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ABSTRACT: Bias-enhanced nucleation and growth of diamond—graphite 5
nanohybrid (DGH) films on silicon substrates by microwave plasma enhanced
chemical vapor deposition using CH,/N, gas mixture is reported herein. It is 44
observed that by controlling the growth time, the microstructure of the DGH ‘E
films and, thus, the electrical conductivity and the electron field emission (EFE) © 31
properties of the films can be manipulated. The films grown for 30 min E
(DGHp;y) possess needle-like geometry, which comprised of a diamond core = 2
=

encased in a sheath of sp>-bonded graphitic phase. These films achieved high
conductivity of 6 = 900 S/cm and superior EFE properties, namely, low turn-on
field of 2.9 V/um and high EFE current density of 3.8 mA/cm? at an applied
field of 6.0 V/um. On increasing the growth time to 60 min (the DGHyg), the
acicular grain growth ceased and formed nanographite clusters or defective
diamond clusters (n-diamond). Even though DGHgg, films possess higher
electrical conductivity (6 = 1549 S/cm) than the DGHyy, films, the EFE
properties degraded. The implication of this result is that higher conductivity by itself does not guarantee better EFE properties.
The nanosized diamond grains with needle-like geometry are the most promising ones for the electron emission, exclusively
when they are encased in graphene-like layers. The salient feature of such materials with unique granular structure is that their
conductivity and EFE properties can be tuned in a wide range, which makes them especially useful in practical applications.
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1. INTRODUCTION

Carbon-based materials are noble and require low voltages for
electron field emission (EFE). A wide range of carbon
materials, such as carbon nanotubes, graphene, and diamond-
like carbon films have been extensively studied for the
development of electron field emitters. Carbon-based field
emitters with low threshold field can provide sufficiently high
EFE current densities for use in flat panel displays, X-rays and
microplasma applications.' ™ However, long-term emission
stability and low emission density are the major issues for most
of the carbon-based EFE devices. On the other hand, the
diamond films possess strong covalent bonds with excellent
physical and chemical properties and therefore exhibits the
highest reliability.*” Diamond-film-based EFE devices have
been used in the fabrication of flat panel displays and
microelectronic devices.* ' Ultrananocrystalline diamond
(UNCD) film grown in CH,/Ar plasma is a special form of
diamond film that contains ultrasmall (2—5 nm) sp*-bonded
diamond grains with amorphous carbon (a-C) grain boundaries

-4 ACS Publications  © 2015 American Chemical Society

of considerable thickness, and hence, it possesses superior
conductivity and enhanced EFE properties as compared to
other kinds of diamond films."" However, the UNCD films are
still not as conductive as the carbon-based films due to low
conductivity of the a-C phases present in the grain boundaries
of UNCD films that limits the EFE properties of the films.'>~"*

Incorporation of nitrogen in the CH,/Ar plasma demon-
strated enormous improvement in electrical conductivity and
EFE properties.'>'® The conductivity of UNCD films has been
increased to 143 S/cm. Gruen et al. grew diamond films with
needle-like grains, achieving higher conductivity.17 Later, it was
observed that the high conductivity of such films arise from the
presence of graphitic phase encasing the needle-like diamond
grains.'®"? Post-treatment of these needle-like granular
structured diamond films in hydrogen plasma for 10 min has
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further increased the conductivity up to 216 S/cm.”

Incorporation of N into diamond films via the addition of N,
into reacting gas requires high growth temperature (800 °C).
Bias enhanced nucleation and growth (BEN—BEG) processes
have been utilized to induce the formation of graphitic phase in
microcrystalline diamond (MCD),*! nanocrystalline dia-
mond,”> and UNCD* films at low growth temperature
(<500 °C). Enhanced EFE properties for these films have
been attained.”'~>* The BEN—BEG processes have great
potential for inducing the formation of nanographitic phase
in diamond films. This is also a promising method for preparing
the highly conducting diamond films without the need for high
growth temperature.

