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ABSTRACT 

Hexagonal nano-crystalline boron carbonitride (h-BCN) films grown on Si (100) substrate have been precisely investi- 
gated. The films were synthesized by radio frequency plasma enhanced chemical vapor deposition using tris-dime- 
thylamino borane as a single-source molecular precursor. The deposition was performed by setting RF power at 400 - 
800 W. The reaction pressure was at 2.6 Pa and the substrate temperature was recorded at 700˚C - 800˚C. Formation of 
the nano-crystalline h-BCN compound has been confirmed by X-ray diffraction analysis. The diffraction peaks at 26.3˚ 
together with a small unknown peak at 29.2˚ were elucidated due to the formation of an h-BCN structure. The films 
composed of B, C, and N atoms with different B-N, B-C, C-N chemical bonds in forming the sp2-BCN atomic con- 
figuration studied by X-ray photoelectron spectroscopy. Orientation and local structures of the h-BCN hybrid were 
studied by near-edge X-ray absorption fine structure (NEXAFS) measurements. The dominant presence of * and * 
resonance peaks of the sp2-hybrid orbitals in the B K-edge NEXAFS spectra revealed the formation of the sp2-BCN 
configuration around B atoms like-BN3 in h-BN. The orientation was suggested on the basis of the polarization de- 
pendence of B K-edge and N K-edge of the NEXAFS spectra. 
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1. Introduction 

It has been revealed that the hexagonal boron nitride 
(h-BN) and the graphite have almost isoelectronic struc- 
ture but physicochemical properties of these two com- 
pounds are quite different: the h-BN is an insulator while 
the graphite is a semiconductor [1]. The isogeometric and 
isoelectronic structures of the h-BN and graphite have 
been suggested the possible formation of their solid solu- 
tion which should have semi-conducting properties and 
tunable band gap depending on composition [2]. Much 
effort has been devoted to synthesize of the ternary BCN 
compounds since they are attractive as super-hard and/or 
semi-conducting materials with adjustable band gap en- 
ergy [3,4]. Recently, efforts have been aimed to synthe- 
size single phase of crystalline cubic (c-BCN) and/or 
hexagonal (h-BCN) boron carbonitride compounds. The 
c-BCN is expected to be super-hard material comparable 
to that of diamond and the h-BCN is attractive in the ap- 

plications to electronic, optical and luminescent devices 
[5]. The h-BCN could also be applicable to the recharge- 
able lithium ion battery [6]. Syntheses of the ternary 
BCN compounds with various compositions by different 
methods using different source materials have been re- 
ported. So far, most of the reported BCN compounds are 
mixture of nano-crystalline hexagonal and cubic phases 
or amorphous phase [7-12]. X-ray photoelectron spec-
troscopy (XPS) has been used for the characterization of 
the B-C-N hybrids. But most of the XP spectra of the 
B-C-N hybrids show relatively high content of BN. In 
addition, the broad features of these spectra suggest that 
various kinds of B-C-N bonds are included in the hybrid 
instead of single-phase structure. 

Ulrich [13] and Filonenko et al. [14] have tried to de- 
posit c-BCN crystal with different compositions. Single 
phase of the h-BCN and/or the c-BCN with large grain 
size has not been synthesized yet and efforts were not 
devoted to clarify the orientation precisely in the BCN 
hybrid. However, preparation of single-phase of the h- *Corresponding author. 
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BCN with large grain size is still a challenge because of 
the difficulty in synthesis with controlled composition.  

In our previous study, we reported BCN hybrid films 
synthesized on Si (100) using TDMAB as the precursor 
[15,16]. In those reports, the crystalline phase was not 
detected probably due to the short-range order of the 
atomic arrangement and/or the amorphous phase. We 
also synthesized h-BCN hybrid on Si (100) using borane 
triethylamine (BTEA) complex as the precursor in CH4 + 
H2 carrier gas [17]. The stoichiometric growth of BCN 
on HOPG substrate was explored; in addition, we exam- 
ined the orientation of crystalline h-BCN hybrid on Ni 
(111) and polycrystalline Ti substrates [18,19].  

