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ABSTRACT We report the growth of ultrathin diamond nanorods (DNRs) by a microwave plasma assisted
chemical vapor deposition method using a mixture gas of nitrogen and methane. DNRs have a diameter as thin
as 2.1 nm, which is not only smaller than reported one-dimensional diamond nanostructures (4—300 nm) but also
smaller than the theoretical value for energetically stable DNRs. The ultrathin DNR is encapsulated in tapered
carbon nanotubes (CNTs) with an orientation relation of (111)giamona//(0002)grapnite. Together with diamond
nanoclusters and multilayer graphene nanowires/nano-onions, DNRs are self-assembled into isolated electron-
emitting spherules and exhibit a low-threshold, high current-density (flat panel display threshold: 10 mA/cm? at
2.9 V/pm) field emission performance, better than that of all other conventional (Mo and Si tips, etc.) and popular
nanostructural (ZnO nanostructure and nanodiamond, etc.) field emitters except for oriented CNTs. The forming
mechanism of DNRs is suggested based on a heterogeneous self-catalytic vapor—solid process. This novel DNRs-
based integrated nanostructure has not only a theoretical significance but also has a potential for use as low-power

cold cathodes.
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aberration-corrected

arious carbon allotropes including

fullerene, single/multiwall carbon

nanotube (SWCNT/MWCNT), graph-
ite, and diamond have received enduring
attention over the last two decades because
of their excellent properties and potential
wide applications. Their completely differ-
ent properties have been ascribed to the di-
versity of C—C chemical bonds (sp', sp? or
sp’). For example, sp> C—C bonded dia-
mond is a wide band gap semiconductor
exhibiting a combination of superior prop-
erties such as negative electron affinity,
chemical inertness, high Young'’s modulus,
the highest hardness and room-
temperature thermal conductivity,’
whereas sp? C—C bonded graphite is an ex-
cellent conductor and one of the softest
materials in nature. Meanwhile, the dimen-
sion and size could play a critical role in de-
termining the properties of such materials.
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For example, sp?>-bonded SWCNT is a
unique one-dimensional (1D) material,
which has not only a high aspect ratio, a
high thermal conductivity, the highest ten-
sile intensity, and Young’s modulus, but also
exhibits either metallic or semiconducting
behavior with quantum electron transport.?
The most convincing evidence of size ef-
fects is that the properties of thin SWCNTs
are superior to those of thick MWCNTSs.
Thus, high aspect-ratio, nanoscale 1D dia-
mond in the form of nanotubes, nanorods,
nanowires, nanofibers, nanopillars and so
on has become a hot research topic in both
theoretical and experimental fields, repre-
sented as a counterpart of CNTs due to dif-
ferent C—C bonding nature of sp® versus
sp?. To date, many novel properties of dia-
mond nanorods (DNRs) such as high ther-
mal conductivity, a zero strain stiffness, etc.
have been theoretically predicted,>* fore-
seeing their possible use in cross-link facili-
tated heat transfer and thermal manage-
ment systems.>® The realization of vertically
aligned conducting diamond nanorods ar-
rays, which can detect picomolar concentra-
tions of target DNA has triggered the devel-
opment of sensors for clinical diagnostics,
environmental sensing as well as other ap-
plications at the interface between biology
and microelectronics.” Like SWCNTs, DNRs
may be semiconducting, semimetallic or
metallic, depending on their diameter, sur-
face morphology and surface functional
species. Their band gaps start to be tun-
able at a diameter of less than about 2.39
and 4.14 nm for the dehydrogenated and
hydrogenated DNRs, respectively.? So far di-
verse 1D diamond nanostructures have
been synthesized by hydrogen plasma
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post-treatment of CNTs, high-temperature, high-
pressure, microwave plasma chemical vapor
deposition (MPCVD), and plasma etching,”” '®
having a diameter in the range of 4—300 nm and

a small aspect ratio, which are significantly differ-
ent from those of SWCNTs (~1—2 nm and large
aspect ratio). The synthesis of ultrathin 1D dia-
mond nanostructures could lead to the discovery
of potentially novel properties, not currently avail-
able, as was the case that had occurred previ-

ously at the initial stage of CNT studies. Mean-
while, the theoretical studies showed that DNRs

are energetically stable only at the diameter range
of 2.7—9 nm."®"” Thus, the growth of ultrathin

