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Abstract 

This work investigates the growth of B-C-N layers by chemical vapor deposition using 

methylamine borane (MeAB) as single-source precursor. MeAB has been synthesized 

and characterized, paying particular attention to the analysis of its thermolysis products, 

which are the gaseous precursors for B-C-N growth. Samples have been grown on Cu 

foils and transferred onto different substrates for their morphological, structural, 

chemical, electronic and optical characterizations. The results of these characterizations 

indicate a segregation of h-BN and Graphene-like (Gr) domains. However, there is an 

important presence of B and N interactions with C at the Gr borders, and of C 

interacting at the h-BN-edges, respectively, in the obtained nano-layers. In particular, 

there is significant presence of C-N bonds, at Gr/h-BN borders and in the form of N 

doping of Gr domains. The overall B:C:N contents in the layers is close to 1:3:1.5. A 

careful analysis of the optical bandgap determination of the obtained B-C-N layers is 

presented, discussed and compared with previous seminal works with samples of 

similar composition. 
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Introduction 

In the last years there has been a huge interest in the growth and characterization of few-

or single-layered compounds. Among them MoS2, MoSe2, TiS3, Graphene (Gr) and 

hexagonal boron nitride (h-BN) layers are some of the most investigated systems. In 

particular Gr and h-BN present many similarities, due to their isoelectronic and 

isostructural nature, showing a small lattice mismatch (<2%). However, owing to the 

different polar character of B-N with respect to C-C bond, they also present remarkable 

differences. Gr is a semimetal with zero bandgap, whereas h-BN is an insulator with a 

bandgap of about 6 eV. Ternary borocarbonitride (B-C-N) layers have been predicted to 

behave as semiconductors with adjustable bandgap by tuning B, C and N contents [1]. 

Compared to transition metal chalcogenides, B-C-N are based on relatively abundant 

and cheap elements. Moreover, B-C-N present excellent thermal and chemical 

resistances, showing poor oxidation tendency even at elevated temperatures. These 

features make few layered B-C-N very promising for 2D device applications. In 

addition, these compounds present interesting properties for electrocatalysis, such as the 

Oxygen Reduction Reaction (ORR) [2], the Hydrogen Evolution Reaction (HER) [3] or 

photocatalytic water splitting [4,5]. 

The growth of homogeneous B-C-N layers is however hurdled by the strong 

tendency of the ternary system towards segregation of Gr and h-BN domains [1,6]. This 

is mainly driven by the fact that C-C and B-N bonds are much stronger than C-N and C-

B ones. Many efforts have been devoted to the growth of homogeneous B-C-N layers 

by using different synthetic approaches, such as chemical vapor deposition (CVD) of 

different precursors containing B, C and N atoms. In the seminal works [7-9], several 

precursors containing C and B-N separately (such as CH4 and NH3BH3) were employed. 

In this way the obtained layers presented segregation of Gr and h-BN domains. 
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Recently several groups have investigated the use of single-source precursors containing 

B, C and N atoms in the same molecules, aiming at the achievement of homogeneous B-

C-N layers. Some examples are dimethylamine borane (C2H6NHBH3, DMAB hereafter) 

[10], trimethylamine borane (C3H9NBH3, TMAB hereafter) [11] and bis-BN 

cyclohexane (B2N2C2H12) [12], which have been used as single-source precursors for B-

C-N growth by CVD. Here, we report on the growth of B-C-N by using a novel 

molecular precursor which is closely related to them, namely methylamine borane 

(CH3NH2BH3, MeAB hereafter). MeAB, DMAB and TMAB are chemical derivatives 

of ammonia borane containing one, two and three methyl groups bonded to N, 

respectively. Besides, the thermolysis of MeAB releases cyclic molecules containing B, 

C and N atoms, which are in this sense somewhat similar to bis-BN cyclohexane. 

Until today the obtaining of ternary homogeneous B-C-N with semiconducting 

properties remains elusive. In particular, not all previous works give enough evidences 

of the chemical state and chemical bonding of C, N and B atoms. In this work the 

obtained samples have been thoroughly characterized by means of a plethora of 

techniques, aiming at the determination of their morphological, structural, chemical, 

electronic and optical properties. On the other hand, particular attention has been 

devoted to the analysis of UV-vis optical absorption measurements to ascertain the 

optical bandgaps of h-BN and C-rich domains. We show how the claiming of a bandgap 

opening in C-rich domains induced by B and N doping reported in some previous works 

was based on an erroneous analysis of the UV-vis optical spectra. A description of the 

correct models to obtain the optical bandgaps is presented, discussed and compared with 

previous works. 
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Experimental Methods 

Synthesis and characterization of Methylamine Borane precursor 

MeAB was synthesized in a Schlenk line by reacting sodium borohydride (Sigma 

Aldrich, 98%, ref. 452882-100G) and methylamine hydrochloride (Sigma Aldrich, ref. 

