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Boron-doped diamond (BDD) films were deposited on rhenium substrates using methane/hydrogen as reac-
tant gases by hot filament chemical vapor deposition (HFCVD). The morphology, band structures and crystal-
line structure of the BDD films were characterized by the scanning electron microscope (SEM), Raman
spectroscopy and X-ray diffractometer (XRD), respectively. The effects of the pre-treated on nucleation and
quality of the diamond film were investigated. The mixture of sulfur acid and nitric acid enhanced diamond
nucleation much more greatly than that of single acid. The highly boron-doped diamond films were deposit-
ed on rhenium substrate. The field emission characteristics of these films were analyzed. The minimum resis-
tivity of doped diamond films reached 10−2 Ω cm. Field emission studies revealed that the BDD film grown
on rhenium substrate had the low threshold field (3.3 v/μm).
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1. Introduction

There has been a growing interest in the application of chemical
vapor deposited (CVD) diamond films as field emitter materials
owing to their unique electronic properties, chemical, and thermal
stability [1–3]. It has been demonstrated that electron field emission
from CVD diamond films occurs at very low turn-on fields. Many in-
vestigations have also been done on the origin of low field emission
behavior from diamond crystal or CVD diamond films that are inten-
tionally doped or not, but the electron field emission mechanism was
not clearly understood [4–6]. The high melting point (T=3453 K)
and good ductility make rhenium attractive as a high-temperature
structural material. Compared with other refractory metals, Re has
superior tensile strength, 1000–2500 MPa [7], and creep-rupture
strength, 10 MPa for 100 h at 2200 °C [8], over a wide temperature
range. The attribute ranges reflect different thermal conditions and
suppliers of the commercially pure metal. At elevated temperatures,
Re resists attack in hydrogen and inert atmospheres. Pure Re is vul-
nerable to oxidation in moist air above 600 °C, but it is also resistant
to hydrochloric acid and seawater corrosion. Rhenium metal has
attracted considerable interest for use as structural materials for ap-
plications in the aerospace fields due to their high temperature
strength, high thermal conductivity and corrosion resistance and cor-
rosion resistance [8].

HFCVD is the simplest low pressure CVD method and it gives re-
producible results. Reaction conditions, such as gas composition,
substrate temperature, working pressure, and gas flow rate, have
strong influences on diamond deposition, including the interface
properties, morphology and quality of the diamond film.

In this paper, it is reported on that micro-crystalline diamond film
deposited on rhenium substrate for cold field electron emission. We
deposited highly boron-doped diamond films by hot filament chemi-
cal vapor deposition (HFCVD). The electron conduction in the dia-
mond films is improved, and the electron emission is enhanced.
Desirable crystal texture and low resistivity (at the level of 10−2 Ω
cm) can be simultaneously obtained by optimizing the B2H6/CH4 ra-
tios and temperature.

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 steel chamber
equipped with a tungsten filament which was employed for activa-
tion of gas-phase reactions; detail of this equipment was given in pre-
vious work [9]. The diamond film deposition was performed in super
high vacuum chamber with a background pressure of less 10−5 Pa.
The rhenium substrates of 10×10×0.5 mm3 in size were first me-
chanically polished so as to get a mirror like smooth surface. In
order to create suitable defects on the substrate surface, which favor
the inhomogeneous nucleation of diamond from the gas phase,
prior to diamond deposition, the substrates were put in a mixed solu-
tion (1 ml 96 wt.% H2SO4+1 ml 68 wt.% HNO3+50 ml H2O) for
30 min and then were abraded ultrasonically in a suspension of dia-
mond powder (powder size ~200–500 nm) in acetone for 30 min.

The methane and hydrogen were used as reactant, and the B2H6 as
a dopant. Table 1 shows parameters which were typically maintained
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Table 1
Experimental parameters for diamond deposition.

Parameters

Filament temperature (°C) 2100–2300
Substrate temperature (°C) 730±30
Spacing between filament and substrate (mm) 8
The ratio of CH4:H2 1:100
The concentrations of B2H6:CH4 (%) 0–3
Pressure (Torr) 30
Deposition time (min) 60,180,300
Total gas flow (cm3/min) 50–53
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Fig. 2. X-ray diffraction patterns of the Re substrate and the diamond film on the Re
with a pretreatment by etching in a mix-acid. (1 ml 96 wt.% H2SO4+1 ml 68 wt.%
HNO3+50 ml H2O).
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constant for each specimen and deposition. At least three specimens
of each type were deposited under the same conditions. The results
presented in this article are representative of those found for all spec-
imens subjected to a given parameter set.