(less than 2.7 nm), large aspect ratio DNRs is not
only an experimental challenge but also has theo-
retical significance. In addition, most of the prop-
erties of DNRs have not been investigated fully

with the majority of the studies being concen-
trated on theoretical predictions, whereas their
experimental study is still at an infant stage. In this
work, we report the MPCVD growth of 2.1 nm ul-
trathin DNRs, which are encapsulated in tapered
CNTs with continuously variable two to five or more
graphene walls. Together with the presence of a few
diamond nanoclusters and graphene nanowires/nano-
onions, they are all self-assembled into spherical struc-
tures. Their excellent field emission property is reported
for the first time. This novel hybrid nanostructure has
the potential to marry the major advantages of its indi-
vidual components and to realize significant improve-
ments in their current nanoelectronics and bioelectron-
ics applications.

RESULTS AND DISCUSSIONS

Figure 1a shows the scanning electron microscopy
(SEM) image of DNRs deposited on Si for 30 min. It can
be seen that there are many spherical structures uni-
formly dispersed on Si with an approximate density of
5.5 X 10%/cm? They are either isolated with a perfect
spherulus shape or some are coalesced together into ir-
regular shapes. These sphere-shaped structures are dif-
ferent from those of diamond cauliflowers or diamond
balls, which are made of faceted diamond crystals or
carbon granules.'® They seemingly are made of a large
quantity of short and straight nanorods with a diameter
of less than 20 nm and a length of less than 200 nm, to-
gether with some nanoclusters. In whole they have an
appearance similar to textured radial carbon nanoflake
spherules deposited on steel at low temperature and
low power, as reported previously.'® Figure 1b shows
the SEM image of DNRs deposited on SiO,/Si for 60 min.
The DNR spherules are coalesced into a continuous film
made of locally aligned DNRs, exhibiting a morphology
similar to that of reported diamond nanowires.'?

To further characterize its microstructure, we used
both a 200 kV high-resolution transmission electron mi-
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croscopy (TEM) and a 100 kV scanning transmission elec-
tron microscopy (STEM) equipped with a spherical aberra-
tion corrector, in which exclusive high-angle annular dark-
field (HAADF) images can be obtained. Compared to
conventional TEM, STEM not only makes it possible to
see lattice fringes without intentionally selecting a spe-
cific orientation, but also directly recognizes elements due
to the mechanism of atomic-number-dependent atomic
scattering.”>2" The DNR was scratched onto a holey
carbon-coated Cu grid for the TEM observation. Energy
dispersive X-ray spectroscopy (EDS) microprobe shows
that the sample is carbon predominant. Except for Si and
Cu originating from the substrate and TEM grid, respec-
tively, no other metal elements were detected (Figure 2c).
Figure 2a shows a typical low-magnification TEM image.
It can be seen that there are a few nanometer sized clus-
ters and many 50—300 long rod/cone-like 1D nanostruc-
tures. Selective area diffraction pattern (SAED) (Figure 2b)
from the 1D nanostructures consists of a few reflection
spots and a set of reflection rings, confirming the pres-
ence of textured graphite and polycrystalline diamond in
the sample. Figure 2 panels d—g illustrate typical high
resolution TEM images of the sample. Except for a few dia-
mond nanoclusters and straight or curved, branched mul-
tilayer graphene nanowires and nano-onions, the major-
ity of 1D nanostructures were found to be DNRs. The
diamond nanoclusters are well crystalline with a (111) dia-
mond plane spacing of 0.205—0.21 nm. The straight or
curved, branched multilayer graphene nanowires/nano-
onions are ordered displaying clear graphene planes with
a (0002) lattice spacing of 0.337—0.367 nm. DNRs with a
diameter range of 2.1—4.2 nm were found to be embed-
ded in either an amorphous matrix or in carbon nano-
tubes, in agreement with the previously reported dia-
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Figure 1. (a and b) Typical SEM images of isolated and continuous DNRs in-
tegrated spherules; (c and d) corresponding englarged SEM images of pan-
elsaandb.
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Figure 2. (a—c) Low magnification of TEM images, SAED pattern,
and EDS spectrum; (d—g) high resolution TEM images showing
diamond nanoclusters, graphene nanowires, and DNRs in the
sample.