In this study, diamond-graphite nanohybrid (DGH) films
were grown in CH,/N, plasma with the application of negative
biased voltage (—250 V). Highly conductive DGH films were
obtained at low substrate temperature. It has been observed
that the microstructure of thus obtained DGH films change
markedly with the growth time, as do the conductivity and the
EFE properties of the films. The DGH films grown for 30 min
exhibit the best EFE properties with lowest turn-on field of 2.9
V/um, whereas the films grown for 60 min have the highest
conductivity (6 = 1549 S/cm) but slightly degraded EFE
properties. The conductivity and EFE properties of the DGH
films are closely correlated with the microstructure of the films.
The evolution of microstructure with the thickness of the films
were systematically investigated using transmission electron
microscopy, and the formation mechanism for the change in
microstructure was discussed based on TEM observations.

2. EXPERIMENTAL METHODS

The DGH films were grown on n-type silicon substrates by microwave
plasma enhanced chemical vapor deposition system. Prior to the
deposition of DGH films, the silicon substrates were seeded by
ultrasonication in a methanol solution containing nanosized diamond
powders (~5 nm) and Ti powders (~32.5 nm) for 45 min.** The
substrates were ultrasonicated again in methanol for 1 min to eradicate
the possibly adhered nanoparticles. The DGH films were grown in
CH,(6%)/N,(94%) plasma and excited by a 1200 W microwave
power with a SO Torr total pressure. A negative bias voltage (—250 V)
was applied to the Si substrate when the pressure reached 50 Torr in
the growth period of 10—60 min. The corresponding films were
designated as DGHyy, where T is the growth time. In addition, the
DGH films were also grown without bias for 30 min to facilitate the
comparison and the corresponding films were designated as DGHy;o.
The species contained in the plasma during film’s deposition process
were analyzed using in situ optical emission spectroscopy (OES,
BWTEK). The morphology and the bonding structure of the films
were characterized using scanning electron microscopy (SEM; Jeol
JSM-6500F) and visible-Raman spectroscopy (A: 632.8 nm, Lab
Raman HR800, JobinYvon), respectively. The local microstructure and
bonding structure of the samples were examined using TEM (Jeol
2100F) and electron energy loss spectroscopy (EELS; GatanEnfina),
respectively.

The EFE properties of the DGH films were measured with a
tunable parallel plate setup using Cu-rod (3 mm in diameter) as anode,
in which the cathode-to-anode distance was controlled using a
micrometer. The current—voltage (I—V) characteristics were measured
using an electrometer (Keithley 2410) under pressure below 107
Torr. The EFE parameters were extracted from the obtained I-V
curves by using the Fowler—Nordheim (F—N) model.>* The turn-on
field (E,) was designated as the point of interception of the straight
lines extrapolated from the low- and high-field segments of the F—N
plots, namely, In (J,/E*) versus 1/E plots, where ], is the EFE current
density and E is the applied field. The electrical conductivity
measurements of the DGH films were carried out by Hall

measurements in van der Pauw configuration (ECOPIA HMS-
3000). The plasma illumination (PI) characteristics of the microcavity
were investigated systematically. In the microcavity, indium tin oxide
(ITO)-coated glass was used as anode and the DGH films were used
as cathode. The cathode-to-anode separation was fixed by a
polytetrafluoroethylene (PTFE) spacer (1.0 mm in thickness). A
circular hole about 3.0 mm in diameter was cut out from the PTFE
spacer to form a microcavity. The 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 then purged with Ar for 10 min up to 2
Torr. The Ar gas was channeled into the chamber at a flow rate of 10
sccm  throughout the measurements. The plasma current versus
applied voltage characteristics was measured using an electrometer
(Keithley 237).

