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In this  paper  nanocrystalline  diamond  films  have  been  deposited  initially  through  a  novel  technique  peri-
odic  magnetic  field  (PMF)  (magnetic  field  B = B0 sin �t) assisted  hot  filament  chemical  vapor  deposition.
The  effect  of  the  increasing  angular  frequency  (�) on  diamond  film  deposition  was  investigated.  SEM
and  Raman  spectroscopy  were  used  to  characterize  film.  It  was  found  that  higher  �  was  in favor  of  nano-
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diamond  film  growth.  Field  emission  results  show  that  the  turn-on  electric  field  of  the nano-diamond
film  deposited  at � = 20,000  rpm  was 2.9 V/�m,  and  its current  density  reached  32.7  �A/cm2 measured
at an  applied  field  6.5  V/�m.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Diamond possesses a negative electron affinity surface that, in
rinciple, allows its surface to emit electrons under low electric
elds [1,2]. Compared to the microcrystalline diamond thin film,
anocrystalline diamond (NCD) films with smaller grains attracts
uch interests as a promising cold cathode field emission mate-

ial, due to its lower turn-on field, high current density, high power
t high temperature and high stability and reliability on service
3]. This empowers NCD films appreciable application value in vac-
um electronic devices like field emission displays and microwave
mplifier.

Compared with other deposition techniques, the hot filament
hemical vapor deposition (HFCVD) process is a potential alter-
ative to grow nanocrystalline diamond films as it can be easier
o scale up and far less expensive, however, its thermal-excited

lasma density is insufficient and the nucleation rate is low.
CD films are usually grown in hydrogen-rich environment and

equire high nucleation density. Thus improving the nucleation
ensity is a key factor in the preparation of NCD. There are two
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Z.M. Yu).
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169-4332/© 2015 Elsevier B.V. All rights reserved.
approaches to improve the nucleation. One is the pretreatment
for substrate through a sputtered layer to improve the adsorp-
tion of nano-diamond particles [4]. While the multi-layer structure
confronts complex technology and may  bring binding ability degra-
dation between layers. Another is exploiting assistant equipment
to enhance the plasma density. A bias system assisted [5] and direct
current plasma assistance chamber [6] have effectively improved
the nucleation density and subsequent growth of diamond films.
Little et al. [7] demonstrated a new technique for forming nano-
diamond at atmospheric pressure by using strong static magnetic
field and proved that magnetic field can promote the nucleation
and growth of diamond, while the size of these particles is not uni-
form. To our knowledge, the application of PMF  assisted HFCVD in
nano-diamond film fabrication has not been reported. PMF  would
bring an electric field which changes periodically and these two are
coupled easily. In the sputtering apparatus, the purpose of using
a magnetic field is to make more efficient use of the electrons,
and cause them to produce more ionization. For these reasons,
we designed a PMF-HFCVD equipment to prepare nano-diamond
film.

In the present work, we initially studied the influence of mag-
netic field on the nano-diamond growth. Continuous and dense
nano-diamond films have been directly deposited on Mo–Re alloy

substrates. Strong electron emission at low electric field was
observed in nano-diamond film. The PMF  are technologically use-
ful because nano-diamond film can be easily and economically
fabricated.

dx.doi.org/10.1016/j.apsusc.2015.06.151
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Fig. 1. Schematic diagram of the PMF–HFCVD system.

. Experimental

Diamond film was deposited by the PMF–HFCVD system which
as shown schematically in Fig. 1. The PMF–HFCVD system

onsists of a quartz chamber, a three-phase stator winding and
n AC transducer. The PMF, with B = B0 sin �t, was generated by
he stator winding of a three-phase electric motor, and its angu-
ar frequencies (�) can be regulated from 3000 to 45,000 rpm.
he magnetic field (B0) declined from 106 to 32 Gauss with the
ncrease of � (rpm). Prior to diamond film deposition, the Mo–Re
ubstrates (10 × 10 mm2) were ultrasonic-cleaned in acetone and
eionized water for 10 min  consecutively. Then substrates were
ltrasonically pretreated in nano-diamond colloid for 30 min  and

n ethanol for 2 min  successively. Finally, Mo–Re substrates were
ounted on the stainless steel stage in the chamber. The reaction

arameters are presented in Table 1. The surface morphology of
amples was analyzed by FEI Sirion200 field emission scanning
lectron microscopy. The diamond film quality was investigated
y a micro-Raman spectrometer (Lab Raman HR800), at an exci-
ation wavelength of 488 nm (argon ion laser) with a power of

0 mW.  Briefly, current–voltage (I–V) curve of field emission prop-
rties measurement were performed at a high vacuum of 10−6 Pa,
he anode–cathode separation was kept at 330 �m,  and the anode
rea was 1 cm2.

able 1
he parameters of the diamond films deposition.

