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ABSTRACT: Silicon nanowires (SiNWs) were uniformly decorated
with ultrananocrystalline diamond (UNCD) by a novel route using
paraffin wax as the seeding source, which is more efficient in the creation
of diamond nuclei than traditional methods. These one-dimensional
ultrananocrystalline diamond-decorated SiNWs (UNCD/SiNWs) exhibit
uniform diameters ranging from 100 to 200 nm with a bulbous catalytic
tip of ~250 nm in diameter and an UNCD grain size of ~5 nm. UNCD/
SiNW nanostructures demonstrated enhanced electron field emission
(EFE) properties with a turn-on field of about 3.7 V/um. Current
densities around 2 mA/cm? were achieved at 25 V/um, which is

significantly enhanced as compared to bare SINWs.
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1. INTRODUCTION

One-dimensional nanostructures, such as nanotubes and
nanowires, have been extensively studied because of their
novel physical and chemical properties and their potential
applications in device development.' > One-dimensional silicon
nanowires (SiNWs) were first fabricated via a vapor—liquid—
solid (VLS) mechanism,* followed by other agproaches, such as
chemical vapor deposition,’ laser ablation,” thermal evapo-
ration,® and chemical etching.5 Fabrication of electron-emittin:
nanomaterials®® and their application to flat panel displays™"
has attracted much attention to the study of one-dimensional
materials having high aspect ratio, stable structure, and high
electron field emission (EFE) properties."' " Because silicon
plays a si§niﬁcant role in the microelectronic field, SINW-based
emitters'®'” have been widely studied. To improve the EFE
property, various kinds of modifications have been done on
SiNWs, such as H, plasma surface treatment,'® Mo
modification,"® Ni implantation,20 IrO, coating,21 gold
decoration,”” and diamond coating.23_26

Diamond films have been widely studied for use in electron
field emitters in vacuum microelectronic devices because of
their negative electron affinity (NEA) with low effective work
function.”” However, the electron field emission properties of
diamond are inferior to those of SiNWs'® because its
conduction band is empty at room temperature due to its
wide bandgap. Numerous approaches have been developed to
enhance the electron field emission properties of diamond
films, including the modification of grain shape, reduction of
grain size,”® increasing the conductivity by doping with boron
and nitrogen species,” and fabricating diamond tips through
the utilization of high aspect ratio templates.*® Aligned silicon
tip arrays, which have been used as templates for synthesizing
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diamond tips, were prepared by employing the conventional
chemical vapor deposition, electron beam lithography, and
chemical etching techniques, along with the microelectronic
processes.”>>' 7> However, these approaches require a
sophisticated apparatus and complex processing steps, which
are tedious and expensive. On the other hand, building upon
the valuable reported information related to diamond and
SiNWs and the expertise of our group in the growth of
ultrananocrystalline diamond (UNCD) using paraffin wax,* we
hereby present UNCD/SiNW nanostructures as upgraded
electron field emitters.

2. EXPERIMENTAL PROCEDURE

Step . Fabrication of SiNWs. The first step of the experimental
process constitutes the fabrication of SiNWs, for which a copper
substrate was coated with a thin gold layer (100—200 nm) using the
radio frequency (RF) sputtering technique, which acts as a catalyst to
grow SiINWs. Thereby, the source material consisting of a mixture of Si
nanoparticles and graphite (1:1) was placed at the center of a quartz
tube (1050 °C) in a custom-built thermal CVD system, whereas the
gold-coated copper substrate was placed at the downstream side of the
Ar flow, 7—10 cm away (950 °C) from the source material, as shown
by Figure 1. In contact with graphite at high temperature, the native
SiO, is reduced to form Si and CO, vapors. A continuous flow (100
sccm) of argon gas was introduced from one closed end of the quartz
tube serving as a carrier gas. The temperature of the source material
was first raised from room temperature to 1050 °C and kept within
this temperature range for 3 h until the end of the growth process,
keeping a constant pressure of 100 mT.
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Figure 1. Schematic representation of the thermal CVD system
showing the configuration of raw materials and the corresponding
temperatures.

