages first decreased with pressure, reaching a
minimum value at (pd)min, and then reverted back for higher pressure for all the materials. It is well
known that, at lower pd-values than (pd)min, the breakdown voltage is higher due to vacuum
insulation and, at higher pd-values than (pd)min, the breakdown voltage is higher due to high pressure

insulation [36].

The Paschen-curve for MCD nanocones based devices is shown as curve | in figure 3(a),

indicating that the V}, value decreased up to a minimum value of 349 V at (pd)min = 0.15 Torr < cm
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and then reverted back. By using these electric discharge parameters, we estimated the y value from
equation (1) as (y)mcp-nnss = 0.2327 for MCD nanocones cathode materials. In contrast, the Paschen-
curve of MCD film device was shown as curve | in figure 3(b) and the estimated y value of (y)mcop fim
=0.2307 was observed. It is surprising to see that the y-value of MCD nanocones do not show much
difference from that of MCD films. Such a phenomenon will be further discussed later. Similarly, for
the case of NCD nanotips based devices, the minimum V,, value of 319 V occurred at lowest pd =
0.15 Torr - cm (curve 11, figure 3(a)) with corresponding y—value of (y)ncp-onss = 0.2365, whereas
the Paschen curves corresponding to NCD films gives y- values of (y)ncp film = 0.2331 (curve 1l in
figure 3(b)), showing again that the y-value does not change much when the morphology of the NCD
materials changed from the nanotips to films. For the case of UNCD nanopillars based devices, the y-
values estimated from the Paschen curves in curve 11 of figure 3(a) is (y)uncp-ons = 0.2384, whereas
for the case of UNCD films, the Paschen-curves in curve Ill of figure 3(b) show the y-values of
(Y)unco fim = 0.2348 for UNCD films device. To facilitate the comparison, the y-value of Mo was
also evaluated. The Paschen curve of Mo cathode is shown as curve 1V in figure 3(b) for electrode
gap of 0.1 cm, depicting the lowest breakdown voltage of 450 V at (pd)min = 0.20 Torr « cm with y-
coefficient of (y)mo = 0.1224, which is significantly smaller than those of diamond DNSs and

diamond films. The y-values of DNS, diamond films and Mo are tabulated in Table. 1.

It is interesting to notice that the y-values of the cathode materials varied insignificantly among
the diamond materials with the different granular structures (i.e., MCD, NCD or UNCD) and
geometry (i.e., DNSs or films). However, the y-values for diamond materials are markedly larger
than Mo materials. These observations imply that the y-value depends only on the material’s intrinsic
properties such as work function and ionization potential with the detailed microstructure and
geometry of the materials showing insignificant effect. Such an observation is in accord with the

proposed model [36].
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3.3 The plasma illumination behavior

Knowing that all diamond cathode materials possess the same y-coefficient, regardless of their
granular structure and geometry, the effect of utilization of these DNSs and diamond films as
cathode materials on the plasma characteristics of the microplasma devices were then investigated.
Figure 4(a) shows the Ar plasma illumination characteristics of cylindrical type microplasma devices
using the DNSs as cathode materials. Typical plasma illumination image of the microplasma devices
are shown as inset in these figures. The plasma illumination intensities of these devices were
evaluated in terms of total value of red (R) + green (G) + blue (B) [RGB] components of emission
spectrum, which were plotted against the voltages in figure 4(a). The plasma illumination intensities
of devices were measured at a distance of d = 5 cm away from the devices. These plots reveal that

the plasma in the devices was triggered in the range of 290 - 350 V for DNSs cathode microplasma

devices. The voltage at which the plasma of the devices was triggered was designated as “igniting
voltage”, Vi. The plasma intensity increases monotonously with voltage for all the devices after
ignition. Among the three devices based on DNSs cathode materials, UNCD nanopillars based depict
the highest plasma illumination intensity and MCD nanocones based devices exhibit the lowest

intensity.

