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ABSTRACT: The effect of hydrogen plasma treatment on the electrical conductivity
and electron field emission (EFE) properties for diamond nanowire (DNW) films
were systematically investigated. The DNW films were deposited on silicon substrate
by N2-based microwave plasma-enhanced chemical vapor deposition process.
Transmission electron microscopy depicted that DNW films mainly consist of
wirelike diamond nanocrystals encased in a nanographitic sheath, which formed
conduction channels for efficient electron transport and hence lead to excellent
electrical conductivity and EFE properties for these films. Hydrogen plasma treatment
initially enhanced the electrical conductivity and EFE properties of DNW films and
then degraded with an increase in treatment time. Scanning tunneling spectroscopy in
current imaging tunneling spectroscopy mode clearly shows significant increase in
local emission sites in 10 min hydrogen plasma treated diamond nanowire (DNW10)
films as compared to the pristine films that is ascribed to the formation of graphitic
phase around the DNWs due to the hydrogen plasma treatment process. The degradation in EFE properties of extended (15
min) hydrogen plasma-treated DNW films was explained by the removal of nanographitic phase surrounding the DNWs. The
EFE process of DNW10 films can be turned on at a low field of 4.2 V/μm and achieved a high EFE current density of 5.1 mA/
cm2 at an applied field of 8.5 V/μm. Moreover, DNW10 films with high electrical conductivity of 216 (Ω cm)−1 overwhelm that
of other kinds of UNCD films and will create a remarkable impact to diamond-based electronics.

KEYWORDS: diamond nanowire films, hydrogen plasma treatment, nanographite, electron field emission,
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1. INTRODUCTION

Field-emission displays (FEDs) are considered to substitute the
presently dominant liquid crystals because of their low cost and
high performances. However, improvement in consistent and
efficient cold cathode materials for electron field emitters is one
of the major concerns in FED technology.1−4 Different
nanostructured materials such as semiconducting nanowires
or nanotubes, carbon nanotubes (CNTs), diamond films have
been demonstrated to show low turn-on voltages and high
current density values, making them suitable for cold cathode
emitter applications. Among the nanostructured materials,
diamond films have attracted considerable interest due to
their negative electron affinity (NEA) properties, which make
them a suitable promising material for application in FED
technologies.5−9

It is well recognized that surfaces of diamond films play an
important role in the emission characteristics.10−12 When the
surface of diamond films is bonded with different atoms, the
resulting band structure below the surface is altered and
changes the emission properties. Various surface treatments
have been conducted to enhance the field-emission properties

of diamond films. Fe-coating and subsequent post-annealing is
seen to enhance the EFE properties of diamond films.13,14

Other studies show monolayer coatings of metals such as Co,
Ni, Cu, Zr improved the emission properties of diamond films
by shifting the position of the vacuum level.15,16 It has been also
reported that hydrogen treatment of diamond surfaces results
in enhanced EFE properties.17 In the last few year,s the study of
hydrogenated diamond surfaces has been a topic of great
interest. This is motivated by the fact that when hydrogen is
chemisorbed on the diamond surface, its surface electronic
structure is modified significantly. Hydrogen plasma treatment
not only etches the nondiamond carbon contents, but also gives
a NEA surface with better conductivity and emission properties.
On the other hand, varieties of one-dimensional (1D)

materials have been successfully synthesized18,19 since the
discovery of CNTs in 1991.20 Among those 1D materials,
diamond nanowires (DNWs) are of great interest because
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theoretical studies and simulations explained their structural
stabilities and inspire several potential applications.21−23 They
are intrinsically dependent on the size and crystallographic
directions and found to be energetically favored and structurally
stable at diameters ranging from 2.7 to 9.0 nm.21,22 The DNW
precursor from porous diamond films was successfully
fabricated by reactive ion etching in O2 and CF4 plasma.24

Recently, DNWs of 80−100 nm in length were synthesized in
ultrananocrystalline diamond (UNCD) films by microwave
plasma-enhanced chemical-vapor deposition (MPECVD) proc-
ess.25,26