Parameters Value

Frequency of the PMF/s−1 0, 10,000, 20,000, 30,000
CH4:H2 1%
Total flow rate/sccm 20
Pressure/kPa 3
Substrate temperature/◦C 650
Deposition time/min 20
ience 353 (2015) 548–552 549

3. Results and discussion

Fig. 2 gives the morphology of diamond films deposited under
different angular frequencies of the PMF. The appearance of films
varies with the introduction of PMF. With no PMF  applied, the film
is discontinuous and the diameter of well-faceted diamond grains is
∼300 nm.  The crystal size diminishes with the increase of �. Grains
of ∼60 nm in size can be obtained under 10,000 rpm, while the
film remains discontinuous. When the � of 20,000 rpm is applied,
dense and continuous film is obtained and the grain size becomes
too small to be recognized. Moreover, structures resembling carbon
nanotubes can be observed (represented by the red rows in Fig. 2(c))
[8], and the main result of increasing � to 30,000 rpm is the grow-
ing number of such structures. Generally, methane concentrations
for growth of nanotube need to be higher than for nanocrystalline
diamond in the HFCVD. The appearance of this structure indicates
that the concentration of active carbon particles probably increases
along with �. Based on the surface morphology analysis above,
it can be seen that increasing nucleation density and diminishing
crystal size can be reached by increasing � of PMF.

Fig. 3 shows the Raman spectra of films deposited with and
without PMF. Due to the characteristic peak broadening and over-
lapping, multi-Lorentzian fit has been used to determine the
location and intensity of each peak. Each fitted spectrum consists of
different parts representing different phases in the film. The charac-
teristic peak of diamond appears as a single sharp line at 1332 cm−1

(denoted as Dia). The broad band at 1350 cm−1 and 1580 cm−1 are
assigned to graphite phase (D band and G band, respectively). The
G peak can be associated with bond stretching of all pairs of sp2

atoms in both rings and chains, while the D peak can be viewed
in terms of breathing modes of sp2 atoms in rings [9,10]. The
bands at 1150 cm−1 and 1480 cm−1 are attributed to the presence
of transpolyacetylene at grain boundaries, and they are normally
viewed as the evidence of the existence of nano-diamond [11]. The
broad band at 1200–1250 cm−1 represents the existence of nano-
diamond clusters or the VDOS of tetragonal amorphous carbon [12].
It can be found that the characteristic peak of diamond appears in
all samples, and with the increasing of �, both decreasing of inten-
sity and broadening are observed. This indicates that the purity and
quality of diamond degrade gradually. While, those peaks related
to sp2 phase increase in intensity. We  know that the ratio of intensi-
ties of diamond peak and G band (IDia:IG) could be used to assess the
relative amount of sp3 phase [13]. With the increase of �, the ratio
of IDia:IG decreases from 5.9, 1.7, 0.88, to 0.83, corresponding to no
PMF, 10,000 rpm, 20,000 rpm and 30,000 rpm respectively, indicat-
ing growing amount of sp2 phase. Considering that the sensitivity
of sp2 is about 50 times stronger than that of sp3 [14], and the
existence of sharp peak at 1332 cm−1 under PMF, we  conclude that
there remains large amount of sp3 phase in the films. The decrease
of intensity ratio from 10,000 to 20,000 rpm is much larger than
that from 20,000 to 30,000 rpm implies that increasing the � does
not necessarily increase the amount of sp2 phase obviously. How-
ever, the appearance of 1150 cm−1 and 1480 cm−1 peak evidence
that the fabricated films with PMF  are composed of diamond grains
of nanometric dimensions, which corresponds with SEM analysis.
The above analysis reveals that increasing � can effectively min-
imizing grain size and enhancing the amount of boundaries, but
only in a certain range.

We performed the field emission test on different samples.
Field emission current density–electric field (J–E) curves and
Fowler–Nordheim (F–N) plots of diamond films at different angu-
lar frequency (�) are shown in Fig. 4. The comparison among field

emission characteristics of different samples has been carried out
by defining a turn-on field corresponding to current density of
1 �A/cm2. The emission current of the diamond film without apply-
ing PMF  is almost undetectable with electric field lower than 6 V/m.
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ig. 2. SEM images of diamond films deposited with different angular frequencies, (
f  reference to color in this figure, the reader is referred to the web version of this a
ith the increase in �, the turn-on field decreases from 4.2 V/�m
t 10,000 rpm with a discontinuous diamond film to 2.9 V/�m at
0,000 rpm with a continuous and dense diamond film. Interest-

ngly, as the � increased to 30,000 rpm, the J–E plot of diamond film

Fig. 3. Raman spectra of diamond films deposited with (a) no PMF
PMF, (b) � = 10,000 rpm, (c) � = 20,000 rpm, (d) � = 30,000 rpm. (For interpretation
.)
is similar to that with 20,000 rpm. The turn-on field for film with
30,000 rpm is 3 V/�m,  slightly higher than that with 20,000 rpm. At
the same electric field in the whole range, the current emission den-
sity at 10,000 rpm is much less than at 30,000 rpm and 20,000 rpm.