3. RESULTS

3.1. Material Characterization. The OES spectrum of the
CH,/N, plasma without the bias voltage is shown as curve I in
Figure 1a, revealing that the spectrum contains C, swan system
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Figure 1. (a) The optical emission spectra of the CH,(6%)/N, plasma
(I) without the application of bias voltage and (II) under the
application of —250 V bias voltage; (b) the evolution of bias current

for the films grown in CH,/N, plasma under —250 V bias for (I) 1,
(I1) 30, and (III) 60 min.

at ~468 nm and ~516 nm and CN peaks at ~386 nm and
~418 nm, respectively.”® The C, and CN species are the main
species that modify the microstructure of the BEG-DGH films.
There are also small N, peak near ~358 nm and N-species in
the 540—550 nm range, which are presumed to have less effect
on modifying the granular structure of the films. Curve II in
Figure la shows that the application of bias voltage increases
the intensity of each OES peaks and notably increases the CN/
C, peak ratio, implying that the reactivity of species in the
plasma has increased markedly. Moreover, the bias current
evaluation gives essential information for understanding the
growth behavior of diamond films under bias voltages. Figurelb
shows the evolution of bias current during the applied negative
bias voltage for different growth times. The bias current
increases abruptly at the instant of the application of bias
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voltage and reaches a saturated value (586 mA/cm?) at around
5.6 min after the application of bias voltage, indicating that the
diamond nuclei form instantaneously due to the application of
bias voltage and fully cover the Si substrates rapidly. It should
be noted that saturation current of CH,/H, and CH,/Ar
plasma used for growing the MCD films*" and UNCD films,**
respectively, achieved only S8 and 270 mA/cm?, implying that
BEG DGH films possess larger EFE capacity than BEG MCD
and BEG UNCD films.

Figure 2 shows SEM micrographs of the DGH films grown
with and without applied bias at various growth times. From

-100-nm
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Figure 2. SEM micrographs for (a) DGHgy, (b) DGHgs, and (c)
DGHpy, films grown under —250 V bias voltage in CH,(6%)/N,
plasma and for (d) DGHy;, films grown without the bias voltage in
CH,(6%)/N, plasma.

these micrographs, it is observed that there are noticeable
changes in the morphology of the films with the growth time,
when the films were grown under bias voltage. In Figure 2a, for
DGHyg,, films, there are small acicular diamond grains around
50 nm in length, whereas in Figure 2b, for DGHp;, films, the
acicular grains grew longer, to around 100 nm. The granular
structure changes markedly for the DGHpg, films. Figure 2c
shows that these films contain equi-axed diamond grains of
cauliflower-like geometry. In contrast, Figure 2d shows that the
DGHy;, films contain rod-shaped diamond grains, which is
totally different from those of the bias grown DGHjy films. The
granular structure of the DGHyr films, which are grown

biaslessly, insignificantly changes with the growth time (not
shown). The thicknesses of the DGH films are estimated from
the cross-sectional SEM micrographs of the films, which are
shown as insets of each micrograph in Figure 2. The thickness
of the film is ~1028 nm for DGHgrg, films, resulting in an
average growth rate of 17.0 nm/min for DGHyr films grown
under the application of bias voltage. On the other hand, the
growth rate for the DGHyy films grown without bias is about
only ~13.1 nm/min. This observation clearly demonstrates that
BEG process encouraged high growth rate of the DGH films.

Figure 3 shows the visible-Raman spectra for DGH films.
Curve I in this figure shows that the Raman spectrum of
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Figure 3. Raman spectra for (I) DGHp,o (II) DGHg;o and (III)
DGHgy, films grown under —250 V bias voltage in CH,(6%)/N,
plasma and for (IV) DGHyg, films grown without the bias voltage in
CH,(6%)/N, plasma.

DGHyg,, films were predominated with D-band at 1350 cm™
and G-band at 1580 cm™’, which represents the disordered
carbon and the graphitic phase, respectively.””*® There is a
small peak at around 1120 cm™" corresponding to the trans-
polyacetylenephase.”” The Raman spectroscopy is not markedly
changed with the growth time, except that the D-band/G-band
intensity ratio changed slightly (curves II and 1II, Figure 3),
which is apparently due to the change in relative content of sp*-
to sp>-bonded carbons in the films. However, the visible-Raman
spectra are more sensitive to the sp>-bonded carbon than the
sp>-bonded ones and therefore not possible to unambiguously
analyze such a characteristic. A more appropriate analysis is
EELS in TEM, which will be described later in this study. The
Raman spectrum of DGHyg, films grown biaslessly (curve IV,
Figure 3) is similar to those of DGHgy films grown under bias
voltage (cf. curves I-III, Figure 3).