Until now, the investigation of hydrogen plasma treatment
on the emission properties of these new carbon materials,
DNW films, has not been studied. In addition, an examination
of hydrogen plasma treatment for DNW films is not only
expected to give an improvement in emission properties but
also to understand the electrical conductivity and emission
mechanism. Moreover, better electrical conductivity has been
observed for UNCD films when they are prepared in a N2 rich
plasma medium.25,26 Additionally, the incorporation of N2
transformed the randomly oriented 3−5 nm diamond
crystallites of UNCD to diamond nanowires surrounded by a
largely sp2-bonded carbon sheath that favors the electron
transport in pristine DNW films. However, the electrical
conductivity and EFE properties for these materials are still not
satisfactory implying the fact that most of the DNW surfaces do
not have the sp2-like carbon sheath. An attempt has been made
to further improve and understand the mechanism for
enhanced electrical conductivity and electron emission
characteristics by simple hydrogen plasma treatment.
In the present work, we report a systematic study on the

electron field emission and conductivity properties of hydrogen
plasma treated DNW films. Structural properties, surface
morphology, and field emission properties, along with possible
field emission mechanisms for these films have been
investigated in detail. The field emission behavior is explained
in terms of microstructure and nanocrystalline graphite content
of these films. Moreover, scanning tunneling microscopy
(STM) is used to detect the emission sites and the mechanism
for enhanced EFE properties from a microscopic viewpoint.
The conducting regimes at both on the DNW and DNW grain
boundaries were examined by scanning tunneling spectroscopy
(STS) in more detail.

2. EXPERIMENTAL SECTION
DNW films with a thickness of 700 nm were deposited on mirror
polished N-type silicon (100) substrates in N2 (94%)/CH4 (6%)
plasma by MPECVD (IPLAS-CYRANNUS) system, with a microwave
power and frequency of 1200 W and 2.45 GHz, respectively. During
the deposition, the chamber pressure was maintained at 70 mbar and
total flow rate of gases was 100 sccm. To create nucleation sites prior
to the deposition of DNW films, the silicon substrates were
ultrasonicated in a methanol solution containing nanodiamond
powders (30 nm) and titanium powders (325 mesh) for 45 min.
During the DNW growth, the Si substrate was heated using an external
heater to a temperature of 700 °C, which was monitored by a
thermocouple (K-type) embedded in the stainless steel substrate
holder. After the deposition of the DNW films, they were post-treated
by hydrogen plasma of 100 sccm for 5, 10, and 15 min at a pressure of
7 mbar with a microwave power of 600 W. During hydrogen plasma
processing, the plasma temperature was kept at 600 °C for all DNW
films. Thus, obtained films were designated as “DNW5”, “DNW10”,
and “DNW15,” respectively, whereas the pristine DNW films were
designated as “DNW0”.

Morphological and microstructural characterizations of the films
were examined using field emission scanning electron microscopy
(FESEM; JEOL 6500) and transmission electron microscopy (TEM;
JEOL 2100, 200 eV), respectively. The plane-view TEM samples were
prepared by mechanical grinding, followed by dimpling and Ar-ion
milling. The preparation for cross-sectional TEM specimens is usually
carried out by fabricating a sandwich structure and subsequently
thinning until it becomes transparent for electron. The bonding
structure of these films were characterized at room temperature using
Raman spectroscopy (Lab Raman HR800, Jobin Yvon), with a
wavelength of 632.8 nm and X-ray photoelectron spectroscopy (XPS).
XPS with an energy resolution of 0.5 eV, has a SPECS make
photoelectron spectrometer, which uses monochromatic Al Kα
radiation at 1486.74 eV as the probe. The “phoibos 150″ 9-channel
detector from SPECS has been used as an analyzer. Hall measure-
ments (ECOPIA HMS-3000) were carried out in the van der Pauw
configuration to measure the conductivities of pristine and hydrogen
plasma-treated DNW films. Field emission measurements were carried
out in a tunable parallel plate setup, in which the cathode (DNW
films) to anode (tip, a Molybdenum rod with a diameter of 2 mm)
distance is controlled by a micrometer and an optical microscope. The
DNW films that act as a cathode mounted on copper plate sits on the
platform of the emission unit. This whole unit is placed in vacuum.
The negative terminal of the high voltage source (1KV) is connected
to the DNW films where voltage is supplied for electron emission
measurements. The EFE properties were analyzed by the Fowler−
Nordheim (F−N) model.27
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where φ is the work function of the emitting materials. J and E are EFE
current density and applied field, respectively. The turn-on field (E0)
was designated as the interception of the lines extrapolated from the
high-field and low-field segments of the F−N plot. The local EFE
behavior was investigated elaborately by scanning tunneling
microscopy (STM; 150 Aarhus, SPECS GmbH) in ultrahigh vacuum
(1 × 10−10 mbar) at room temperature. STM tips were prepared by
electrochemical etching of tungsten wires of diameter 0.3 mm. STM
images were taken in a constant current mode with a set current of
0.58 nA and a bias voltage of −3 V. Current image tunneling spectra
(CITS) with voltages ramping from −5 to 5 V were measured
simultaneously during the STM image scanning.