To better describe the plasma illumination behavior of these microplasma devices, the plasma
current density (Jpi)—voltage (V) curves for these devices at working pressure of 2 Torr were acquired.
Figure 5(a) shows the Jy —V curves for the microplasma devices using the DNSs as cathode
materials, indicating the J, -values increased monotonously with applied voltages such as the Jy-
values emerge as 0.75 mA/cm? (for MCD), 0.92 mA/cm? (for NCD) and 1.50 mA/cm? (for UNCD)
at an applied voltage of 430 V. Furthermore, the plasma density (ne) was estimated from Jy values of

the plasma by using the Child’s law (with Bohm sheath model), as shown in equation 2 [41].
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n, =—- )

Where e is the electron charge and ug is the Bhom velocity. Bhom velocity of Ar ion is strictly
dependent on the kinetic energy of the electron and the mass of ion, which is described in equation 3

[42].

Ug = - 3

Where k is the Boltzmann constant, Tk is electron temperature and m; is the mass of Ar ion.

The T value of these typical plasma systems was evaluated from the optical emission spectrum
(OES) of Ar plasma using Boltzmann plots. i.e., log (ny/gp) vs Ep, where n, is the absolute
populations of the different atomic levels of Argon, E, is the energy of p level and g, is the parity

[43]. The nyvalues were calculated from OES intensity | using eq. (4) [43].

_hc ApgApg
| —ETnp““ """"""" 4)

Where 1 is intensity of Arl lines, A is the wavelength of the corresponding transition, h is the Planck’s
constant and c is the light velocity, Ay is the coefficient for spontaneous emission from level p to

level gand A nq is the escape factor of this transition. The Apgand A nq values were acquired from

the literature [43].

The OES spectrum of Ar plasma in MCD-nanocone based devices is shown in figure 5(b) and
the inset shows the corresponding Boltzmann plot, which contains the (ny/g,) values corresponding
to Arl lines (763.51 nm, 794.81 nm, 801.47nm and 840.82 nm) to illustrate the process for the
evaluation of electron temperature (T.) from the OES spectra. The slope of the Boltzmann plot
illustrates the value of T, as 7841 K (0.67 eV) for this plasma. By using the above mentioned
formula (egs. (2) and (3)), we have calculated the n.-value corresponding to each measured Jp-value

in curve | of figure 5(a) and the n, against the applied voltage (ne—V) behavior are shown as curve |
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in figure 5(c) for the MCD based DNSs devices. For the applied voltage of 430 V, the estimated n,
values is (Ne)mcp-pnss= 3.92 % 10" m™ for microplasma devices utilizing MCD nanocone as cathode.
The OES spectra for NCD and UNCD based devices, which are not shown here, indicated that the
Te-values do not change much for different DNSs cathode materials, i.e., Te~7840 K. The NCD

nanotip and the UNCD nanopillar based devices show the ne-values as (Ne)ncp-pnss= 4.79 x 10" m®

and (ne)unco-onss= 7.79 X 10" m™ at an applied voltage of 430 VV (curves Il and IlI, figure 5(c),

respectively). Among the DNSs-based microplasma devices, the UNCD nanopillar based devices
exhibit the best performance, i.e., the lowest Vj-value with the largest ne-value, whereas the MCD
nanocones based devices exhibit the worst performance, i.e., the highest Vj-value with lowest ne-
values.

