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Abstract

:

Boron carbonitride (BCN) films containing hybridized bonds involving elements B, C, and N over wide compositional ranges enable an abundant variety of new materials, electronic structures, properties, and applications, owing to their semiconducting properties with variable band gaps. However, it still remains challenging to achieve band gap-engineered BCN ternary with a controllable composition and well-established ordered structure. Herein, we report on the synthesis and characterization of hybridized BCN materials, consisting of self-ordered hexagonal BN (h-BN) crystalline nanodomains, with its aligned basal planes preferentially perpendicular to the substrate, depending on the growth conditions. The observation of the two sets of different band absorptions suggests that the h-BN nanodomains are distinguished enough to resume their individual band gap identity from the BCN films, which decreases as the carbon content increases in the BCN matrix, due to the doping and/or boundary effect. Our results reveal that the structural features and band gap of this form of hybrid BCN films are strongly correlated with the kinetic growth factors, making it a great system for further fundamental physical research and for potential in the development of band gap-engineered applications in optoelectronics.
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1. Introduction


The atomic bonding similarity amongst boron (B), carbon (C), and nitrogen (N) allows for the formation of a ternary boron carbonitride (BCN) system with a wide compositional range, including typical materials, such as diamond, graphite, fullerene, cubic BN (c-BN), hexagonal BN (h-BN), B4C, C3N4, BCN, BC2N, and so on [1,2,3], consequently, when combining their properties, making them adaptable for diverse applications [4,5,6]. Particularly, hybridizing between semi-metallic graphite and insulating BN [7], BCN ternary exhibits excellent semiconducting properties with an adjustable band gap, hence making it a suitable candidate in optoelectronic devices, luminescent devices, transistors, and micro-electrical-mechanical system (MEMS), just to name a few [8,9,10,11,12].



Recent studies on the optical and electronic properties of the BCN system have indicated that the band gaps of BCN compounds are determined not only by the elemental constitution, but also by other structural properties. For instance, the optical band gap value differs from 1.48 to 3.64 eV for BCN films with the same stoichiometry [13,14,15]. The band gap value of the BC2N films was found to depend on the measurement method [16]. Moreover, a band gap of BCN nanosheets can be opened or shrunk by hybridizing the h-BN domains in a graphene matrix [17], or the graphene domains in a h-BN planar matrix [18]. This may contradict the theoretical predictions in which the band gap of BCN would decrease monotonically with increasing carbon content [19,20,21]. Instead, it further suggests that besides the elemental composition, the structural properties, such as compositional order/disorder, may play alternative important roles in band gap-tuning.



So far, the BCN films have been synthesized by various techniques, including magnetron sputtering [22], pulsed laser deposition [23], chemical vapor deposition [24,25,26], ion beam deposition [27], and so on [7,28,29,30]. However, BCN films have not found the attention they deserve, which mostly has to do with the preparation problems of achieving a controllable composition and well-established ordered structure by simply changing the growth kinetics. This is usually correlated to the fact that elemental and/or binary phase segregation would occur instead of forming a uniform BCN network [16,31,32]. During the growth process, B, C, and N atoms prefer to combine differently as a result of their chemical properties, for example, B and C can exist both as elements and as part of compounds, while N could exist in the films only as compound [27,33,34,35]. Indeed, taking the advantage of the immiscibility between BN and graphite [23,36], the layer by layer composite structure of h-BN and graphene, planar BCN nanosheets consisting of h-BN domains, and h-BN nanosheets containing graphene quantum dots have been synthesized successfully, and have demonstrated the superior capability of manipulating their band gap [17,37,38,39]. This actually stimulates alternative thoughts to control the band gaps of the BCN films via both the elemental compositions and structural features, in which the well-defined evolution of the structural features and the precise intermixing of B, C and N with regards to the deposition process, are a high prerequisite.



