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erties of the UNCD/SiNW nano-emitters varied markedly with the pre-seeding
process for the SiNW-templates. The direct ultrasonication process is more efficient in the formation of the
diamond nuclei than the carburization/ultrasonication process, yielding UNCD/SiNWs nano-emitters with
better electron field emission properties. The electron field emission can be turned on at (E0)UNCD/SiNW4=
3.75 V/µm, yielding a large electron field emission current density of (Je)UNCD/SiNW4=11.22 mA/cm2 at an
applied field of 9.75 V/µm. These characteristics are significantly better than those of bare SiNWs or planar
ond (UNCD) nano-emitters were prepared by coating UNCD films on the tip of
plates by microwave plasma-enhanced chemical vapor deposition process. The

UNCD films.
© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Diamond films have been widely studied for use in electron field
emitters in vacuum microelectronics devices because of the negative
electron affinity with low effective work functions [1]. However, the
electron field emission properties of these materials are inferior to
those of carbon nanotubes (CNTs) because a large electric field is
required to trigger the electron field emission [2]. Therefore, reducing
the turn-on field of diamond films is the most urgent task. Numerous
approaches have been developed to enhance the electron field
emission properties of the diamond films, including reducing the
size of the grains in diamonds [3], increasing the conductivity of the
diamonds by doping semiconducting species [4], and fabricating the
diamond tips through the utilization of high aspect ratio templates [5].
The aligned silicon tip arrays, which were used as templates for
synthesizing diamond tips, have been prepared by conventional
chemical vapor deposition, laser ablation and thermal evaporation/
decomposition, along with the microelectronic processes [6–8].
However, most of these approaches requires sophisticated appara-
tuses and complex processing steps, which are time consuming and
expensive. Recently, we developed an electrochemical process for
fabricating aligned silicon nanowires (SiNWs) [9,10]. Such a process is
simple and can be scaled up to fabricate aligned silicon nanowires
(SiNWs) over a large area on a single-crystal silicon wafer.
l rights reserved.
In this work, we used SiNWs as a template to grow ultra-
nanocrystalline diamond (UNCD) films to synthesize UNCD nano-
emitters. The effect of the pre-seeding process on the growth behavior
of UNCD films on these SiNWs and the related electron field emission
properties of UNCD/SiNWs emitters were studied.

2. Experimental

Silicon nanowires (SiNWs) were fabricated by electroless metal
deposition (EMD), in which (i) the [100] silicon wafer (1×1 cm2) was
sputter-coated with a thin gold film (~10 nm), and then post-annealed
in an atmosphere of argon at 1073 K for 2 h to produce small gold
nanoparticles (~15 nm) on the Si-substrate; (ii) the Si wafer was then
immersed into an HF-based etching solution (12 ml of 48% HF and
0.103 M of AgNO3) for 30 min, followed by cleaning using nitric acid
and deionized water, and then dried. Self-aligned SiNWs with a
diameter of about 35 nm were thus formed on Si-substrate by
anisotropic etching. To study the effect of pre-seeding process on the
growth behavior of UNCD films, some of the SiNWswere pretreated by
either (i) directly ultrasonication in nanodiamond (~30 nm) slurry
(designated as D-seeding process) or (ii) carburization by MPECVD
using a high CH4 concentration for 30min, followed by ultrasonication
in nanodiamond (~30 nm) slurry for 30 min (designated as C-seeding
process). UNCD films were deposited on the un-treated or pre-seeded
SiNW-templates byMPECVD for 2 h (IPLAS, cyrannus), at the methane
pressure of 100 Torr and the argon gas flow rate of 1 and 99 sccm. The
microwave powerwas 600W (2.45 GHz) and the reaction temperature
was about 673 K.
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Fig. 1. SEM micrographs for UNCD/SiNWs fabricated by deposition of ultra-nano-crystalline diamond (UNCD) on silicon nanowire (SiNW) arrays by a microwave-plasma-enhanced
chemical vapor deposition process. (a) UNCD/SiNW1, (b) UNCD/SiNW2, (c) UNCD/SiNW3, and (d) UNCD/SiNW4. The SiNW1 is un-treated (MPECVD for 2 h); SiNW2 is pre-seeded by
C-process (MPECVD for 2 h); SiNW3 and SiNW4 are pre-seeded by D-process (MPECVD for 2 h and 3 h, respectively).

Fig. 2. Raman spectra of UNCD/SiNWs, (a) UNCD/SiNW1, (b) UNCD/SiNW2, and (c)
UNCD/SiNW3.
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Themorphologies of the SiNWs and UNCD nanowires were studied
using SEM (JEOL JSM-6500F), whereas the crystalline structure of
these nanowires was examined by high-resolution transmission
electron microscopy (HRTEM, JEOL JEM-4000EX). The structure of
the diamond nanowires was investigated further by Raman spectro-
scopy (Renishaw, 514.5 nm). The electron field emission properties of
the UNCD nanowires were measured using a tunable parallel plate
set-up, in which the sample-to-anode distance was tunable. The
current–voltage (I–V) characteristics were measured using an electro-
meter (Keithley 237) at a pressure of less than 10−6 Torr. The electron
field emission parameters were determined from the obtained I–V
curves using the Fowler–Nordheim model [11–12].