Since near-edge-X-ray absorption fine structure (NEX 
AFS) is a unique instrumental method that could be used 
to clarify the geometrical and orientation of the element 
in h-BCN hybrid if linearly polarized synchrotron radia- 
tion is used. In this paper, we present nanocrystalline 
h-BCN hybrid compound grown on Si (100) substrate 
and orientation of the hybrid examined by NEXAFS meas- 
urements.  

2. Experimental Methods  

BCN films have been synthesized on Si (100) by RF- 
PECVD using TDMAB (99% Aldrich) as a single-source 
molecular precursor. The deposition system has been 
reported in the reference [16]. The reaction chamber was 
evacuated up to 1  10−3 Pa and then the chamber was 
filled with hydrogen gas (99.99%, Iwatani Co., Japan) 
without further purification to a desired reaction pressure. 
The H2 was allowed to flow through a bubbler, contain- 
ing the precursor material, to the reaction chamber for 
about 30 min in order to expel the atmospheric oxygen 
that might cause possible contamination of the films 
during deposition. Since the precursor is volatile, the 
vapor was produced by bubbling without decomposition 
and was allowed to introduce in the reaction system. The 
flow rate of the H2 was controlled by a mass flow con- 
troller (MKS, Type 122A) at 30 sccm. The flow rate of 
the evaporated TDMAB was controlled by a valve at ~2 
sccm. The substrate was placed at the center of the work 
coil and then the deposition was performed at the RF 
powers of 400 to 800 W for 30 min at the reaction pres- 
sure of 2.6 Pa. The substrate was cleaned by ultrasonic 
cleaner in acetone followed by hydrofluoric acid (50%). 
Substrate temperature was controlled by setting the sub- 
strate at 1.5 cm upstream from centre of work coil in 
plasma of the RF generator [16]. The temperature was 
measured by an optical pyrometer (Model, IR-U CHINO) 
during deposition. The other deposition parameters are 
summarized in Table 1. The crystallinity of the as-de- 
posited films was investigated by an X-ray diffractome- 
try (XRD) (Rigaku diffractometer) using Cu K radiation 
(30 kV, 20 mA).  

Table 1. Deposition conditions of the samples synthesized on 
Si (100) substrate (flow rate of the carrier gas = 30 sccm). 

Substrate 
used 

Sample
Nos. 

RF power 
(W) 

Substrate 
Temperature (˚C) 

A1 400 700 

A2 600 750 Si 

A3 800 800 

 
The chemical composition and the atomic arrangement 

were studied by X-ray photoelectron spectroscopy (XPS) 
and near-edge X-ray absorption fine structure (NEXAFS) 
measurements. The ex situ XPS and NEXAFS measure- 
ments were performed at the Beam Line 11A (BL-11A) 
and the Beam Line 27A (BL-27A) of the Photon Factory 
at the High Energy Accelerator Research Organization 
(KEK), Tsukuba, Japan, using linearly polarized syn- 
chrotron radiation (SR) as an excitation source. The XPS 
measurement was done by using the SR beam of an en- 
ergy 2.2 keVh  . The space-charge effect was mini- 
mized by a flood gun of electrons during the XPS mea- 
surements. For further calibration, several spots of gold 
 ~ 500 mm   were deposited by a DC magnetron sput- 
tering method on all the individual samples prior to the 
XPS measurement. The sample surface was not sputtered 
by Ar+ ion since it may cause some effect on composition. 
The B1s, C1s, and N1s binding energies for the individ-
ual samples were calibrated by Au4f7/2 photoelectron 
peak (84.0 eV). The elemental composition of B, C, and 
N was estimated from  

1 1 1 1 1 1: :B s B s C s C s N s N sI s I s I s , where I is the intensity of 
the photoelectron peak and  is the photoionization 
cross-section for the respective core-level indicated as 
subscript. The values of  at 2.2 keVh 

32.3 10 ,  1B ss
 calculated 

from the data sheet are 1B s   
and  barns for B1s, C1s, and N1s, re- 
spectively [20]. 

s 32.3 10 , 
3

1 9.06 10N ss  

NEXAFS spectra were measured at the BL-11A using 
a 300 l/mm laminar grating in an UHV chamber 
 –8~ 1.7 10 Pa  with the total electron yield mode by 
recording the sample current. NEXAFS spectrum of the 
pyrolytic h-BN (99%, Wako Chemical Industries, Japan), 
was measured as a standard. The photon energy of * 

resonance of B K-edge for the h-BN was estimated at 
191.9 eV which was consistent with the reported values 
from 191.8 to 192.2 eV [20-22]. In the NEXAFS analy- 
ses, the X-ray incidence angle  was defined as the angle 
between the electric field vector of the linearly polarized 
X-ray beam and the surface normal of the film [23]. The 
film thickness was estimated from the cross-section im- 
age of the filed emission scanning electron microscopy 
(FE-SEM) (JSM-6700 FSS, JEOL) observation. The 
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thickness obtained from the cross section image was 
found to be around 10 m for the studied samples in this 
paper.  