3. RESULTS
3.1. Materials Characterization. Figure 1a shows the J

versus E characteristics of pristine and hydrogen treated DNW
films, whereas the inset of the figure is the F−N plots of the
corresponding J−E curves. For the DNW0 films (curve I,
Figure 1a), E0 shows a higher value of 6.8 V/μm with a lower J
value of 0.4 mA/cm2 at an electric field of 8.5 V/μm. The E0
value decreases consistently with the hydrogen plasma
treatment time. The best EFE properties are observed for
DNW10 films with a lower E0 value of 4.2 V/μm and a higher J
value of 5.1 mA/cm2 at an electric field of 8.5 V/μm. These
EFE parameters, including E0 and J values with the percentage
of error in measurements are listed in Table 1a. However,
increasing the hydrogen treatment time further to 15 min
surprisingly degrades the EFE properties, i.e., E0 value increased
to 10.1 V/μm with a sudden decrease in J value to 0.01
mA/cm2 at an applied field of 8.5 V/μm. Moreover, the
DNW10 films exhibit far better EFE properties of lower E0 and
higher J values than that of other diamond related materials
reported recently28−34 and comparable to the carbon-based
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materials.35−39 Hall measurements in van der Pauw config-
uration were taken on pristine and hydrogen treated DNWs
films at room temperature. Figure 1b shows the electrical
conductivity values of these films as a function of hydrogen
treatment time along with the corresponding E0 values for each
sample. The error in measurement of electrical conductivity
and E0 values of pristine and hydrogen plasma treated DNW
films is shown in this figure. Interestingly, the conductivity for
DNW films increases monotonously upon hydrogen plasma
treatment time up to 10 min and suddenly dropped upon
longer hydrogen plasma treatment for DNW15 films. Superior
EFE properties (i.e., lower E0 and higher J) observed in
DNW10 films are closely related to the better electrical
conductivity of these films.
The plane-view FESEM micrographs of pristine and

hydrogen plasma treated DNW films are shown in Figure 2.
It can be observed that DNW0 films (Figure 2a) possess
wirelike granular structure that was dense and uniformly
distributed. Further, the wirelike morphology starts to break
into finer grains after hydrogen plasma treatment for 5 and 10
min as noticed in images b and c in Figure 2 for DNW5 and
DNW10, respectively. The grains of DNW15 film become
random/spherical shape due to 15 min hydrogen plasma
treatment (Figure 2d). Raman spectroscopy was used to
examine the structural changes in the DNW films treated in
hydrogen atmosphere and the spectra are shown in Figure 3.
Curve I of Figure 3a shows the spectrum of DNW0 films with a

broad peak at approximately 1120 cm−1 corresponding to the
trans-polyacetylene (TPA) phase and marks an alternate chain
of sp2 bonded carbon atoms with single hydrogen bonding to
each carbon atom.40−42 The disordered carbon (D* band) is at
approximately 1334 cm−1, and the graphite (G peak) at
approximately 1594 cm−1. From Figure 3, it is observed that the
D* and G peaks of hydrogen plasma-treated DNW films show
some red-shifting with respect to that of DNW0 films. The red-
shifting of these peaks are considerable in DNW15 films, i.e.,
D* peak from 1334 to 1322 cm−1 and G peak from 1594 to
1562 cm−1, respectively. It is speculated that the red-shifting of
D* and G peaks in DNW15 films is due to etching of the sp2-
bonded carbon atom on the DNW surface by atomic
hydrogen43,44 that will be further discussed shortly.
To understand how hydrogen plasma treatment attributes to

the chemical bonding state of DNW films more precisely, we
have carried out XPS measurements. The C 1s photoemission
spectrum of the pristine and the hydrogen plasma-treated
DNW films are shown in Figure 4. The C 1s peak position in
diamond is 285.5 eV that is about 1.35 eV higher than that in
graphite (284.15 eV).45−47 If the C 1s core-level binding
energies of sp3 and sp2 hybrids in pristine and hydrogen-treated
DNW films are different, the C 1s peak position will vary.
Interestingly, the shift of the C 1s peak position towards lower
binding energy side (graphitic phase) is obvious in DNW10

