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Abstract

:

Two-dimensional materials have shown great potential for applications in many research areas because of their unique structures, and many 2D materials have been investigated since graphene was discovered. Ultra-thin SiC layers with thicknesses of 8–10 nm and multi-layer SiC films were designed and fabricated in this study. First, the multi-layer SiC films were obtained by the chemical vapor deposition (CVD) method with the addition of boron elements. We found that boron additives showed novel effects in the CVD process. Boron can promote the formation and crystallization of SiC films at low temperatures (1100 °C), resulting in the separation of SiC films into multi-layers with thicknesses of several nanometers. In addition, a formation mechanism for the 2D SiC layers is proposed. The boron mostly aggregated spontaneously between the thin SiC layers. Photoluminescence spectroscopy results showed that the SiC films with multi-layer structures had different bandgaps to normal SiC films. The present work proposes a potential method for fabricating 2D SiC materials with convenient experimental parameters and shows the potential of 2D SiC materials for use in electronics.
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1. Introduction


Since graphene was discovered in 2004, two-dimensional (2D) materials have attracted significant attention [1,2,3,4,5]. Two-dimensional materials have been studied in various fields, such as electronics, sensing, ultrafast lasers, batteries and supercapacitors [6]. Recently, many 2D materials, such as MoS2, MoSe2, WS2 and ReS2, have attracted the interest of researchers because of their mechanical flexibility, chemically stability and superior optical properties [7,8,9,10,11]. Furthermore, as the band structure of 2D materials can be disturbed by mechanical strain, the electronic and photonic properties of these materials can be regulated [12]. Two-dimensional materials show potential for novel applications in next-generation semiconductor materials due to their 2D planes [13,14]. Two-dimensional layered materials have also been the subject of intensive research because of their mechanical exfoliation and in-plane mechanical properties [15,16]. Nowadays, silicon carbide (SiC) is a typical representative of third-generation wide-bandgap semiconductors because of its high electron mobility and low bandgap. Two-dimensional SiC is predicted to exhibit exotic optical and electronic properties [17,18,19,20]. Calculations have shown that 2D SiC has a different bandgap to normal bulk SiC. Computational studies have shown that monolayer SiC has a bandgap of around 4.86 eV. Two-dimensional SixC1−x also has high thermodynamic stability and a rich variety of electronic properties depending on composition. These properties show potential for application in a new generation of electronic devices [21]. Generally speaking, 2D SiC is mostly prepared by the chemical vapor deposition (CVD) method and the sonication method [22,23,24,25].



The CVD method is considered an effective way of growing 2D TMDs (transition-metal dichalcogenides) [26,27]. Two-dimensional SiCs have been successfully grown using the CVD method [28]. The performance of 2D SiC can be easily controlled by deposition parameters, such as temperature, carrier gas and growth time, in the CVD method [29]. However, 2D SiC prepared by the CVD method has a thickness of about 100 nm [28], which is much thicker than normal 2D materials. Theoretical studies have shown that thick SiC films have properties more similar to those of bulk SiC than those of 2D materials [24,30]. In addition, SiC nanosheets prepared by the normal CVD method have disorderly arrangements in terms of the directions of the substrates. The CVD method still needs to be optimized to fabricate 2D SiC. To acquire a 2D plane structure in SiC, ultra-thin SiC films should be formed during the growth process and the growth of SiC crystals must be interrupted. The growth of SiC through CVD is easily interrupted by impurities and temperature. Boron is an effective additive to promote the formation of SiC in sintering. Furthermore, boron monolayers have been fabricated successfully, as boron shows polymorphism in low-dimensional structures [31,32]. Thus, boron could be an ideal additive to promote the crystallinity and interrupt the growth of SiC films. In this work, we fabricated ultra-thin 2D SiC films with thicknesses of 8–10 nm by the CVD method at a very low temperature (1100 °C) with boron added to the system. The SiC nanosheets were arranged in an orderly fashion. A new multi-layer SiC film similar to graphene oxide was also prepared via this method.