The Raman spectra of the samples were obtained with 
a SpectraPro 2300i imaging spectrograph (Acton Re- 
search Corporation) equipped with a liquid nitrogen cool- 
ed charge-coupled devices (Spec-10:256E, Roper Scien-
tific). The samples were excited with 532 nm Ar+ ion 
laser and a back scattered light was collected by collec-
tion optics. All Raman spectra were measured in back-
scattering mode at room temperature with the laser pow- 
er of about 40 mW.  

3. Results and Discussion 

3.1. XRD Analyses 

XRD patterns of the samples are shown in Figure 1. 
XRD patterns for the h-BN and HOPG are also shown in 
this figure as reference. The peak observed at 26.3˚ in the 
diffraction pattern seemingly suggests formation of crys- 
talline structure in these films. The (002) diffraction peak 
for h-BN and graphite are reported at 2 = 26.8˚ (d = 
3.42 Å) and at 2 = 26.6˚ (d = 3.36 Å), respectively and 
the maximum reflection should be varied from 25.0˚ to 
26.3˚ depending on C concentration in the BCN films 
[24]. Therefore, the peak at 26.3˚ (d = 3.48 - 3.50 Å) 
could be ascribed in forming crystalline h-BCN phase. 
The assignment of the h-BCN phase has been supported 
by NEXAFS spectroscopy described in the following 
section. The larger interplanar distance as compared with 
the h-BN and graphite suggests that the h-BCN basal  
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Figure 1. XRD patterns of the samples synthesized on Si 
(100) substrate at different substrate temperature. XRD 
patterns for the h-BN and HOPG are also shown at the 
bottom of the figure for reference. The XRD peaks corre-
sponds to the substrate Si, and HOPG are defined by ●, and 
, respectively. 

planes are packed rougher than the h-BN and graphite 
because of ternary atomic mixing of B, C, and N atoms 
in the sp2 basal plane. The (002) peak was stronger for 
the samples synthesized at 800˚C. It means that the crys- 
tallinity might be improved with temperature. An un- 
known peak observed at 2 = 29.2˚ (d = 3.16 Å) has not 
been reported yet for BCN compounds. Since the un- 
known peak was observed for all these samples, therefore, 
the unknown peak might also be ascribed to a crystalline 
BCN phase with small oxide structure though more stud-
ies to be needed to clearly identify origin of this peak.  

3.2. XPS Analyses  

Figures 2(a)-(c) shows B1s, C1s, and N1s XPS spectra 
for the samples shown in Figure 1. The elemental com- 
positions (at%) of the as-deposited individual samples 
estimated from XPS wide scan spectra are summarized in 
Table 2. It has been observed that composition of these 
films was changed appreciably with the substrate tem- 
perature as well as with the RF power used. It has been 
observed that the B and N concentration increased while 
the C concentration decreased with the substrate tem- 
perature. It indicates that the substrate itself and deposi- 
tion temperature might play an important role on the 
composition of the films.  

The B1s XPS spectra (Figure 2(a)) for all the samples 
are found to be very symmetrical and could be fitted into 
almost a single Gaussian curves as shown by the broken 
lines. However, full width at half maximum (FWHM) of 
the peak became wide without splitting of the spectra, in 
comparison with that of the pure h-BN (FWHM = ~1.0 
eV) [25]. The wider FWHM of the B1s peak suggests 
that B atoms have various chemical environments. There- 
fore, the B1s XPS spectra were deconvoluted into com- 
ponent peaks in order to discuss in more detail of the 
possible chemical environments around B atoms in these 
films.  

