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Growth of Dual DLC and Icosahedral Boron
Carbide Nano-Crystals by HFCVD

M. GHORANNEVISS, A. SALAR ELAHI,∗

AND M. DADASHBABA

Plasma Physics Research Center, Science and Research Branch, Islamic Azad
University, Tehran, Iran

Carbon nano-structures were doped by boron atoms to synthesize icosahedral boron
carbide using Hot Filament Chemical Vapor Deposition method. Raman spectroscopy
revealed two broad peaks centered on 1,334 and 1,573 cm−1, the origin of which is sp3

hybrid of diamond (D-band) and sp2 hybrid of graphite (G-band), respectively. These
peaks stem from aromatic compounds with sp2 hybrid, demonstrating a local collection
of amorphous B13C2 on the substrate surface. Furthermore, D and G peaks are illustra-
tive of more damage inside the structure. X-ray diffraction patterns indicated significant
peaks assigned to icosahedral (B13C2) structures in planes (012), (021), and (024).
Debye–Scherrer calculation showed that, the crystal size of the products was in range
of 5–80 nm. Additionally, the graphite grain size was evaluated by Tuinstra–Koenig
formula at a 42–73 nm interval. The decrease observed in the intensity of G and D
peaks may stem from disrupting the vibrational behavior of the film and diminution
of polarizability in the molecules of the lattice. One of the factors inducing the de-
crease of polarizability the promotion of is a great fraction of δ bonds between B-C
atoms. Scanning electron microscopy results showed cauliflowers morphology for the
nanostructures.

Keywords Boron carbide; cauliflowers; HFCVD; icosahedral; smooth

1. Introduction

Diamond-like Carbon (DLC) is an amorphous carbon material made of random networks of
sp3 and sp2 hybrid bonds. DLC material with high sp3 content has similar properties as single
crystal or polycrystalline diamond. They are hard, electrically insulating, chemically inert,
very good heat conductors, that they show high electron and hole mobility, negative electron
affinity, high breakdown field, light weight, large band gaps (>2 eV), and a high index of
refraction (n>2). Owing to these properties, DLCs are extensively used in diverse fields such
as wear coatings, microelectronics, microtribology, and biomedical technology. However,
their insulating properties and wide band gap lead to limitation of their applications in
electronics (unless the charge carriers incorporated into them [1–5]). Furthermore, by
various boron to carbon stoichiometry, the ratio higher than 2, are known as boron carbides.

∗Address correspondence to A. Salar Elahi, Plasma Physics Research Center, Tehran Science
and Research Branch, Islamic Azad University, Tehran, Iran. E-mail: Salari phy@yahoo.com

Color versions of one or more of the figures in the article can be found online at
www.tandfonline.com/gmcl.
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104 M. Ghoranneviss et al.

Figure 1. Schematic of HFCVD used in experiment.

Boron carbide exists as a stable single phase compound in a large homogeneity range from
8% up to 20% C concentrations [6]. Boron atom suppresses the formation of sp2 graphitic
clusters and increases both the sp3 bonding and the hydrogen content in the DLC films
[7]. Consequently, the electrical conductivity of the film is a complicated function of the
combined effects of the boron-doping level, the grain boundaries, and the impurities. As
the grain size in the films becomes smaller, i.e., from Microcrystalline Diamond (MCD)
to Nanocrystalline Diamond (NCD), the relative importance of these grain boundaries
increases [8, 9]. B13C2 is an attractive hard coating for a variety of applications interestingly
[9]. Its high melting point, high modulus, large neutron capture section, low density,
chemical inertness, outstanding thermal, and electrical properties make boron carbide a
strong candidate for high technology applications [10–14]. Recently, boron-doped diamond
or DLC films have been prepared by an assortment of methods including: microwave plasma
CVD, plasma-enhanced CVD, photochemical vapor deposition (photo-CVD), DC saddle-
field glow-discharge deposition, pulsed laser deposition (PLD), and plasma immersion ion
processing [15]. The aim of this research is to present experimental results on the synthesis
of DLC and B13C2, nanostructure, chemical composition, deposition rate using HFCVD,
and to discuss the influence of boron content on the surface morphology, crystallographic
structure of the deposited films.