3.2, Electrical Properties. The Hall measurement in van
der Pauw configuration (ECOPIA, HMS-3000) reveals that the
DGHyp films grown under bias voltage are highly conductive.
The electrical conductivity (6) of DGHy,, films possesses a
high value of o3,y = 438 S/cm with electron concentration of
fg1o = 5.86 X 10" cm™ and mobility of yg;0 = 63 cm?/Vs. The
conductivity of the films increased monotonously with growth
time, reaching a high value of oy, = 1549 S/cm with electron
concentration of g, = 8.53 X 10%° cm™ and mobility of ype, =
279 cm?*/V-s for DGHyg, films. The conductivity of DGHpy
films are listed in Table 1, showing that it is markedly better
than those of the DGHyr films grown without bias voltage
(On3zo = 14.8 S/cm, nyy30 =1.75 X 10" cm™, and iy = 60 cm?/
V:s). Highly conducting characteristics of these films have led
to excellent EFE properties.

Figure 4 shows the EFE properties of DGH films grown with
and without bias voltage. The EFE characteristics are plotted as
J.. versus E curves with the corresponding F—N plots shown as
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Table 1. Electrical Properties and Electron Field Emission Properties of DGH Films Grown in CH,(6%)/N, Plasma under

—250 V Applied Bias Voltage

electrical properties

EFE properties

samples 6 (S/cm)? n, (cm)™% U, (em™2/V-s)®
DGHyg, 438 5.86 x 10" 63
DGHygg, 900 9.35 x 10%° 103
DGHgy, 1549 8.53 X 10%° 279
DGHygo 14.8 1.75 x 10" 60

Eq (V/pm)" Je (mA/em®)® B 7 (min)“
45 22@82 1956 283
2.9 3.8@6.0 2241 491
8.2 12@12.6 1404 147
94 04@13.7 1252

“0, n,, and i, electrical conductivity, electron density, and mobility acquired from the Hall measurements using the van der Pauw configuration. bEy:
the turn-on field for EFE process that was designated as the point of interception of the straight lines extrapolated from the low and high-field
segments of the F—N plots, namely, In (J./E?) versus 1/E plots. ,: the EFE current density evaluated at an applied field designated in parentheses.
z: The lifetime of a microplasma device using these films as cathode measured at an applied voltage of 400 V.
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Figure 4. Electron field emission properties, J.—E curves, for (I)
DGHyg,, (II) DGHps, and (III) DGHgg, films grown under —250 V
bias voltage in CH,(6%)/N, plasma and for (IV) DGHyg, films grown
without the bias voltage in CH,(6%)/N, plasma. (Inset) Correspond-
ing Fowler—Nordheim plots, that is, In J,/E* vs 1/E curves.

the insets. It is surprising to observe that for DGHpy films
grown under bias voltage, the EFE behavior changes markedly
with the growth time. Curve I in Figure 4 shows that for
DGHyg,, films grown under bias for 10 min, the EFE process
can be turned on at (Ey)p;o = 4.5 V/um, with EFE current
density attaining a high value of (J.)5;o = 2.2 mA/cm” at E = 8.2
V/um. The E, value reduces markedly to (E,)g30 = 2.9 V/um,
and the EFE current density increases to (J,)p30 = 3.8 mA/cm?*
at E = 6.0 V/um for DGHyggs, films. However, further increase
in growth time (under bias) to 60 min changed the EFE