To facilitate the comparison, we also fabricated the microplasma devices using the three
pristine diamond films, including MCD, NCD and UNCD films, as cathodes. Figure 4(b) shows the
RGB-value of the plasma illumination and figure 6(a) shows the Jy vs V curves for the pristine
diamond films based microplasma devices, which indicates the igniting voltage, V;-values, of 430 V
for MCD films based devices, 400 V for NCD films based devices and 360 V for UNCD films based
devices. The MCD film based devices reached the Jy-value of (Jo)mcp film = 0.28 mA/cm? (curve I,
figure 6(a)) at an applied voltage of 460 V, whereas the NCD and the UNCD film based devices
attained the Jy values of (Jpi)nco film = 0.47 mA/cm? and (Jp)unco fim = 0.96 mA/cm? (curves 11 and
I, figure 6(a)), respectively. Similarly, the ne-values of these devices were evaluated from the Jy-

value by using modified Child’s law (i.e., egs. (2) and (3)) and, at an applied voltage of 460 V, the

ne-values are lowest for MCD film based device ((Ne)mcp fim= 1.47 X 1016/m3, curve |, figure 6(b)).
The ne-values of NCD and UNCD film based devices are (N¢)ncp fim = 2.48 X 10%%/m? (curve 11,

figure 6(b)) and (ne)unco film= 4.99 X 10%%/m® (curve 111, figure 6(b)), respectively. All these J,- and

ne-values were tabulated in Table. 2. Among the three pristine films based microplasma devices, the

10
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UNCD films based devices exhibit the best, whereas MCD films based devices show worst plasma
illumination behavior than other devices. Moreover, the DNSs based microplasma devices exhibits
markedly superior better plasma illumination intensity to the diamond films based devices.
Nevertheless, the diamond based microplasma devices based on either DNSs or diamond films based
ones, show much better plasma performance compared with the Mo-based devices. The Mo based
microplasma devices revealed higher igniting voltage (Vi-value) of 460 V with smaller Jy-value
(0.63 mA/cm?, at 460 V, curve 1V in figure 6(a)) and smaller ne-value (3.27 x 10'® cm™, at 460 V,

curve 1V in figure 6(b)).

The EFE measurements of all the DNSs and diamond films are listed in Table. 3 [35],
indicating that, among the DNSs, the UNCD nanopillars possess the best EFE properties, viz. with
the lowest turn-on field (Eo=11.6 VV/um), the largest field emission enhancement factor (3=3041) and
highest EFE current density (Jere=3.95 mA/cm? at 3.0 V/um), whereas the MCD nanocones possess
the worst EFE performance, i.e., with the largest Ey value (Eo=35.0 V/um), the smallest B-factor
(B=259) and the lowest Jete (Jere=0.91 mA/cm? at 200 \//um). Moreover, the EFE properties of DNSs
are markedly better than those of the diamond films. Comparison of Table. 2 and Table. 3 indicates
that the superior the EFE properties of the cathode materials are, the better the performance of the
microplasma devices. Restated, although all of DNSs and diamond films possess similar value of y-
coefficient, the DNSs-based microplasma devices do show better plasma performance compared
with those of the diamond films-based ones that apparently can be ascribed to the superior EFE

properties for DNSs cathode materials.

For practical application of plasma devices, not only the plasma illumination behavior but also
the robustness of the microplasma devices is of great concern. Therefore, lifetime measurements
were carried out for DNSs and diamond films based devices in order to investigate the robustness of

these materials. The results of lifetime test of all the microplasma devices using these materials as

11
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cathode are shown in the figure 7. This figure shows that, when measuring at an applied voltage of
450 V, the lifetime of (t)mco fims =6.17 h (at Jy value of 0.4 mA/cm?) was observed for MCD films
based microplasma devices (curve 1, figure 7(a)) and (t)mcp nanocones =4 h (at Jp value of 1.1 mA/cm?)
for MCD nanocones based devices (curve Il, figure 7(a)). The MCD films based microplasma
devices exhibit longer lifetime than the MCD nanocone based devices. Notably, the larger Jy-value
was observed for MCD nanocones based devices as compared with that of the MCD films based
devices, when tested under the same voltage, is due to the better EFE properties of the MCD
nanocone cathode materials compared with those of the MCD films.