2. Experimental Details

B-doped DLC films were synthesized with an HFCVD method. The DLC films with
different boron-doping levels were produced using solutions with varying boron (B) con-
centrations, i.e., 0.00626, 0.0125, 0.025, and 0.05 molars (or 0.37 × 101, 7.5 × 1013, 150 ×
1013, and 3011 × 1013 ppm). The growth process was triggered upon introducing hydrogen
gas (H2) passing through ethanol as B2O3 solution in various concentrations in ethanol,
as well as boron and carbon source into the chamber. A pure hydrogen gas flow rate of
approximately 100 sccm regulated by precision mass flow meter and a total pressure of
15 Torr were maintained throughout the experiment as shown schematically in Fig. 1. The
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Growth of Dual DLC and Icosahedral Boron Carbide Nano-Crystals 105

Figure 2. Rutherford back scattering (RBS) show thickness Fe layer deposited on silicon 13 nm.

substrate temperature was 500◦C measured by a thermocouple mounted on the substrate
surface. Initially, a P-type silicon wafer (100) was cut in 1 × 1 cm2 pieces and then ultra-
sonically cleaned in acetone, ethanol, and deionized water, respectively, each for 10 min.
Subsequently, Fe films for has been high surface reactivity and absorptivity were sputtered
by DC-Magnetron Sputtering with 13 nm thickness measured by Rutherford Back Scatter-
ing technique as shown in Fig. 2. Substrates were then placed on the sample platform with
a distance of 1 cm between Si substrate and the hot-filament. Prior to synthesis, etching
was performed in H2 ambient for 10 min. Figure 3 illustrates surface roughness before and
after etching 0.8 and 26.20 nm, respectively.

The deposition duration of all samples was kept at 30 min in this research. For in-
vestigating the surface morphology of the as-grown boron-doped DLC films, a field emis-
sion scanning electron microscope (FE-SEM) 15 KV was used. Further, the crystallinity
and quality of the synthesized structures were characterized by a fully automatic X-ray
diffractometer (λ = 1.54 nm, D/Max = 2200) using a Philips diffractometer with CuKα1
radiation with an incident angle of 5◦. Moreover, Raman spectroscopy was utilized to study
the composition of structure. Transmission Electron Microscopy (TEM) images disclosed
constrictions clusters in structure.

Figure 3. The AFM image of the silicon substrate coated with Fe (a) before etching and (b) after
etching by H2 gas.
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106 M. Ghoranneviss et al.

Figure 4. XRD patterns of B-doped DLC films with different contents of boron: 0.00625, 0.0125,
0.025, and 0.05 molar from a–d, respectively. In (c) profile was removed silicon (100) peak.

3. Results and Discussion

Figure 4 shows the XRD patterns of the B-doped DLC films. All XRD peaks at 23.60◦,
40.32◦, 48.25◦, 53.40◦, 75.43◦, and 80.55◦ originated from B13C2 relevant to standard card
and the peak at 69.17◦ arose from the silicon substrate. According to XRD results, the
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Growth of Dual DLC and Icosahedral Boron Carbide Nano-Crystals 107

Figure 5. FWHM of peaks (012), (024), and (205) in icosahedral boron carbide.

average crystal size of nanocrystals was between 5 and 80 nm that has been calculated by
Debye–Scherr formula.