Therefore, it is the aim of this work to elucidate the correlation of the optical band gap with the elemental composition and the structural features, by systematic studies of the characteristics of BCN films with specific structures and their corresponding growth kinetics. Herein, we report the synthesis and characterization of hybridized BCN films consisting of self-ordered crystalline h-BN nanodomains by means of a radio frequency (r.f.) magnetron sputtering method, which ensures a uniform elemental composition and conformal deposition over a large area. The as-obtained h-BN crystalline nanodomains orient with its planar basal planes preferentially perpendicular to the substrate, depending on the growth conditions that are homogeneously distributed within the BCN films. The optical results of the oriented BCN films exhibit two sets of distinct band absorption values as a result of the h-BN nanodomains and BCN matrix, respectively. The highly oriented h-BN nanodomains separated by a BCN matrix retain their distinct optical band gap identities, decreasing as the carbon content increases, as a result of the doping and/or boundary effect. This form of BCN film with separated oriented h-BN crystalline nanodomains and a wide range of compositions exhibits adjustable optical band gaps, therefore making it a promising system for fundamental physical investigations and potential optoelectronic applications with band gap, which can be easily tuned during a film deposition.




2. Materials and Methods


2.1. Film Deposition


All of the BCN films were deposited on a (100)-oriented silicon (Si) substrate by the r.f. (13.56 MHz) magnetron sputtering of a h-BN target (60 mm in diameter) with a graphite ring (60 and 68 mm in inner and external diameter, respectively) in either an argon (Ar) gas or a gas mix of nitrogen (N2) and Ar with different N2/Ar flow ratios. Prior to deposition, the Si substrates were ultrasonically cleaned in acetone, alcohol, and deionized water, and then blow-dried with nitrogen gas. The substrate holder was located directly above the target. The distance between the target and the substrate was kept at 80 mm during the deposition. The base pressure of the deposition chamber was below 3 × 10−5 Pa, and the working pressure was approximately 2 Pa. The sputtering power of the target was set at 150 W. The target was sputter-cleaned for 2 min before each deposition. During the deposition, the substrate holder was rotated uniformly in order to reduce the inhomogeneity in the film quality and composition.




2.2. Film Characterization


For all of the synthesized BCN films, the X-ray diffraction (XRD, D/MAX-2400, Rigaku, Tokyo, Japan) patterns show no distinct peak, except for the characteristic peak of monocrystalline silicon, revealing that they are amorphous. The bond structure and composition of the films were analyzed by Fourier transform infrared spectroscopy (FTIR, Vertex 80 V, Bruker, Karlsruhe, Germany) in reflection mode. The chemical composition and bonding states were investigated using X-ray photoelectron spectroscopy (XPS, ESCALAB 250, Thermo Fisher Scientific, Waltham, MA, USA) operating with Al-Kα radiation (hν = 1486.6 eV) and detecting a chamber pressure of 2.6 × 10−9 mbar). The micro-Raman spectrometer (LabRAM HR Evolution, HORIBA Scientific, Paris, France) was used to elucidate the chemical bonding state of the as-synthesized BCN films. The microtopography and microstructures of these samples were detected using a high-resolution scanning electron microscope (SEM, Magellan 400, FEI, Hillsboro, OR, USA) and transmission electron microscope (TEM, JEM-2200FS, JEOL, Tokyo, Japan). The TEM cross-section was obtained using a focused ion beam (FIB) after the deposition of the platinum bars. The ultraviolet-visible (UV-Vis) light absorbance of the films was measured using a LKB Ultraspec III UV-vis spectrophotometer (UV-3150, SHIMADZU, Kyoto, Japan), for wavelengths ranging from 1000 to 200 nm, with reference to that of an uncoated substrate. The optical band gap was then determined by fitting the absorption data to the Tauc relation.