3. Results and discussions

The SEM micrographs in Fig. 1(a) present the morphology of the
UNCD coated on bare SiNWs that were designated UNCD/SiNW1. This
figure shows that the UNCD film can be grown directly on the bare
SiNW-templates, indicating that the as-etched SiNWs surface contains
abundant active sites, ready for reacting with carbon species in the
plasma to produce diamond nuclei. However, the coating of UNCD on
these SiNWs is not uniform. In some areas, the UNCD grains can fully
cover the SiNWs, forming a continuous film, while in the others, only
discrete UNCD grains are formed. This phenomenon is similar to the
formation of UNCD on the bare Si-substrates without any pretreat-
ment [13], which can be ascribed to the insufficient number density of
diamond nuclei formed to the SiNWs template.

To facilitate the formation of diamond nuclei so as to improve the
coverage and uniformity of the granular structure of UNCD grains on
the SiNWs, either direct ultrasonication (D-seeding process) or pre-
carbonization ultrasonication (C-seeding process) or was adopted.
Fig. 1(b) and (c) display the morphology of UNCD films coated on the
SiNW-templates that had been pretreated by D-seeding or C-seeding
processes, respectively. Thus obtained nanowires are designated
UNCD/SiNW2 and UNCD/SiNW3, respectively. These micrographs
indicate that both pre-seeding processes result in substantially better
coverage of the UNCD grains on the SiNWs. The UNCD grains covered
almost all of the SiNWs when deposited for 2.0 h. These results can
apparently be attributed to the denser diamond nuclei formed before
the growth of UNCD films.

Fig. 2 shows the typical Raman spectra obtained using a 514 nm
laser. It includes broad peaks of D-band resonance near 1350 cm−1 and
G-band resonance near 1550–1600 cm−1, which typical characteristics
for diamond filmswith ultra small grain size. The Raman spectra of the
UNCD films also include D⁎-, G⁎-band near 1150 and 1480 cm−1, which
are indicated the formation of transpoly-acetylene surround the nano-
sized diamond grains.[14,15] The broaden Raman resonance peaks
makes the identification on the nature of the nano-grains by Raman
spectroscopy extremely difficult. Examination using transmission
electron microscopy (TEM) is necessary to unambiguously identify
the nature of these materials. Fig. 3(a) presents the typical HRTEM
micrographs of UNCD films grown on SiNW-templates, suggesting that
thefilms contain very small grains (~5 nm). The enlarged image,which
shows the lattice fringe of one of the grains (Fig. 3)(b), and selected area
electron diffraction (SAED) patterns (Fig. 3)(c) demonstrate that these
grains are diamonds. These observations are consistent with the
literature reports [16].



Fig. 3. Typical (a) HRTEM micrograph of UNCD/SiNW, (b) an enlarged micrograph for a
single grain and (c) the SAED pattern.

Table 1
Electron field emission properties of the UNCD/SiNWs

UNCD/SiNW1d UNCD/SiNW2d UNCD/SiNW3d UNCD/SiNW4d

Je (mA/cm2)a 0.05 0.59 1.57 11.22
Et (V/µm)b 16.00 11.75 11.60 9.75
E0 (V/µm)c 7.40 5.00 4.40 3.75

a Je:the electron field emission current density achieved at 9.75 V/µm applied field.
b Et:the electric field necessary for attaining Je=11.22 mA/cm2.
c E0:the turn-on field derived from Fowler–Nordheim plots, as the interceptions of

straight lines extrapolated from the low-field and high-field segments of the F–N plots.
d SiNW: SiNW1 is un-treated (MPECVD for 2 h); SiNW2 is pre-seeded by C-process

(MPECVD for 2 h); SiNW3 and SiNW4 are pre-seeded by D-process (MPECVD for 2 h and
3 h, respectively).
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The bare SiNWs templates containing no UNCD-coatings require a
very large turn-on field, (E0)SiNW=8.6 V/µm, to induce electron field
emission, yielding only (Je)SiNW=4 mA/cm2 in an applied field of
(Ea)SiNW=22.0 V/µm (not shown). Additionally, the field enhance-
ment factor of the SiNWs is estimated as βSiNW=367, which is
markedly smaller than the expected β-value of the nano-sized SiNWs
and was attributed to the electrical screening effect [17]. Fig. 4
illustrates the beneficial effect of UNCD-coatings on improving the
electron field emission (EFE) properties of SiNWs. Fig. 4 (open
squares) indicates that the electron field emission of UNCD/SiNW1
can be turned on at (E0)UNCD/SiNW1=7.4 V/µm, which does not differ
significantly from E0 for bare SiNWs. However, the EFE current
density reaches (Je)UNCD/SiNW1=11.22 mA/cm2 in an applied field of
16.00 V/µm, which markedly exceeds the electron field emission
current density of bare SiNWs.