Step Il. UNCD Coating on SiNWs. In the second step, the SINWs
were coated with UNCD by using a hot filament chemical vapor
deposition (HFCVD) process. The SiNWs were first coated with
melted paraffin wax that was used as a seeding source. Under the
HFCVD COIldlthl’lS, the parafﬁn wax decomposes, leaving behind
abundant sp>-C crystallites®® on the SINW surface that result in
enhanced nucleation of UNCD. Paraffin wax is more efficient in the
creation of diamond nuclei than traditional detrimental methods, such
as polishing and ultrasonication, which produce substantial surface
damage. The deposition of UNCD was carried out in a gas mixture
consisting of 0.3% CH, and 99.7% H,. The pressure and flow rate
were maintained at 20 Torr (2.7 X 10° Pa) and 100 sccm, respectively.
The growth process was carried out at relatively low temperatures
(~400-500 °C).*®

Characterization Methods. The morphology of the fabricated
films was examined by using a JEOL JSM-7500F field emission
scanning electron microscope (FESEM) and JEOL JEM-2200FS high-
resolution transmission electron microscopy (HRTEM). The films
were also characterized by Raman spectroscopy performed at room
temperature, using a Jobin-Yvon T6400 spectrometer and 514 nm Ar-
ion laser as the excitation source. The EFE characteristics of the films
were measured using a Stanford Research Systems PS350 power
supply and Keithley 6517A electrometer. All the measurements were
recorded at an anode—cathode distance, dcy = 100 + 2 pm, and at a
pressure of ~5 X 1077 Torr (6.7 X 107° Pa). Currents lower than 1 X
1072 A were assumed as background noise. Labview was employed to
make multiple data acquisitions and calculate the average response.
Only results that are consistently reproducible are hereby reported.
The details of the measurement setup and procedures involved have
been reported elsewhere.’

3. RESULTS AND DISCUSSION

The field emission scanning electron microscopic (FESEM)
images (Figure 2) reveal the morphology of the bare SiNWs
and UNCD-decorated SiNWs. Figure 2a shows uniform and
high density growth of bare Si nanowires, where the diameter of
the nanowire estimated from the present image falls in the
range of 80—160 nm and the tip of each wire is bulbous of
about 180—250 nm suggesting the presence of (Au) catalyst at
the apex and pointing to a VLS growth mechanism. Figure 2b
shows a low-magnification image of high density growth of
UNCD-coated Si nanowires. Figure 2c shows the uniform
UNCD coating on SiNWs obtained using paraffin wax as
diamond seed, indicating that the paraffin wax on the as-grown
SiNW acts as diamond nuclei in the HFCVD environment. The
UNCD coating is exceptionally uniform throughout the wire
length, as compared to published reports.”***** The magnified
image of a single nanowire also shows a uniformly UNCD-
coated bulbous tip (shown in Figure 2d).

The room-temperature Raman spectrum of the UNCD-
coated Si nanowires is shown in Figure 3. It was taken in the
range from 100 to 2000 cm ™', revealing a strong first-order Si
transverse optical phonon mode (TO) at 514 cm™'. The
symmetric and high intensity peak indicates the high

Figure 2. SEM images of the as-grown (a) core/shell structure SINW/
SiO, showing (Au) catalyst at its tip. (b) High density of UNCD/
SiNWs at low magnification, (c¢) UNCD uniformly coated SiNWs, and
(d) apex at high magnification.
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Figure 3. Raman spectrum of UNCD-coated SiNWs. Inset shows the
spectrum in the range of 1000—2000 cm™' for UNCD.

