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Abstract 

 

Theoretical studies of the complex, doped BN/carbon pillar hybrid networks have revealed 

their great potential for energy and power conversion, nanoelectronics, optoelectronics and 

electric propulsion devices. Demonstration of the technique to synthesise such networks and 

control the structure is critical for their applications. Here we report on the successful 

fabrication of complex, hybrid pillar networks consisting of carbon- and oxygen-doped BN 

nanoflakes and nitrogenated carbon nanorods. The complex, hybrid, structure-controlled pillar 

networks were grown directly on the carbon nanorods in N2-H2 plasma using B4C as the 

boron and carbon sources. The characterization by scanning and transmission electron 

microscopy, micro-Raman, Fourier transform infrared and X-ray photoelectron spectroscopies 

has confirmed that the carbon- and oxygen-doped BN crystalline nanoflakes indeed grow on 

the amorphous nitrogenated carbon nanorods and form the pillar hybrid networks. The 

photoluminescence measurements have revealed that the pillar hybrid networks generate 

ultraviolet, blue, green, and red photoluminescence bands. In particular, the 

photoluminescence properties of the pillar hybrid networks can be effectively tuned by 

changing the network structure. These outcomes can contribute to the synthesis of novel 

nanostructures and the development of next generation optoelectronic nanodevices and power 

devices.  
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1. Introduction 

Recently, hybrid nanostructures on the base of graphene flakes have attracted increased 

interest due to the intrinsic synergistic effects and extensive applications of these structures in 

various advanced nanodevices including highly sensitive sensors and efficient solar cells [1-3]. 

To date, a large number of reports was published on the hybrid graphene-containing 

nanostructures such as graphene/carbon nanotube composites, graphene/transition metal 

dichalcogenide and graphene/zinc oxide structures, graphene/Cu-Ni alloys and graphene/BN 

hybrid nanomaterials. Numerous publications on their applications in the areas of 

microelectronic devices, optoelectronic devices, electrocatalysis, Li cells and solar cells were 

also issued [1, 3-9].  

Hexagonal boron nitride (h-BN) is a layered structural insulator material with a wide 

bandgap (~ 5.5 eV) [8], which has the same atomic structure as graphene except for a small 

(1.8%) lattice mismatch. As a result, it possesses a number of similar properties with graphene 

[10]. Furthermore, h-BN can be doped by other elements such as carbon and oxygen to 

become a semiconductor [11,12]; hence, the electronic structure and properties of h-BN can 

be tuned so that it can be used in microelectronic and optoelectronic devices [11-13].  

Since h-BN has structure and properties similar to those of graphene, great efforts have 

been recently paid to study BN-based nanomaterials and their hybrid structures [14]. The 

obtained results indicate that the BN/graphene hybrid structures exhibit some novel physical 

properties such as fractional quantum Hall effect, superlattice Dirac points and high carrier 

mobility [15-17]. Importantly, recent theoretical studies indicate that the hybrid networks of 

the doped BN pillars incorporating the graphene flakes possess high capacity of hydrogen 

storage due to the large surface area of pillar structures and polarization of hydrogen caused 

by the charges of doped atoms [18]. Apparently, these features ensure important applications 
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of the material in the energy and power units of transport vehicles. Furthermore, the hybrid 

pillar networks could also be efficiently used in the nanoelectronics and optoelectronics due 

to their ultrahigh surface area and lightweight structure [19], and hence, investigation of the 

doped BN/carbon pillar hybrid structures is important to develop novel nanoelectronic, 

optoelectronic, and hydrogen-powered devices. Indeed, the doped BN nanoflake/carbon pillar 

networks made of doped BN nanoflakes incorporating the pillar carbon nanomaterials feature 

the surface area larger than that of a simple hybrid of doped BN pillars and graphene 

nanoflakes. Hence, the doped BN/carbon pillar hybrid networks can further improve the 

properties of doped BN nanoflakes. This work aims to synthesize the doped hybrid 

BN/carbon pillar networks and demonstrate their key properties. 