The B1s spectra could be fitted by deconvoluting into 
two component peaks centered at 189.6 and 190.8 eV, 
respectively. The component peak centered at 189.6 eV 
is assigned to the B-C-N atomic hybrid as depicted by 
the other groups [26-28]. The peak centered at 190.8 eV  
 
Table 2. Atomic composition of the as-deposited B-C-N 
hybrid films. The atomic composition was estimated from 
the intensity ratio of the XPS wide scan spectra. 

Film composition (at%) 
Samples 

B C N O 

Stoichiometry 
BCxNy 

A1 26 43 26 5 BC1.65N 

A2 35 31 28 6 BC0.90N0.80 

A3 34 26 34 6 BC0.77N 
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Figure 2. B1s, C1s, and N1s XP spectra of the samples shown in Figure 1 together with the single Gaussian curve (broken line) 
and the deconvoluted component peaks (dotted line). The corresponding substrate temperatures are also shown in the figure. 
 
is ascribed to the sp2-B-N bonds in h-BN based ontheir 
reported binding energy which was found in the range of 
190.0 - 191.0 eV [29-31].  

However, it is not easy to distinguish the B-N bonds 
from the B-C-N hybrid because the B, C, and N atoms 
are bonded in the chemical environment similar to the 
BN3-like configurations. Moreover, h-BN and graphite 
are isoelectronic and lattice parameters of the h-BCN, 
h-BN and graphite are very similar [32]. Therefore, the 
component peak at 189.6 eV has been assigned to the 
sp2-B-C-N atomic hybrid configuration as we reported 
previously [15-18]. 

The FWHM for these samples (A1 = 3.2 eV, A2 = 3.1 
eV, and A3 = 3.1 eV) were found to be almost compara- 
ble. It indicates that the predominant BCN atomic hy- 
brids were formed on the substrate. As we discussed 
above, the B1s peak could be fitted by a symmetrical 
single Gaussian curve with broad FWHM, therefore, for- 
mation of the separated binary phases such as BCx and/or 
BN was not obvious.  

Similar to the B1s XPS spectra, FWHM of the C1s 
spectra for all the samples was also significantly larger 
than that of graphite. The C1s spectra were fitted by de- 
convoluting into component peaks (Figures 2(b)). The 
dominating peak centered at 284.2 eV could be ascribed 
to the C=C bonds as in graphite [33]. The deconvoluted 
peak centered at 283.2 eV suggests formation of C-B 
bond, because the C1s peak energies for BC3.4 and B4C 
have been reported at 284.3 and 283.0 eV, respectively 
[30]. The component peak at the higher binding energy 
region centered at around 286.0 eV is due to C atom 
bonded to more electronegative N atom [34].   

Figures 2(c) showed N1s XPS spectra and it has been 
observed that all the N1s spectra are found to be almost 
Gaussian like single symmetrical centered at around 
398.4 eV. It implies that the chemical environment around 

the N atoms is mainly due to the formation of sp2-N-B 
bonds. Although the peak position for the samples A1 
and A2 is shifted towards lower binding energy region by 
0.4 eV. It has been reported that the N1s binding energy 
for sp2-N-B bonds is in the region of  
[31,35]. Moreover, in some studies the peak at around 
398.4 eV is also reported for sp2-C-N bonds [36,37]. 
Hence, this arise a significant ambiguity in the interpre- 
tation of N1s XP spectra. The N-B bonds are predomi-
nant in accordance with the fact suggested from the B1s 
(Figure 2(a)) spectra while the intensity of the N-C 
bonds obtained from the deconvolution of C1s spectra is 
insignificant.  

397.7 -398.7 eV

By analyzing the B1s, C1s and N1s XP spectra, it has 
been suggested that the films are composed of different 
B-N, B-C and C-N bonds in forming the ternary B-C-N 
atomic hybrid configurations. The wider FWHM of the 
B1s peaks in comparison with that of the h-BN suggests 
the B atoms have various chemical environments other 
than the BN3 configuration similar to h-BN. The C1s and 
N1s peaks also imply that the C atoms are not only 
bonded to C to form the graphite-like configuration but 
also bonded to B and N in forming the sp2-B-C-N chem- 
ical environments. For further assessment of the local 
structure and orientation, we performed NEXAFS meas-
urement. Since the NEXAFS is very sensitive for the 
element specific analysis.   