3. Results and Discussions


The BCN films with oriented crystalline h-BN nanodomains were prepared at various substrate temperatures in pure Ar gas on the Si substrate. The surface morphologies of these BCN films were inspected by SEM, indicating that the film surfaces become rougher with the increasing substrate temperature (Figure S1, Supplementary Materials). Column-like and even cone-like features emerge, especially for the film deposited at 600 °C. In order to observe the surface features more clearly, a cross sectional TEM image was taken for a film deposited with an r.f. power of 150 W and a bias voltage of −100 V at 600 °C, as illustrated in Figure 1a. The formation of a columnar structure with a conical surface can be clearly observed through the film growth direction. The thickness of this film is estimated as 175 nm. Figure 1b is a high-resolution TEM image taken from the selected area of the transition layer for this film. It exhibits one of the crystalline rod-like patches across the transition layer of a very high density. The width of these patches is about 5–18 nm, whilst the length is approximately 10–80 nm. The inset is the fast Fourier transformation (FFT) images of the selected area marked by the yellow square, which clearly shows the characteristic pattern of the normal orientation along the (0004) h-BN lattice planes, with an inter-planar distance of 0.186 nm at the entire regions of the patches. The lattice planes are slightly larger than that of the pure h-BN (0.167 nm), because of the C substitution. Figure 1c is a closer illustration of another selected area of the transition layer in this film. Figure 1d is the zoomed-in section of the selected area in Figure 1c, containing an inset of the h-BN atomic stacking model. From Figure 1d, the spacing of the adjacent white dots is 0.25 nm, corresponding to the nearest-distance between any of the same atoms of B or N within the chicken-wire layer [40]. It demonstrates a typical hexagonal symmetry, which indicates the single-crystalline nature within this crystalline domain. Figure 1e illustrates an image taken from the very top of the film, in which a thin layer of amorphous material covers the outermost film continuously. This amorphous layer is about 3–4 nm thick, following the conical surface up and down. Thus, from the TEM observations, it intuitively indicates that the BCN films prepared in the present case mainly consist of rod-like h-BN nanodomains, with the basal planes perpendicular to the substrate and homogeneously distributed across the film. The Raman spectroscopy is expected to elucidate the chemical bonding state of the as-synthesized BCN films. Figure 1f shows the Raman spectra for a typical BCN film on Si substrate at 600 °C, as well as commercial graphite, synthesized h-BN, and a silicon substrate wafer. The measurements were performed at room temperature with a Renishaw spectrometer at 473 nm, with notch filters cutting at ~100 cm−1. A tiny sharp peak at 1555 cm−1 was clearly present in the Raman spectrum of the BCN film, coming from the Si substrate, indicating that our BCN film was of a high transparency. As compared to the h-BN sample with only one sharp E2g peak at 1366 cm−1, the Raman spectrum of the BCN film closely resembled that of graphite. Two broad bands were observed at 1382 and 1595 cm−1, which are known as D and G band, respectively. The D band is usually assigned for distorted graphite, induced by the zone-boundary phonons activated by double resonance, and not just to the phonon confinement [41]. The G band corresponds to the E2g phonon at the Brillouin zone center [42], which is reported to be moving from 1580 to 1600 cm−1 [43]. Compared to the graphite sample, both the D and G bands of the BCN film blueshift and broaden to some certain extent. In the present case, the blueshift of the D band from 1366 to 1382 cm–1 is understood as a consequence of the lattice defects, as it requires a defect for its activation. The origin of the weak G band upshifts of ~3 cm–1 compared to the bulk graphite are partially due to the high hole doping induced phonon stiffening [43]. Our present BCN film contained a considerable amount of B, which will be discussed later. As the large downshift from 1600 to 1510 cm–1 of the G band generally occurs for a completely disordered, almost fully sp2-bonded amorphous carbon consisting of distorted six-fold rings, the loss of the three-dimensional ordering can be excluded in the present case [44]. Unlike the spectrum of graphite, the exclusive presence of the broad features in the region of the low Raman frequency of the BCN film are commonly found in the spectra of boron-rich materials [45]. This will be evident from the energy dispersive X-ray spectroscopy (EDXS) and XPS measurements in the following. Thus, based on the aforementioned information, the formation of BCN films with highly crystalline oriented h-BN nanodomains is obtained by r.f. magnetron sputtering at higher substrate temperatures.