D = 0.9 × λ/(βCos β), (1)

where D = thickness of crystallite, K = constant dependent on crystallite shape 0.9, λ =
X-ray wavelength, β = FWHM, and θβ = Bragg angle. An effect of the finite crystallite
sizes is seen as a broadening of the peaks in an X-ray diffraction as is explained by the
Equation (1). The XRD patterns of the B13C2 icosahedral boron Carbide film is dominated
by the peaks at 23.60◦, 48.25◦, and 53.40◦ corresponding to planes (0 1 2), (0 2 4), and
(2 0 5) of boron carbide icosahedral, diffraction peaks evidence the presence of crystalline
B13C2. FWHM had been similar treatment; see Fig. 5.

By using δ = 1/D2, (2)

where δ = liner dislocation, D = thickness of crystallite and Stokes and Wilson formula

ε = β/4 tan θβ, (3)

θβ = Bragg angle, β = FWHM; see Table 1, by increasing level doping decreased dislo-
cations in layers and tension also layers was better constructed. Also, numbers of crystals
per unit area:

N = t/D3, (4)

where t = thickness film, D = thickness of crystallite boron carbide icosahedral.

4. The Raman Spectrum of Boron-Doped DLC

Raman spectroscopy is regarded as a widespread, nondestructive technique for characteriz-
ing various carbon structures [16] and has been extensively used for B13C2 characterization
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Growth of Dual DLC and Icosahedral Boron Carbide Nano-Crystals 109

Figure 6. Raman spectra from samples shows evolutions in positions, intensity, and FWHM of peaks
from (a) 0.00625, (b) 0.0125, (c) 0.025, and (d) 0.05 molar boron doped in DLC films.

[17, 18]. Being able to discriminate between sp2 and sp3 carbon sites, it is the most com-
monplace method utilized for corroborating the quality of crystalline films. Therefore,
by using Raman spectroscopy, it is straightforward to distinguish involvements of B13C2

from the modes of the aromatic sp2 clusters observed at higher frequencies. However, the
roots of some B13C2 peaks are still debatable. One of the B13C2 modes is found around
275−325 cm−1. The other B13C2 modes at 650–1000 cm−1 also put the same scaling char-
acteristic on view. In addition to information about the boron carbide phase, substantial
insight into the presence of free carbon in B13C2 can also be obtained by careful Ra-
man analysis [17]. By adroitly analyzing Raman results, one is able to attain significant
knowledge concerning the existence of free carbon in B13C2 as well as figuring out the
boron Carbide phase. The first-order Raman spectrum of graphitic single crystals is only
peaked at 1589 cm−1 (G-peak), which is the fingerprint of stretching vibrations of double,
C C, bonds. In the presence of graphitic domains of finite size, amorphization of the
graphene layer, or defects, a second peak emerges at 1300−1360 cm−1 (D-peak) which can
be assigned to breathing vibrations of aromatic sixfold rings in finite graphitic domains.
At visible or near infrared excitation wavelength, λ, the diameter, L, of the sp2 domain
has peculiarly shown to affect the ID/IG ratio [17, 18]. The whole selection rules can be
disregarded while at a higher degree of disorder, and the total density of phonons can be
observed. Particularly, at 1350 and 1580 cm−1, phonons can be observed illustrating the
existence of microcrystalline graphite and the scattering intensity in the 1400–1600 cm−1

region will be due to non-diamond-carbon impurities [19, 20]. As indicated in Fig. 6, peaks
at 280 cm−1, 750 cm−1, 1340 cm−1, and 1580 cm−1 were detected in Raman spectra. The
peaks appeared at 280 and 750 cm−1 are associated with boron carbide icosahedral. Despite
the frequent appearance of Raman peaks in the 250–350 cm−1 region in B13C2 ceramics, a
good knowledge of their origin has not yet been acquired [21–23]. The peak at ∼750 cm−1 is
related to icosahedral mode which is not sensitive to annealing, in agreement with infrared
spectroscopy results. No sign of graphitic inclusions was observed [24]. The peaks centered
at 1349 and 1580 cm−1, are known as D and G bands, respectively. Owing to the restricted
dimensions of the crystallites, a slight breaking of the selection rules may occur and the
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Growth of Dual DLC and Icosahedral Boron Carbide Nano-Crystals 111