behavior in reverse trend, resulting in (E;)pgo = 8.2 V/um and
(J)sgo = 1.2 mA/cm? (at E = 12.6 V/um) for DGHpg, films
even though these films retain higher conductivity than the
DGHyg;, films. Nevertheless, all the DGHgy films grown under
bias voltage exhibit superior EFE properties to those of the
DGHy films grown without bias voltage, that is, (Eg)n30 = 94
V/um and (J,)n30 = 0.4 mA/cm? (at E = 13.7 V/um). The field
enhancement factor () for these DGH films were evaluated
from the slope of F—N plots, resulting in ()50 = 1956, (#)s30
= 2241, and (f)ggo = 1404 for BT series of films grown under
the bias voltage and is (f)nz = 1252 for the films grown
biaslessly.

To evaluate the robustness of the DGHgy films, we utilized
these materials as cathodes for microplasma devices, as the
cathode materials in these devices are subjected to continuous
bombardment of energetic Ar-ions which is considered as the
harshest environment in device applications. Figure 5 shows the
sequence of PI images of the DGHgr-based microplasma
devices ignited at 2 Torr, where the ignition of the plasma is
designated as the threshold breakdown voltage (V). These PI
images show that the devices using DGHjgs, films as cathodes
(panel II, Figure S) exhibit superior illumination behavior to
those using DGHj,, (panel I, Figure S) and DGHpg, (panel 111,
Figure S) as cathodes. The microplasma devices using the
DGHygg, films as the cathode can be triggered by a voltage as
low as 320 V(panel II, Figure S), whereas those using DGHg,
and DGHpg, as cathode need higher voltage to trigger the
plasma, that is, around 370 V for the former and 430 V for the
latter. The intensity of the PI behavior increases monotonically

. DGHgyo

Series I

320V

M

Figure S. Plasma illumination images of microplasma devices using (I) DGHg,o, (II) DGHgs, and (III) DGHyg, films grown under —250 V bias
voltage in CH,(6%)/N, plasma as cathode.
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with the applied voltage. The PI characteristics of the
microplasma devices are better illustrated by the variation of
the plasma current density (J,;) versus the applied voltage (V)
curves, which is plotted in Figure 6a. The plasma density (n,)
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Figure 6. (a) Plasma current density versus applied voltage (J,,—V)
and (b) plasma density versus applied voltage (n,—V) characteristics of
microplasma devices using (I) DGHpgy,, (II) DGHg,p and (III)
DGHpy, films grown under —250 V bias voltage in CH,(6%)/N,
plasma as cathode.

for the microplama devices, which is also the number density of
the electrons in the plasma can be calculated from the ] values
using modified Child’s law.>*3! The plasma density (nj versus
the applied voltage (V) curves is plotted in Figure 6b.
Generally, ], and n, increase with the applied field voltage.
Curve II in Figure 6a shows that, for DGHg;, based
microplasma device, the ], value increases monotonically
with the applied voltage from 0.09 mA/cm” at Vi, = 320 V
reaching a ], value of 2.14 mA cm™? at an applied voltage of
515 V. Correspondingly, curve II in Figure 6b shows that the n,
value increases from 0.6 X 10 cm™ at (Vy)p = 320 V
monotonously with the applied voltage, reaching a n, value of
1.12 X 10"7 cm™ at an applied voltage of 515 V. These J,; (or
n,) values are higher than those for DGHg,, (or DGHgg)
based microplasma devices (curves I and III of Figure 6). It is
interesting to observe that the microplasma devices, which used
the materials with the best EFE properties rather than the
highest conductivity as cathode exhibits the highest J,; (or n,)
values.