M0505-100G) in anhydrous tetrahydrofuran (THF, Acros Organics, 99.5%, Extra Dry), 

following the route reported in the literature [13-15]: 

NaBH4 + (H2NCH3)·HCl  → NaCl + H2 + BH3NH2CH3 (1) 

In a typical experiment, to a suspension of sodium borohydride (0.1 mol) in anhydrous 

THF (200 mL), methylamine hydrochloride (0.1 mol) was added and the reaction 

mixture was stirred (550 rpm), at 30 ºC, for 24 h. Subsequently, the residuals solids 

were filtered off and the solvent removed in vacuo, yielding MeAB as a white 

crystalline solid. MeAB samples were stored and handled in a glove box (MBraun, H2O 

< 5 ppm). 

The obtained samples were characterized by means of X-ray Powder Diffraction 

(XRPD). XRPD measurements were performed at room temperature (RT) using a 

PANalytical X'PERT multipurpose diffractometer using a monochromatic Cu-Kα1 

source (λ = 1.54056 Å) with operating voltage of 40 kV and a beam current of 40 mA. 

The powders were introduced into a glass capillary tube of 0.5 mm diameter into a 

glove box (Jacomex P-Box, H2O < 5 ppm). The capillaries were sealed before 

experiments to keep the loaded samples out of air and water. For all the diffraction data 

collected, the unit cell parameters were determined using DICVOL06 [16] and the 

structure were refined from a structural model obtained using FoX [17] and Jana 2006 

software package [18]. Rietveld refinement was carried out using a manually defined 

background and a Pseudo-Voigt as profile function with a cut-off fixed equal to 

12×FWHM. A total of 25 parameters were refined with the B-N and C-N distances 
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restrained to 1.68 Å and 1.54 Å respectively. The asymmetry was corrected using 

divergence and the atomic displacement parameters were isotropically refined. 

The purity and molecular structure of the sample was verified by 1H Nuclear 

Magnetic Resonance (NMR) spectroscopy on a Bruker AVANCE-300 (probe head dual 

1H/13C, 300.13 MHz, 30 °C). Acetonitrile-d3 CD3CN (Eurisotop) was used as solvent 

and 1 mg of sample was dissolved in this solvent for analysis. The molecular structure 

of the sample was also analyzed by solid-state 11B Magic Angle Spinning (MAS) NMR 

on a Varian VNMR400 (11B 128.37 MHz, 10 °C, 18500 rpm). 

Thermolysis of MeAB 

The thermolytic decomposition of the MeAB precursor was investigated by means of 

Differential Scanning Calorimetry (DSC), Thermogravimetric Analysis (TGA) and 

Thermal Programmed Desorption-Mass Spectrometry (TPD-MS). Typically a few 

milligrams of sample were hermetically closed in Al pans inside the glove box and 

transferred to the DSC and TGA devices. A small hole was done in the caps of the Al 

pans just before loading the samples into the DSC or TGA instruments. In this way, the 

exposure time to air is reduced to a few seconds and the possible influence of sample 

aging is minimized. DSC measurements were done in a calorimeter Q100 from TA 

Instruments under an Ar flow of 50 sccm. TGA measurements were recorded in a TGA 

Q500 system from TA Instruments, under an Ar flow of 50 sccm. Concomitant MS 

analyses of the gases released during TGA runs have been done in a quadrupole mass 

spectrometer (Pfeiffer, mod. ThermoStar), by collecting the gases evolved from the 

sample through a silica capillary heated at 190 ºC. Thermolysis experiments have been 

performed both under a constant heating rate of 2 ºC/min and under isothermal 

conditions at 90 ºC. 

Growth of B-C-N layers by CVD 
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The layers were grown in a quartz tube of 1 m in length and 20 mm in diameter placed 

inside a cylindrical furnace and connected to a Ar+H2 gas line. The Ar and H2 flows 

were fixed by using MKS Mass-FloR controllers. Cu foil substrates (Alfa Aesar, ref. 

46986) with typical dimensions of 10x15x0.025 mm3 were firstly washed with acetone 

and then with ethanol in an ultrasonic bath for 5 min and then placed in the central zone 

of the furnace. In order to remove surface oxides in the Cu foils these were heated at 

1050 ºC under Ar+H2 flow (50 sccm Ar + 50 sccm H2) during 1 h and then cooled down 

to 1000 ºC for CVD growth (under 50 sccm Ar). Typically 10 mg of MeAB precursor 

were loaded in a small glass boat having a steel bar (completely sealed inside the glass) 

which allows its displacement along the quartz tube with the help of an external magnet. 