Synthesis of the doped BN/hybrid structures involves the two key steps, namely doping 

of h-BN and connection of the doped BN nanoflakes to carbon pillars. With respect to the 

first step, appropriate doping elements must be found to replace the boron or nitrogen atoms 

in the h-BN structure [12]. Previously conducted studies indicate that the carbon atoms of 

graphite structure are easily substituted by boron or nitrogen, and the oxygen atoms can easily 

enter hexagonal sp2-type lattice of graphene and h-BN [11,20]; thus, carbon and oxygen are 

the ideal doping elements in h-BN. As the result of these findings, carbon/oxygen co-doped 

BN nanoflakes (i.e., BNCONFs) have been successfully synthesized using the 

plasma-enhanced hot filament chemical vapour deposition (PEHFCVD) [21, 22]. On the other 

hand, the carbon pillars such as carbon nanorods can also be prepared by PEHFCVD [23]. 

How to connect BNCONFs to the carbon nanorods? It is known that heteroatoms and 

molecules are easily binding to atoms with dangling bonds. If some carbon atoms on the 

surfaces of carbon pillars are removed, the dangling bonds will appear on the pillar surfaces. 

In this work, the dangling bonds were created on the nitrogenated carbon nanorods (NCNRs) 
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through the bombardment by the plasma-produced ions, and then the carbon/oxygen co-doped 

BN nanoflakes were directly grown on the NCNRs to form the pillar BNCONF/NCNR hybrid 

structures. Due to the change of electric field pattern around NCNRs, the BN nanoflakes 

growing on the NCNRs form the diversified pillar BNCONF/NCNRs hybrid networks.  

High quantum efficiency of the BNCO nanomaterials makes them promising for many 

devices requiring tenability of the photoluminescent properties [13]. In the light of this, the 

photoluminescent (PL) properties of pillar BNCONF/NCNRs hybrid networks were also 

studied in this work, and it is found that they can be tuned by the pillar BNCONF/NCNRs 

hybrid networks.  

 

2. Experimental  

2.1 Preparation of Samples  

First, silicon wafers were ultrasonically cleaned in the solutions of methyl benzene, acetone 

and ethyl alcohol for 15 min, and then boiled at 75 °C for 15 min in the solution composed of 

NH3·H2O, H2O2 and deionized water. Next, a gold film with a thickness of ~ 15 nm was 

deposited on the cleaned silicon wafers.   

The syntheses of the nitrogenated carbon nanorods, carbon- and oxygen-doped BN 

nanoflakes and pillar BNCONF/NCNR hybrid networks were carried out in the PEHFCVD 

system described elsewhere [22]. In the CVD chamber, three coiled tungsten filaments heated 

up by AC power supply were used to heat the substrate, decompose reactive gases and 

evaporate the source materials. A DC power supply whose positive and negative electrodes 

were connected to the filaments and substrate was used to ignite and sustain the plasma for 

the growth of the above nanomaterials. The substrate was placed on molybdenum located 

about 10 mm below the filaments. 
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Table 1. Flow rates of gases, growth temperature (T), bias current (Ib) and growth time (t) 

 

Sample Substrate T (°C) CH4 (sccm) N2 (sccm) H2 (sccm) Ib (mA) t (min) B4C 

A Au/Si ~890 ─ 50 50 160 15 With 

B Au/Si ~880 20 40 40 160 15 ─ 

C Au/Si ~880 20 40 40 160 20 ─ 

D Sample A ~890 ─ 50 50 160 15 With 

E Sample B ~890 ─ 50 50 160 20 With 

 

All the above described nanomaterials were synthesized by the same procedures except 

for the different synthesis conditions, which were as follows. When the CVD chamber was 

evacuated lower than 2 Pa, reactive gases were fed to the chamber, the pressure in the 

chamber was maintained at about 2×103 Pa through vacuum valve, and the filaments were 

heated to about 1800 °C by AC power supply. After that, the substrate was quickly heated up 

by the filaments due to a short distance between the filaments and substrate. Once substrate 

temperature reached the growth temperature, a DC power supply was turned on to ignite the 

plasma, and then the bias current was supplied to start the growth of the nanomaterials. In this 

work, five samples A – E were prepared by the growth conditions listed in Table 1. 