Figure 7. Profile of variation in intensity four bands 280 cm−1, 750 cm−1, D band, and G band at
Raman spectrum by increasing boron doped.

phonons located adjacent to the center of Brillouin zone scatter the incident photons. At a
greater level of disorder, all of the selection rules can be 11 broken, and the total density
of phonons can be observed. The G peak exhibits region center phonons of E2g symmetry
and D peak reveals K-point phonons of A1g symmetry of graphite [25, 26]. Sharp G and D
peaks observed around 1573 and 1340 cm−1 suggest the presence of some species such as
monocrystalline graphite in the films. The formation of sp2 hybridized aromatic C rings and
localized amorphization in B13C2 can be evidently deduced from the development of these
peaks for all types of samples. Further, a higher level of structural damage or amorphization
in B13C2 is concluded when more intense G and D peaks are obtained by doping boron
[27–32]. In Table 2 G-peak FWHM, (ID/IG) and in Fig. 8 the G and D peak positions, as
a function of the chemical composition of the films are illustrated. By comparing the data
measured from the DLC films [7, 15, 20] with those from B-DLC films, it can be seen
that incorporation of B into DLC films brings on the concurrent transfer of both G and
D peak positions towards lower Raman frequencies which signifies the evolution of sp3

fourfold coordinate bonding in the amorphous carbon films. Moreover, Fig. 7 shows that
by increasing content B-alloyed DLC film has an intensity decrease of G-band and D-band
and 750 cm−1 band and then increase the intensity. The broadening of the G-band relies on
the increase of mass density and hardness of DLC films that it had result of added boron
to films. The size of the graphite crystallites is inversely proportional to the ID/IG ratio, in
other words, ID/IG C/La, where La is the sp2 correlation length or in-plane crystallite size.
The broadening of G-band along with the simultaneous decrease of ID/IG, accompanied
by the coexistent downshift in both G and D peaks, as shown in Table 2, could lead us
to the conclusion that incorporating B into DLC films facilitates the formation of a film
with a boosted sp3 bonding structure Moreover, the decrease observed in the intensity of G
and D peaks stem from disrupting the vibrational behavior of the film and diminution of
polarizability in the molecules of the lattice. The decrease of polarizability the promotion
of a great fraction of δ bonds between B C atoms [15, 33, 34]. According to Fig. 8, the
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112 M. Ghoranneviss et al.

Figure 8. Profile of variation in position peaks at Raman spectrum by increasing boron doped.

dispersion in G-band toward higher wavelengths due to the grain size reduction from 73 nm
to 42 nm and the subsequent phonon confinement which induces phonons away from Г to
be involved with q = 1/La. According to Tuinstra–Koenig formula (Eq. 5), La decreases
with the increase of the intensity of appears as a result of defects in the structure [35] that

Figure 9. FE-SEM images show boron doped DLC films in different contents (a) 0.00625, (b)
0.0125, (c) 0.025, and (d) 0.05 molar. Visible by increase of cracks on surface of the structure in Figs.
6(a), (c), and (d) are relatively to doped boron in the grown film.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 T

ow
n 

L
ib

ra
ry

 o
f 

Sh
en

zh
en

] 
at

 0
4:

14
 0

2 
Ja

nu
ar

y 
20

16
 



Growth of Dual DLC and Icosahedral Boron Carbide Nano-Crystals 113

Figure 10. TEM image shows boron doped DLC films in contents (a) 0.00625 molar, Samples were
prepared by dispersing the powder products in n-hexane by ultrasonic treatment, dropping the mixture
onto a porous carbon film supported on a copper grid and then drying the film in air. With the aid
of Microstructure Measurement software, TEM images illustrate that the size of produced clusters is
average 22 nm.

surely it was result of doped boron. Tuinstra–Koenig formula is:

IG/ID = c/La (5)