Device stability is an important parameter for practical
applications. The lifetime stability of the DGH-based micro-
plasma devices were examined over an extensive period with a
constant applied voltage of 450 V and the results are shown in
Figure 7. The PI behavior of the DGHpzp-based microplasma
devices remains stable over 491 min (8.16 h) with the plasma
current of 130 pA, showing the highest stability (curve I,
Figure. 7). In contrast, DGHp,o-based devices sustain only 283
min (4.71 h) with plasma current of 110 uA (curve I, Figure. 7)

400
350] I- DGHaqo
300 1I- DGHgy
250 11.DGHgg,

Current (pA)
2 o
S92

0 100 200 300 400 500
Time (min)

Figure 7. Lifetime measurements under applied voltage of 450 V for
microplasma devices using (I) DGHgy films, (II) DGHy;, films and
(1II) DGHgg, films, which were grown under —250 V bias voltage in
CH,(6%)/N, plasma, as cathode.

and DGHjg,-based ones sustain 147 min (2.45 h) with plasma
current of 101 pA (curve III, Figure 7). The DGHg;y-based
microplasma devices possess the highest lifetime stability as
well as the best plasma illumination properties (ie., higher
plasma density, n.), compared with those of DGHp,, and
DGHggy-based ones, which can be closely correlated with the
superior EFE properties of the DGHgz, cathode materials.
Notably, the higher conductivity of the DGHjy4y materials does
not lead to better plasma illumination behavior and longer
lifetime for the corresponding microplasma devices. It seems
that the better the EFE behavior of the cathode materials, the
better the PI properties of the microplasma devices.

3.3. Microstructural Evolution of DGHg; Films.
Apparently, the improved electrical conductivity and EFE
properties of DGHjgr films are closely related to the
microstructure of the films. To understand how these
characteristics are correlated, we investigated the micro-
structures of the DGHpy films using TEM. The bright field
(BF) TEM micrographs of DGHg,, shown in Figure 8a;
indicate that these films consist of diamond grains with
dendrite-like geometry. Selective area electron diffraction
(SAED) pattern shown in the inset of Figure 8a; reveals a
typical ring pattern corresponding to the (111)p, (220)p, and
(311)p, lattice planes of diamond, confirming that the films are
predominately diamond. A diffuse ring appears in the center of
SAED, implying the existence of a-C in these materials. The
size distribution of diamond grains in the DGHg)y films is
better illustrated by the composed dark field (c-DF) image in
Figure 8ay, which is the superposition of several dark field
images acquired using different diffraction spots (yellow and
green circles, inset in Figure 8a). The c-DF image in Figure
8ay reveals that the films contain some graphite (green) with
diamond grains (yellow) as majority phase.

Figure 8b;,b; shows the BF and ¢-DF TEM micrographs of
DGHygs, films, which reveal that these films contain very unique
granular structure. They consist of needle-like diamond grains
of the size around 5 nm in diameter and hundreds of
nanometers in length. The SAED pattern also contains (111)p,
(220)p, and (311)p rings of diamond material and a central
diffuse ring of a-C phase. In addition, this SAED contains an
extra thick ring of smaller diameter than the (111)p ring that
corresponds to (0001) lattice of graphite materials (indicated
by the arrow in the inset of Figure 8b;). The presence of
(0001)g ring implies the existence of abundant randomly
oriented nanographite clusters. The ¢-DF image in Figure 8by
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Figure 8. (a, by, and ;) Bright field (BF) and (aj, by, and c)
composed dard field (c-DF) TEM micrographs for (a; and ay)
DGHyg,,, (b; and b;) DGHg,g, and (¢; and c;) DGHyg films grown
under —250 V bias voltage in CH,(6%)/N, plasma.

reveals that each of the needle-like diamond grains (yellow) is
sandwiched between the graphitic phases (green). On the other
hand, Figure 8cj,c;; shows the BF and DF TEM micrographs of
DGHg4, films. The needle-like granular structure of the
diamond grains is no longer observable. Instead, a large
number of equi-axed aggregates appears around 20—30 nm in
size in addition to the ultrasmall diamond grains. The SAED
shown in the inset of Figure 8¢; reveals that the diamond rings,
(111)p, (220)p, and (311)p are much weaker in intensity.
There exists an extra ring with smaller size than the (111)p, ring
(indicated by the arrow in the inset of Figure 8c;), which
corresponds to n-diamond, an allotropy of diamond with FCC
structure (diamond is of Fd3m structure). Moreover, a large
diffuse ring appears in the center of SAED, revealing the
presence of large proportion of sp>bonded carbon. Again, the
phase constituents of the films are more clearly illustrated in c-
DF image (Figure 8cy).