FTIR was performed ex situ in order to discern the local bonding present and chemical environment within the films, as well as to detect IR-active film impurities. Figure 2 shows the FTIR spectra of the BCN films deposited using pure Ar under substrate temperatures varying from room temperature up to 600 °C. All of the spectra had been extracted by the referent Si (100) background. The referent h-BN showed two predominant peaks at around 770 and 1380 cm–1, representing the out-of-plane B–N–B bending vibration of a typical h-BN structure [46,47] and the in-plane B–N stretching vibration [48], respectively. However, the chemical bonding modification in BCN films is quite different. A peak located at around 1100 cm–1 was present in all of the spectra of the BCN films, induced by B–C bonds, which are usually found in B4C films [49]. The existence of this B–C bonds induced vibration absorption indicates the abundance of boron in the present films. Moreover, an additional broad absorption at ca 1250 cm–1 appeared for the film grown at room temperature, enhanced according to the substrate temperature, and finally overlapped with the in-plane B–N stretching peak at 1380 cm–1. This broad IR absorption can be assigned to C–N bonds [50], implying that the carbon atomic content within the BCN films increases with the increasing substrate temperature. Moreover, the lack of a significant IR absorption at 1550 cm–1 indicates that the number of sp2 C=N bonds is below the equipment detection limit [51].



More interestingly, the activation of the h-BN IR peaks was observed only for the films grown in temperatures higher than 250 °C. The absence of the sp3 B–N normal stretching mode at 1080 cm–1 indicates the absence of the cubic phase of BN [48]. The out-of-plane B–N–B bending vibration at 770 cm−1 significantly enhances the intensity instead of the vanishing in-plane B–N stretching the vibration mode at 1380 cm−1, along with the increasing substrate temperature. Considering h-BN films with their basal planes perpendicular to the substrate surface (c-axis perpendicular to the surface normal), the out-of-plane bending mode should be preferentially excited by IR light at a normal incidence, as compared to the in-plane mode. Thus, the alignment of h-BN basal planes can be assessed by the IR peak intensity ratio of the out-of-plane mode to the in-plane mode [52]. As illustrated from Figure 2, the increased intensity ratio of the out-of-plane mode to the in-plane mode in our case strongly suggests that the h-BN domain in the BCN films becomes preferentially orientated with its hexagonal basal planes perpendicular to the substrate surface when increasing the substrate temperature.



Such relevance between the substrate temperature and the orientation of the h-BN nanodomains was further studied by Raman spectroscopy. In Figure 3a, the Raman spectra of the BCN films grown at 400, 500, and 600 °C show typical D and G bands at around 1380 and 1600 cm−1, respectively. Generally, a Raman D band of carbon materials originates from the finite crystal size of the lattice distortion [53]. The higher the number of defects, the higher the D band intensity. The ratio between the integral intensities of the D and G bands (ID/IG) is a measure of the degree of disorder in the BCN films. The ID/IG value decreases monotonously as the substrate temperature increases, as shown in Figure 3b, suggesting an increased h-BN nanodomain size [54]. For the samples grown at lower temperatures, a relatively higher degree of disorder is obtained for ID/IG. It also explains the failure in the detection of the Raman signal for the samples grown at lower temperatures (<250 °C). The defect density and h-BN nanodomain crystallite size are also determined using the ID/IG ratio [55], as listed in Table 1. A defect density of the order of 1011 cm−2 is estimated for these BCN films, which can be attributed to the grain boundaries and structural defects. When the substrate temperature increases during film growth, the defect density decreases by one order of magnitude. This is further evidenced by an increase in the h-BN nanodomain crystallite size of 91 nm, which is well in line with the TEM results. This points towards an obvious correlation that a higher substrate is beneficial to the growth of the crystalline h-BN nanodomains. Additionally, both the D and G band shift can also provide further information on the degree of disorder in the BCN films. As can be seen in Figure 3b (right Y scale), the shift of the D peak position becomes less as the substrate temperature increases compared with that of the graphite sample (1366 cm−1), strongly suggesting a lower degree of disorder and better crystallinity in the BCN films at higher temperatures. As for the G peak, its position moves to the higher frequency in these samples, however in a fluctuating manner, as shown in Figure 3c. Indeed, in the materials containing only sp2 hexagonal rings, the shift of G peak saturates at around 1600 cm−1, which is a typical G position in nanocrystalline-graphite [43]. Thus, in conjunction with TEM and FTIR, the Raman spectra demonstrate that the h-BN nanodomains exhibit a vertical alignment of the basal planes in the BCN films, with improved ordering at a higher substrate temperature.