crystallinity of the NWs.>” Compared to bulk Si (521 cm™),
a downshift is observed for the samples, which is not caused by
the phonon confinement effect,®® since the diameter of the
SiNWs is relatively large as compared to the excitonic Bohr
radius of Si. Hence, the redshift can be attributed to the tensile
strain experienced by the NWs” due to the coating (shown in
Figure 2). In addition, there are two small and broad peaks at
around 925 and 290 cm™' corresponding to the second-order
transverse optlcal (2TO) and acoustic (TA) phonon modes of
Si, respectively.*® The inset of Figure 3 (magmﬁed by 25%)
shows the typlcal visible Raman spectrum of UNCD coating
over SINWs™ in the range from 1000 to 2000 cm™, revealing a
broad D band around 1347 cm™ arising from a disordered sp*
carbon®' present at the UNCD grain boundaries. The Raman
cross section of Si is much higher than that of diamond,
accounting for the relative intensities. The broadening of the D
peak can be attributed to the phonon confinement effect due to
the small grain size of UNCD (~5 nm).** The highly optically
absorbing sp>-bonded carbon precludes observation of the sp*
Raman signal since the visible Raman is about 50—250 times
more sensitive to sp>-bonded carbon than to the sp>-bonded
carbon.*® The band around 1600 cm™ corresponds to sp*
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Figure S. High-resolution transmission electron microscopic scanning mode (STEM) images of (a) UNCD-coated SINW and (b) magnified image
of the wire showing (c) interplanar spacing of the Si crystal and (d) diamond crystals.
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Figure 6. Electron energy loss spectra (EELS) of (b) SINWs and (c) UNCD crystals recorded at the region shown in (a).

hybridized carbon indicating the presence of graphitic carbon
accumulated at the grain boundaries.

Examination of nanoparticles using transmission electron
microscopy (TEM) and electron energy loss spectroscopy
(EELS) is necessary to unambiguously identify the nature of
the material. Figure 4 shows TEM images of the UNCD-
decorated SiNWs revealing that they are uniformly coated with
dense nanoparticles (UNCD crystals). Figure 4a shows a
constant diameter wire, which consists of a core—shell structure
with numerous nanosized particles of sizes ranging from 3 to 10
nm dispersed uniformly over the shell along the whole wire.
Figure 4b shows a magnified image of the bulbous wire tip
revealing that it is also covered with UNCD nanoparticles.
Figure 4c is a magnified image of the linear portion of the
UNCD/SINW that clearly reveals the core—shell structure of

the SINW having a UNCD shell thickness of around 10—20
nm.
Figure Sa depicts the HRTEM micrograph of UNCD grown
on SiNWs, suggesting that the UNCD is comprised of very
small grains (~S nm). On further magnification (Figure Sb),
the crystalline core—shell structure of the wire with uniform
coating of UNCD crystals is clearly observed. Figure 5c shows
the lattice fringes of the nanowire crystalline core, revealing an
interplanar spacing of about 0.31 nm, which matches with the
(111) orientation of Si and is consistent with the published
data.*® The HRTEM image of the wires coated with UNCD
particles is shown in Figure Sd, indicating that the lattice
spacing is about 0.205 nm, which is a typical lattice parameter
for diamond,*® consistent with the diamond (111) planes. The
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data were obtained by HRTEM measurements and subsequent
calculations on the digital micrograph.

We further explored the UNCD by EELS, which is very
sensitive to the local chemical bonding of carbon, and it was
carried out (using a beam size of 20 nm) on different regions
(see Figure 6). The EELS spectrum was recorded for the
nanowire core (shown in Figure 6a), and it exhibits distinct and
well-established spectral features of Si in the range of 100—160
eV, as shown in Figure 6b. The small peak at 107 eV is
attributed to the presence of SiO,* coming from atmospheric
contamination. On the other hand, Figure 6¢c was recorded for
UNCD coating showing the presence of a weak band feature at
285.23 eV, corresponding to the C 1s — #* transition and
indicating the presence of sp>-C, in agreement with the Raman
spectrum discussed above. Moreover, it shows that the C 1s—
o* transition around 292.3 eV is consistent with sp>-bonded
carbon*” and a dip at ~302.4 €V corresponding to the second
absolute band gap of diamond that confirms the diamond
nature of the nanograins.**

Energy-dispersive spectroscopic (EDS) elemental mapping
(Figure 7) was carried out to study the spatial distribution of Si,

Figure 7. EDS color mapping of (a) UNCD-coated SiNW, with the
elemental composition for (b) carbon, (c) silicon, (d) oxygen, and (e)
gold.