In contrast, for the case of NCD based microplasma devices, the lifetime values of (t)nco film
=5.35 h (at Jp = 0.47 mA/cm?) was achieved for NCD films based devices (curve I, figure 7(b)) and
(TINCD nanotips =3.75 h (at Jp = 1.2 mA/cm?) was attained for NCD nanotips based devices (curve I,
figure 7(b)). The lifetime value of NCD based devices is slightly inferior to the MCD based ones,
which is due to the presence of more abundant grain boundaries contained in NCD based cathode
materials. However, the lifetime of NCD based devices are better than those of UNCD based devices.
For the case of UNCD based devices, the t -value measurements shows the lifetime of (t)unco fiim
=4.7 h (at Jp value of 0.85 mA/cm?) for UNCD films based devices (curve I, figure 7(c)) and the 1-
values of (t)uncoons =2.9 h at Jp = 1.7 mA/cm? (curve 11, figure 7(c)) for UNCD nanopillars based
devices. The lifetime measurements describe that the microplasma devices using diamond films as
cathode exhibit longer lifetime than those using DNSs as cathode materials, which is expected.

The marked influence of granular structure of the diamond materials on the robustness of the
materials is observed for the first time (i.e., (t)mcp > (t)nep > (t)unco). The possible explanation is
that the MCD and NCD films (or the MCD nanocones and NCD nanotips) contain diamond grains
with very sharp and clean grain boundaries, which are quite resistive to Ar ion bombardment damage.
In contrast, the UNCD (or the UNCD nanopillars) contain ultrasmall diamond grains with abundant

grain boundaries, which are relatively thick and contains sp®-bonded carbons. The sp>-bonded

12
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carbons are much more susceptible to Ar ion bombardment damage that renders the UNCD (or the
UNCD nanopillars) with markedly less robustness compared with the MCD and NCD films (or the
MCD nanocones and NCD nanotips). The question that remained unexplained is why the cathode
materials with superior EFE properties led to better performance of the corresponding microplasma

devices.

4. Discussions

Simulation done by Venkatraman et al. [44-47] suggests that ion number density near the
cathode causes the ion-enhancement in microelectromechanical devices. On the other hand, in the
breakdown of a gas, usually termed Townsend’s breakdown, there are two primary mechanisms that
contribute to a significant rise in charge carriers — gaseous charge production through electron impact
ionization (the a process) and cathode charge production through secondary emission (the y process)
[41, 47, 48]. Secondary emission is the electron emission from cathode materials due to bombarding
particles/photons and is typically dominated by ions through Auger processes, though incident
photons and metastable ions can also be a factor. Recent detailed experiments by Hourdakis et al
[49] stated a mathematical model of the modified Paschen’s curve, which investigated the role of
surface protrusions in micro scale breakdown. These results showed that geometric surface
enhancement was generally insufficient for the fields observed in breakdown experiments using
conventional cathode materials such as copper or tungsten.

Higher y-coefficient is apparently the major factor resulting in lower breakdown voltages and
large enhancement in PI characteristics for microplasma devices using different DNSs (or diamond
films) as cathode materials compared with those using Mo as cathode. However, our experimental
studies on y—coefficient for DNSs and diamond films show very slight variation in increase of
y—coefficient (4.3 %) among the cathode materials that cannot account for the lowest Vy-value and

largest n.-value of UNCD nanopillars based microplasma devices among the diamond based devices.

13
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In contrast, the variation in Jy (and ne) values among the diamond based microplasma devices seems
to be closely correlated with the EFE properties of the cathode materials (cf. Tables. 2 and 3).
According to Fowler-Nordheim model [50], the EFE current density emitted from the cathode
materials increased exponentially with the electric field experienced by the cathode after the EFE

process of the materials was turned on:

AB2E? —B¢g
Il =| = S 6
: ( ; jexp e ©)

where A =154 x 10° AeV V?and B = 6.83 x 10° eV*?V m™, Bis the field-enhancement factor, E
is the applied filed and ¢ is the work function of the emitting materials. However, for the cathode-to-
anode separation of 1 mm in microplasma device, the electric field experienced by the diamond
cathode materials is around 0.5 V/um (when the applied voltage is 500 V), which is considerably
smaller than the turn-on field required for triggering on the EFE process for the cathode materials
(cf. Table. 3). Here, the only possible way of effect of EFE electrons in enhancing the plasma

illumination behavior is in case of the post breakdown of Ar gas.

