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In  this  work,  submicron-diamond  (SD),  microcrystalline  diamond  (MD),  and  nanocrystalline  diamond
(ND) were  synthesized  using  different  substrates  and  pretreatment  methods.  In  order  to investigate
influencing  factors  on  nucleation,  three  techniques  have  been  developed  to create  some  density  of  dia-
mond on  substrate  surfaces:  (a)  with  chemical-etching  technique  (NaOH  water  solution  at  80 ◦C  for  3,
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8,  15  min,  respectively),  (b)  (Co(NO3)3/Mg(NO3)2·6H2O or  Fe(NO3)3·9H2O/Mg(NO3)2·6H2O  alcohol  solu-
tion)  dripping  on  silicon  substrate,  and  (c)  NaCl  substrate  directly  by  following  a same  PECVD  deposition
procedure.  Furthermore,  the  field  electron  emission  property  was  also  investigated.

© 2011 Elsevier B.V. All rights reserved.
ield electron emission property

. Introduction

The CVD diamond films offer unprecedented advantages as field
mitter material over the other semiconducting materials due to
heir unique physical and chemical properties [1].  As the diamond
rain size is reduced to nanoscale, the conducting pathway formed
y graphite in the crystal boundaries is enhanced by hundreds of
imes, which greatly increases the film conductivity [2].  Further-

ore, ND films have nanoscale smooth surfaces for convenient
pplications. In contrast, carbon nanotube (CNT) films, although
ossess superior field electron emission properties to the dia-
ond films, have short lifetimes and poor emission stability [3].

herefore, there are wide interests in improving the field electron
mission properties of diamond films recently. One of the possible
outes for increasing the field electron emission capacity of dia-
ond films is to increase the proportion of grain boundary region,

s it has been proposed that the grain boundaries contain sp2-
onded carbon and provide conduction path for electron, which
acilitates the field electron emission process. Accordingly, several
imilar field electron emission mechanisms have been proposed
or diamond films [4–6]. Increasing nucleation density and con-

ent of sp2 phase of grain boundary is of critical importance for
ynthesizing ND and improving the field electron emission prop-
rty. The initial nucleation density and the nucleation rate during

∗ Corresponding author. Fax: +86 431 85168246.
E-mail address: wtzheng@jlu.edu.cn (W.  Zheng).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.12.032
the growth affect the morphology and the microstructure of the
thin films. And the morphology and the microstructure have great
influence on the films’ field emission property [7].  Recently, vari-
ous techniques have been applied to enhance the nucleation rate
for growing diamond films in CH4 H2 plasma. Scratching, ultra-
sonication and negative biasing (or biased enhanced nucleation)
are three major surface pretreatment techniques that are widely
used to create and enhance nucleation sites for diamond growth
[8–10]. In this work, we synthesized diamond with different sizes
and nucleation densities, using two kinds of substrate pretreatment
methods with different substrates, and explored the field electron
emission property for diamond films.

2. Experimental

The n-type Si (1 0 0) substrates were cleaned ultrasonically in acetone, alco-
hol  and de-ionized water for 10 min  consecutively prior to pretreatment. Diamond
with different grain scales was synthesized using RF-PECVD via different substrate
and  pretreatment methods. Prior to deposition for submicron-diamond (SD) and
micron-diamond (MD) films, NaOH water solution was used to roughen the silicon
surface for 3, 8 and 15 min, respectively, while for uniformly dispersed ND particles
or  ND films, Co(NO3)3/Mg(NO3)2·6H2O or Fe(NO3)3·9H2O/Mg(NO3)2·6H2O alcohol
solution was dripped on the silicon substrate prior to deposition. NaCl (1 0 0) sub-
strate was also selected to deposit nanodiamond films. The RF-PECVD chamber was
pumped down to 10 Pa by a rotary pump, and then pure hydrogen (99.99%) with
a  constant flow rate of 80 sccm was introduced into the chamber and the pressure

was  maintained at 1200 Pa. The substrate was heated to 800 ◦C in 40 min  and pure
methane (99.99%) with a flow rate of 15 sccm was introduced into the chamber for
the growth of SD, MD,  and ND films. During the growth process, a radio frequency
power of 260 W was applied and the substrate temperature was kept at 800 ◦C. After
40  min  deposition, CH4 inlet was  shut off and the system was allowed to cool down

dx.doi.org/10.1016/j.jallcom.2011.12.032
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wtzheng@jlu.edu.cn
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Table  1
The pre-treatment and deposition conditions of samples (1)–(5), where etch-
ing denotes NaOH water solution etching silicon substrates, metal denotes
Mg(NO3)2/Fe(NO3)3 alcohol solution dropped on Si substrate, T temperature (◦C),
P  deposition pressure (Pa), deposition time (40 min), and CH4/H2 (sccm).