Initially, the MeAB powders were placed downstream at a distance of 30 cm of the 

furnace (at nearly RT). Once the Cu foils were ready for CVD growth, the MeAB 

powders were approached to the furnace and heated at 80-90 ºC using the temperature 

gradient produced along the quartz tube. After 60 min of CVD growth the precursor was 

cooled down and the samples were quenched to RT by rapidly displacing the tube 

furnace (which was mounted in a rail line). 

Transfer of B-C-N layers to different substrates 

The obtained B-C-N layers grown on Cu foils were transferred to different substrates in 

a clean room at IMDEA Nanociencia facilities. The layers grew on both sides of the Cu 

foils, so we choose the layer on the side facing up and we remove the backside by 

reactive ion etching by using the following parameters: flowing 15 sccm O2 at a total 

pressure of 100 mTorr and applying 100 W of power during 60 s. Then, the layers on 

the Cu substrate were covered with polymethyl methacrylate (PMMA) by spin coating 

at 5000 rpm during 1 min and baked at 180 ºC for 2 min to dry the PMMA layer. 

Afterwards the Cu foils were chemically etched overnight by floating the samples (with 
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the PMMA side facing up) in a dilute solution of ammonium persulfate (APS, 0.2 g/ml). 

Once the Cu was etched the samples were rinsed three times in deionized (DI) water 

(Milli Q grade) and then deposited onto the desired substrate. In order to eliminate the 

water present between the layer and the substrate, the samples were purified by keeping 

them under dynamic vacuum at 10-2 mbar for several hours. Finally, to remove PMMA 

residues we tried several methods (heating the samples at 300-500 ºC in N2 or H2 flow, 

immersing in acetone, etc.). Best results were obtained by immersing the samples a few 

minutes in dichloromethane at 40 ºC. The transfer of the B-C-N layers to the TEM 

grids were done with and without using PMMA. Using PMMA facilitates the transfer 

process, but PMMA residues were difficult to remove completely at the nanometer scale 

and therefore hinder the analysis by Transmission Electron Microscopy (TEM) and 

Electron Energy Loss Spectroscopy (EELS). Therefore, we also tried the transfer 

without using PMMA, which complicates the transfer process (in particular the rinsing 

with DI water to remove APS residues, since the ultrathin layers where difficult to be 

seen floating in water and scooped out). It has been observed that rinsing with DI water 

after the chemical etching process is fundamental, otherwise sulfate residues are 

observed in TEM analysis. After several trials, some samples were successfully 

transferred to the TEM grids without using PMMA. 

AFM measurements 

The B-C-N layers were transferred onto a Si substrate. AFM images were acquired in 

non-contact mode with a homemade microscope controlled with a Dulcinea Control 

Unit (Nanotec) and WSxM software [19]. Silicon AFM probes from Nanosensors with a 

nominal force constant of 40 N/m, resonant frequency of ~ 350 kHz and tip radius of 20 

nm were used for the measurements. 

TEM and EELS characterization 
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The obtained B-C-N layers were transferred to Cu and Cu + C (amorphous) grids for 

TEM and EELS characterization. A JEOL GRAND ARM transmission electron 

microscope operated at 80 kV was used. Recording of the EELS spectra were done by 

using a dedicated ENFINIUM SE spectrometer. Selected Area Diffraction Patterns 

(SAED) have been also recorded with the TEM apparatus. 

X ray Photoelectron Spectroscopy measurements 

The X-ray Photoelectron Spectroscopy (XPS) measurements were carried out at the 

LoTUS surface physics laboratory (Sapienza, University of Rome, Italy) in an Ultra 

High Vacuum (UHV) chamber, with a base pressure in the low 10-10 mbar range. 

Photoelectrons were excited by an AlK photon source (h = 1486.7 eV), they were 

measured with a hemispherical electron analyser (VG Microtech Clam-2) used in 

constant pass energy (PE) mode set at 50 eV, with an energy resolution of 1 eV, further 

details are available in [20,21]. The electron binding energy (BE) was calibrated by 

acquiring after each measurement the Au 4f7/2 core-level set at 84.0 eV BE. The CVD-

grown sample on Cu and transferred onto high conductivity Si crystal was afterward air-

transferred and mounted in the XPS ultra-high-vacuum system. The sample was 

annealed up to 500 °C in UHV in sequential steps, and after each step XPS spectra were 

acquired at RT. 

Raman characterization 

Raman spectra have been acquired in a WITec ALPHA 300AR instrument using a 

confocal microscope with different lenses (20x and 100x). A laser with excitation 

wavelength of 532 nm and a power of 1 mW has been used. Additional Raman spectra 

have been also recorded in different instruments at excitation wavelengths of 488 nm 

and 325 nm. Raman spectra at 488 nm excitation wavelength were carried out in a 

diffraction grating spectrometer (0.5 m) with an electron multiplied Peltier Cooled Si-
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CCD. Spectra were acquired in a confocal set up with a X40 plan-apo microscope 

objective with a N.A. of 0.65. Excitation power was carried below 2.5 mW. Raman 

spectra at 325 nm excitation wavelength and 1mW excitation power, were carried out in 

a diffraction grating spectrometer (1 m) with a liquid nitrogen cooled CCD (Horiba), the 

emission was collected with a 50x microscope objective with a NA of  0.55. 