Specifically, sample A is the BNCONFs grown in N2-H2 plasma for 15 min using B4C as 

the precursors of boron and carbon; the B4C sheets pressed by B4C powder were placed near 

the silicon substrate [22]. Samples B and C are the NCNRs grown in the CH4-N2-H2 plasma 

for 15 and 20 min, respectively. Samples D and E are the pillar BNCONF/NCNR hybrid 

networks grown on samples B and C in the N2-H2 plasma for 15 min using B4C as the 

precursors of boron and carbon, respectively.  
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2.2 Characterization 

Structure and composition of the samples were characterized by a series of characterization 

instruments including S-4800 field emission scanning electron microscope (FESEM), JEOL 

2010F high-resolution transmission electron microscopy (TEM), HR 800 micro-Raman 

spectroscope using the 532 nm line of semiconductor laser as the excitation source, 

BIORAD60V Fourier transform infrared spectroscope (FTIR) and ESCALAB 250 X-ray 

photoelectron spectroscope (XPS) using Al Kα X-ray source. The PL properties of the 

samples were studied out at room temperature in a Horiba Scientific Labram HR evolution 

Raman spectrometer under the excitation of 325 nm line of He-Cd laser, where the power was 

1.3 mW and the diameter of the light spot was about 1µm. 

 

3. Results and discussion 

3.1 Structure and composition of samples 

Figure 1 is the FESEM images of samples A-E. In Fig.1 one can see that samples A-C are 

composed of the aligned nanoflakes and nanorods, whereas samples D and E are the pillar 

network structures composed of nanoflakes and nanorods, respectively. Comparing Fig. 1(d) 

and (e) with Fig. 1(a) one can also find that the area of diversified nanoflakes grown on the 

nanorods is smaller than that of nanoflakes grown on the silicon substrate covered with gold 

film. However, the connection of top edges of some aligned nanoflakes shown in Fig. 1(a) 

implies that the surface area of the aligned nanoflakes is reduced. Besides, Fig. 1(c) indicates 

that some gold nanoparticles on the tops of nanorods were removed from the nanorods due to 

the ion bombardment for a long time. 
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Figure 1. FESEM images of samples. (a) Aligned nanoflakes; (b) and (c) pillar nanorods grown for 15 

and 20 min; (d) and (e) show that the nanoflakes grow on the pillar nanorods. The area of diversified 

nanoflakes grown on the nanorods is smaller than that of nanoflakes grown on the silicon substrate 

covered with gold film. Colour inset illustrates the structure of the synthesised complex network.  
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Figure 2. Raman spectra of samples (a) and FTIR spectra of samples A, B and E (b). (a) The two Raman peaks in 

the spectra of samples B and C indicate that these samples are amorphous carbon structure. The Raman peaks 

at about 1368 – 1372 cm
-1

 result from the vibration of B-N bonds in h-BN, and the peaks at about 1579 – 

1602 cm
-1

 are related to C=C bonds. (b) The peaks at about 613 and 1107 cm
-1

 are related to O-C-O bonds and 

C-O-C bonds, the peaks at about 739 and 895 cm
-1

 are associated to C-N and N-H bonds, the peaks at about 782 

and 1378 cm
-1

 are attributed to B-N-B and B-N bonds, and the peaks at 802 and 821 cm
-1

 link to the C-H bonds, 

respectively.    

 

Figure 2(a) is the Raman spectra of all five samples. As shown in Fig. 2, the Raman 

spectra of samples B and C feature two Raman peaks at about 1354 – 1358 and 1605 cm-1, 

which are the peaks of amorphous carbon [23]. In the Raman spectra of samples A, D and E, 

the Raman peaks at about 1368 and 1372 cm-1 are related to the B-N bonds in h-BN [24,25], 

whereas the Raman peaks at about 1579-1602 cm-1 are associated to the C=C bonds [26]. 