The scanning electron microscopy (SEM) was carried out using FEI
Sirion200 Field emission scanning electronmicroscoper, with 10 kV ac-
celeration voltage. The XRD analysis was carried out by D/max2500 dif-
fractometer, with a monochromatized Cu Kα radiation of 10 kV and
20 mA. The Raman spectrum was measured using a LabRaman RH800
spectrometer with an argon laser source with a 488 nm wavelength;
the laser power was set as 20 mw. The I–V curve of field emission prop-
erties was measured inside an ultrahigh vacuum chamber with a base
pressure lower than 10−6 Pa using a turbo molecular pump and an
ionic pump.

3. Results and discussion

Fig. 1 shows SEM photomicrographs of diamond grown on the
surfaces after various pretreatment. A few small particles of diamond
are formed on the rhenium substrate without pretreatment, as shown
in Fig. 1(a). It reveals that the nucleation diamond is difficult on the
rhenium surface. The pretreatment of the Re substrates is, therefore,
indispensable for diamond growth. It is found that the as-deposited
carbon film consists of high-density un-faceted small particles in
Fig. 1(b,c). The particle size is close to several hundreds of nanome-
ters. The morphology of fully micro-diamond covered rhenium sur-
face was shown in Fig. 1(d). It takes 60 min to obtain a continuous
micro-diamond film (Fig. 1(d)) whereas continuous micro-diamond
film with a very few voids is obtained after 60 min deposition on sul-
fur or nitric acid pretreated substrate (Fig. 1(b,c)).
a b
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Fig. 1. SEM photomicrographs of diamond grown on the Re surfaces after various pretreatme
acids: (b), (c) and (d); b: etching by sulfur acid (1 ml 96 wt.% H2SO4+50 ml H2O) 1:50, c: e
96 wt.% H2SO4+1 ml 68 wt.% HNO3+50 ml H2O). All samples were, then, abraded ultraso
The results of X-ray diffraction of the pure rheniumand the diamond
film deposited on the rhenium substrate are shown in Fig. 2, respective-
ly. Comparing to Fig. 2(a), the spectrum of Fig. 2(b) is indexed to a mix-
ture of cubic diamond phase and a hexagonal close packed phase of
rheniummetal. Note that the peak in the range 2θ–75.4°matches close-
ly with the diamond (220) peak at 75.302° and the Re (103) peak at
75.234°. We therefore assign this peak to overlapping diamond (220)
and Re (103) peaks. No carbides can be found in Fig. 2(b). Furthermore,
from the XRD date it is found that the lattice parameters of rhenium are
a=0.2762 nm and c=0.4457 nm; a difference of the lattice parameter
is within 0.5% comparing with the literature value [10]. The measured
lattice parameter of the cubic diamond is 0.3569 nm; a deviation of
the lattice parameter is within 0.1% comparingwith the literature value.

Diamond films deposited for 3 h of growth and different B-doped
concentrations are shown in Fig. 3: (a) 0%, (b) 0.75%, (c) 1.5% and (d)
3% B2H6 in CH4. Fig. 3 shows a typical high-magnification SEM image
in which diamond deposited on rhenium substrates can be seen in
significant variations among different grains. The SEM images illus-
trate that the whole surface is covered by a continuous and dense di-
amond film. For all doping levels studied the films averaged grains of
1–3 μm size, which is decreasing as the B-doping level increased. In
the sample of high B-doped concentrations in Fig. 3(c,d), there are
clusters of the micro-particles of diamond. It implies that the quality
2µm

nts: (a) without pretreatment; and the Re substrates were etched for 30 min by various
tching by nitric acid (1 ml 68 wt.% HNO3+50 ml H2O), d: etching by mixed acid (1 ml
nically in a suspension of nano-diamond powder and acetone for 30 min.
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Fig. 3. The SEM images of diamond films in different boron-doped levels: (a) 0%, (b) 0.75%, (c) 1.5%, (d) 3%.
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of diamond downgrades in the case of too high B2H6/CH4 ratio. This
result demonstrates that appropriate amounts of boron doping con-
centration are crucial for keeping the structural properties of dia-
mond films. The observed grain refining under highly boron doping
conditions can be explained by the increase of diamond nucleation
density due to boron element added in vapor phase [11].