mond nanowires."' Figure 2g shows a typical image of
the thinnest DNR, which is an elongated single crystal
rather than a chain of several grain segments connected
by multilayer graphene.'? The diameter throughout the
DNR is only 2.1 nm, which to the best of our knowledge
is the thinnest ever reported 1D diamond nanostructure.
This value is also smaller than the theoretically predicted
diameter range of 2.7—9 nm, where DNRs are energeti-
cally stable.’® Here, the few-layer graphene-rolled CNTs
could serve as a shield for keeping the DNR at low free en-
ergy. This finding provides an insight on the growth of ul-
trathin diamond nanorods and could act as a trigger for
stimulating future theoretical and experimental work on
the DNR growth.

The study of 1D nanostructural tip is a critically inter-
esting subject as it is relevant to the growth mechanism
and material’s property. Figure 3 illustrates a high magni-
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fication HAADF image of the DNR tip. Due to their differ-
ent atomic density and crystalline structure, graphite and
diamond exhibit different brightness and contrast in the
HAADF image. Along the axial growth direction of [110]
from the tip to the root, the DNR was surrounded by a ta-
pered carbon nanotube with gradually increasing num-
ber of graphene walls ranging from two to five or more
layers. The diamond and graphite could have an epitax-
ial relation of (111)giamond//(0002)graphite,”> Which ensures a
continuation of the flat hexagonal network of graphene
on a buckled hexagonal network of diamond {111}
planes. Such an epitaxial relationship could be respon-
sible for the system's low free energy, leading to the for-
mation of ultrathin DNRs. The tip of DNRs observed here
is free of metal, graphene, and amorphous carbon and
differs from the tip of diamond nanowires obtained in ear-
lier studies, which has a fullerene-like cap at its end."
Thus, the tip could be terminated with H atoms, as illus-
trated in the following near edge X-ray absorption fine
structure (NEXAFS) analysis.

X-ray photoemission energy microscopy (PEEM) is
an X-ray excited nondestructive imaging technique that
is able to provide spectroscopic information on a nanom-
eter scale, working either on X-ray photoelectron spec-
troscopy or NEXAFS mode. Figure 4a is a typical PEEM im-
age of the sample with a view field of 25 wm at the
photon energy of 320 eV. It is clear that there are many
isolated DNR constituent spherules. Figure 4b shows a
C—K edge NEXAFS spectrum taken from an individual
spherule. Except for a typical sp>-bonded carbon charac-
teristic peak at 285 eV, the NEXAFS spectrum profile of a
DNR spherule is very similar to that of single crystalline
diamond, which has two specific features: a diamond ex-
citon sharp peak at 289 eV and a second absolute band
gap of diamond represented by a large dip at 302.5 eV.**
This confirms that the DNR spherule consists of predomi-
nant sp> diamond and sp? graphitic phase, in corrobora-
tion with the TEM results. In addition, there are two weak
peaks located at 286.5—287.5 and 282.5 eV, which could
originate from C—H bonding or localized gap states at
dangling bonds and distorted sp*-bonding sites, respec-
tively.>* Thus, the present spherule surface is terminated
with H, leading to a negative electron affinity surface for
enhancing the field emission.