A higher substrate temperature in combination with a moderate energetic ion bombardment has been suggested to play a predominant role in growing vertically oriented h-BN basal planes [48]. In the case of the physical vapor deposition (PVD) method, a negative bias voltage applied during the film growth controls the ion energy, which actually results in the densification of the h-BN planes. A higher temperature, which induces a high atomic mobility, compensates the densification process by diffusing the atoms nearby. Based on this scenario, a situation of a high temperature and high bias voltage should be expected for the synthesis of vertically aligned h-BN films with its basal planes. However, as shown in Figure 4, for the BCN films deposited at 500 °C at a lower bias (−30 V), the out-of-plane B–N–B bending vibration at 770 cm−1 enhances in intensity as compared to the film deposited at a higher bias (−150 V), with other growth parameters remaining the same. A great improvement of the ordered h-BN fraction in the BCN films is evident for I780/I1380, which is higher at a lower bias. Bearing in mind that the large fraction of the amorphous background probably provides a local relaxed environment for these h-BN nanodomains, this contradiction strongly indicates that the significant preferential orientation of the h-BN basal planes here may be due to a preferential displacement [56] or to kinetic conditions favoring the lowest Gibbs free energy, in which the c axis parallels to the surface [57]. In fact, a larger basal plane spacing of the h-BN nanodomains deposited at higher bias (Figure 1) than that of crystalline h-BN has been observed, in accordance with the carbon films obtained by Lifshitz et al. [58].



Furthermore, the usage of N2 in the working gas is generally expected to replenish the deficiency of N in the film deposited with the sputtering method, aiming at an improved crystallinity. However, adding N2 into the working gas (Ar/N2 = 50 sccm/50 sccm) at a bias of −150 V, with the other parameters remaining fixed, the out-of-plane B–N–B vibration is negligibly changed, as observed in Figure 4. Thus, the involvement of the N2 flow into Ar gas seemingly disturbs the growth of the h-BN nanodomains in the BCN films. This result is distinct from the previous report, where the addition of N2 is beneficial for achieving h-BN basal planes parallel to the surface [59].



In order to discern the effects of N2 on the film morphology, BCN films prepared on the Si (100) substrate at a deposition temperature of 500 °C with a different N2/Ar gas flow ratio were characterized by SEM. As shown in Figure S2 (Supplementary Materials), the surface morphologies of the BCN films are smooth and continuous in a large-scale area, regardless of the N2/Ar gas ratio. Therefore, the microstructure of a film prepared with a N2/Ar gas flow ratio of 1 was investigated by HRTEM. Figure 5 shows that turbostratic BN (t-BN) planes with a random orientation are formed within the BCN film matrix, as well as a tiny amount of BN nanocrystals (2–6 nm). As we know, t-BN is an analog to h-BN, but with randomly oriented basal planes. Unlike the vertically aligned h-BN nanodomains formed in the large background of amorphous BCN, the almost complete elimination of the amorphous fraction inside the film with the addition of N2 lead to a higher kinetic condition, which may play an important role in the h-BN/c-BN phase equilibrium [60]. Under such a kinetic condition, the atomic mobility increased by high substrate temperatures is not sufficient enough to allow for the local bombardment-induced densifications to relax back to the thermodynamically stable h-BN phase. The h-BN/c-BN nucleation environment is gradually shifting. The formation of the curved and/or tilted t-BN basal planes observed here significantly prevents the growth of vertically oriented h-BN basal planes. In fact, these defective t-BN plane edges serve as c-BN nucleation sites as a result of the sp3 character of the B–N–B bonds in the curled sp2 bonded sheets [56].



Furthermore, the chemical composition of the as-obtained BCN films at various temperatures without N2, and at various N2/Ar flow ratios are analyzed by their corresponding EDXS (marked by balls) as compared with the surface composition estimated from the XPS (marked by crosses), as shown in Figure 6a. For the system of BCN films prepared at different substrate temperatures, the EDXS results indicate that the deposited films of all of the sets are boron rich, confirming the earlier observation. However, a deviation of 60% of the surface composition from the bulk composition is obtained for the C content, while the B/N ratios stay nearly the same. This surface composition shift towards C can be due to the deposition process and the adsorption of hydrocarbons during the transportation from the preparation chamber to the analysis chamber [61]. Nevertheless, one can conclude that the carbon content in the system of the BCN films containing aligned h-BN nanodomains monotonously increases with the increasing temperature, which indicates that the carbon content can be controlled. On the other hand, the system of BCN films with randomly oriented t-BN nanocrystals prepared with mixed N2/Ar exhibits elemental contents. Unfortunately, the C content in this system of samples fluctuates with the increasing N2/Ar flow ratio, although with a relatively high B-content.