Figure 1. (a) Electric field emission current density (J) as a function of
applied electric field (E) for (I) pristine, (II) 5 min, (III) 10 min, and
(IV) 15 min hydrogen plasma-treated DNW films. The F−N plot
ln(J/E2) − 1/E are presented in the inset. (b) Variation in the
electrical conductivity (solid squares) and turn-on field (open circles)
with hydrogen treatment time.

Table 1. Electrical Conductivity and EFE Properties for (a)
Pristine and Hydrogen Plasma-Treated DNW Films and (b)
EFE Properties of Other Carbon Materials for Comparison

samples

electrical
conductivity (Ω
cm)−1 (% error)

turn-on field
E0 (V/μm)
(% error)

current density
J (mA/cm2)
(% error)

(a) present study
DNW0 186 (7.5) 6.8 (7.8) 0.4 (8) @

8.5 V/μm
DNW5 198 (8.9) 5.3 (8) 1 (9.2) @

8.5 V/μm
DNW10 216 (9.1) 4.2 (4.9) 5.1 (7.5) @

8.5 V/μm
DNW15 97 (8.9) 10.1 (5.7) 0.01 (5.6) @

8.5 V/μm
(b) reported results

H-treated diamond
film28

1.5 1 μA/cm2 @
1.5 V/μm

Au-UNCD29 186 4.5 6.70 @ 7.8
V/μm

UNCD film30 8.69 0.35 @ 50
V/μm

Li-doped UNCD31 7.4 × 10−3 12 0.20 @ 20.0
V/μm

c-diamond and n-
diamond grains on Si
nanoneedles32

2.2 2.2 mA/cm2 @
14 V/μm

N-implanted UNCD33 13 6.4 mA/cm2 @
50 V/μm

Cu ion implanted
UNCD/annealing34

95 4.8 3.6 mA/cm2 @
8 V/μm

CNT−graphene
hybrid material35

2.9 1.2 mA/cm2 @
4 V/μm

open-ended tubular
graphite cones36

1.8 0.65 mA/cm2

coral-like CNTs37 4.0
CNT/TEOS38 1.76 0.5 mA/cm2 @

2.7 V/μm
metallic nanowire/
graphene hybrid
nanostructures39

7 300 μA/cm2 @
2.5 V/μm
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films indicating more sp2 graphitic phase content in these films.
However, extended hydrogen plasma treatment removes the
graphitic content from the DNW15 film surface and C 1s
spectra shift towards the diamond side as seen in Figure 4. Diaz
et al.48,49 also proposed a sp3 and sp2 identification method by
assuming a higher binding energy due to sp3 hybrids.
Therefore, the data were fitted with Lorentzian peaks with
binding energies at 284.1, 285.1, and 286.0 eV corresponding to
sp2 CC, sp3 C−C, and CN bonding and their relative
intensities are tabulated in Table 2. In DNW0 film, sp3 C−C
bonding is predominant with a peak intensity of 49.5%, while
sp2 CC peak intensity is 41.4% (curve I, Figure 4). The C
N peak is seen with an intensity of 9.1% at binding energy of
286 eV. Interestingly, a significant increase in sp2 phase fraction

due to hydrogen plasma treatment is observed, i.e., the sp2 C
C peak intensity increases to 49.2% for DNW5 films (curve II,
Figure 4) and 62.2% is observed for DNW10 films (curve III,

Figure 2. FESEM images of (a) pristine and (b−d) hydrogen plasma-treated DNW films for (b) 5, (c) 10, and (d) 15 min. Significant changes in the
surface morphologies are observed after the hydrogen plasma treatment of DNW films.