The field emission measurement was carried out in
a vacuum chamber with a base pressure below 10~°
torr at room temperature by using a diode configura-
tion with a 2 mm diameter tungsten tip as anode. The
distance between the tip and the cathode was con-
trolled at 100 wm by a digital micrometer controller
and an optical microscope.?® Figure 5 shows the rela-
tion of emission current density as a function of ap-
plied electrical field of DNRs. The inset is the corre-
sponding linear Fowler—Nordheim (F—N) plot,
indicating that the field electron emission of NDRs fol-
lows the classic field emission mechanism. The turn-on
field at the current density of 0.01 mA/cm? is approxi-
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(111),//(0002),

Figure 3. High magnification HAADF images of the tip of
DNRs.

mately 1.3 V/pm, which is greatly less than that of many
carbon nanostructures, such as tubular graphite cones,
carbon nanoflake films, carbon nanotubes, and nanodi-
amond films.2®~ 28 The threshold field at an emission
current density of 1 mA/cm? is about 1.9 V/um, which
compares favorably with respect to various nanostruc-
tural emitters, for example CNT, ZnO, CNx, GaAs, GaN,
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Figure 4. (a) PEEM image of the DNR sample; (b) NEXAFS
spectrum taken from an individual DNR spherule.
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Figure 5. Emission current density as a function of applied
electrical field for DNRs and corresponding F—N plot.

AIN, BCN, etc.?° The threshold field at which an emis-
sion current density of 10 mA/cm? is achieved, being
considered as a figure of merit for conventional flat
panel displays, is less than 2.9 V/um. This value is bet-
ter than previously reported values for various field-
emitting materials including single wall CNT, nanodia-
mond, and Mo and Si tips,3° 32 but worse than that of
oriented high density multiwall CNTs.?® The low turn-on
field and large current density of DNRs could be as-
signed to the following factors: (1) isolated DNR spher-
ules act like separated emitting tips, which not only
could have a large field enhancement factor, but could
also effectively depress the screen effect; (2) the pres-
ence of novel hybrid nanostructures of diamond nano-
cluster, DNR, CNT, and graphene nanowires/nano-
onions will lead to enhanced properties, such as higher
electron mobility and transport properties, derived
from the combined effects of the individual constitu-
ents; (3) H-terminated DNRs have a negative electron af-
finity surface and a higher surface conductivity.>*** Ad-
ditionally, it is noticeable that nitrogen in the ambient
could be partially incorporated into the structure dur-
ing the deposition, leading to a great change in the
electronic structure and higher conductivity due to ni-
trogen vacancy complexes as shallow donors and grain
boundary nitrogen dangling bonds or nitrogen  bond
complexes as compensation centers.'?

The growth mechanism of one-dimensional hybrid
nanostructures of DNRs and CNTs is an almost unex-
plored subject. As we know, diamond is a metastable
carbon phase and the growth of highly crystalline dia-
mond requires a hydrogen-rich environment, where hy-
drogen plays an extraction role, preferentially etching
amorphous carbon and graphite and enhancing dia-
mond nucleation and growth.” The nanodiamond
growth usually occurs in a hydrogen-free environ-
ment,® where Ar or N, gases are used to replace hydro-
gen and depress the growth of large diamond crystals.
Up until today, many methods have been attempted to
increase the diamond nucleation and growth such as
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Figure 6. (a) SEM images of DNRs grown on the diamond scratched Si,
showing the spherule prefer to nucleate on the scratched sites, the inset is
an enlarged image; (b and c) SEM images of DNRs grown on Si and SiO,-
coated Si for 30 min; (d) SEM images of DNRs grown on Si by using a —100
V bias for 30 min.