Figure 9 shows the FE-SEM images of B-doped DLC films. The FE-SEM results
indicate that the cracks exist all over the surface and relatively increase by raising the
amount of dopant. In Fig. 9(a), it can be seen that, there are low cracks and shallow
and the crack paths are not straight on the surface. On the other hand, Figs. 9(a) and
(d), show that the surface of the coated film has particle-like features with less than 1
micrometer in diameter. Small, nonregularly shaped surface voids are also detected. For
samples in Fig. 9(d), the congeries is very different from that in Fig. 9(a). In Fig. 9(d),
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114 M. Ghoranneviss et al.

the multiplicity of cracks on the film surface is noticeable compared to those observed
in Fig. 9(a). On the other hand, the specimen microstructure in Fig. 9(b) differs very
much from that of the other specimens. Increase of cracks on surface of the structure in
Figs. 9(a), (c), and (d) was grown by doped boron in the film. Measurements indicate
that the size of agglomerations on the surface for sample (a) is less than 1 μm and for
samples (c) and (d) is less than 0.5 μm. These agglomeration phenomena on the structure
surface due to the increase of doping dosage which then leads to the upsurge of cracks.
It may be inferred according to the depth of cracks that agglomeration triggers from the
moment growth initiates and gradually escalates as the growth time goes up and brings
about more cracks on the surface. Also, in the Fig. 10 TEM image shows boron doped
DLC films in contents (a) 0.00625 molar, samples were prepared by dispersing the powder
products in n-hexane by ultrasonic treatment, dropping the mixture onto a porous carbon
film supported on a copper grid and then drying the film in air. With the aid of Microstructure
Measurement software, TEM images illustrate that the size of produced clusters is average
22 nm.

The spacing’s were measured over different regions in the micrograph and then aver-
aged, and results for three sample are congeries size was below 1 μm for (a) below 0.5 μm
for (c) and (d) samples [36].

5. Conclusion

According to XRD patterns, SEM images and Raman spectra, the structure of the film was
determined as DLC along with grown boron carbide icosahedrals (B13C2) in its texture.
The size of these icosahedrals calculated by Debye–Scherrer’s equation was between 5 nm
and 80 nm. Further, the grain size has been estimated between 42 nm and 73 nm on the
basis of Raman peaks using Tuinstra–Koenig formula. Raman spectroscopy demonstrates
variations in D and G peaks which are attributable to the presence of localized amorphization
in B13C2. Additionally, the shift in G peak location towards higher wavelengths stems from
the fact that owing to the diminution of grain size, phonon confinement provokes phonons
to be away from Г and contribute with q = 1/La. Also, La factor reduces with increasing
doping amount from 73 nm to 42 nm. The high intensity of G-band and the low intensity
of D-band in Raman spectrum in Fig. 6 black line exhibit the high degree of graphitization
in matrix which increases to ID/IG = 1.3 upon raising the amount of boron incorporation in
the matrix and the formation of sp3 hybrid in the film. With further increasing the amount
of boron alloy, a balance will be set between sp2 and sp3 hybrids in the film and the
ID/IG ratio decreases to 1. This occurs as a result of the substitution of boron atoms with
carbon atoms and the development of B C bond. Moreover, the decrease observed in the
intensity of G and D peaks stem from disrupting the vibrational behavior of the film and
diminution of polarizability in the molecules of the lattice. One of the factors inducing the
decrease of polarizability is the promotion of a great fraction of δ bonds between B C
atoms. The entire sp2 sites lead to the formation of G peak. However, D peak attributes to
sixfold rings. Hence, the decrease of number of rings per cluster and the increase of the
fraction of chain groups gives rise to the reduction of ID/IG ratio. Surface morphology in
SEM results discloses the growth of cauliflower structures. It is deduced that the increase
of doping amount leads to creation of deep cracks on the surface and incites the reduction
of the dimensions of agglomerations. Moreover, it causes damages to its uniformity which
decreases with increasing doping boron from 1 to 0.5 μm.
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