The bonding structure and surface composition of the BCN films with oriented h-BN nanodomains and mixed t-BN nanodomains (without and with N2) was further analyzed by XPS. By deconvolution using a mixed Lorentzian (80%)–Gaussian (20%) fitting after a Shirley-type background subtraction, the XPS core level spectra of the B1s, C1s, and N1s peaks of the BCN films are depicted in Figure 6b. For the BCN film deposited without N2, the B1s are deconvoluted into four component peaks centered at 187.8, 189.5, 190.5, and 191.9 eV, respectively. The peak at 187.8 eV is attributed to the B–B bond [51]. An apparent shoulder peak located at 189.5 eV suggests the contribution of a B–C bond in the C-rich environment [62]. The peak at 191.9 eV is attributed to the B–O bond [4]. The peaks at 190.5 eV can be assigned to the sp2 B–N bond in h-BN [63], which shifts a little to the higher energy, owing to the higher electronegativity of oxygen to the boron. The XPS results confirm that B is rich in the BCN films deposited without N2. In addition, B atoms are chemically bonded with both N and C atoms in the present case. The spectra of C1s were deconvoluted into four binding states located at 284.3, 284.6, 285.7, and 288.3 eV, which can be assigned to the C–B bond, C–C bond, C–N bond, and C–O bond, respectively [13,35,64]. The fitted peaks of the N1s core level spectra located at 397.8 and 398.8 eV, are attributed to the sp2 N–B bond (h-BN) and N–C bond, respectively [1,65]. The existence of B–N, B–C, and C–N bonds confirms that the films obtained in this study are composed of hybridized B–C–N bonding. Furthermore, both of the fitting results of the B1s and N1s core level spectra demonstrate that the BCN film deposited without N2 is mainly the sp2 hexagonal phase, which is in good accordance with the above results. For the BCN film deposited with N2/Ar, besides the B–C bond and sp2 B–N bond at 189.5 and 190.3 eV, an additional component peak appears at 191.1 eV, which can be attributed to the sp3 B–N bond [63]. C1s have also been deconvoluted into four binding states, including the C–B bond, C–C bond, C–N bond, and C–O bond. Similar to B1s, a sp3 N-B bond newly appears at 398.4 eV at the N1s deconvolution spectra [66], together with the sp2 N–B bond and the N–C bond located at 397.7 and 398.8 eV, respectively. Compared to the oriented BCN film without N2, the intensities of the B1s and N1s core level spectra significantly increased, while the C1s decreased. As a result of the addition of nitrogen, the B–B bonds and B–O bonds disappear, and the B–N (N–B) bonds increase, which might be induced by the N atoms preferentially binding to the B atoms to form BN [29,67,68]. As a result, the thickness of the outermost amorphous layer is reduced after the addition of nitrogen.



The UV-Vis absorption spectrum was used to investigate the optical energy gap of the BCN films, owing to the optically induced transitions. The substrate background was subtracted using a blank reference. The optical band gap was determined by Tauc’s equation [13,14]. The extrapolation of the linear region of the Tauc plot to intercept on the x-axis led to the optical bandgap (Eopt) values for the material. Figure 7 provides the UV-Vis optical absorption spectra of two types of BCN films containing vertically oriented h-BN nanodomains prepared without N2 at different temperatures, and mixed t-BN with N2 and their corresponding Tauc plots. As seen from Figure 7a, the film grown with N2 exhibits a unique absorption peak at around 248 nm (5.0 eV), indicating both the structural and chemical uniformity of the BCN films. On the other hand, it exhibits two absorption peaks (2.6 and 4.1 eV) for the film prepared without N2, which could be related to the new transition pathways introduced as a result of the formation of the oriented h-BN domains in the matrix of amorphous BCN. The absorption at 2.6 eV can be ascribed to the transition pathways between the C–N π-conduction band and the long pair (LP) state of the bridge nitride atom, or between the conduction band and the valence band for the C–N π-band, while the other probably corresponds to that between the conduction band and the valence band for the C–N σ band [69]. A broad hump at around 220 nm (5.63 eV) appears for the film grown at 500 °C, and becomes sharper and more intense for the films grown at higher temperatures, in which the h-BN domain crystallites grow. This peak corresponds to the optical absorption gap energy of the typical h-BN phase [15,70], which is smaller than that of the crystalline h-BN, probably because of the doping of C or the boundary effect. From Figure 7b, one can also trace the band edge absorptions of the BCN matrix and the oriented h-BN domains. The observation of the h-BN optical bandgap in this type of film indicates that both the h-BN nanodomains and amorphous BCN matrix are large enough to maintain their individual bandgaps. Assuming that each embedded h-BN nanodomain acts as a separated infinite “hole” within the BCN film, this actually provides a possibility to monitor the Eopt via adjusting the carbon content and/or the microstructure, as the h-BN nanodomains and amorphous hybridized BCN fraction can be clearly phase-separated.