3.3. NEXAFS Analyses 

Polarization dependence of NEXAFS spectra can be 
simply described by the following equation [23]  

2 2
if cosI E O                (1), 

where Iif, O, and  are the peak intensity of the NEXAFS 
spectrum, orbital vector of the final state, angle between 
the electric field vector E and direction of the final state 
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molecular orbital vector O, respectively. In the case of C 
K-edge NEXAFS for HOPG, the * orbital is just per- 
pendicular to the surface of HOPG, thus E has large pro- 
jection to that orbital when the X-ray has a grazing inci- 
dence angle [38]. Based on this principle we, therefore, 
discussed the polarization dependence of NEXAFS spec- 
tra in order to clearly clarify the orientation of the present 
samples.  

Figures 3(a) and (b) show B K-edge NEXAFS spectra 
at various incident angles of the X-ray for the samples 
synthesized at 400 and 800 W, respectively together with 
the spectra of the h-BN and B4C powders as the refer- 
ences. The vertical scales of the NEXAFS spectra for 
three incident angles were normalized by the intensities 
of the respective spectra at 230 eV where no polarization 
dependence existed. At the normal incidence (θ = 90˚) of 
X-ray, a broad peak (peak B2) as compared with the h- 
BN has been predominantly observed at photon energy 
around 192.0 eV. The dominating feature of peak B2 was 
supposed to be the * resonance of the sp2-B-C-N bonds 
suggesting dominant formation of hexagonal sp2-BCN 
compound with similar configuration like-BN3 in h-BN.  

At the grazing incidence angle (θ = 15˚), the B2 peak 
height was decreased specially in the case of the sample 
synthesized at high substrate temperature. In addition, 
some fine structures such as B1 (190.7 eV), B3 (192.5 eV), 
and B4 (at 195.1 eV) were found to be clearer for the sam- 
ples synthesized at 800˚C (Figure 3(b)). These indicate 
that formation of various chemical environments around 
B atoms besides the BN3-like configuration was evident. 
The fine structure B1 could be ascribed to the B atoms 
bonded to B in B4-C-like chemical environment because 
of the similar photon energy of B4C [39] and/or the 
sp2-B-C3-like chemical environment [40]. According to 
the core-level shift model, the fine structures B3 and B4 
have been assigned to B-O2C and B-ON2, respectively, 
oxygen-saturated nitrogen vacancies around B chemical 
environment by Caretti et al. [40,41]. The interpretation 
is supportive, since all the samples containing oxygen 
impurities confirmed by XPS wide scan spectra. How- 
ever, the fine structures could not be simply ascribed to 
the B atoms bonded to N and C atoms such as BN2C or 
BNC2 configuration, since the photon energy of B K- 
edge might decrease by substituting C for more electro- 
negative N atoms around the B atoms. The steric con- 
figurations of these different atomic hybrids of BCN 
have not been identified clearly yet although the different 
BCN atomic hybrid configurations with different N va- 
cancies might be formed [1]. The fine structure B5 cen- 
tered at 193.7 eV is assigned to be the B-O bond which 
was estimated as the surface contamination for these 
present samples.  

The decrease of B2 peak height (Figure 3(b)) suggests 
that the h-BCN layers have ordered structure and ori- 
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Figure 3. Normalized B K-edge NEXAFS spectra at various 
incident angles () of the X-ray: The samples were synthe- 
sized at 400, and 800 W at the substrate temperature of 
700˚C and 800˚C, respectively. The B K-edge NEXAFS 
spectrum of the h-BN and B4C powders are shown in the 
bottom of the figure for comparison. 
 
ented in the direction perpendicular to the Si substrate 
surface [42]. The orientated structure of the h-BCN films 
on the substrate may correspond to the sharp XRD peak 
at 2θ = 26.3˚ for the sample synthesized at 800˚C.   

Figures 4(a) and (b) show polarization dependence of 
N K-edge NEXAFS spectra at various incident angles of 
X-ray for the samples prepared at 400 and 800 W, re- 
spectively together with the spectrum of the h-BN pow- 
der as the reference. The * resonance peak of N K-edge 
is shifted by 2.0 eV to the high photon energy region 
and does not significantly change with the grazing inci- 
dence angle. It hence means that the orientation of the 
sp2-BCN basal planes with h-BN-like configuration was 
perpendicular to the substrate. Moreover, the fine struc- 
tures are not appearing in the N K-edge spectra and the 
spectra for these present samples are very similar to each 
other. This observation suggests that the atomic arrange- 
ment around N atoms is highly homogenous and very 
similar to each other in comparison with those around the 
B atoms. One can also be indicated that N K-edge spectra 
are not so sensitive in changing the chemical environ- 
ment. However, it is difficult to distinguish the atomic 
arrangements around N atom because the peak energies 
correspond to the N-B and N-C bonds are very close to 
each other [43].  