Figure 3. Raman spectra of (I) pristine and (II, III, IV) hydrogen
plasma-treated DNW films for (II) 5, (III) 10, and (IV) 15 min.

Figure 4. XPS spectra of (I) pristine and (II, III, IV) hydrogen plasma-
treated DNW films for (II) 5, (III) 10, and (IV) 15 min.
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Figure 4). However, extended hydrogen plasma treatment (>
15 min) degrades the graphitic phase content from the DNW
surface (curve IV, Figure 4) with sp2 CC peak intensity
decreased to 36.2%.
3.2. Scanning Tunneling Microscopy. For the purpose of

understanding how hydrogen plasma treatment affects the EFE
properties for DNW films, the local electrical properties of
DNW0 and DNW10 films were investigated by STM. Figure 5a
shows the STM image of DNW0 film with its corresponding
CITS image in Figure 5b. The wirelike diamond grains (cf.
Figure 2a) were observed to consist of aligned small spherical
clusters about 50 nm in size. The spherical clusters are
presumably sp2-bonded carbons encasing the wire-like diamond
core, forming sp2-bonded shell, which will be more clearly
illustrated in TEM micrograph shortly. Typical DNW grains are
marked as “1”, “3”, and “5” with the corresponding adjacent
grain boundaries as “2”, “4”, and “6” in Figure 5a. The CITS
image was taken at a negative bias of 3 V to the sample,
showing bright and dark contrast. Bright contrast in the CITS
image shows better electron emission sites.14,33 The dark
contrast corresponds to the diamond grains (points “1”, “3”,
and “5”) and the bright contrast corresponds to grain
boundaries (points “2”, “4”, and “6”). Thus, in DNW0 films,
few emission sites mostly from the DNW grain boundaries are
seen. The STM image of DNW10 film is shown in Figure 6a
with the corresponding CITS mapping shown in Figure 6b,
which was taken at the same negative sample bias of 3 V. The
nanosized sp2-bonded clusters were observed to fuse together
that is presumed to be the graphitization of amorphous carbon
(a-C) phase located in between graphite clusters, which will be
further demonstrated in a TEM micrograph shortly. The
surface roughness of DNW10 films is observed to be higher
than that of DNW0 films. The increase in width of the DNW

seen in Figure 6a that is in accord with the FESEM observation
(cf. Figure 2c). Again, typical DNW grains are marked as “1”,
“3”, and “5” with the corresponding adjacent grain boundaries
as “2”, “4”, and “6” in Figure 6a and the high emission sites are
mostly from the DNW grain boundaries. It is evident that the
number densities of high emission sites are significantly
enhanced in DNW10 films (by comparing Figure 6b with
Figure 5b). Here it is to be noted that the density of
conductivity sites in DNW10 films are even better than that of
the DNW5 and DNW15 films (data not shown here). These
observations are in accord with the superior EFE properties of
DNW10 films (Figure 1) than other DNW films. The high-
resolution STM (HRSTM) image of DNW10 films with the
corresponding CITS mapping, taken at the same negative bias
of 3 V to the sample are shown in panels c and d in Figure 6,
respectively. The CITS mapping illustrates more clearly that
high emission sites are mostly seen from the boundaries of the
DNWs, as seen in Figure 6d.
Local I−V spectra are taken separately on the top of a DNW

and on the boundary adjacent to the DNW as shown in Figure
6e. Interestingly, the tunneling current at the grain boundary
position (curve i) is much larger than that of the diamond grain
position (curve ii). The tunneling current at the DNW grain
boundaries demonstrates a tunneling current higher than 52 nA
at −1 V comparing to that of the DNW grains (0.28 nA at −1
V). These observations illustrate again the high conductive sites
of DNW grain boundaries than that on the DNW grains in a
microscopic scale.