Sample Substrate Pre-treatment T P CH4/H2 Size Products

(1) Si – 800 1200 15/80 – –
(2)  Si Etching 800 1200 15/80 8 �m MD films
(3)  Si Metal 800 1200 15/80 15 nm ND films
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Fig. 1. SEM images for (a) SD, (b) SD, and (c) MD films with NaOH solution etch-
(4)  NaCl – 800 1200 15/80 20 nm ND films
(5) Si Metal 800 1200 80/20 – CNTs

o room temperature. The detailed experimental parameters are listed in Table 1.
he obtained films were characterized by SEM (JOEL JSM-6700F), HRTEM (JOEL JEM-
010 at 300 kV), Raman spectroscopy (JOBINYVON HR800 with 632 nm excitation
avelength) and field emission measurement.

. Results and discussion

Fig. 1(a)–(c) is the SEM image for the SD, MD  films grown
n silicon substrate with alkaline etching process, from which
he diameter of the diamond particles is in the range of 1–8 �m.
ncreasing etching time, the silicon surface becomes rougher, and

ore deep pits form, hence the grain scales of the diamond
row larger with the same deposition time. In contrast, ND par-
icles appear when only Co(NO3)3/Mg(NO3)2 alcohol solution is
ripped on the silicon substrate. Interestingly, the ND particles
n silicon surface are uniformly dispersed (Fig. 1(d)). When the
e(NO3)3·9H2O/Mg(NO3)2·6H2O alcohol concentration is higher
ompared to Co(NO3)3/Mg(NO3)2·6H2O alcohol solution, ND films
ith a high nucleation density is achieved (Fig. 1(e)).

Fig. 2 exhibits Raman spectra for ND films grown on NaCl sub-
trate, ND particles, and ND films, in the range of 1000–2000 cm−1.
he first peak position for the ND films grown on NaCl substrate, ND
articles and ND films locates at 1332 cm−1 [11]. This result accords
ell with what Filik has reported [12]. They have calculated the
aman spectra of diamond, and observed the variation of the spec-
ra with molecular size using Hartree–Fock theory. No evidence for
aman active vibrations of diamond nanocrystals at either 1150 or
00 cm−1 is found, regardless of whether hydrogen is terminated or
onfined in a matrix. Their investigation for the first time demon-
trates that it is not correct that 1150 cm−1 or 500 cm−1 is always
uggested as an evidence for ND. They have emphasized that only
he broadened zone-center (1332 cm−1) mode can be used as the
ngerprint for ND.

Fig. 3(a) shows a TEM image with a lower magnification for ND
lms from Fig. 1(e), wherein it can be seen that the size of the
anoparticles is about 15 nm.  Fig. 3(b) and (c) is TEM image for the
anodiamond grown on NaCl substrate, and Fig. 3(d) is the mag-
ified image corresponding to area denoted by arrow in Fig. 3(b),
he spacing of the lattice fringes is about 0.21 nm,  which accords
ell with that for the single crystalline diamond (1 1 1). Hence, the
RTEM images further show that the ND has been achieved on NaCl

ubstrate. From high resolution TEM images – Fig. 3(e) a part of the
hell near the edge and Fig. 3(f) inside for nanodiamond from the
rrow area in Fig. 3(c), and from their lattice fringes, we  can see that
anodiamond particles are embedded in graphite shell. We  can see
hat HRTEM images accord well with the observation from Raman
esults.

It is well known that the nucleation density of diamond on
lmost all substrates is very low, which is a consequence of the
igh surface energy of diamond. Thus, for SD, MD  before depo-

ition, the alkaline etched-Si surface is obtained. Our opinion is
hat alkaline etched-Si surface merely creates a change in the sur-
ace morphology, such as edges, steps, pits, dislocations, and other
urface defects. These kinds of defects are labeled chemical active

ing silicon substrates for 3, 8, and 15 min, respectively, (d) ND particles with
Co(NO3)3/Mg(NO3)2·6H2O alcohol solution dripping on the silicon substrate and (e)
ND films with Fe(NO3)3·9H2O/Mg(NO3)2·6H2O alcohol solution dripping on silicon
substrate, before deposition.
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ig. 2. Raman spectra for (a) ND films grown on NaCl substrate; (b) ND particles,
nd  (c) ND films grown on silicon substrate.

ites, which prefer to adsorb diamond precursors together [13]. In
his work, with increasing the etching time, the size of diamond
nhances. As the microcosmic morphology of substrate can affect
he nucleation energy around the interface, the nucleation energy
s lower on the rough surface, diamond nucleates at the etching
rea easily and sp3 forms predominance compared to sp2, diamond
rows up during deposition. It is difficult to form two-dimensional
ucleation, when the diamond particles cover all the etching area,
hus, diamond will stop growth.