from SiO; by the carbon-thermal reduction, lead-
ing to oxygen assisted 1D growth, similar to
that met in other 1D nanomaterials,*® because
oxygen is able to replace hydrogen for the
growth of highly crystalline diamond.?® In con-
trast to carbon nanoflake and crystalline dia-
mond,?” no individual DNRs were found on the
Si surface at the initial growth stage of several
minutes. The growth of DNRs always proceeds
in the form of spherules, accompanied with
graphene nanowires and diamond nanoclusters.
This could imply that the surface nanosteps
formed by ion bombardment are not active
nucleation sites for the DNR growth.*® From the
standpoint of vapor chemistry, the CH; and C;H,
radicals are considered as main growth species
of diamond in an atomic hydrogen-rich ambient,
while C; radicals are responsible for the growth
of nanocrystalline diamond in an atomic
hydrogen-poor environment. The growth of the
present DNRs was carried out in a N,-containing
ambient, where CN and HCN radicals are domi-
nant, implying that H, and Ar relevant radicals do

ion bombardment, mechanical abrasion, etc. CNTs are
a 1D nanomaterial, which usually follows a
vapor—liquid—solid catalytic mechanism except for
the self-catalytic or catalyst-free self-assembly growth.3”
As a metastable 1D nanostructure, DNRs can only grow
in a critical condition, which should simultaneously
meet both the metstable thermodynamic and 1D
growth. Figure 6a shows a typical SEM image of DNR
spherules grown on the Si substrate scratched by dia-
mond particles. The DNR spherules are not uniformly
dispersed on the Si surface. It is clear that the DNR
spherules prefer to grow onto the scratched line. The
nucleation density of DNRs is enhanced by creating
denser lines. DNR spherules were absent on a non-
scratched surface. This nucleation and growth
behavior is consistent with that of polycrystalline CVD
diamond, where either residual diamond particles or
various structural defects on the surface, produced by
scratching, act as nucleation sites. As another fashion-
able technique, ion bombardment was applied to en-
hance the nucleation density of DNRs too. It was found
that a bias of —100 V slightly decreases the nucleation
density but greatly improves the size of individual
spherules (see Figure 6b,d), being in contrast to bias
enhanced nucleation of CVD diamond.

Another opposing habit on the nucleation and
growth when compared to polycrystalline diamond, is
that the nucleation density of DNRs on the scratched
SiO; is higher than that on the scratched Si, as shown
in Figure 6b,c. This could hint that the surface energy of
substrates plays a minor role in determining the nucle-
ation sites and mechanism of DNRs. The exact reason is
not clear. It could be relevant to the release of oxygen
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Figure 7. Schematic diagram of the growth model of
ultrathin DNRs: (a) diamond nanocluster, curved graphene
cap, and nano-onions preferentially nucleate on the
scratched surface sites; (b) carbon radicals precipitate or ad-
sorb on the surface of diamond nanoclusters and assemble
themselves to form graphene/CNT caps. Alternatively, dia-
mond nanoclusters nucleate on the curved graphene cap
and nano-onions; (c) encapsulated diamond nanoclusters
and outlayer graphenes/CNTs simultaneously start a 1D
growth using the diamond nanocluster as catalysts.
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not contribute to the growth of DNRs.""'? Another criti-
cal finding is ultrathin DNR was encapsulated in ta-
pered CNTs, which could act as a high pressure reac-
tive nanocell.*" In this nanoscale cell, graphene
curvature induces a surface tension effect or additional
pressure, making diamond to be at a new thermody-
namic stable region and to prefer to nucleate and grow
on curved graphene planes inside the CNT.*243