Optical Absorption Spectroscopy 

The absorption spectra have been obtained with a double beam UV/vis/NIR Lambda 

1050 PerkinElmer spectrometer. The samples were measured in transmission 

configuration using a spot size of 5 mm 2 in the 190-860 nm spectral range. Baselines for 

the instrument calibration have been recorded before the measurements. 

Results and discussion 

Characterization of Methylamine Borane 

The obtained MeAB compound has been characterized by X-Ray Powder Diffraction 

(XRPD) as shown in Figure 1. Diffraction peaks have been indexed using two phases: a 

main phase of MeAB (space group Pnma) and traces of NaBH4 (space group F-43m). 

An additional peak with low intensity is observed at 18.0º. This peak cannot be indexed 

neither to MeAB nor to sodium borohydride or methylamine hydrochloride reactants, 

and it could be due to traces of another impurity in the obtained powder. Figure 1 also 

shows the result of the refinements carried out using the Rietveld method on the MeAB 

and NaBH4 phases. Lattice parameters of MeAB obtained by Rietveld refinement of the 

diffraction data are a = 11.1637(3) Å, b = 6.74602(12) Å, c = 4.97017(11) Å. The 

following agreement factors have been obtained after refinement: GoF = 1.72, Rp = 

5.54; Rwp = 7.46. All the details used for the refinement procedure are given in the 

Supplementary Data (Table S1). As seen on Figure 1 the calculated pattern (red line) 

fits quite well the experimental data (black line). The unit cell parameters and atomic 
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positions are in very good agreement with those reported in the literature [13]. As 

concerns the secondary phase of NaBH4, the obtained lattice parameter is a = 6.1588(3) 

Å, which is also in agreement with previous values [22]. The relative amounts of the 

MeAB and NaBH4 phases obtained by the refinement of XRPD data are 95.46(7) wt% 

and 4.54(11) wt%, respectively. 

Figure 1. Observed (in black) and calculated (in red) powder X-ray diffraction profile 

for the Rietveld refinement of the obtained MeAB samples. The bottom curve (in blue) 

is the difference plot on the same scale intensity and the tick marks are the calculated 

angles for the Bragg peaks in 2 for MeAB (green) and NaBH4 (pink) ( = 1.54056 Å). 

The inset shows the unit cell of MeAB phase. 

Further characterizations of MeAB based on Nuclear Magnetic Resonance 

measurements (both 1H NMR in the liquid state and 11B MAS NMR in the solid state) 

as well as on FTIR spectroscopy have been done, and the results are included in the 

Supplementary Data (Figs.S1 and S2 and Table S2). These characterizations confirm 

the successful synthesis of MeAB. 

11 



 
 

 

       

      

     

  

   

     

    

     

   

         

       

      

      

    

    

   

        

       

     

        

   

   

         

     

Thermolytic decomposition of Methylamine Borane 

MeAB is a crystalline solid at ambient conditions. In order to use it as a precursor for 

the growth of B-C-N layers it must be heated to produce gaseous species that can be 

used in CVD growth. The reaction scheme of MeAB thermolysis reported in previous 

works seems to be sensitive to the experimental conditions (flowing gas or static 

conditions, pressure, temperature, etc.) [13,23,24]. With this in mind the thermal 

decomposition of MeAB precursor has been investigated by means of DSC and TGA 

under the same conditions than those used in CVD growth (flowing Ar at ambient 

pressure). The composition of the gaseous species released during MeAB thermolysis 

has been analyzed by concomitant MS measurements. 

Figure 2 shows the DSC-TGA-MS profile of MeAB recorded at a constant 

heating rate of 2 ºC/min. The DSC signal (Figure 2a) shows an endothermic peak at 

55.3 ºC. This event occurs without significant mass loss and gas release, therefore it can 

be ascribed to the melting of MeAB (the heat of fusion obtained from the present data is 

HF = 11.9 kJ/mol). Upon subsequent heating a second endothermic event is observed 

in the temperature range between 100 and 135 ºC. This process is accompanied by a 

substantial mass loss, as observed in Figure 2b. Concomitant MS characterizations of 

the gas released during TGA runs have been done in the m/z range 1 to 140 a.m.u. The 

mass spectrum of the gas released at the temperature at which release rate is maximum 

is shown in the Supplementary Data (Fig.S3). This spectrum can be properly described 

by considering the superposition of the MS spectra of H2, MeAB and a mixture of 

trimethylborazine isomers (cyclic borazine rings bonded to three methyl groups, having 

a chemical formula (CH3NBH)3). Accordingly, our results indicate that several 

competing processes are taking place during MeAB thermolysis: H2 release (Figure 2c), 