The bonding structures of the samples were examined using
EELS in TEM. Notably, while core-loss EELS spectrum shows
the general feature of the diamond as 6*-band and the graphite
(or a-C carbon) as 7*-band, it is plasmon-loss EELS spectrum,
which can unambiguously differentiate the a-C and the graphite
phase in sp>bonded carbon. In the plasmon-loss EELS
spectrum, a-C shows a peak near 22 eV (wgy;-band), whereas
the crystalline ones show a peak near 27 eV (@y3-band).>*~>° In

contrast, the diamond phase exhibits a peak at 33 eV (wy,-
band) corresponding to bulk plasmon with a shoulder at 23 eV
(wg-band) corresponding to surface plasmon with @g/wy,
peak ratio ~1/ 232735 Figure 9 shows the selected area core-
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Figure 9. Selected area (a) core-loss and (b) plasmon-loss EELS for
(I) DGHp,q, (II) DGHps, and (III) DGHyg films grown under —250
V bias voltage in CH,(6%)/N, plasma.

loss and plasmon-loss EELS spectra of the DGHpy films. Curve
II in Figure 9a shows an abrupt rise near 289.5 eV(o*-band)
and a large dip in the vicinity of 302.0 eV for DGHjgs, films,
which clearly indicates the diamond nature of these
materials.> > A weak peak at 285.2 €V (z%*-band) in the
curves signifies a small fraction of sp>-bonded phase present in
these films. Moreover, curve II in Figure 9b reveals clearly the
presence of @g,- and wy-bands in the plasmon-loss EELS of
DGHyg; films, indicating, that these films are predominately
diamond. The core-loss EELS for DGHy,, films shown in curve
I of Figure 9a also contains a *-band at 289.5 eV and a deep
valley in the vicinity of 302.0 eV, which signifies that these films
are also predominately diamond. The peak intensity at 285.2 eV
in curve I is markedly smaller, implying the decrease in
graphitic sp>-bonded carbon present in these films. However,
@y, and ®y,-bands cannot be distinctly differentiated in curve I
in Figure 9b for DGHy, films because these films contain large
proportion of Si signal that distorted the plasmon-loss EELS
markedly, and the signature of diamond cannot be clearly
resolved. The presence of Si signal is presumably owing to the
small thickness of the films. On the other hand, the core-loss
EELS of DGHgg, films (curve III, Figure 9a) completely lose
the signature of diamond, implying the disappearance of
diamond phase and the presence of large proportion of sp’-
bonded phase in these films. The plasmon-loss EELS shown in
curve III in Figure 9b corresponding to DGHgg, films shows
only one large peak near 26.4 eV, which is apparently the
combination of @wy;-band at 27 eV and wgy;-band at 22 eV with
very small percentage of ®g,+@g,-band, that is, these materials
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contain mainly graphite phase with very small proportion of
diamond phase. The observations in EELS spectroscopy is in
accord with the TEM microstructure shown in Figure 8.