3.3. Transmission Electron Microscopy. TEM measure-
ments of DNW0, DNW10, and DNW15 films have been
carried out in more detailed to unravel how the structure of
DNW films was altered after the hydrogen plasma treatment
that greatly affects the electrical conductivity and the EFE
properties. Figure 7a shows a typical bright-field (BF) TEM
micrograph of DNW0 films, revealing uniformly distributed
wirelike morphology. These randomly oriented DNWs have
lengths of around 50−200 nm with a few nanometers in
diameter. The selected area electron diffraction (SAED) pattern
corresponding to DNW0 film is shown in inset of Figure 7a,
which exhibits ring-shaped patterns, implying again random
orientation of DNWs. The lattice plane spacing, calculated from
the SAED pattern of (311), (220), and (111) planes are
estimated to be 0.11, 0.12, and 0.21 nm, respectively, which are
in line with the crystalline diamond structure. On the other

Table 2. Relative Intensities of Various Components of C 1s
XPS Spectra from Pristine and Hydrogen Plasma Treated
DNW Films

peak intensity (%)

peak position
(eV)

chemical
bonding DNW0 DNW5 DNW10 DNW15

284.2 sp2 CC 41.4 49.2 64.2 36.2
285.1 sp3 C−C 49.5 39.0 28.3 59.5
286.0 CN 9.1 11.8 7.5 4.3

Figure 5. STM micrograph of (a) DNW0 films with (b) the corresponding CITS mapping. Arrow-marked positions “1”, “3”, “5” and “2”, “4”,
“6”correspond to DNW grains and grain boundaries, respectively, of DNW0 films.
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hand, there is a prominent diffused ring in the center of the
SAED pattern, signifying the existence of graphitic (or a-C)
phase in DNW0 film. Similar kind of growth was observed by
Arenel et al., in their studies on UNCD films.25 The TEM
structure image of shown in Figure 7b exhibits a clear core−
shell microstructure of these DNW films, i.e., DNW is found to
be encased by the graphitic phase and the thickness of the
graphitic layer is about 4 nm, which contains a few atomic
layers with a lattice spacing of 0.34 nm. The core of the DNWs
consists of diamond grains with a lattice spacing of 0.21 nm.
The diamond and graphitic structures are further analyzed by
Fourier transformed (FT) pattern on selective areas. The FT
diffractogram (FT1 image) indicate that the region 1 marked in
the HRTEM image (Figure 7b) corresponds to the diamond,
while region 2 and 3 corresponds to the graphitic (FT2 and FT3
images, Figure 7b) phases. Notably, the crystallinity of

nanographitic phase varies markedly along the shell of
DNWs. Moreover, there exists large proportion of non-
crystalline carbon in the adjacent region. The presence of a-C
phase coexisting with diamond and graphitic phases away from
the DNW are illustrated in region 4 and FT4 image in Figure
7b.
Marked structural changes have been observed when the

DNW0 films are subjected to hydrogen plasma treatment for
10 min. The wirelike granular structure in DNW0 films was
transformed to smaller DNW with rodlike geometry, i.e.,
shorter in length and wider in diameter, as shown in Figure 8a.
The appearance of spotty SAED pattern in the inset of Figure
8a indicates better crystalline ordered diamond phase after 10
min hydrogen plasma treatment. HRTEM image of Figure 8b
shows that DNWs are broken into smaller DNWs. Besides the
better crystallinity for the nanographitic layers encasing the

Figure 6. STM micrograph of (a) 10 min hydrogen plasma-treated film with (b) the corresponding CITS mapping. Arrow marked positions “1”, “3”,
“5” and “2”, “4”, “6”correspond to DNW grains and grain boundaries, respectively, of 10 min hydrogen plasma treated DNWs. HRSTM micrograph
of (c) 10 min hydrogen plasma treated DNW with (d) the corresponding CITS mapping. (e) Local I−V characteristic curves at the (i) grain and (ii)
grain boundary of DNW10 film clearly showing enhanced conductivity at the DNW grain boundary.
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DNWs, graphitic structure was appeared around most of the
DNW domains. FT images (FT2, FT3, and FT4) corresponding
to the regions “2”, “3”, and “4”, respectively, in Figure 8b
reveals dumbbell-like diffraction spots, indicating clearly that
they are graphitic structure. FT1 image corresponds to the
region “1” in Figure 8b exposes the diamond structure of the
DNWs. It seems that nanographitic phase was appeared
surrounding the DNWs after 10 min hydrogen plasma
treatment as seen in Figure 8b.
In contrast, the wirelike granular structure for the diamond

grains cannot be observed when the films were subjected to 15
min hydrogen plasma treatment. The low-magnification BF
TEM image of DNW15 films (Figure 9a) shows clustered
diamond with no wire-like morphology. The inset in Figure 9a
shows the corresponding SAED pattern which reveals the
diamond structure of these DNW15 grains through the sharp
spotted rings (311), (220), and (111) as in DNW0 film (cf.