These Raman peaks suggest that sample A is a h-BN structure mixed with impurities, samples 

B and C are amorphous carbon, and samples D and E contain h-BN phases, respectively. 

To further examine and confirm the composition, samples A, B and E were studied by 

FTIR and XPS and the results are shown in Fig. 2(b), 3 and 4. Fig. 2(b) shows the FTIR 

spectra of samples A, B and E. As it can be seen in this figure, the spectra show peaks at about 

613, 739, 895, and 1107 cm-1, respectively. Specifically, the peaks about 613 and 1107 cm-1 

are related to O-C-O and C-O-C or C-B bonds [27-29], while the peaks at about 739 and 895 

cm-1 are associated with C-N and N-H bonds, respectively [30,31].  
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Figure 3. XPS spectra of samples A, B and E. The peaks at about 190.6, 284.8, 398.2-398.5 and 532.7 

eV are assigned to B 1s, C 1s, N 1s and O 1s, and the peaks at about 84.2, 102.8 and 153.9 eV are 

related to Au 4f, Si 2p and Si 2s, respectively.  

 

Besides these four peaks, Fig. 2(b) also shows other four peaks located at about 782, 802, 

821 and 1378 cm-1, respectively. The two peaks at about 782 and 1378 cm-1 are attributed to 

the vibrations of B-N-B and B-N bonds [32], and the peak at 821 cm-1 links to the C-H bonds 

[33]. The origin of peak at about 802 cm-1 is not clear, it may relate to the C-H bonds because 

the Raman peak related to C-H bonds is found at about 809 cm-1 [34]. 

Figure 3 is the XPS spectra of samples A, B and E. As shown in this figure, the XPS 

spectra of A and E show the B 1s, C 1s, N 1s and O 1s peaks at about 190.6, 284.8,398.5 and 

532.7 eV, while the spectrum of sample B shows the C 1s, N 1s and O 1s peaks at about 284.8, 

398.2 and 532.6 eV, respectively. In the spectrum of sample B, the peak at about 84.2 eV is 

attributed to Au 4f and the peaks at about 102.8 and 153.9 eV are related to Si 2p and Si 2s, 

respectively [35].  

Using the XPS results, we have obtained the concentrations of elements, and they are 

listed in Table 2. The ratio of B to N atoms is about 1.1 and 1.3 for samples A and E, 

respectively. These data are slightly larger than the stoichiometric ratio of h-BN, which may 

result from the incorporation of B2O3 molecules and carbon atoms. 
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Figure 4. B 1s, N1s, C 1s and O 1s XPS peaks of samples A, B and E, respectively. The B1 and B2 peaks are 

attributed to B-N and N-B-O bonds, the C1, C2 and C3 are assigned to the sp
2
 C-C, sp

3
 C-C and C-N bonds, and 

the O1 and O2 peaks are relevant to the C-O-C, –OH and B-O bonds, respectively. The N1 and N2 peaks of 

samples A and E are attributed to the B-N and N-B-O bonds, while the N1 and N2 peaks of sample B are related 

to Au-N or Si-N and C-N bonds, respectively. 

 

Table 2 Concentrations of B, N, C and O elements in the samples A, B and E. 

 

Sample     B(at%)     N(at%)     C(at%)     O(at%) 

A       44.09       39.24      13.35       3.32 

B        ─          9.2       31.21       28.14 

E       45.83       36.12      11.33       5.98 

 

Figure 4 shows the amplified B 1s, N1s, C 1s and O 1s XPS peaks of samples A, B and E, 

respectively. To obtain the binding states of the elements, these XPS peaks were fitted using 

the standard XPS fitting software. The positions of fitted peaks are given in Table 3. In Fig. 4, 

the B1 and B2 peaks are attributed to B-N and N-B-O bonds; the C1, C2 and C3 are related to 

the sp2 C-C, sp3 C-C and C-N bonds, respectively [35,36]. The N1 and N2 peaks of sample A 

and E are associated with the B-N and C-N bonds [35], while the N1 and N2 of sample B are 

attributed to the Au-N or Si-N and C-N bonds, respectively [37-39]. The O1 and O2 peaks are 

relevant to the C-O-C, –OH and BO bonds, respectively [35,36]. 
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Table 3. Positions of fitted peaks in Figure 5. 