4. DISCUSSION

It should be mentioned that in the preparation of TEM foil, the
samples were ion-milled from the Si-sides such that the TEM
foil mainly contains the materials near the surface region of the
films. Therefore, the TEM micrographs shown in Figure 8
represent the microstructure of the surface layer of DGHgy
films grown for different durations of time. These micrographs
also reflect the microstructure of the materials located at
different depths of a thicker film such as DGHggy. That is,
Figure 8 also represents how the microstructure of the films
evolves while the films grow thicker. The growth of diamond
films starts with the formation of a-C on Si surface prior to the
presence of diamond nuclei*® Abundant spherical diamond
clusters were nucleated due to the abundance of C,-species in
the CH,/N, plasma."® The application of —250 V bias voltage
markedly increased the kinetic energy of the C,* species that
further enhanced the nucleation rate of diamond clusters.”!
However, there is also a large proportion of CN-species present
in the plasma (cf. Figure 1a), which tends to adhere onto the
(022) surface of the diamond clusters,'® enhancing the growth
of diamond along the 022 direction, and resulted in rod-shaped
diamond grains. As the nanosized diamond rods grow longer,
they entangle one another, resulting in a dendrite-like granular
structure, like the one shown in Figure 8a. The diamond grains
became thinner as they grew longer and finally formed needle-
like diamond grains, as shown in Figure 8b. Notably, in this
region, every needle-like diamond grain is encapsulated with a
graphene-like phase a few layers thick. The presence of the
graphene-like layer hindered the formation of diamond bonds,
resulting in the formation of incompletely crystallized diamond,
such as n-diamond with equi-axed granular structure, such as
the one shown in Figure 8c. The needle-like diamond grains are
no more observable. The presence of —250 V bias voltage
accelerated the anisotropic growth of rod-shaped diamond
grains due to the increased CN/C, ratio (cf. Figure 1a) which,
in turn, results in rapid transition of microstructure from
dendrite-like to needle-like and, finally, to equi-axed granular
structure. Therefore, for a thick film such as DGHyg, films,
there exist three layers, each with a different microstructure. As
schematically illustrated in FigurelO, after the formation of a
thin a-C, the first layer of dendrite-like diamond forms (region
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Figure 10. Schematic diagram shows the evolution of microstructure
as the diamond films grew with time in CH,(6%)/N, plasma under
applied voltage of —250 V: the a-C layer formed first, followed by the
formation of diamond grains with (I) short-rod geometry and (II)
needle-like geometry, sequentially, and, finally, (III) a layer
predominated with the n-diamond clusters.
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I), followed by the sequential formation of needle-like diamond
(region II) and a layer of equi-axed granular structured
materials, which mainly consist of n-diamond and graphitic
phase with diamond as minor phase (region III).
Interestingly, by controlling the growth time, we can
manipulate the microstructure of the surface. The films with
granular structure, like the one shown in Figure 8b, exhibits the
best EFE properties, whereas the films with the microstructure
similar to Figure 8c possess highest conductivity but do not
have good EFE properties (cf. Table 1). The implication of
these results is that high conductivity by itself does not guaranty
good EFE properties. This is presumably due to the fact that for
the DGHpg, films (cf. Figure8c), the emission sites are mostly
nanographite clusters or defective diamond cluster (n-diamond
clusters), which are not appropriate emitting sites. Apparently,
the most favorable geometry for the emission sites are
nanosized diamond grains with needle-like geometry, especially
when they are encased with graphene-like layers. These
encapsulating layers can transport electrons efficiently to the
diamond for field emitting sites. Therefore, the microstructure
similar to Figure 8b exhibits the best EFE properties (cf. Table

1.

5. CONCLUSIONS

DGH films were bias enhanced grown with different growth
times in CH,/N, plasma. The changes in the morphology/
microstructure in the films due to the difference in growth time
under the application of bias voltage was studied in detail by
SEM, Raman spectroscopy, and TEM. TEM investigation
reveals that the application of bias voltage stimulated the
transformation of microstructure while the films grew thicker.
The most favorable granular structure for EFE application is the
existence of nanographite phases surrounding the needle-like
diamond grain as in DGHp;, films, such that the electrons can
be transported easily along the graphite phases to the emitting
surface. These films possess the lowest turn-on field of 2.9 V/
um and the highest EFE current density of 3.8 mA/cm?” at an
applied field of 6.0 V/um. Extending the growth time to 60 min
converts the needle-like diamond grains into equi-axed n-
diamond cluster along with abundant nanographite clusters that
gives even better electrical conductivity but results in degraded
EFE properties. These observations make clear that the
conductivity and EFE properties of the materials can be
tailored over a wide range that may open up a pathway for the
advanced high-definition flat panel displays and microplasma
device applications.
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