Figure 7a). Moreover, the diffused ring in the center of the
SAED pattern is blurred, signifying the appearance of a-C phase
due to extended hydrogen plasma treatment. The structure
image in Figure 9b clearly shows the existence of nanosized
diamond grains of about 10−20 nm in size. The core−shell
graphite−diamond structure has completely disappeared. The
FT images (FT1−FT4) shown as the inset of Figure 9b, which
correspond to the marked regions of 1−4 in Figure 9b, confirm
the presence of a-C phases with small proportion of diamond.
Therefore, it can be concluded that the graphitic phase around
the DNW films has been markedly destroyed after 15 min
hydrogen plasma treatment. The TEM examinations of
DNW15 films are supportive to the Raman spectroscopy
results, which show the red-shift of D* and G peaks as an
indication of the formation of a-C phase in DNW15 films.
Figure 10 shows the core-loss EELS spectra for DNW0,

DNW10, and DNW15 films corresponding to the TEM BF-

Figure 7. (a) Bright-field TEM image of DNW0 film with inset SAED pattern showing (311), (220), and (111) diffraction rings of diamond and (b)
the TEM structure image clearly showing nanowire geometry of diamond phase, encapsulated with graphitic phase. Inset FT images show the phase
content at the respective marked area.

Figure 8. (a) Bright-field TEM image of DNW10 film with inset showing the SAED pattern and (b) the TEM structure image shows nanowire of
diamond phase was converted into short rodlike geometry. The inset FT images showing the phase content at the respective marked area.
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images in Figures 7a, 8a, and 9a, respectively. All the EELS
spectra exhibit a sharp peak around 290.0 eV, corresponding to
the transitions from the 1 s to the σ* energy states (1 s−σ*),
and a dip around 302.0 eV that is a characteristic feature of the
crystalline diamond.50 A week peak at 285.2 eV in curve I for
DNW0 films signifies a small fraction of sp2-bonded phase in
DNW0 films (Figure 10). Interestingly, the peak intensity at
285.2 eV significantly increased after 10 min hydrogen plasma
treatment (curve II, Figure 10). No signal near 285.2 eV (the
π*-band) was observed in case of DNW15 film (curve III,
Figure 10), implying the absence of graphitic sp2-bonded phase
in these films. These observations reveal that, where short time
(∼10 min) hydrogen plasma treatment increased markedly the
graphitic content of the DNW films, the extended hydrogen
plasma treatment time almost destroyed the graphitic content
of these films.

4. DISCUSSION
Concerning the origin of the wirelike structure of diamond
nanocrystals in DNW0 films, prepared in a N2-rich plasma
condition compared to UNCD films prepared in a Ar-rich
plasma, several results are reported.50−54 It suggests that the
changes in the morphology of DNW films prepared in a N2-rich
plasma condition is not the N2 incorporation in the diamond
lattice but nitrogen-related surface processes by the alterations

in gas phase chemistry and surface kinetics. The pristine
DNW0 film’s morphology shown in the TEM micrograph
(Figures 7) implies that the nano-diamond grows isotropically
in the form of a wire in a N2/CH4 plasma. The growth rates
along the longitudinal and circumferential directions vary
considerably for the films prepared in different substrate
temperature (TS).

55 Moreover, it has been observed that while
growing UNCD films in an Ar/CH4 plasma, which is
dominated by C−H and C2 species,56 an equiaxed granular
structure is obtained, regardless of TS.