Figure 8a shows the band edge absorptions with respect to the carbon content in the BCN films containing vertically oriented h-BN domains. With an increase in the carbon concentration, the optical band gap corresponding to the h-BN domains is apparently constant at around 5.6 eV. On the contrary, both of the optical band edges from the BCN matrix shift to the low-energy side, in accordance with previous observation in amorphous C:N films and diamond like carbon, respectively [71,72]. This is probably correlated with the B and/or N substation for the C atoms, and/or because of the impact of the h-BN domains incorporation on the band structure of the BCN films. It is evident that the crystalline h-BN nanodomains become larger with the increasing substrate temperature increases (C content increases). The enhancement in the doping effect is in line with the XPS results, where more B–C and N–C bonds were observed for the higher C content samples. Assuming the huge fraction of BCN background as a uniform ternary compound, the optical band absorption values of the BCN films can be considered as a linear decrease in the bandgap from h-BN and amorphous carbon, intermediate to those of amorphous BC (2.1 eV) [14] and CNx (2–3.8 eV) [71], as shown in Figure 8a.



On the other hand, it should be mentioned that the band absorption value of the uniformed mixed BCN films is not sensitive to the carbon content, as seen in the inset of Figure 8a, implying that structural factors also count on the band gap, rather than carbon content. In fact, for the BCN films with specific microstructures, the carbon content cannot simply rely on the incorporation of N2, because of the nitridation of the target in the growth process. During the growth, the increased N2 incorporation for the gas phase may suppress the growth rate, leading to a saturation of carbon content in the films.



Thus, a ternary B–C–N diagram is summarized in Figure 8b, where the BxCyNz films synthesized in the present work are recorded together with those classic compounds. The carbon content can be adjusted by the growth kinetics, that is, temperature (marked by red balls), by fixing the B/N ratio. Based on these band gap value measurements, it strongly indicates that, for a given stoichiometry, the electronic and optical properties of the BCN films can be engineered by feasible growth conditions.




4. Conclusions


In summary, we have synthesized hybridized BCN films consisting of rod-like crystalline h-BN nanodomains, with its basal planes perpendicular to the substrate, demonstrating the structural evolution and optical band gap that have been controlled via growth kinetics. The amorphous BCN matrix serves as a special thermodynamic environment for growing an oriented crystalline h-BN phase, which is a non-energetic process contrary to the usually reported phase. The formation of h-BN nanodomains acts as infinite “holes” separated by the BCN matrix, exhibiting different optical band gap values from the BCN matrix, which decrease as the carbon content increases in the BCN matrix, as a result of the doping and/or boundary effect. This form of hybridized BCN system with a certain band gap and composition may be tailored to design the 3D semiconducting building blocks not only for fundamental physics, but also to be applied in the field of future optics, electronics, and energy conversion and storage devices.
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Figure 1. (a) Cross-sectional TEM images of a typical boron carbonitride (BCN) film deposited at 600 °C in pure Ar on a Si substrate; (b) High-resolution TEM (HRTEM) image taken from the selected area of the transition layer for the same film, the inset is the fast Fourier transformation (FFT) pattern of the single-crystalline region; (c) HRTEM image taken from another selected area; (d) A closer HRTEM image of the selected area in (c), the inset is a hexagonal BN (h-BN) atomic stacking model; (e) HRTEM image taken from the top surface of the same film; (f) Raman spectra of the same BCN film, commercial graphite, synthesized h-BN, and silicon substrate wafer. 
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Figure 2. FTIR spectra of the BCN films deposited in pure Ar, under substrate temperatures varying from room temperature up to 600 °C. 
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Figure 3. (a) Raman spectra of the BCN films grown at 400, 500, and 600 °C; (b) Integral intensities of the D and G bands (ID/IG) and the D peak position for the corresponding samples grown at different substrate temperatures; (c) The shifts of the G peak position with different substrate temperatures. 