To understand such a possibility the plasma behavior of the microplasma devices in post
breakdown process was investigated using CFD simulation, which is shown in supporting
information. Briefly, from CFD simulations, it has been observed that, the electric field experienced
by a cathode in post breakdown case increase dramatically compared with those prior to the
breakdown process. Therefore, it can be concluded that the electrical fields experienced by the
cathode materials in post breakdown process in microplasma devices will be sufficient for inducing
the EFE process of the cathode materials. Therefore, both the larger y-value and the superior EFE
properties of DNSs (and pristine diamond films) renders these cathode materials behavior
overwhelmingly superior to conventional Mo cathode materials thereby enhancing the PI

performance of the microplasma devices.
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5. Conclusion

The effect of cathode materials with different diamond nanostructures (DNSs) on enhancing
the plasma illumination (PI) behavior of microplasma devices was systematically investigated. The
DNSs include microcrystalline diamond (MCD) nanocones, nanocrystalline diamond (NCD)
nanotips and ultrananocrystalline diamond (UNCD) nanopillars. The Paschen-curve measurements
revealed that the diamond materials possess higher y—value than the conventional metallic cathode
materials such as Mo that led to enhanced plasma illumination (Pl) behavior, i.e., lowered
breakdown voltages with higher plasma density for the microplasma devices. However, different
granular structure for the DNSs does not pronouncedly alter the y-coefficient of the materials. On the
other hand, the superior electron field emission (EFE) properties of cathode materials improved
markedly the Pl behavior of the microplasma devices. The microplasma devices using DNSs as
cathode perform better than those which used diamond films as cathode materials. Among the
different kind of DNSs, the UNCD nanopillars possess the best electron field emission properties and
therefore, the corresponding microplasma devices exhibited the best plasma performance, compared

to other kind of DNSs (or diamond films) used as cathode materials.
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Table 1. Secondary electron emission coefficient (y-coefficient) measurements at d = 0.1

AUTHOR SUBMITTED MANUSCRIPT - MRX-102981

cm in microplasma devices using these DNSs (or diamond films) as cathode

Vp (V)

y —vale

materials

(Vb)onss  (Vb)fitms

YDNS  Yfilms

MCD 349 373
NCD 319 348
UNCD 305 333
Mo bulk - 450

0.2327 0.2307

0.2365 0.2331

0.2384 0.2348

- 0.1224
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Table 2. Plasma characteristics of the microplasma devices using diamond nano-

structure (DNSs) or diamond films as cathode

Sample name Jpi-value at 460 V ne-value at 460 V
(mA/cm?) (10'° m®)
(JpI)DNSs (Jpl)films (ne)DNSs (ne)films
MCD 0.80 0.32 3.92 1.60
NCD 1.01 0.50 5.00 2.55
UNCD 1.60 0.99 8.02 5.10
Mo bulk - 0.63 3.27

Table 3. Electron field emission properties of diamond nanostructures (DNSs) or

diamond films

Sample Eo (V/pm) Je (MA/cm?)@ B — value
name Ea (V/pm)
(EO)DNSS (EO)fiIms (Je)DNSs (Je)films BDNS Bfnms
MCD 35.0 41.6 0.91@200 0.21@52.6 259 227
NCD 16.7 24 2.50@38 1.13 @ 35.2 347 309
UNCD 11.6 18.8 3.95@30 1.19 @ 28 3041 1191
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Figure captions

Figure 1. Schematic diagram of microplasma measurement system.