57 Previous studies53

observe that for sufficiently high TS (TS = 700 °C), the granular
structure changes from equiaxed for a plasma containing a small
proportion of N2 (<5%, with small CN peaks in OES) to an
acicular one for a plasma containing a large proportion of N2
(>10%, with large CN peaks in OES). These observations, in
conjunction with the above-described results and XPS
measurements (Figure 4) imply strongly that the presence of
CN species in the plasma is of critical importance, in addition
to a suitable TS, to form the wirelike DNW structure of UNCD
grains. Interestingly, the DNW films have improved EFE
properties than the pristine UNCD films. Moreover, hydrogen
plasma treatment further enhanced the EFE properties of
DNW films. However, up to now, little has been known about
the details of the microstructure of the hydrogen plasma-treated
diamond films that enhance the conductivity and EFE
properties, especially when the diamond grains are of wirelike
geometry and encased in graphitic shell. TEM investigations
revealed that DNW0 films possess a unique granular structure,
viz. with high aspect ratio DNWs as core which was encased in
a graphitic shell. The high conductivity graphitic sheath is the
prime factor, resulting in high conductivity of the materials that,
in turn, leads to outstanding EFE properties for the films.
Therefore, the electrical behavior of the graphitic shell is the
predominating factor, which resulted in the overall EFE
properties of the films. The STS/CITS investigations revealed
that the electrons were mainly emitted from the boundaries of
DNW. But the DNWs were completely encased by graphitic
phase, how can such a phenomenon be happen? The possible
explanation on this phenomenon is that on top of DNWs, the
graphitic lattice planes are faced on, whereas in the boundaries,

Figure 9. (a) Bright-field TEM image of DNW15 films with inset showing the SAED pattern and (b) the TEM structure image, which shows the
disappearance of nanowire morphology. The inset FT images showing the phase content at the respective marked area.

Figure 10. EELS spectra of (I) pristine, and (II, III) hydrogen plasma-
treated DNWs for (I) 10 min and (III) 15 min. The appearance of sp2

graphitic phase at 285.2 eV is clear in DNW10 films.
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the graphitic lattice planes are edge on, with respect to the
applied field. Only the dangling bonds in edge of hexagon
graphitic lattices are good conductive sites that result in
boundaries of DNWs more emissive than the DNWs
themselves.
The other question remaining now is why hydrogen plasma

treatment process altered the characteristics of the graphitic
sheath of the DNW films and modified their EFE properties?
To understand the phenomenon, we depicted the evolution of
microstructure of DNW films based on the TEM/EELS
observations that is schematically illustrated in Figure 11. In

the sp2-bonded phase encasing the wirelike diamond grains for
the DNW0 films, there are abundant a-C phases, co-existing
with the graphitic layers (Figure 11a). When these DNWs were
exposed to hydrogen plasma, the hydrogen terminated on the
a-C phases were abstracted due to the presence of atomic
hydrogen in the hydrogen plasma, leaving behind the reactive
dangling bond on newly formed carbon, which formed double
bonds with the other dangling bond instantaneously, resulting
in the formation of graphitic phase as depicted in Figure 11b
that enhanced markedly electrical conductivity and EFE
behaviors for DNW10 films. The increase in graphitic phase
in diamond films after hydrogen beam irradiation is also seen in
EELS spectra by Kushita et al.58 Atomic hydrogen contained in
hydrogen plasma is a very aggressive species, which is capable
of etching both the sp2- and sp3-bonded carbons. Therefore,
when the DNWs were kept in hydrogen plasma for longer time,
not only did the graphitic phases disappear but also the wirelike
diamond started to breakdown into smaller pieces, as depicted
in Figure 11c, which accounts for the degradation of both the
electrical conductivity and the EFE properties for DNW15
films.

5. CONCLUSIONS
A possible way of fabricating highly field emitting DNW films
by simple hydrogen plasma treatment technique is demon-
strated. Electrical conductivities and field emission properties
are initially enhanced and then degraded with an increase in
hydrogen plasma treatment time and the best EFE properties
are obtained for 10 min hydrogen plasma treatment. STS in
CITS mode clearly shows significant high conductive sites in
DNW10 films as compared to DNW0 films. TEM/EELS
investigations revealed that the 10 min hydrogen plasma
treatment converted the a-C phase into nanographitic sp2

phase. The availability of abundant nanographitic sp2 phase
content around the diamond nanowire in DNW10 films can

form interconnected paths throughout the films that facilitated
the easy transport of electrons and enhanced the EFE
properties. However, extended hydrogen plasma-treated
DNW films such as in DNW15 films, resulted in the removal
of graphitic phase surrounding the DNWs, which hinders the
transportation of electrons and resulted in inferior EFE
properties. The highly conducting hydrogen plasma-treated
DNW films with enhanced EFE characteristics may open up a
pathway for the development of high-definition flat panel
displays or plasma devices.
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