However, as nanodiamond films deposit on NaCl substrate, the
ucleation is easily formed without any pretreatment for substrate.
his is probably due to that the NaCl substrate is quite rough, lead-
ng to decrease of diamond nucleation energy. Furthermore, the
anodiamond size is very uniform, as the NaCl surface has a uni-

orm rough degree that does not like that of the alkaline etched-Si
urface.

In conventional diamond growth method, one uses a highly
ilute concentration of methane in hydrogen, the so-called hydro-
en rich gas phase chemistry known to reduce re-nucleation by
he significantly higher etch rate of graphite over diamond in such
lasma [14]. Thus the suppression of re-nucleation results in an
volution of grain size from the small crystals at the seeded sub-
trate to the film surface. For nanodiamond films, it is achieved
y reducing the hydrogen concentration in the plasma to allow
ome sp2 bonding to create new unepitaxial nucleation sites on the
acets of growing crystals. Thus, there is a combination of epitaxial
rowth on these small crystals and the initiation of new crystals
11]. The constant interruption of the crystal evolution means that
here is a fundamental limit on the maximum grain size and thus
hick films can be grown with a small distribution of grain sizes.
ome similar reports demonstrate that both ND and MD  growth
tarts from individual nucleation sites. In the case of MD,  well-
aceted single crystallites are observed while in ND deposition,
allas- or cauliflower-like structures appear. The very difference

etween both cases is the rate of secondary nucleation, which is

ow for poly- but very high for nanocrystalline diamond film growth
15]. However, in this work, although SD, MD  and ND grow in the
ame deposition conditions, they just do not start from individual
ompounds 517 (2012) 98– 102

nucleation sites, and we  did not find the re-nucleation phenomenon
in our HRTEM results.

Nucleation is the first and critical step of CVD diamond growth.
The control of nucleation is essential for optimizing the diamond
properties such as grain size, orientation, transparency, adhesion,
and roughness that are necessary for targeted applications. In this
paper, the nanodiamond nucleation density on the MgO-supported
Co/Fe catalyst approaches several orders of magnitude higher than
that on alkaline-etched pretreated Si wafers. It can be seen from
Fig. 1 that the substrate MgO-supported Fe nanoparticles on Si sub-
strate is covered with a dense ND film. No voids can be detected at
the interfaces indicating that the nucleation density is very high. In
fact, each point of the surface seems to serve as a nucleation site.

The reaction process for growing ND particles and films can
be described as follows: firstly, MgO  and CoO/Fe2O3 decompose
from Mg(NO3)2·6H2O and Co(NO3)3/Fe(NO3)3·9H2O, and then in
the process of heating MgO  and CoO/Fe2O3 at 800 ◦C in a H2 atmo-
sphere, CoO/Fe2O3 is reduced to Co/Fe by H2. Here, MgO with
good hydrophilicity and dispersion could be used to precisely con-
trol the particle size of Co/Fe [16], and hence Co/Fe particles can
disperse well on the supported materials. In general, diamond is
difficult to nucleate on the mirror-polished Si substrate, which is
a consequence of its high surface energy (3.7 J m−2). We  believe
that Co/Fe particles play an important role in growing ND. On
one hand, Co/Fe particles can offer the nucleation sites for dia-
mond and reduce its nucleation energy [17]. On the other hand,
Co/Fe particles effectively increase the possibility to adsorb car-
bon species, decomposed from gas precursor. The adsorbed carbon
species accumulate on the surfaces of Co/Fe particles, and act as
nucleation sites for diamond or graphite. Under the condition of
discharging a H2-rich mixture gas (H2/CH4), a large number of
atomic hydrogen species appear, and they selectively etch the non-
diamond carbon bonding such as sp2 during growth. Only after a
long incubation period, diamond can nucleate from the sites occu-
pied by carbon species. However, since Co or Fe particles play a
catalytic role in preferentially forming graphitic phase, as ND size
increases, graphite appears, leading to that the ND particles are
quickly wrapped by graphite. Therefore, ND cannot grow too large,
and the diameter of ND is generally below 15 nm,  while the nucle-
ation density for ND depends on the number of the sites occupied
by Co/Fe particles. However, if the Ni(NO3)2·6H2O/Mg(NO3)2·6H2O
or Co(NO3)3/Mg(NO3)2·6H2O alcohol solution is also used prior to
deposition, and a low gas flow rate ratio of H2/CH4 (20:80) is used
during deposition, CNTs are mainly obtained. Thus, hydrogen plays
a most decisive role in the deposition of diamond films for the gas
phase and surface processes.

