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a b s t r a c t

Nanocrystalline diamond film was deposited on the substrate of Mo–Re alloy foil by using a hot filament

chemical vapor deposition (HFCVD) method. The morphology, band structures and crystalline structure of

the film were analysed by scanning electron microscopy (SEM), Raman spectroscopy and X-ray

diffractometer (XRD), respectively. The results show that the thickness of the diamond film is about

substrate. The values of a and the ratio c/a of Mo2C are 3.003 and 1.579 A, respectively. This Mo2C layer

might be formed due to carbon atoms in the gas phase diffusing into the Mo–Re alloy.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Diamond has been considered as a prospective material for
field emission because of its low or negative electron affinities,
as well as its thermal, chemical and mechanical stabilities [1–4].
Experimental results have shown that field emission from a thin
sheet of molybdenum coated with diamond is greatly enhanced, as
compared with that of uncoated diamond [5,6]. Molybdenum-
based alloy foil is more expensive and denser than pure Mo foil, but
it possesses better ductility, toughness, thermal properties and
strength. Molybdenum-based alloys have attracted considerable
interest for use as structural materials for applications in aerospace
fields due to their high temperature strength, thermal conductivity
and corrosion resistance [7,8].

Hot filament chemical vapor deposition (HFCVD) is the simplest
low pressure CVD method and it gives reproducible results.
Reaction conditions, such as gas composition, substrate tempera-
ture, working pressure and gas flow rate have strong influences on
diamond deposition, including interface properties, morphology
and quality of the diamond film. No comprehensive reports have
been published on the effects of these parameters on diamond
growth on Mo–Re alloy substrates. Many studies reported that the
degree of diamond nucleation and adhesion of diamond films on
Molybdenum substrate using the HFCVD method are related to the
formation of molybdenum carbide [9].

This paper reports on nanocrystalline diamond films deposited
on a foil of Mo–Re alloy for cold field electron emission. Addition-
ally, the crystalline structure of transition phase Mo2C has been
investigated. We deposited heavily boron-doped films by hot
ll rights reserved.

ax:+86 731 88876692.
filament chemical vapor deposition. Desirable crystal texture
and low resistivity (at the level of 10�2 O cm) can be simulta-
neously obtained by optimizing the B2H6/CH4 ratios.
2. Experimental details

The deposition of diamond films was carried out in a hot filament
CVD reactor. The hot filament CVD system consists of a process
chamber equipped with a tungsten filament and a substrate stage
that were employed for activation of gas-phase reactions and for
independent control of substrate temperature, respectively. Prior to
diamond deposition, the substrates were pre-treated for 10 min in an
ultrasonic bath in a slurry of nanodiamond powder to provide high
diamond nucleation density; a gas mixture of methane and hydrogen
was used as the gas reactant. The diamond film deposition was
performed in a super-high steel vacuum chamber with a background
pressure less than 10�5 Pa; details of this equipment were given in a
previous work [10]. Carburized tungsten wires were heated to 2100 1C
to activate the reaction gas.

Scanning electron microscopy (SEM) was carried out using a FEI
Sirion200 Field emission scanning electron microscope (FESEM),
with 10 kV acceleration voltage. XRD analysis was carried out using
a D/max2500 diffractometer, with monochromatized CuKa radia-
tion at 10 kV and 20 mA. The Raman spectrum was measured using
a LabRaman RH800 spectrometer (UK) with an argon laser source at
488 nm wavelength. The laser power was set at 20 mW.
3. Results and discussion

Fig. 1 shows the cross-section SEM images of diamond films
deposited for 1 h. The thicknesses of the substrates in Fig. 1 are
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Table 1
Experimental parameters for diamond deposition.

Parameters

Filament temperature (1C) 2100–2300

Substrate temperature (1C) 730730

Spacing between filament and

substrate (mm)

8

Ratio CH4:H2 (%) 1

Ratio B2H6:CH4 (%) 1–4

Pressure (Torr) 30

Deposition time (min) 60

Total gas flow (cm3/min) 50
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around 6mm and the thicknesses of the films in Fig. 1 are about
300 nm. The diamond films are from layer-by-layer growth of a
single grain along its external boundary. It is clearly visible in Fig. 1
that there are three layers in total including the substrate, the
transition layer and diamond thin film. A columnar microstructure
of the transition layer (Mo2C) is obviously seen, which was
discussed in the following sections.

Diamond films in Fig. 2 were deposited by maintaining the
substrate temperature at 730 1C at6 different methane concentra-
tions of 1% Table 1 in H2. Fig. 2 shows the SEM morphologies of
diamond films and boron-doped diamond films.

The observed grain refinement under high boron doping con-
ditions can be explained by the increase in diamond nucleation
density due to boron doping [11]. In over-doped films with very
high boron concentrations only a small portion of boron atoms can
replace carbon atoms and enter the texture of diamond films, while
most other boron atoms accumulate at the crystal boundaries,
which induces more structural defects, damages the integrity of
grain and affects the electric properties of the films. Besides, more
activated boron atoms in a reactive atmosphere may hinder
diamond growth on the substrate and reduce the percentage of
diamond phase in the films.