MeAB sublimation and the release of cyclic trimethylborazine molecules (Figure 2d). . 
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It is seen that the release of H2 starts before that of B-C-N-H molecules, thus confirming 

that it is linked to a different process, namely to the polymerization of MeAB 

molecules, which is in competition with their sublimation and the release of 

trimethylborazine isomers. On the other hand, it must be emphasized that the B-C-N-H 

gaseous species released during MeAB thermolysis are the precursors used in the 

subsequent CVD growth of the B-C-N layers, following the procedure described in the 

Experimental Section. 

Figure 2. Thermal decomposition profiles of MeAB investigated by concomitant DSC-

TGA-MS measurements recorded at a constant heating rate of 2 ºC/min under Ar flow. 

(a) DSC signal; (b) TGA profile; (c) MS signal at m/z = 2 corresponding to H2 evolved 

from the sample. (d) MS signal at m/z = 122 corresponding to trimethylborazine 

isomers evolved from the sample. 

Characterization of B-C-N layers grown by CVD 

Figure 3 shows the morphology of a typical B-C-N layer transferred onto a Si substrate 

as observed by AFM. This image shows a good homogeneity at the micrometer scale. 
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The analysis of the topography distribution indicates that the average sample thickness 

is of 11±2 nm. The growth of multilayered samples indicates the strong tendency of B, 

C and N atoms to react and deposit at the B-C-N surface, which acts as a catalyst for 

subsequent CVD growth. 

Figure 3. AFM images of a B-C-N layer transferred onto Si substrate. The left panel (a) 

shows a general view of the sample near the edge of the film, with the Si substrate at the 

right part of the image. The regions marked as (i) and (ii) are shown with higher 

resolution in the middle panels (b and c, respectively). The topography distributions of 

these images are shown in the right panels (d and e, respectively). It must be noticed 

that the zones with heights ranging between 0-1 nm correspond to the Si substrate, 

whereas the zones with higher heights correspond to the B-C-N layer. 

To further investigate the morphology and the chemical bonding properties of 

the obtained layers, these have been characterized by TEM and EELS. A typical TEM 

image of the layer can be seen in Figure 4. The sample presents a homogeneous flat 

morphology. SAED patterns (Figure 4) present two diffraction rings with some 

reminiscence of a hexagonal symmetry. Interplanar distance obtained from the internal 
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diffraction ring is equal to 2.1 Å, which is ascribed to first order reflections of {100} 

planes in the hexagonal structure [25]. The external diffraction ring corresponds to an 

interplanar spacing of 1.2 Å, due to diffraction on {110} planes. The observation of 

continuous diffraction rings in SAED patterns indicates the polycrystalline nature of the 

B-C-N layers. The real space explanation is done in terms of the lack of order between 

adjacent crystalline nano-domains [26] and by disordered stacking of multiple 

hexagonal layers [27]. Sample thickness calculated from the zero energy loss EELS 

peak is of 10 nm, a value which is in good accordance with the AFM measurements. 

Figure 4. Top panel: TEM image of a bare B-C-N sample (left) and its corresponding 

SAED pattern (right). Diffraction planes of the hexagonal B-C-N structure 

corresponding to the observed diffraction rings are indicated. Bottom panel: EELS data 

showing the 1s core level signals of B, C and N. 
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The EELS spectrum of the compound as obtained by TEM in the 160 to 480 eV 

energy-loss region is reported in Figure 4. We clearly identify the three main energy-

loss features associated to excitation from the B, C and N 1s core-levels to the first 

unoccupied orbitals. All EELS features present multi-peak structures. In particular, we 

observe the first (second) important K-edge absorption features at 190.8 eV (198.0 eV), 

284.0 eV (291.5 eV) and 400.5 eV (406.5 eV) for B, C and N, respectively. These main 

and secondary absorption peaks can be associated to the typical * and * resonances 

of the three elements [28-31]. We note the sharp and intense * resonances, that 

demonstrate the dominance of sp2-bonds throughout the sample, which would be absent 

in case of sp3 hybridization [28,32,33]. Low loss spectrum (shown in the Supplementary 

Data, Fig.S5) is also similar to those of Gr and h-BN [34]. Like this, the formation of 

the * band throughout the sample is unambiguously demonstrated, the planar 

hexagonal type bonding scheme is thus proved. 