, (b) � = 10,000 rpm, (c) � = 20,000 rpm, (d) � = 30,000 rpm.
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Fig. 4. J–E plots from samples deposited with different angular frequencies �. The
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 current emission density of 32.7 �A/cm2 for film at 20,000 rpm is
chieved at 6.5 V/�m,  which is the highest current emission den-
ity among these samples. The similar result between films with
0,000 rpm and 30,000 rpm is ascribed to the similar structure and
uality of these two films, which also has been verified by SEM and
aman above. From the F–N curve of the samples, the negative slope

ndicates that the electron emission of our samples follows the F–N
odel. Obviously, the diamond film with 20,000 rpm possesses the

utstanding performance among these samples. The comparison of
hese samples indicates that the field emission properties of dia-

ond film deposited without or with low � magnetic field are
nferior, since the nucleation density is quite low and the film is
iscontinuous, while for dense and continuous films grown under
igh � magnetic field, the increasing sp2 phase at grain bound-
ries and carbon nanotube like phase probably result in better field
mission [15,16].

Based on above analysis, we see that by coupling PMF  in HFCVD,
ano-diamond films with good field emission property could be
btained without using Ar gas. Generally, electrons are emitted
rom heated filament in HFCVD, counteracting with reaction gases
n an elastic or inelastic manner. In this way, gases like CH4 and

2 decompose into methyl groups and hydrogen atoms, which
erve as the precursors forming the films [17]. While some of the
mitted groups would collide with the chamber, causing a loss
bout 5% [18]. Once away from the center of filament, the acti-
ated particles would be regrouped together. In our experiment,
he Lorentz force is introduced by using PMF. It can change the

oving path of electrons and prolong their life in the deposit-
ng process. The constriction of the magnetic field is to prevent
he electron from the wall and reduce recombination losses. The
pplied PMF follows the law: B = B0 sin �t. Fig. 5 gives the rela-
ionship between max  magnetic field B0 and angular frequency
. It is observed that B0 decreases with the increase of �, how-

ver, B0 stays constant when ω is over 25,000 rpm. Due to the
orentz force, the charged particles (include electrons) will do spi-
al movement in magnetic field and are constrained in the helical
egion. The moving radius r is inversely proportional to magnetic
eld B. B0 decreases from 98 G to 57 G, 32 G when � increases

rom 10,000 rpm to 20,000 rpm, 30,000 rpm, respectively. There-
ore, the max  moving radius r0 increase with the increase of �.
hat means more reaction gas molecular collides with charged

articles when the moving radius r enlarges. Increasing collision
robability results in more carbon precursor. This leads to the
ecrease of grain size of the film, the increase of grain boundary
Fig. 5. Measured relationship between max  magnetic field (B0) and angular fre-
quency (�).

and sp2 phase. From 20,000 rpm up to 30,000 rpm, the grain size
of the films does not significantly decrease and the content of sp2

phase content does not significantly increase. One reason is that the
magnetic field possesses a minimum at 25,000 rpm. In addition,
according to charged cluster model (CCM) [19,20], the majority
of carbon groups were negatively charged in HFCVD and higher
carbon concentration facilitated the formation of larger charged
clusters which contain hundreds to thousands of atoms. Combined
with above analysis on the increasing collisions between charged
particles and gas molecules, the resulting higher carbon concen-
tration and larger charged clusters should be the direct influencing
factor. This may  results in decreasing r since it is inversely propor-
tional to electric quantity q. That reduces the collision probability as
well. The decreasing of grain size would be inhibited by above side
effects when � increases to a certain extent. Moreover, the dan-
gling bonds on the surface of diamond films make the carbon more
sp3 hybrid in magnetic field, thus stabilizing the methyl group in
gas and promote the growth of diamond phase [18]. It makes it eas-
ier for diamond to nucleate and grow in HFCVD. However, further
research is needed to validate this conclusion.

4. Conclusion

Dense and continuous nano-diamond films have been deposited
on Mo–Re alloy by utilizing PMF–HFCVD in this paper. The new
technique effectively improves the shortcoming of insufficient
nucleation rates in traditional HFCVD and provides a simple and
efficient method for the preparation of nano-diamond. From our
results, the high angular frequency PMF  is advantageous to obtain
fine grains and continuous nano-diamond films. The field emission
efficiency of nanocrystalline diamond film deposited with a high
angular frequency PMF  is better than that without PMF. The dia-
mond film deposited under 20,000 rpm show an outstanding field
emission performance. Its turn-on field reaches 2.9 V/�m,  and a
current emission density of 32.7 �A/cm2 is achieved at 6.5 V/�m.
China (Nos. 21271188 & 51301211), the China Postdoctoral Science
Foundation (No. 2012M521541), and the State Key Laboratory of
Powder Metallurgy (No. 20110933K) for financial support.
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