2. Experimental


SiC layers were deposited using the spouted-bed CVD method. ZrO2 particles (500 μm in diameter with a pyrolytic carbon coating layer) and graphite chips were used as substrates in this experiment. MTS (methyltrichlorosilane) was used as the precursor of SiC, and BBr3 was used as the precursor of B for the deposition. H2 was used as the carrier gas for MTS with a flow rate of 2 L/min, and Ar was used as the carrier gas for BBr3 with a flow rate of 1 L/min. The SiC films were deposited with and without B additives for purposes of comparison. The multi-layer SiC films were ground to obtain SiC nanosheets. The prepared samples were annealed at 1800 °C for 1 h to study the growth processes of the multi-layer SiC films with B additives. The experiment was carried out under atmospheric pressure. The furnace was heated to 1100 °C in 1 h for deposition, and the furnace was heated to 1800 °C in 2 h for heat treatment.



The surfaces and cross sections of the multi-layer SiC films were observed with a Zeiss Gemini SEM 300 field-emission scanning electron microscope (SEM). The component of the sample was measured using X-ray diffraction (XRD) with a D8 ADVANCE. The nanoindentation experiment for the SiC was carried out using a BRUKER TS-77 to measure the hardness of the multi-layer SiC. The TEM images were observed with a JEM-2010 electron microscope. The SiC was ground into powder for the TEM test. Raman spectra and PL results were measured using a Renishaw Qontor with a 532 nm wavelength.




3. Results


Figure 1a shows the fabrication process of the SiC layer with B additives. A cross section of the B-doped SiC film deposited at 1100 °C is shown in Figure 1b. The SEM image of the cross section shows that the SiC film is comprised of several ultra-thin SiC layers. SiC films prepared under the aforementioned conditions have a multi-layer structure. Previous research has shown that SiC layers undergo different growth processes at low temperatures [33]. The fusion and crystallization processes at low temperatures can lead to thin and dense SiC films [33]; without the growth of SiC crystals, there will not be large SiC grains to break the multi-layer structures. SiC retains a thin-layer structure after being ground into powder. A single SiC layer is shown in Figure 1b,d. The thickness of the SiC layer is about 8–10 nm. The SAED result also shows that the SiC single layer is still crystallized. The SAED pattern of the SiC single layer is close to that of 3C bulk SiC. These results indicate that the B additives have the effect of blocking the growth of SiC in radial directions and promoting the crystallization of SiC. However, the single layer in the SiC is still continuous, which indicates that the fusion process in the transverse direction is not affected by the additives.



Figure 2 presents XRD and Raman spectra results. The component of the sample deposited at 1100 °C with B additives is mostly 3C-SiC. There are no impurity peaks in the sample spectra. The results show a standard 3C-SiC pattern, which conforms to the SAED result. Normally, 3C-SiC has a face-centered cubic structure. It is difficult for materials with cubic structures to form nanosheets. This material profits from the fusion and crystallization processes at the low temperature used. The fusion process can be interrupted by the B additives. Figure 2b shows the Raman spectra for the multi-layer SiC: the peaks at 793 cm−1 and 973 cm−1 are the TO and LO signals of the 3C-SiC; there are also B4C peaks at 478 cm−1 and 1087 cm−1. The Raman spectra show that there are B-C bonds in the multi-layer SiC, but B4C crystals have not formed, according to the XRD pattern in Figure 2a. The EDS mapping result for the SiC single layer is shown in Figure 3. Some regions of the SiC nanosheet oxidized after being peeled away from the multi-layer structure. The B elements and the O elements are distributed in different regions, indicating that the B elements can prevent the SiC from being oxidized, which means that the B elements and the B-C bonds are located at the surface of the single SiC layer. This explains why the nanosheets consist of 3C-SiC. The stability of the SiC nanosheets is protected by the B-C bonds on the surface. The results also show that the multi-layer structure offers an effective means of improving the oxidation resistance of SiC nanolayer structures.