Here, we suggest that the growth of DNRs possibly
follows a self-assembly mechanism as illustrated sche-
matically in Figure 7. First, diamond nanoclusters to-
gether with nondiamond phases, such as the amor-
phous carbon, graphene cap, and nano-onion/
nanowire simultaneously, nucleate preferentially at the
scratched defect sites; Then, carbon radicals precipitate
or adsorb on the surface of diamond nanoclusters, and
assemble themselves to form graphene/CNT caps;** Fi-
nally, encapsulated diamond nanoclusters and outlayer
graphenes/CNTs simultaneously start a 1D growth by
a base catalytic growth mode via a phase separation,
where the diamond nanoclusters are the solid
catalysts.*>*® This is a specific vapor-solid phase separa-
tion process yielding two carbon allotropes of dia-
mond and graphene from the same carbon source,
but different from the common self-catalytic growth,
where there is only one final material product without
phase separation. In this heterogeneous self-catalytic
process, the diamond nanoclusters and outlayer
graphenes start to grow from their interface at the
same time, possibly like the in situ metal-filling CNT

EXPERIMENTAL DETAILS

The growth of ultrathin DNRs was carried out in a 2.45 GHz,
1.5 kW microwave plasma enhanced CVD system. Clean (100)
heavily doped n-type Si wafers with and without thermally oxi-
dized SiO, coating were used as substrates. To enhance the
nucleation density of diamond nanorods, the substrates were
subjected to a standard surface pretreatment procedure that
was used earlier for growing polycrystalline diamond films," be-
fore being placed into the reaction chamber. A gas mixture of
CH, and N, with a flowing ratio 5—30% was fed into the reac-
tor. The total gas pressure and microwave power during the
deposition were maintained at 20—60 torr and 700—1000 W, re-
spectively. The growth lasted for 3—120 min. During deposi-
tion, the substrate was heated by a high-frequency induction
coil up to 700—950 °C, as measured by an infrared optical pyrom-
eter from the top window of the chamber. After deposition, the
morphology and microstructure of the samples were character-
ized by SEM, TEM, STEM, and PEEM combined with NEXAFS spec-
troscopy. The NEXAFS spectroscopy at the C K-edge was col-
lected at room temperature using an X-ray photoelectron energy
microscope with a spatially lateral resolution of 30 nm in beam-
line 1311 of the synchrotron radiation facility MAX-Laboratory
(Lund, Sweden). STEM measurements were carried out in a 100
kV VGHB501 STEM retrofitted with a Nion Co. aberration correc-
tor in SuperSTEM facility, Daresbury, U.K. Their field emission
characteristics were investigated in vacuum at room
temperature.
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pean Union under the DESYGN-IT Project (STREP Project No.
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growth. Another possibility is that at the very begin-
ning of growth a hemisphere graphene cap, fullerene,
or a short CNT first forms on the surface and then dia-
mond nucleates on the curved carbon cap due to the
curvature induced surface tension effect. This can be
evidenced by the presence of many fullerene and re-
lated materials, which were found to be one of precur-
sors of both nanocrystalline diamond and CNTs.*”48

CONCLUSIONS

In conclusion, ultrathin DNRs were successfully grown
on Si using a nitrogen-rich ambient in a MPCVD reactor.
As-deposited DNRs have a length of 50—300 nm and a
thin diameter of 2.1 nm, less than the theoretical mini-
mum value for energetically stable DNRs. This was pos-
sible because they are encapsulated in tapered CNTs with
an orientation relation of (111)giamona//(0002) graphite- The
growth of DNRs is suggested to follow a heterogeneous
self-catalytic vapor—liquid mechanism. DNRs were self-
assembled with diamond nanoclusters, CNTs, and
graphene nanowires/nano-onions into an integrated
spherical nanostructure, leading to excellent field emis-
sion characteristics of low threshold and high current
density due to the combined effect of all constituent nano-
materials. This new ultrathin DNR integrated nanostruc-
ture could offer opportunities for stimulating both future
fundamental and experimental research with important
applications in nanoelectronics and bioelectronics areas
such as low-power cold cathodes and highly efficient and
sensitive biosensors.

505626), EPSRC funded facility access to SuperSTEM, and
through Integrating Activity on Synchrotron and Free Electron
Laser Program (IA-SFS No. RII3-CT-2004-506008).
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