Ay, O, and C on the UNCD-coated SiNWs. Figure 7a is the
TEM morphological image of a representative wire, and Figure
7b—e shows its mapping-elemental analysis. Figure 7b reveals a
strong signal of C indicating a high density, uniform coating of
UNCD throughout the wire as well as the tip. The Si elemental
distribution profile points out that the elemental Si is located
mostly in the middle region (core) as compared to the edge
area (shell). The low intensity signals detected in the core
region (Figure 7c) are due to the spherical geometry of the
shell covered wires. O is mainly distributed in the shell region
of the wires (Figure 7d), which is ascribed to the SiO, shell,
while Figure 7e reveals that elemental gold is mainly distributed
at the tip of the NW, which again confirms the VLS*
mechanism of the Si nanowire growth. The elemental analysis
indicates that the Si nanowires are coated with SiO, and
UNCD, forming core/shell heterostructure. This result is
consistent with the observed bright/dark contrast in the TEM
images discussed above.

From the various characterization results obtained, viz.,, SEM,
TEM, HRTEM, and EDS color mapping, we propose a
qualitative mechanism involving the growth of UNCD-coated
Si nanowires.

For Si Nanowire Growth. The synthesis of Si nanowires
follows the VLS** growth mechanism, with Au as the catalyst

in the present case. Figure 8 shows a schematic representation
of the VLS mechanism, where the metal (Au) catalyst thin film

Au dots catalyst

Au film Au dots

—
50 ° .

Cu substrate I

Figure 8. Schematic representation of the VLS growth mechanism of
SiNWs, supported with FESEM images.

forms liquid Au—Si alloy droplets at high temperatures (950
°C) that adsorb vapors of source material (Si) achieving a super
saturation stage, and the subsequent precipitation of the source
material (Si) at the liquid—solid interface occurs to accomplish
the minimum free energy of the alloy system. Therefore, the 1D
crystal growth begins, and it continues as long as the vapor
components are supplied. Since vapor (carrying Si nano-
particles), liquid (gold catalyst), and solid (precipitated one-
dimensional structures) phases are involved, it is known as the
VLS mechanism.**>°

For Diamond Growth. Figure 9 shows the schematic
representation of the UNCD growth on SiNW seeded by

HFCVD environment for UNCD growth
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Figure 9. Schematic representation of the growth mechanism of
UNCD on SiNWs.

paraffin wax. Decomposition of paraffin wax produces large
amounts of sp>-C rich nanofragments that result in enhanced
nucleation of UNCD. These active nuclei are ready for reacting
with carbon species in the HFCVD environment to produce
UNCD.>" Two factors limit the ability of the nanodiamond
grains to grow beyond 5—10 nm, the three-dimensional
network structure of the Si nanowires and the presence of
silicon oxide remnants. On flat Cu substrates, on the other
hand, similar parameters can yield nanodiamond grains of 10—
15 nm.**

Moreover, the thin SiO, layer on the wires together with the
presence of sp>-C rich environment may also play an important
role. Active Si sites are generated from the reduction of the
Si0, layer under the assistance of hydrogen atoms.>> This leads
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Figure 10. Field emission J—E plots at a cathode—anode distance of about 100 ym: (a) UNCD/SiNWs film and (c) as-grown SiNWs. Fowler—
Nordheim In(J/E?) vs (1/E) plots: (b) UNCD/SiNWs film and (d) as-grown SiNWs.

to the formation of a Si—C interfacial layer that also acts as a
nucleation site for UNCD growth.3’1’3z’48

Field emission measurements were carried out at room
temperature after conditioning the films at around 10 pA at
their respective field for about 2 h. The measured current
density as a function of the macroscopic electric field is shown
in Figure 10a,c, indicating that bare SiNWs can be turned on at
Ey=4.3 + 0.1 V/um, while the UNCD/SiNW heterostructures
exhibit a low threshold field of E; = 3.7 + 0.1 V/um. Emission
current density of bare SINWs goes as high as ~0.1 mA/cm” at
25 V/um, whereas the current density for UNCD/SiINW is one
order of magnitude higher, reaching ~2 mA/cm?* at 25 V/um
and with no saturation yet observed at this field. Table 1 shows
the enhanced EFE properties of UNCD/SiNWs as compared
to those of UNCD, bare SiNWs, CNTs, and UNCD/CNTs. All
these materials exhibit relatively low current densities of 0.1,
0.3, and 0.1 mA/cm? respectively. However, by coating the
SiNWs and CNTs with UNCD, a synergistic effect comes into