We then studied the effects of the B additives on the CVD process. A SiC film annealed at 1800 °C is shown in Figure 4. The layers in the SiC separated after high-temperature annealing. The EDS mapping results in Figure 4b,c show that the B elements separated from the SiC. Boron is distributed among the SiC layers. This proves that the B stays between the SiC thin layers, and the multi-layer structure is formed because the B element aggregates spontaneously between the SiC layers during the deposition process. The formation mechanism of the deposition process is shown in Figure 4d. The SiC layer is formed through a fusion process at this temperature; the B elements float on the surface of the SiC and form B layers between the SiC layers, and the B-C bonds are formed between the SiC layers and B layers, the B-C bonds being responsible for the single SiC layer in the sample. Since the B-C bonds only form between the two different layers, there are no B4C crystals in the multi-layer SiC. This result conforms with the Raman spectra and with the XRD results and also explains why the multi-layer structure does not form with a large grain area. In addition, the SiC is separated into thin layers and atoms crystallize more easily in thin layers than in a large bulk.



As shown in Figure 4a, there are large and faceted grains in the SiC films after annealing. The SiC nanosheets are destroyed by the large grains. In this experiment, the formation of multi-layer structures in SiC is related to grain size. This also indicates that the B additives have a greater influence when the SiC film is formed through fusion and crystallization processes; B additives will only separate the poorly crystallized SiC but not the large SiC grains into layers. Since the well-crystallized SiC is less affected by the B elements, the SiC layers, as with graphene oxide, can only be fabricated at low deposition temperatures (below 1300 °C).



PL signals for the normal SiC films and for the multi-layer SiC films were taken to investigate the electronic properties of the 2D planes in SiC. The normal SiC films were also prepared through the CVD method using the parameters described in other articles [34]. Previous research on 2D materials has shown that there is a transition from an indirect bandgap to a direct bandgap in nanolayers which leads to photoluminescence emissions. As shown in Figure 5, there is a modulation in PL peak positions between multi-layer SiC and normal SiC. The peak position shifted significantly to the right after the SiC film was separated into a multi-layer structure. The difference may be due to the nanolayer structure in B-doped SiC, which shows the potential for the application of multi-layer SiC in electronics. Furthermore, the modulation of PL peaks could also be related to the B-C bonds and Si-O bonds in SiC nanolayers, all of which will be investigated in future work.




4. Conclusions


In this paper, new multi-layer-structured SiC films and SiC nanosheets were fabricated through the CVD method with B additives. The thicknesses of single nanosheets in the SiC films fabricated in this research were 8–10 nm. The experimental results showed that the nanosheets were pure SiC with B-C bonds on the surface. The B-C bonds on the surface of the SiC nanosheets and the multi-layer structure improved the oxidation resistance of the SiC nanolayers. The effect of the B additives on the CVD process were investigated: the crystallization and purity of the SiC films deposited at a low temperature (1100 °C) were promoted by the addition of B. Boron layers formed between the SiC nanolayers and separated the SiC films to give a multi-layer structure in the growth directions. The experimental results indicated that a multi-layer SiC film will only be prepared when there is no large SiC grain formed during the CVD process. The multi-layer SiC films show a different bandgap to normal SiC films. These results indicate that SiC has the potential to be applied in electronics.
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Figure 1. (a) Fabrication process of the SiC nanosheets. (b) SEM image of the cross section. (c) TEM image of the single SiC nanosheet. (d) TEM image of the single SiC nanosheet. (e) SAED result for the SiC nanosheet. 
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Figure 2. (a) XRD pattern for the multi-layer SiC. (b) Raman spectra for the multi-layer SiC. 
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Figure 3. (a) The original TEM image. (b) Distribution of Si elements. (c) Distribution of O elements. (d) Distribution of B elements. 
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Figure 4. (a) SEM image of the SiC annealed at 1800 °C. (b) EDS mapping result for the Si. (c) EDS mapping result for the B. (d) Growth process of the multi-layer SiC. 
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Figure 5. PL signals for different SiC films. (a) Normal SiC film. (b) Multi-layer SiC film. 
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