 

Sample  B1(eV)  B2(eV)   N1(eV)  N2(eV)   C1(eV)  C2(eV)  C3(eV)  O1(eV)   O2(eV) 

A      190.4   190.9    398.0   398.6    248.7   285.2  286.3   532.3    533.2 

B        ─      ─      397.9   398.5    248.7   285.4   286.6   532.3    533.0 

E      190.1   190.9    398.0   398.8    284.7   285.8   286.5   532.2    533.3      

 

 

Figure 5. HRTEM images of sample E. (a) Nanoflakes growing on the nanorods. (b) The amorphous 

nanorod is covered with the crystalline phase. (c) The nanoflake is a crystalline structure mixed with 

the amorphous phase. 
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In the previous works, nanoflakes and nanorods were studied by TEM which has 

indicated their crystalline and amorphous structures, respectively [21, 23, 40]. Here sample E 

was studied by high-resolution (HR) TEM and the results are shown in Figure 5. From this 

figure one can see that the nanoflakes grow directly on the nanorods. The HRTEM image (b) 

indicates that the nanorod is an amorphous structure covered with the crystalline phases, 

which is confirmed by the inset in Fig. 5(b). The HRTEM image (c) shows that the nanoflakes 

are crystalline structures mixed with some amorphous phase. 

The above characterization results indicate that sample A is composed of h-BN phase 

mixed with carbon and oxygen (i.e., it is BNCONFs); samples B and C are made of 

nitrogenated amorphous carbon nanorods (i.e., NCNRs), and samples D and E are the NCNRs 

covered with BNCONFs. 

 

3.2 Formation of pillar BNCONF/CNR hybrid networks 

Some details of the NCNRs and BNCONFs formation mechanism were studied in the 

previous works [21-23, 40]. The formation of BNCONFs results from the h-BN nucleation 

followed by self-assembly of BN molecules on gold nanoparticles, and incorporation of the 

carbon atoms and B2O3 molecules into h-BN structure where the carbon atoms, B2O3 and BN 

molecules are formed via a series of reactions listed below.  

Due to the intense heating of the substrate, B4C evaporated to boron and carbon atoms, 

B4C  4B + C.                      (1) 

Furthermore, a number of N+, H+ and NH3
+ ions were formed after the N2-H2 plasma was 

ignited [41]. N+ and H+ bombarded the B4C sheets near Si substrate and sputter them, thus the 

carbon and boron atoms were formed. The boron atoms react with the residual O2 in the CVD 
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chamber to form B2O3 molecules, 

B + O2 B2O3.                                (2) 

The B2O3 molecules react with the NH3
+ ions to form BN molecules, 

B2O3 + 2NH3
+ + e  2BN + 3H2O,                      (3) 

and the reaction of boron atoms with N+ ions also leads to the formation of BN molecules: 

                       B + N+ + e   BN.                             (4) 

When substrate is being heated, the gold film fractures and forms nanoparticles due to the 

mechanical stress [42,43]. The BN molecules deposit on the surfaces of gold nanoparticles, 

then nucleate and form the h-BN nanosheets. At the same time, some carbon atoms and B2O3 

molecules deposit onto the h-BN nanosheets and incorporate into the h-BN nanosheets. Due 

to the incorporation of these (i.e., carbon and oxygen) atoms, a stress was produced in the 

h-BN nanosheets. As a result, the growth of h-BN nanosheets transformed from the growth 

along the surfaces of gold nanoparticles to the up growth to form the vertically aligned 

BNCONFs [44]. The formation of NCNRs is similar to the growth of carbon nanotubes: the 

CH3
+ and N+ ions produced by CH4-N2-H2 plasma deposit on the gold nanoparticles to form 

carbon and nitrogen atoms, which dissolve into the gold nanoparticles; then, dissolved carbon 

and nitrogen atoms diffuse toward the bottom of gold nanoparticles and precipitate from the 

gold nanoparticles to form the nanorods. More details on the formation of BNCONFs and 

NCNRs can be found in Refs. [21-23, 40]. Here we study the details of the formation of pillar 

BNCONF/NCNR hybrid networks. 