Fig. 3 displays the Raman spectra of the boron-doped diamond films
with different boron contents . Compared to the sample without boron,
intensity of the characteristic peak for diamond at 1332 cm�1 reduces
remarkably. At the same time, new broad Raman peaks around 500 and
1220 cm�1 becomes noticeable when the B2H6/CH4 ratio exceeds 1%,
which can be related to the locally disordered structures induced by
heavy boron doping [12–14].
Fig. 1. SEM images of diamond films grown at methane concentrations of 1%.

Fig. 2. SEM images of diamond films
Fig. 4 show the XRD pattern of the sample deposited with the
methane concentration of 2%. One can see the peaks at 2y¼441 and
751, which correspond to diffractions from diamond (1 1 1) and
(2 2 0) planes. It is also found that the peaksat 2y¼40.401, 58.581,
73.641 and 115.961 correspond to diffractions from the (1 1 0),
(2 0 0), (2 1 1) and (2 2 2) planes of the Mo–Re alloy, respectively. It
indicates that the Mo–Re alloy is also in a bcc structure and implies
that Mo atoms are partly substituted by Re atoms. It is interesting
that all of the angles from Mo–Re are less than calculated angles
considering a pure bcc Mo metal with a lattice constant a¼3.147
nm. It means that the lattice constant of the bcc Mo–Re alloy is
larger than 3.147 nm. This probably implies that the radius of Re
atoms in the lattice of the Mo–Re alloy is larger than 1.363 nm.

Furthermore, there are at least 15 peaks corresponds the
metallic compound Mo2C in Fig. 4. The valves of these 2y are
shown in Table 2. It indicates that molybdelum carbide is in a
and boron-doped diamond films.
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Fig. 3. Raman spectrum for boron-doped diamond films.
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Fig. 4. XRD patterns of sample surfaces in the case of as-deposited Mo –Re foil (m: diamond, ’: Mo2C).

Table 2

Measured 2y values of 2H-Mo2C.

Planes (1 0 0) (0 0 2) (1 0 1) (1 0 2) (1 1 0) (0 1 3) (2 0 0) (1 1 2) (2 0 1) (2 0 2) (0 2 3) (2 1 0) (2 1 1) (1 1 4) (2 1 2)

2y (deg.) 34.52 37.95 39.45 52.15 61.64 69.5 72.6 74.72 75.8 85.05 100.15 103.1 106.2 111.8 116.3
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Fig. 5. Schematic representation of crystalline structure of 2H-Mo2C.
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Fig. 6. Characteristics of field emission of boron-doped diamond (B) and undoped

diamond (A).
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hexagonal structure, i.e. 2H-Mo2C. In the metallic compound Mo2C,
carbon atoms are inserted interstitially in half-octahedral sites of
the HCP of molybdenum atoms. The crystalline structure of
2H-Mo2C is schematically shown in Fig. 5. Its parking sequence
is in principle AcBcAc etc. where A and B denote the normal sites in
the HCP lattice and c denotes the interstitial site. The diffraction
angle of the 2H-Mo2C is determined by

y¼ arcsin
l
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2þhkþk2

a2
þ

l2

c2

r !

It is, therefore, found from the data in Table 2 that the values of a

and the ratio c/a of the metallic compound are 3.003 and 1.579 Å,
respectively. The measured value of the ratio c/a is less than 1.633,
meaning that the carbon atoms in Mo2C attract their nearest
neighboring Mo atom. The Mo2C formation may be due to carbon
atoms in the gas phase diffusing into the Mo–Re alloy at the
deposition temperature of about 730 1C.

Field emission characteristics were measured at room tempera-
ture as a function of the electric field between the sample and the
anode at a vacuum of 10�6 Torr. Typical current (J) and voltage (V)
characteristics are shown in Fig. 6.

It is clear that the boron-doped diamond-like carbon film
possesses excellent field emission properties. The emission anode
current (Ia) of the doped diamond film was approximately 4 mA at
an electric field of 0.85 V/mm. The emission anode current of the
undoped diamond film is 0 mA when the electric field does not
exceed 1.4 V/mm .The modification of the FEE characteristics of
diamond films can be attributed to the changes in grain size
and sp2 phase concentration [15]. Electrical conductivity and/or
conduction mechanism are also an important factors influencing
the mission behaviour of the emitter material.
4. Conclusion

Diamond film was deposited on a Mo–Re foil substrate of
thickness 6 mm through hot filament chemical vapor deposition.
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It is found that the foil of the Mo–Re alloy is in a substitutional solid
solution. The thickness of the the diamond film is about 300 nm
after 1 h deposition. It is also found that there is a 2H-Mo2C layer
between diamond film and the Mo–Re substrate. The values of a

and the ratio c/a of the metallic compound are 3.003 and 1.579 Å,
respectively. This Mo2C layer might be due to carbon atoms in the
gas phase diffusing into the Mo–Re alloy at the temperature of
about 730 1C. From the observed results, it is clear that the boron-
doped CVD diamond films lead to improvement in their field
emission characteristics.
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