Theoretical calculations for energy separation of 
B1s* and B1s* resonances of graphite-like BC2N 
system have been carried out at 7.0 - 8.5 eV [3,44,45]. The 
energy separation (* to * state) for the present samples 
was found to be around 7.5 - 8.0 eV which was in good 
agreement with the reported energy. Furthermore, it has 
been reported that the hexagonal h-BCN structure will be 
dominant for N content over 20 at% [46]. The N content 
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Figure 4. Normalized N K-edge NEXAFS spectra at various 
incident angles () of the X-ray: The samples were synthe- 
sized at 400, and 800 W at the substrate temperature of 
700˚C and 800˚C, respectively. The N K-edge NEXAFS 
spectrum of the h-BN and is shown in the bottom of the 
figure for comparison. 
 
in the present samples was found to be around 26 to 34 
at% (Table 2). Again, the hexagonal structure will be 
retained with a limiting C concentration of 30 at% with- 
out breaking the h-BCN symmetry. For higher C concen- 
tration up to a 65 at%, a dominant amorphization will 
be occurred [47]. The C content in the present samples 
was found to be around 26 to 43 at% (Table 2). 

Based on these facts, therefore, it was confirmed that 
the h-BCN compound composed of a real sp2-BCN con- 
figuration and it was perpendicularly oriented on the Si 
substrate.  

3.4. Raman Analyses 

Raman spectroscopy has been applied in order to confirm 
the formation of crystalline hexagonal structure. Figure 
5 shows Raman spectra for the samples shown in Figure 
1. Two bands are observed at 1350 cm−1 and 1572 cm−1 
(known as D and G band, respectively) in these spectra. 
The D and G peaks in the Raman spectra are usually as- 
signed for the distorted and pure graphitic band. How- 
ever, origin of the D peak has not been clearly clarified 
[48]. Although, Ferrari and Robertson have tried to in- 
terpret origin of the D and G peaks for disordered and 
amorphous carbon [49]. It has been observed that, both 
the D and G peaks are found to be RF power as well as 
temperature dependent. Since the D GI I  ratio has been 
considering the degree of disordered structure, therefore, 
the results suggest that RF power and substrate tempera- 
ture might influence on the crystallinity of these samples 
[50]. Based on Raman analyses, it has been suggested 
that all the samples are supposed to be composed of 
graphite-like nano-crystalline h-BCN compound. The 
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Figure 5. Raman spectra of the samples shown in Figure 1. 
 
ordered structure of the films has been improved with the 
substrate temperature at 800˚C.  

3.5. Microstructure Analyses  

Figure 6 shows high resolution FE-SEM surface micro- 
graphs for the samples prepared at different substrate 
temperatures. FE-SEM images revealed that a well-de- 
fined micrometer scale crystalline structures, around 10 
µm thick, deposit on the substrate surface. Image for 
sample A3, prepared at 800˚C, average size of the nano- 
crystal is smaller than that of the other images. 

4. Conclusion 

We have studied the hexagonal nano-crystalline h-BCN 
compound synthesized by RF-PECVD using TDMAB as 
the single-source molecular precursor. The nano-crystal- 
line hexagonal structure was confirmed by XRD and FE- 
SEM. The broad and almost symmetric XP spectra sug- 
gest that the films were composed of different B-N, B-C, 
and C-N bonds in forming the sp2-B-C-N atomic hybrid 
configuration. Evidence for the formation of binary com- 
pounds such as BN/graphite/CNx/BCx was not assumed 
since the XP spectra were not splitted nor shifted. NEX 
AFS measurements also confirmed the predominant for- 
mation of the h-BCN configuration together with some 
fine structures in the samples synthesized at 800˚C. The 
polarization dependence of the B K-edge and N K-edge 
NEXAFS spectra revealed that the h-BCN are oriented in 
the direction perpendicular to the Si substrate.  
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