The XPS investigation of the B, C and N 1s core-levels at a B-C-N sample 

transferred onto Si substrate and annealed at 500 C under ultra-high vacuum is 

presented in Figure 5. The core-level data present asymmetric shapes with tails towards 

high and low binding energies, suggesting the presence of a major component and side 

peaks for each core-level. We notice that the B, C and N core-levels in mixed ternary -

bonding compounds can produce asymmetric peaks with large tails rather than well-

resolved peaks [10,12,49]. In order to evaluate the position and relative intensity of 

these contributions we performed a fitting analysis, whose fitting values are reported in 

the Supplementary Data (Table S3) and whose results with the deconvolution in 

different components contributing to the signals are also reported in Figure 5. The 

fitting has been carried out with pseudo-Voigt line shaped components (Gaussian and 

Lorentzian contributions, taking into account the experimental resolution and the 
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intrinsic line shape of each core-level, respectively), after the subtraction of a Shirley-

like background. 

Figure 5. XPS peaks corresponding to B 1s, C 1s and N 1s core-levels of a B-C-N layer 

transferred onto Si substrate (experimental data, red dots), including the overall fitting 

curve (black lines) and fitting components (colored lines). 

The C 1s core-level presents the dominant component associated to the planar 

sp2-bonding configuration at 284.6 eV BE, which is in excellent agreement with 

previous observations on sp2-bonded carbon, like planar B-C-N compounds [4,21,35-

40] and Gr [41-43]. The C 1s line shape is an excellent fingerprint of the carbon atoms 

for a variety of systems on surfaces, giving direct information on their chemical 

environment [20,44-46]. A fitting analysis carried out using only this main peak with 

the expected parameters (slight asymmetry in the Lorentzian lineshape) is not sufficient 

to take into account the whole experimental C1s signal, though. Thus, we have to 

introduce other structures aside the main C 1s component, a further peak at higher 

energy (285.6 eV) and a small one at lower (283.1 eV) BE, that can be attributed to the 

interaction of carbon atoms with the more electronegative N atoms [4,36,47-49], and to 

carbon interaction with the less electronegative B [4,10,48,49], respectively. A less 
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intense and broader peak at 287 eV BE is associated to residual oxygen and defects, 

reflecting the typical impurity broad multicomponent band present in graphite and 

carbon-based systems [50-54]. 

The N 1s signal presents the main structure at about 398.7 eV, associated to the 

N-B component typical of h-BN and B-C-N compounds [4,21,36,47,49,55,56]. Also for 

the N 1s core level, this main component is not sufficient to account for the whole 

spectral density. In particular, a broader peak at 399.7 eV must be introduced and 

associated to the N-C interaction, whose wider shape can be explained by the presence 

of N coordinated in different sites of the sp2 matrix, where N can be substitutional with 

pyridinic, pyrrolic and graphitic sites [38,42,57,58]. The dominant peak of the B 1s 

core level at 191.4 eV can be associated to the main B-N interaction, but also two 

further components must be introduced to account for the low and high-BE spectral 

density: a small structure at 190.5 eV and a more intense and broad peak at 192.8 eV, 

the first one due to the presence of some B-C bonds [38,56,57], the second one due to a 

multicomponent B coordination to oxygen [59,60]. The most intense peak reflects the 

important coordination of B with nitrogen and a only minor component (of the order of 

10%) with carbon. The peak due to B interacting with oxygen is fitted with a wide 

feature reflecting the multicomponent different stoichiometric environment because of 

the high reactivity of boron with oxygen with possible segregation of B-O groups at the 

sample surface [59,60]. 

The B, C and N 1s core-level data are consistent with the presence of dominant 

h-BN and Gr domains in the sample. However, there is an important presence of B and 

N interactions with C atoms that can be justified by the presence of B and N at the 

graphene borders, and of C interacting at the BN-edges, respectively, in the planar 

compound. These interactions do not exclude, though, the formation of high N-doping 
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(and possibly some B doping too) of Gr-like domains and C-incorporation into h-BN, 

also consistent with the observed binding energies of the B, C and N core-levels. The 

core-level peak binding energy, full-width at half-maximum (FWHM) and relative 

intensity for each component of B 1s, C 1s and N 1s XPS peaks, estimated as the 

percentage of the total area normalized to the respective excitation cross section values 

[61], are included in the Supplementary Data (Table S3). The average B:C:N contents 

obtained by integrating the 1s core-level peaks taking into account the excitation cross 

sections [61], and excluding the oxygen components so to determine the only B-C N 

compound stoichiometry, are in a ratio 1:3:1.5. There is some excess of N atoms with 

respect to B that comes from the higher N-doping in the Gr-like domains and 

preferential C-N bonds at Gr/h-BN boundaries [7,10]. Therefore, the composition of the 

obtained B-C-N layers can be expressed as (BN)0.25-(C0.9N0.1)0.75. Our results essentially 

agree with previous ones in the fact that segregation of C-rich (Gr-like) and h-BN 

domains takes place in the obtained layers [7,8,10,11]. However, our results show a 

significant C-N bonding coming from C-N interactions at the Gr/h-BN interfaces and to 

N doping in Gr domains. Previous work using DMAB as a single-source precursor [10] 

obtained samples with about 3% of B and N impurities in C-rich domains, whereas h-

BN phase with a doping of 2-5% of C is got when using TMAB precursor [11]. Here, 

we obtained B-C-N samples with overall B:C:N contents in atomic proportions close to 

1:3:1.5, showing about 10% of C atoms bound to N. 