The EFE properties of UNCD/SiNWs were significantly improved
when the SiNWs were pre-seeded prior to the deposition of UNCD
films. The turn-on field (E0) for inducing the electron field emission is
reduced to 5.0 V/µm for UNCD/SiNW2 (solid circles, Fig. 4) and to
4.4 V/µm for UNCD/SiNW3 (solid triangles, Fig. 4). The pre-seeding
processes, although do not substantially reduce the turn-on field (E0),
they do tremendously improve electron field emission current density
(Je). Fig. 4 indicates that the threshold field (Et) for UNCD/SiNW2 is
Fig. 4. Electron field emission properties, the current density-field (J–E) plots, of UNCD/
SiNWs (the insets are the corresponding Fowler–Nordheim plots). The SiNW1 is un-
treated (MPECVD for 2 h); SiNW2 is pre-seeded by C-process (MPECVD for 2 h); SiNW3
and SiNW4 are pre-seeded by D-process (MPECVD for 2 h and 3 h, respectively).
(Et)UNCD/SiNW2=11.75 V/µm and that for UNCD/SiNW3 is (Et)UNCD/SiNW3=
11.60 V/µm,where the threshold field (Et) is designated as the applied
field required to induce an electron emission current density
of 11.22 mA/cm2. These Et-values are substantially lower that of
UNCD/SiNW1 to induce the same current density ((Et)UNCD/SiNW1=
16.00 V/µm). Table 1 summarizes the electron field emission pro-
perties of these UNCD/SiNWs. Notably, in an applied field of Ea=
9.75 V/µm, where the UNCD/SiNW3 exhibits a large EFE current
density ((Je)UNCD/SiNW3=1.57 mA/cm2), the UNCD/SiNW2 emits only
(Je)UNCD/SiNW2=0.59 mA/cm2 and UNCD/SiNW1 is essentially non-
emitting ((Je)UNCD/SiNW1 b0.05 mA/cm2).

Apparently, the improvement on the EFE properties of UNCD/
SiNWs resulted from the pre-seeding process can be attributed to the
improved coverage of UNCD grains on the SiNWs, which enhances the
transport of electrons from Si to UNCDmaterials. For the UNCD grown
on bare SiNWs, few clusters of diamond nuclei are formed because of
insufficient nucleation sites are available. There exist voids among the
UNCD grains and near the UNCD-to-Si interface, resulting in poor
electrical contact among the UNCD grains and between the UNCD and
Si-substrates. Both D- and C-seeding processes promoted nucleation
kinetics of diamonds on SiNWs and can effectively eliminate the
presence of voids, improving the EFE behavior markedly. However,
detailed examination on the EFE characteristics of these UNCD/SiNWs
indicated that the D-seeding process leads to slightly better EFE
properties, as compared with the C-seeding process (cf. Table 1). The
probable cause is that the carburization in C-seeding process yielded
an amorphous carbon between UNCD and SiNWs, resulting in some
contact resistance and inducing a fraction of the voltage drop at the
UNCD-to-Si interface, such that the apparent turn-on field is slightly
larger and the attained EFE current density is smaller for the UNCD/
SiNW2, as compared with those of UNCD/SiNW3.

To improve further the electron field emission properties of UNCD/
SiNWs, theMPECVDprocesswas extended to 3 h on theD-process (direct
ultrasonication) pre-seeded SiNW-template, UNCD/SiNW4. Themorphol-
ogyofUNCD/SiNW4 (Fig.1)(d) is very similar to that ofUNCD/SiNW3films
that were deposited for only 2.0 h (cf. Fig. 1)(b). The UNCD grains also
completely cover the SiNWs. The UNCD grains are slightly larger. The
RamanspectrumofUNCD/SiNW4is similar to thoseofotherUNCD/SiNWs
and the diamond nature is also verified by TEM (not shown). The UNCD/
SiNW4 exhibits substantially better electron field properties than that of
other UNCD/SiNWs (Fig. 4, solid diamonds symbols). The UNCD/SiNW4
can be turned on at E0=3.75 V/µm and the threshold application field (Et)
that yields Je=11.22 mA/cm2 is Et=9.75 V/µm, which is the lowest among
all of the UNCD/SiNWs. The electron field emission properties of UNCD/
SiNW4 are superior to those of other UNCD/SiNWs, which is apparently
owing to the better UNCD-to-Si contact and denser packing of UNCD on
SiNW-templates.

4. Conclusion

UNCD/SiNW field emitters were fabricated by MPECVD using
SiNWs as templates. The TEM image and SAED of the coating on SiNWs
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reveal that the grains, about 5 nm in size, are diamonds. The densely
populated granular structure of the thus obtained UNCD/SiNW4,
which were prepared by direct ultrasonication seeding and MPECVD
for 3 h, exhibit good electron field emissionproperties. i.e., with a turn-
on field of (E0)UNCD/SiNW4=3.75 V/µm and an electron field emission
current density of (Je)UNCD/SiNW4=11.22 mA/cm2 in an applied field of
9.75 V/µm, which are similar to those of carbon nanotubes. The
exceptional electron field emission properties of UNCD/SiNW4, as
compared with the other UNCD/SiNWs, are ascribed to the better
coverage of the UNCD grains over the SiNWs, and the correspondingly
higher transport efficiency of electrons from Si to UNCD materials.
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