Due to the bombardment of N+ and H+ ions from the plasma, the NCNRs formed on the 

substrate surface are sputtered. As a consequence, some dangling bonds are formed on the 

surfaces of NCNRs due to the removal of some atoms off the NCNRs surface. Simultaneously, 

B4C evaporates dye to the bombardment, so the BN molecules are formed via the reactions 
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(1)-(4). Then, the BN molecules deposit onto the surfaces of NCNRs and easily bind to the 

dangling bonds, which serve as the nucleation centres of the h-BN nanosheets. Due to the 

continuous deposition of BN molecules, they move toward the BN nuclei and bond to them, 

finally forming the h-BN nanosheets. Furthermore, some of carbon and boron atoms, B2O3 

molecules, N+ and NH3
+ ions deposit on the h-BN nanosheets. According to reactions (3) and 

(4), the interaction between the B2O3 molecules and NH3
+ ions and between the boron atoms 

and N+ ions form the BN molecules, which contribute to the normal growth of the h-BN 

nanosheets. At the same time, some of the BN molecules diffuse toward the edges of the 

h-BN nanosheets and bond to the edges of the h-BN nanosheets, thus promoting the 

enlargement of the h-BN nanosheets. Some B2O3 molecules do not react with the NH3
+ ions, 

so a certain amount of B2O3 retains in the h-BN nanosheets. Besides, the carbon atoms 

deposited onto the h-BN nanosheets also retain in the h-BN nanosheets. Hence, the carbon 

and oxygen atoms as the heterogeneous species lead to the production of stress at the h-BN 

nanosheets [44]. When the stress is strong enough, the growth of h-BN nanosheets is 

transformed from the growth along the surfaces of NCNRs to the up growth to form the pillar 

BNCONF/NCNR hybrid structures, as evidenced by Fig. 5(b).  

Figures 1(b) and (c) also show that the NCNRs are the cone-like structures. As a result, the 

electric field near the NCNRs becomes distorted, as illustrated in Figure 6 [45]. Specifically, 

the electric field gradually weakens from the top to bottom of NCNR, and direction of the 

electric field lines is not vertical at the surface of the NCNR. Hence, the densities of the N+ 

and NH3
+ ion fluxes reaching the surface of NCNR are different, and BNCONFs are formed 

in the different areas. The BN molecules orient along the direction of electric filed lines due to 

the polarization in the electric field, i.e., the growing BNCOBFs are not perpendicular to the 

surfaces of NCNRs. Consequently, these diversified BNCONFs on the NCNR form the pillar 

BNCO/NCNR hybrid network structure.  
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Figure 6. Schematics of the electric field near nitrogenated carbon nanorod 

 

 

3.3 PL properties of Samples 

 

Figure 7 is the PL spectra obtained from different measurement places on the samples A-E at 

the room temperature. From these graphs one can see that both the aligned BNCONFs and 

pillar BNCONF/NCNR hybrid networks generate the ultraviolet (UV) PL band at about 

384 nm, blue PL bands at 409 – 478 nm, green PL bands at about 495 – 509 nm, and red PL 

bands at about 751 – 752 nm. The NCNRs emit very weak green PL bands at about 506 – 

508 nm. Importantly, Fig. 7 shows that the pillar network sample D emits weaker 

photoluminescence than the aligned BNCONF sample A, while the pillar network sample E 

generates stronger photoluminescence than sample A. 
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Figure 7. PL spectra obtained from different places on samples A – E. The aligned BNCONFs and pillar 

BNCONF/NCNR hybrid networks generate the UV band at about 384 nm, blue PL bands at about 

409-478 nm, green PL bands at about 495-509 nm and red PL bands at about 751-752 nm, while the 

NCNRs generate very green PL bands compared to the BNCONFs and BNCONF/NCNR hybrid 

networks. 