Figure 2. SEM micrographs of (a) MCD nanocones, (b) NCD nanotips and (c) UNCD nanopillars.
The insets show the corresponding SEM micrographs of the pristine diamond films used for
fabricating the diamond nanostructures (the bar in the inset represents 200 nm).

Figure 3. Paschen-curves, the V,, vs. pd-value, of microplasma devices, which used (a) DNSs and (b)
diamond films as cathode materials.

Figure 4. Variation of RGB values against applied voltage for microplasma devices using (a) DNSs
and (b) diamond films as cathode materials. The RGB values estimated at source to USB camera
distances of 5 cm and the insets show the corresponding plasma illumination images.

Figure 5. (a) Jyivs. V characteristics and (c) ne vs. V characteristics of the microplasma devices using
DNSs as cathode: (I) MCD nanocones, (II) NCD nanotips and (111) UNCD nanopillars; (b) OES
spectrum of typical microplasma devices using DNSs of MCD as cathode at pressure of 2 torr and
applied voltage of 500 V with inset showing the Boltzmann plot.

Figure 6. (a) Jyivs V characteristics and (b) the nevs V characteristics of microplasma devices using
diamond films as cathode : (1) of MCD films, (I1) NCD films, (111) UNCD films and (V) Mo bulk.
Figure 7. Lifetime measurements of microplasma devices operated under applied voltage of 450 V
and working pressure of 2 torr: (a) MCD based devices, (b) NCD based devices and (c) UNCD based

devices at applied voltage of 450 V. The (I)’s for diamond films and (I1)’s for DNSs.
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Figure S1. CFD simulated curves of (a) potential distribution (b) electric field distribution (c)
plasma density distribution and (d) ion density distribution of DC plasma between two electrodes at
pressure of 0.4 torr and voltages of 500 V and 600 V. The dotted lines show the curves for Mo case

(y = 0.1224) and the solid lines show the curves for diamond case (y = 0.2433).

Figure S2. CFD contour plots of (a) potential distribution; (b) electric field distribution, (c) plasma

density distribution and (d) Ar * ion density distribution of DC plasma between two electrodes at

pressure of 0.4 torr and voltages of 600 V.
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Figure 1. Schematic diagram of microplasma measurement system.
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Figure 2. The SEM micrographs of (a) MCD nanocones, (b) NCD nanotips and (c) UNCD
nanopillars. The insets show the corresponding SEM micrographs of the pristine diamond films used

for fabricating the diamond nanostructures (the bar in the inset represents 200 nm).
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47 Figure 3. Paschen-curves, the V,, vs. pd-value, of microplasma devices, which used (a) DNSs and (b)

49 diamond films as cathode materials.
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Figure 4. The variation of RGB values against applied voltage for microplasma devices using (a)
DNSs and (b) diamond films as cathode materials. The RGB values estimated at source to USB

camera distances of 5 cm and the insets show the corresponding plasma illumination images.
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48 Figure 5. (a) The Jp vs. V characteristics and (c) The ne vs. V characteristics of the microplasma
50 devices using DNSs as cathode: (I) MCD nanocones, (I1) NCD nanotips and (111) UNCD nanopillars;
(b) OES spectrum of typical microplasma devices using MCD DNSs as cathode at pressure of 2 torr

55 and applied filed of 500 V with inset showing the Boltzmann plot.
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Figure 6. (a) The Jy vs V characteristics and (b) the ne vs V characteristics of microplasma devices

using diamond films as cathode : (I) of MCD films, (1) NCD films, (111) UNCD films and (V) Mo

bulk.
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Figure 7. The lifetime measurements of microplasma devices operated under applied voltage of 450

V and working pressure of 2 torr: (a) is for MCD based devices, (b) NCD based devices and (c)

UNCD based devices at applied voltage of 450 V. The (I)’s for diamond films and (II)’s for DNSs.

29