Table 1. Comparison of Electron Field Emission Properties

E, Jnax Ejmax
material (V/um)®  (mA/cm?)® (V/] um)© reference
SiNWs 4.3 0.1 25 present work
CNTs 2.3 0.3 7.5 53, 54
UNCD 5.6 0.1 18 34
UNCD/CNTs 1.9 2.0 20 S1
UNCD/SiNWs 3.7 2.0 25 present work

9E,y: turn-on field. ?J,.: maximum electron field emission current
density. “Ej,,,: field required for Jy.

action, and the current densities are enhanced in about one
order of magnitude. The enhancement in electron field
emission properties of UNCD/SiNWs can be attributed to
the good electrical contact between the sp>-terminated UNCD
and SiNWs, which facilitates the transfer of electrons from Si to
UNCD, thus circumventing the silicon oxide layer. Moreover,
the presence of sp*hybridized carbon around the diamond
crystallites and the geometrical enhancement factor (diameters
~5—10 nm) also play an important role in facilitating the
electron emission process itself. Additionally, the high density
of UNCD crystallites is a key parameter influencing the EFE
properties. Therefore, the increment of current density can be
attributed to the combination of the high density of UNCD
particles coating the SINWs and the high density of the SINW
network.

The In(J/E*) — 1/E plots (see Figure 10b,d) describe the
exponential dependence relationship between the applied
electric field and emission current. The straight lines indicate
that the field emission from SiNWs and UNCD/SiNWs follows
the Fowler—Nordheim (FN) behavior, represented by the
simplified FN equation.

ABE? _Bg?
4 exP[ PE ] (1)

where ] is the current density, E the applied field strength, f the
field enhancement factor, ¢ the work function of emitter
materials, and A and B are constants, corresponding to A = 1.56
X 107 AV? eV and B = —6.83 x 10° V(eV)*? (um)7},
respectively. The local electric field E; can be related to the

J
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macroscopic field Ey by E; = fBE,,;, which indicates that high
values of /3 signify high local electric field due to the presence of
one-dimensional SiNWs and are enhanced by UNCD coating.
Therefore, f is a parameter dependent on the geometry of the
nanowire, crystal structure, and density of emitting points and
is used to determine the degree of the field emission
enhancement. Assuming that the work function of SiNWs is
close to 4.7 eV,> 3 can be calculated from the slope of the F—
N plot using the expression

B¢3/2
B slope (2)

For bare SiNWs, the FN plot is fitted with a single slope which
corresponds to the f value of ~1447. The enhancement factor
calculated for the two slopes for UNCD/SiNWs corresponds to
the f values of ~1163 at low field and ~1982 at high field.
These f values are superior to those reported by Thomas et
al.*® and much higher than values reported by Tzeng et al.*>**
whose field emission results and analysis appear to have internal
contradictions.

Two emission regimes can be distinguished. In the low-field
regime <7 V/um, electrons are emitted mainly from the sp*
carbon around the UNCD crystallites that are distributed along
the SiINWSs. The direct contact between UNCD and Si avoids
the barrier of the oxide layer and takes advantage of the
negative electron affinity of diamond.*® The second slope at
fields >7 V/pum corresponds to higher local electric fields that
are required to obtain emission directly from the SINWs.

4. CONCLUSION

Ultrananocrystalline diamond coating on silicon nanowires has
been done by HFCVD using paraffin wax as a seeding source
for the growth of diamond on silicon nanowires. The HRTEM
and EELS analyses of the UNCD coating on SiNWs revealed a
grain size of 5—10 nm. The fabricated nanostructures have
enhanced electron field emission (EFE) properties as compared
to the EFE performance of other field emitters, including bare
SiNWs and UNCD. The UNCD/SiNWs exhibit turn-on fields
around E, = 3.7 V/um and current densities around 2 mA/cm?
at an applied field of 25 V/um. It can be concluded that the
coating of UNCD on SiNWs greatly influenced their field
emission performance. The enhanced electron field emission
properties of UNCD/SINW are ascribed to the synergistic
effects of UNCD crystallites and SiNWs. The presence of sp’-
hybridized carbon around the diamond crystallites and the
geometrical enhancement factor also play an important role in
facilitating the electron emission process.
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