 

3.3.1 Generation of PL bands 

In the previous works [13, 21, 36, 46-49], the PL generation of BNCONFs and NCNRs has 

been studied. Due to the carbon doping of h-BN nanoflakes, carbon easily separates from BN 

and forms carbon clusters [12], thus the UV PL band is related to BN [13], while the blue and 

green PL bands are associated with the carbon and oxygen impurity levels and carbon clusters 

[13, 21, 36, 46-49]. The generation of UV PL band at about 384 nm can be attributed to the 

transition between the nitrogen vacancy and carbon impurity levels, where the nitrogen 

vacancy level is related to the three boron centres [13, 48, 49]. Zhang et al. attributed the blue 
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and green band generation to the change of carbon and oxygen impurity levels affectd by the 

impurity concentration [13, 36, 48, 49]. When the impurity concentration increases, the 

impurity levels shift toward conduction band, thus the transition between the nitrogen 

vacancy and impurity levels generates the blue and green bands [13, 36, 48, 49]. However, the 

carbon clusters are easily formed in the BNCONFs [12]. The FTIR and XPS results indicate 

the presence of C-N bonds in the BNCONF sample and pillar BNCONF/NCNR networks, i.e., 

it is possible that the lone pair (LP) electrons exist in the C-N bonds of carbon clusters [47], 

and hence, there is a level related to the LP electrons [50]. As a result, transition between the 

π* band and the level related to the LP electrons also leads to the generation of blue PL bands, 

and moreover, transition between the π* and π bands also emit the green PL bands [47]. Since 

the bandgap of carbon clusters changes with their sizes [46,47], the diversified carbon clusters 

can emit the multi- blue and green PL. Thus, the blue and green bands at about 409-509 nm 

relate to carbon and oxygen impurity levels and carbon clusters, whereas the red emission 

bands are related to the defect level related to carbon and sp3-hybridized BN bonds. In the 

BNCONFs, carbon atoms can form different carbon-related defect levels such as CB (B atom 

is replaced with carbon atom), CN (N atom is replaced with carbon atom) and C1 (interstitial 

carbon) [36]. From the energy level diagram of the BNCO system it appears that the C1 level 

is below the conduction band at about 1.7 eV [36], i.e., the transition between the conduction 

band and C1 level can generates the red emission. Furthermore, the curvature of the h-BN 

structure can induce formation of the sp3-hybridized BN bonds, and the cathodoluminescence 

at about 700 nm related to sp3-hybridized BN bonds was observed at low temperature of 

20-80 K [51, 52]. Thus, the red bands at about 751-752 nm are associated with the transition 

between conduction band, carbon defect level, and the sp3-hybridized BN bonds.  



 

19 

 
 

Figure 8. Schematic of the aligned BNCONF and pillar BNCONF/NCNR hybrid network structures. 

Sample A features the Au-BNCONF interface, sample D features both BNCONF-NCNR and BNCONF-Au 

interface zones, whereas BNCONF-Au interface zones are absent in sample E.  

 

 

3.3.2 Differences in PL properties between samples 

From Fig. 1(b) and (c) one can obviously see that the gold nanoparticles are located on the 

tops of NCNRs of sample B, while gold nanoparticles are removed from the tops of NCNRs 

of sample C. Simultaneously, the NCNRs in sample C are higher than in sample B. 

Furthermore, Fig. 1(a) shows that the BNCONFs in sample A are aligned with respect to the 

silicon substrate, while Fig.1 (d) and (e) indicate that the BNCONFs in samples D and E are 

tilted. Structures of the aligned BNCONF and pillar BNCONF/NCNR hybrid networks shown 

in Fig. 1(a), (d) and (e) are schematically illustrated in Figure 8. 