Raman spectroscopy is a widely used technique to characterize chemical 

bonding in 2D materials. Raman spectra of both Gr and h-BN present well defined 

characteristic features. Figure 6a plots the Raman spectrum of a layer transferred onto Si 

substrate, obtained under a laser excitation wavelength of 532 nm. The spectrum is quite 

similar to those obtained in previous works with Gr/hBN hybrid layers [7,8,40]. It 
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presents a band at 1361 cm -1, which can be ascribed to the contribution of D band 

related to defects in Gr [62] as well as the B-N stretching band [63]. The G Raman band 

typical of C-C bonds in Gr [62] is observed at 1598 cm -1. Peak positions of these two 

bands exhibit an opposite shift by varying the laser excitation energy, as shown in 

Figure 6b. The observed D band dispersion is equal to 42±2 cm -1/eV, in good agreement 

with the values reported for the D band in Gr and Carbon materials [62,64,65]. This 

observation indicates that the band at 1361 cm -1 is essentially due to the presence of 

defects (i.e., to the D band), which implies that the B-N stretching contribution to that 

peak is negligible. Indeed, B-N stretching in h-BN is much weaker than the G band in 

Gr under the same excitation conditions [63], whereas the relative intensities of the 

present D and G bands are similar. As concerns the G band, it is also dispersive, 

showing a shift of -9±1 cm -1/eV. This negative dispersion, which has been also reported 

in multilayered Gr and graphite samples [64,65], seems to be related to the presence of 

stacking faults between the layers [66]. On the other hand, the D and G band intensity 

ratios show a dispersion as a function of the excitation wavelength which is consistent 

with the assignment of the 1361 cm -1 band to the D band [67], as shown in Figure 6c. 

The obtained defect concentration from this dispersion curve is equal to 1.8•1011 cm-2, 

which corresponds to a typical separation distance between point defects of about 13 nm 

[67]. The presence of high defect concentrations in the sample is confirmed by the 

shoulder appearing at 1631 cm -1 , which can be ascribed to D’ band [7,8,40,68], which is 

also indicative of defects, and is usually observed in N-doped Gr [69]. This observation 

is consistent with the high N-doping of C-rich domains observed in XPS measurements 

as well as in the FTIR analyses of the samples (shown in the Supplementary Data, 

Fig.S9). The 2D and D+G overtones are also seen at 2714 and 2942 cm -1. The ratio of 

the 2D and G relative intensities confirms that the samples are made of few layers 
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instead of a monolayer [69]. All these bands are a clear signature of a hexagonal C-rich 

structure having a high concentration of defects. This picture is further supported by 

electrical conductance measurements (shown in the Supplementary Data, Fig.S10), 

giving a high electrical conductivity of 215 S•cm -1 at room temperature and a low 

activation energy of 0.6±0.1 meV, which is presumably due to scattering of electrons 

with defects in the C-rich regions. It seems that these C-rich regions percolate through 

the sample, acting as pathways for electronic conduction through the layers. 

Figure 6. (a) Raman spectrum obtained under visible excitation (532 nm) of a B-C-N 

layer deposited onto Si substrate. The spectrum has been deconvoluted into several 

Lorentz peaks (indicated as D, G, D’, 2D and D+G in the figure). (b) Dispersion of the 

D and G band positions as a function of the laser excitation wavelength. (c) Ratio of the 

intensities of the D and G bands as a function of the laser excitation wavelength to the 

fourth power. 
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Optical bandgap determination 

The optical properties of the obtained layers have been investigated by UV-vis optical 

absorption spectroscopy. To this aim B-C-N layers have been transferred onto quartz 

substrates. The typical spectra of the bare quartz substrate and the B-C-N layer are 

plotted in Figure 7. It can be seen that quartz substrate has a flat signal in the 

investigated wavelength range. On the other hand, the B-C-N layer presents two clear 

absorption bands with maxima at 270 and 200 nm, respectively. A very common way of 

analyzing optical absorption bands and determining optical bandgaps is by means of 

Tauc’s theory. According to Tauc’s seminal work [70], the bandgap of an indirect 

allowed transition can be obtained from the following relationship: 