4. Field electron emission properties

Fig. 4 shows J–E profiles and Fowler–Nordheim (FN) plots of
the field electron emissions from (�) MD,  (�) ND particles, and
(�) ND films, respectively. As shown in Fig. 4(a), the turn-on fields
corresponding to an electron emission density of 10 �A/cm2 are
7, 3.2, 2 V/�m for MD,  ND particles, and ND films, respectively. As
a result, the obtained ND films exhibit the superior field electron
emission properties. Moreover, at the applied field of 7 V/�m, the
ND films have the highest emission current density among the
three samples. This may  be caused by (1) more emission sites in ND
films; (2) small grain size; and (3) the increase in the proportion of
sp2-bonded grain boundaries. The deviation from the straight lines
and obvious fluctuations were observed for the F–N plots in the

region of low electric field. This may  be due to the effect of residual
gas absorption and desorption on the sample surface. Using strong
electric field, the residual gas molecules are removed and its
effect is weakened [18]. The F–N plot becomes straight line. The
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ig. 3. (a) TEM images for ND films from Fig. 1(e); (b) and (c) TEM images for the N
enoted in (b); high resolution TEM images (e) and (f) from (c) a part of the shell ne

owler–Nordheim (FN) plots [ln(J/E2) vs. 1/E]  for the above three
amples in the region of strong electric field shown in Fig. 4(b) are in
ood agreement with the Fowler–Nordheim equation as follows:
n(J/E2) = ln(Aˇ2/ϕ) − Bϕ3/2/ˇE, where A = 1.54 × 10−6 A eV V−2,

 = 6.83 × 103 eV−3/2 V �m−1,  ̌ = (− Bϕ3/2/SFN) is the field enhance-
ent factor with SFN being the slope of the FN plots, and ϕ is

he work function of emitters. It is known that the work function
epends mainly on the material. However, orientation of crystals
ay  also affect the work function [19–21].  For diamond, work
unction values in the range of 4–5 eV have been used by other
uthors [22]. In this paper, a constant work function value of
.5 eV has been assumed for all diamond with different scales

nvestigated in this study.  ̌ = 1.5 × 103, 4.8 × 103, and 7.8 × 103
s grown on NaCl substrate, and (d) the magnified images corresponding to arrows
 edge, and the inside for nanodiamond.

can be obtained for MD,  ND particles, and ND films, respec-
tively (ϕdiamond = 4.5 eV). It is evident that the  ̌ values of the
ND particles are much higher than those of the MD.  It is well
known that the enhancement factor  ̌ can reflect the ability of
the emitters to enhance the local electric field at the tip compared
the average macroscopic value. The bigger the enhancement
factor ˇ, the better the field emission property for ND particles.
Therefore, the field electron emission enhancement of ND particles
can be attributed to an increase in the enhancement factor ˇ

due to the decrease of grain scale. In addition, the graphite as
a conduction channel can enhance the transport of electrons
from the substrates into the ND surface during field emission
[23].
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ig. 4. Field emission current density as a function of electric field for (�) MD
lms, (�) ND particles, and (�) ND films in (a). The Fowler–Nordheim (F–N) plots,
orresponding to MD films, ND particles, and ND films, respectively in (b).

The field emission property of ND films, compared with ND par-
icles, has been remarkably improved. Fig. 4(b) shows that there
s no significant difference in the field enhancement  ̌ between
he ND particles and ND films. Hence, the enhancement caused by
eometry could be negligible in the present study. The grain den-
ity, scales and more sp2 content are important factors to influence
he emission behavior of the ND films. It has been reported that
he more content of sp2-bonded grain boundaries, the better field
mission properties for ND films. Our results suggest that the for-
ation of graphite decreases the interface barrier, improves the

ack contact between silicon and ND films, and can enhance the
ransport of electrons from the substrates into the ND surface as

 conduction channel during field emission which is the dominant
eason for the field emission enhancement of ND films.
. Conclusions

Diamond nucleation was  performed on the silicon substrate pre-
reated by two different methods and NaCl substrates, respectively.

[
[

[
[

ompounds 517 (2012) 98– 102

A drastic nucleation enhancement was  obtained on the silicon
substrates pretreated with Fe mixed MgO  nanoparticles and NaCl
substrate. It may  thus be concluded that MgO, Fe particles and
hydrogen play important roles in the formation of nanodiamond,
and the density of primary nucleation is determined by macro-
scopic morphology of the substrates.

FEE properties of diamond with different grain scales have
been characterized and investigated. The results demonstrate that
the FEE properties of ND films markedly increase as the nucle-
ation density increases, due to the formation of large proportion
of grain boundaries. These findings indicate that the high-
performance ND film with good field electron emission property
is one of the most promising materials for cold-cathode electron
sources.
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