Fig. 4 shows a drastic change of diamond films Raman spectra with
the boron doping levels. The characteristic peak for diamond at
1338 cm−1 appears for un-doping. The diamond characteristic peaks
shift to 1332 cm−1 and 1328 cm−1 when B concentrations are 0.75%
and 1.5%, respectively. Finally, it shifts to 1320 cm−1 when B concentra-
tions are 3%. There could be a “red shift” of the characteristic peak as
B-doping level increases. At the same time, two broad Raman peaks
at around 500 cm−1 and 1230 cm−1 appear noticeably when the B
doped and become stronger as B increases. It is the same with
other works [12–14]. The peaks relate to the locally disordered struc-
tures induced by the heavily boron doping [15,16]. In Fig. 4 a down-
ward shift of the peak at 500 cm−1 is found, while the position of the
peak at 1230 cm−1has not changed obviously.

Fig. 5 shows field-emission properties from the I/V curves of the
three different diamond films, which are in the different B doping
levels: (a) 0%, (b) 0.75%, (d) 3% B2H6/CH4. The three kinds of diamond
films present the rather different field emission features. The field
emission efficiency of the boron-doped diamond film is much better
Raman shift (cm-1)
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Fig. 4. Raman spectra for the boron-doped diamond films in different boron-doped
levels: (a) 0%, (b) 0.75%, (c) 1.5%, (d) 3%.
than that of the without boron-doped diamond grown on rhenium
substrate. In Fig. 5, it is found that lightly doped sample b can be
turned-on at relatively low field (E=3.3 V/μm; here, we name the
electric field required for the emission current of 0.1 μA as the thresh-
old field) and the emission current density attains J=6.3 μA/cm2, at
3.3 V/μm applied field. By contrast, the heavily doped samples need
larger turn-on field (E=5.0 V/μm) and show relatively small electron
emission capacity (J=4.0 μA/cm2) shown as solid diamond. It is well
known that the field emission properties depend on the film topogra-
phy and the film component. Hideo Kiyota et al. [17] indicate that the
small grain films or the films containing much non-diamond carbon
have shown more promise, due to the presence of abundant grain
boundaries and higher level of non-diamond carbon which could in-
crease the material's conductivity. Recent studies [17,18] showed
that the grain boundary or non-diamond carbon might lead to forma-
tion of the extra states within bulk diamond band gap, and the emis-
sion should be enhanced by directly emitting the electrons from these
states into vacuum.

Fig. 6 shows the corresponding ln(J/E2) vs. 1/E plots of samples
(a, b, d) according to the Fowler–Nordheim (F–N) equation [19]. It
can be seen that there is a significant variation in the emission char-
acteristics for the boron-doped diamond films compared with that
of un-doped one. In fact, the decrease of threshold electric field
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Fig. 5. Characteristics of field emission of the boron-doped diamond films in different
boron-doped levels: (a) 0%, (b) 0.75%, (d) 3%.



Fig. 6. Fowler–Nordheim (F–N) plots for diamond films deposited in various boron
levels.
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originates from the reduction of the work function of the films. The
effective work function of the films is determined using FN plots
shown in Fig. 6. The linear F–N characteristics indicate that the field
emission is responsible for the acquired current, which is consistent
with the conventional F–N equation [20]:

J ¼ Aβ2E2 � ϕ⁎ exp −Bϕ3=2βE
� �

where Φ is the work function, E is the applied field, β is the dimen-
sionless field enhancement factor, A and B are constants. The boron
doped samples possess markedly larger effective work function than
the un-doped one, viz. Φ(a)=0.012 eV, Φ(b)=0.051 eV and Φ(d)=
0.108 eV [21]. These results infer that only when proper amount of
p-type dopants are incorporated, the electron conduction in diamond
crystals is improved and the emission of electrons is enhanced.

4. Conclusion

Boron doped diamond (BDD) films were deposited on rhenium
substrate by hot-filament vapor chemical deposition (HFCVD). The
effects of pretreatments and the B doping level on diamond growth
were studied. A mixture acid, 1 ml 96 wt.% H2SO4+1 ml 68 wt.%
HNO3+50 ml H2O, plays an important role to enhance diamond nu-
cleation and growth on the Re. The levels of boron doping show re-
markable influence on the surface morphologies and the qualities of
the diamond films. Field emission studies revealed that the boron
doped diamond films (1.5% B2H6/CH4) grown on rhenium substrate
had the low threshold field (3.3v/μm).
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