Figure 3. (a) Raman spectra of the BCN films grown at 400, 500, and 600 °C; (b) Integral intensities of the D and G bands (ID/IG) and the D peak position for the corresponding samples grown at different substrate temperatures; (c) The shifts of the G peak position with different substrate temperatures.



[image: Coatings 09 00185 g003]







[image: Coatings 09 00185 g004 550]





Figure 4. FTIR spectra of the BCN films deposited at a bias voltage of −30 V (red line) and −150 V (dark yellow line) in pure Ar, and the FTIR spectra of the BCN film deposited at −150 V (blue line) under the working gas of Ar/N2 with the other parameters kept fixed. 
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Figure 5. HRTEM image of the film deposited on the Si (100) substrate at a deposition temperature of 500 °C with a N2/Ar gas flow ratio of 1. The FFT patterns of the yellow zone display the c-BN(111), h-BN(101), h-BN(100), and h-BN(002) domains embedded in the BCN film matrix. 
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Figure 6. (a) The elemental contents of the BCN films deposited at various temperatures in pure Ar and at various N2/Ar flow ratios obtained from energy dispersive X-ray spectroscopy (EDXS) (marked by balls) and XPS (marked by crosses); (b) XPS core level spectra of the B1s, C1s, and N1s peaks of the BCN films containing self-ordered h-BN nanodomains (deposited without N2) and mixed oriented t-BN nanocrystals (deposited with N2). 
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Figure 7. (a) UV-Vis optical absorption spectra of the BCN films prepared containing self-ordered h-BN nanodomains at various temperatures, and a uniformed mixed BCN film as reference; (b) Corresponding plots of (Ahυ)1/2 versus hυ according to the optical absorption data. The arrows refer to the peak positions corresponding to the h-BN phase in the film. 
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Figure 8. (a) The optical band gap vs. carbon content for the BCN films containing self-ordered h-BN nanodomains (h-BN nanodomains marked by blue balls, and BCN matrix marked by red balls and dark yellow balls) and some classic compounds from the literature marked by dark cyan balls. The dashed lines are to guide the eyes. The inset shows the optical bandgap with respect to the carbon content in the BCN films deposited with a different N2/Ar flow ratio; (b) A ternary B–C–N diagram based on the BxCyNz films in the present work, and classic compounds from literatures included. The red arrow indicates the direction to monitor the corresponding band gaps. 






Figure 8. (a) The optical band gap vs. carbon content for the BCN films containing self-ordered h-BN nanodomains (h-BN nanodomains marked by blue balls, and BCN matrix marked by red balls and dark yellow balls) and some classic compounds from the literature marked by dark cyan balls. The dashed lines are to guide the eyes. The inset shows the optical bandgap with respect to the carbon content in the BCN films deposited with a different N2/Ar flow ratio; (b) A ternary B–C–N diagram based on the BxCyNz films in the present work, and classic compounds from literatures included. The red arrow indicates the direction to monitor the corresponding band gaps.



[image: Coatings 09 00185 g008]







[image: Table]





Table 1. Defect density and crystallite size in the boron carbonitride (BCN) films calculated using the integral intensities of the D and G bands (ID/IG) obtained from the Raman Spectra in Figure 3a.
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	Sample (Temperature)
	ID/IG
	Defect Density (×1011 cm−2)
	h-BN Nanodomain Crystallite Size (nm)





	400 °C
	2.1
	7.4
	42.9



	500 °C
	1.432
	5.1
	62.9



	600 °C
	0.987
	3.5
	91.3
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