When the laser irradiates sample A, the electrons in the valence band of BNCONFs are 

excited to the conduction band of BNCONFs, and this leads to the migration of electrons from 

the conduction band to the valence band. As a result, sample A emits the PL bands through the 



 

20 

transition between conduction and valence bands. Since the BNCONFs are aligned, the 

excitation intensity of laser in the BNCONFs decays with the increasing of incoming depth in 

the BNCONFs [53], thus the effect of the BNCONF-Au/Si interface zones on the PL 

generation shown in Fig. 8(a) will be weak. In other words, the PL emission of sample A 

mainly generates from the BNCONFs.  

Fig. 8 (b) and (c) related to the pillar BNCONF/NCNR hybrid networks show that there 

are the BNCONF-NCNR and BNCONF-Au interface zones in sample D, while BNCONF-Au 

interface zones are absent in sample E. Due to the same excitation conditions, these interface 

zones are easily irradiated by laser because the BNCONFs grown on the NCNRs are tilted. As 

a consequence, some electrons which are excited to the conduction band by laser move to the 

interface zones. Some excited electrons are scattered in the BNCONF-NCNR interface zones 

[54], and this lowers the recombination probability of electrons with vacancies. However, the 

excited electrons reaching the BNCONF-Au interface zones are transferred by gold 

nanoparticle due to the good conductivity of gold [55]. Furthermore, there are some dangling 

bonds in the BNCONF-Au interface zones due to the defects of gold nanoparticle surfaces 

[56], which further lowers the recombination probability of electrons with vacancies. Thus, 

the interface zones are responsible for the PL quenching. Due to the tilt of thin BNCONFs in 

the pillar BNCONF/NCNR hybrid network structures, the decay of laser in the BNCONFs is 

very weak, thus the reduction of PL intensity of sample D compared to sample A can be 

attributed to the scattering of electrons in the BNCONF-NCNR interface zones and transfer of 

electrons by gold nanoparticles in the BNCONF-Au interface zones. With respect to sample E 

we can note that the BNCONF-Au interface zones are reduced due to the removal of some 

gold nanoparticles from the NCNR tops, and this weakens the PL quenching. Furthermore, the 
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high NCNRs of sample C relative to sample B implies that the number of BNCONFs is 

increased, i.e., the PL emitting volume is enhanced; these are the possible reasons why sample 

E emits stronger PL bands than sample A. 

Samples B and C are amorphous carbon materials which belong to weak PL materials, 

thus their PL intensities are weaker than that of samples A, D and E shown in Fig. 7.   

   According to the above analyses, the PL properties of pillar BNCONF/NCNR hybrid 

network structures are related to the number of BNCONFs on the NCNRs and gold 

nanoparticles on the tops of NCNRs, and the PL properties of BNCONF can be tuned by 

changing the BNCONF/NCNR hybrid structure morphology, depending on the height of 

nanorods. 

 

4. Conclusion  

In summary, pillar BNCO nanoflake/nanorod hybrid networks were synthesized by the 

plasma-enhanced hot filament chemical vapour deposition. The nanorods were grown on the 

silicon substrates covered with gold films in CH4-N2-H2 plasma, followed by the direct 

growth of BNCONFs in N2-H2 plasma using B4C as the precursors of boron and carbon. The 

structure and composition of the synthesized BNCONFs and pillar BNCONF/NCNR hybrid 

networks were studied using a series of characterization instruments including FESEM, TEM, 

micro-Raman spectroscope, FTIR and XPS. The studies indicate that the formation of pillar 

BNCONF/NCNR networks originates from the nucleation and self-assembly of BN molecules 

on the amorphous NCNRs depending on the dangling bonds formed on the surfaces of 

NCNRs by ion bombardment. The PL properties of BNCONFs and pillar BNCONF/NCNR 

hybrid networks were studied at room temperature, and the results show that the PL properties 
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can be tuned by the BNCONF/NCNR hybrid network structure and morphology due to the 

existence of interface zones and gold nanoparticles on the tops of NCNRs. These 

achievements can contribute to the fabrication of hybrid nanostructures and the development 

of next generation optoelectronic nanodevices and power devices [57].                               
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