ω2ε=(ħω-Eg)
2 (2) 

where  is the angular frequency of the light, Eg is the bandgap energy, ħ is the Planck’s 

constant and ε is the imaginary part of the dielectric constant. In some previous seminal 

works on layers of similar compositions [7,8,71,72] the authors stated that ε is the 

optical absorbance, a concept which is somewhat diffuse. It rather seems that in these 

works it was considered that ε is equivalent to the optical absorption coefficient () of 

the material. Actually, if we plot our experimental data in that way, we obtain very 

similar results to those previously reported (see the Supplementary Data, Fig.S11). This 

analysis gives optical bandgaps in our samples of about 1.7 eV and 5.2 eV, which are in 

good accordance with previously reported values in Gr/hBN hybrid layers [7,8,72]. On 

the basis of these results some authors claimed that B and N doping can open a large 

bandgap of 1.7 eV in Gr-like domains and that C-doping reduced the bandgap of h-BN 

domains. These are significant results with important consequences. However, the 

former analysis relies on an erroneous interpretation of Tauc’s theory. Actually, the 

proper analysis of the absorption spectra must be done by considering the relationship 
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between the imaginary part of the dielectric constant appearing in Tauc’s equation (ε) 

and the optical absorption coefficient () or the optical density (O.D.), which are the 

most usual parameters determined experimentally. This analysis gives a very different 

picture to that exposed above (see the details in the Supplementary Data, Fig.S12). The 

plots of the experimental UV-vis data obtained with B-C-N films according to Tauc’s 

method give optical bandgaps of 3.4±0.1 and 5.8±0.2 eV. The bandgap of 5.8 eV agree 

with the reported optical bandgap of h-BN [11,73-75]. Therefore, the optical absorption 

band with a peak at 200 nm is ascribed to h-BN domains in the B-C-N layers. On the 

other hand, the absorption band showing a maximum at 270 nm is usually observed in 

Gr-like samples. It must be noticed that this transition cannot be properly modelled by 

Tauc’s theory and, therefore the obtained bandgap of 3.4 eV can be only taken as an 

indicative or reference value to compare absorption spectra of Gr-like samples analyzed 

by the same method. Actually, this optical absorption band can be properly described by 

the Fano model [76]. The fit of experimental optical absorption data with this model is 

included in Figure 7. The obtained fitting parameters are E0 = 5.20 eV (the band to band 

transition energy at the M point singularity predicted from ab initio GW calculations), 

Eres = 4.95 eV (the resonance energy of the perturbed exciton), = 1.56 eV (width 

relative to the resonance energy Eres of the perturbed exciton) and q = 1 (q2 defines the 

ratio of the strength of the excitonic transition to the unperturbed band transitions, while 

the sign of q determines the asymmetry of the line shape). As compared to the values 

reported for monolayer Gr samples (E0 = 5.20 eV, Eres = 5.02 eV, = 0.78 eV, q = -1) 

[76], we obtain a slightly lower resonance energy and a higher width. Such effects can 

be tentatively ascribed to layer thickness and doping effects [76,77] as well as defect 

concentration. In resume, the results of the optical absorption measurements clearly 

confirm that the sample is composed of two separate phases, namely hybridized C-rich 
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and BN-rich domains, in good accordance with XPS results, FTIR and Raman 

signatures. 

Figure 7. Typical optical absorption spectra of the obtained B-C-N layers (blue circles) 

and of the quartz substrate (black crosses). The red line is the fit of experimental 

absorption band at 270 nm corresponding to C-rich domains by using the Fano model. 

Conclusions 

The use of Methylamine Borane (MeAB) as a single-source precursor for the CVD 

growth of B-C-N layers is reported. The gaseous products released during the 

thermolysis of MeAB have been determined by mass spectrometry analyses. 

Thermolytic decomposition of MeAB under the CVD conditions used here leads to the 

evolution of gaseous MeAB and cyclic trimethylborazine molecules, which are the 

actual precursors for B-C-N growth on Cu substrates at 1000 ºC. This synthesis path 

gives rise to the formation of Gr-like and h-BN nanodomains in the obtained B-C-N 

layers. The overall B:C:N contents in the samples are in atomic proportions close to 

1:3:1.5, showing about 10% of C atoms bound to N. Furthermore, it is also highlighted 
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how the claiming of an optical band gap opening in Gr-rich domains and a significant 

reduction of h-BN bandgap reported in previous literature is based on an incorrect 

analysis of the optical absorption spectra, and how a proper analysis offers a quite 

different description of the optical properties of Gr/h-BN hybrids. A detailed analysis of 

the optical bandgaps in these hybrid layers has been done on the basis of Tauc’s and 

Fano’s models, which are the proper descriptions to depict the optical transitions of h-

BN and Gr-like domains, respectively. 
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