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ABSTRACT: Monolayer epitaxial graphene is an appropriate candidate for a wide variety of 

electronic and optical applications. One advantage of growing graphene on the Si face of SiC is 

that it develops as a single crystal, as does the layer underneath, commonly referred to as the 

interfacial buffer layer. The properties of this supporting layer include a band gap, making it of 

interest to groups seeking to build devices with on-off capabilities. In this work, using density 

functional theory, we have calculated the bonding characteristics of the buffer layer to the SiC 

substrate beneath. These calculations were used to determine a periodic length between the 

covalent bonds acting as anchor points in this interface. Additionally, it is evident that the 

formation of these anchor points depends on the lattice mismatch between the graphene layer and 

SiC.   
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I. INTRODUCTION 

Graphene has been demonstrated to exhibit desirable electrical properties [1-3]. Epitaxially 

grown graphene (EG) from 4H-SiC substrates continues to show promise as a method to obtain 

homogeneous material, which can be fabricated into devices with lateral dimensions on the 

millimeter and centimeter scale, a strongly applicable quality in the field of metrology [4-10]. 

Even with all of its exciting properties, graphene is still inherently limited when it comes to 

applications in the semiconductor industry requiring a band gap. 

There has been a recent interest in understanding properties of the interfacial buffer layer 

(IBL), given that its growth and appearance are graphene-like, with the notable difference being 

that the two-dimensional honeycomb lattice is partially bound to the SiC substrate beneath [11-

14]. This IBL has a small band gap and has been well-characterized by methods including 

scanning tunneling microscopy, low energy electron diffraction, and angle-resolved 

photoemission spectroscopy [15-20]. A variety of theoretical studies have also been performed 

on the electronic structure of the IBL in 6H-, 4H-, and 3C-SiC substrates [21-26].  

In this work, various results of density functional theory calculations (DFT) are presented, 

including the generalized gradient approximation (GGA) and a revised Perdew-Burke-Ernzerhof 

functional (known as PBEsol) for 2H-SiC and 4H-SiC substrates. The predicted k-points at 

which periodic covalent bonding occurs, as well as the thickness of the SiC substrate at which 

the change in energy per atom converges are also presented. With the unit cell stretched at 

8.37 %, we investigate the impacts of mechanical strain on the bonding properties of the IBL to 

the SiC.  
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II. METHODS 

A. Sample Preparation 

Several IBL samples were prepared by first performing a full EG growth on square SiC chips 

diced from 100 mm 4H-SiC(0001) semi-insulating wafers (CREE[see notes]). The exact parameters 

and procedures for the EG growth have been well documented in related work [12, 27-32]. To 

summarize the growth steps, heating and cooling rates were approximately 1.5 °C/s and the 

following steps were taken: (1) Substrate was cleaned at 1080 °C in a forming gas environment 

(96 % Ar, 4 % H2 by volume) at 100 kPa for 30 minutes, (2) chamber was evacuated and flushed 

with 100 kPa Ar from a 99.999 % liquid Ar source, and (3) chamber was heated to 1900 °C. 

 

B. Density Functional Theory 

Both 2H-SiC and 4H-SiC substrates were investigated using DFT to determine the lattice 

parameter, SiC layer spacings up to the IBL, and the relevant bond lengths. Calculations were 

carried out in plane-wave self-consistent field (PWSCF) code [33-35], using the projector 

augmented wave (PAW) method within the GGA [36]. For the electronic structure calculations, 

an 8x8x8 k-point grid and a 13x13x1 k-point grid was used for the unit cell and slab calculations, 

respectively. To investigate the general optical properties, a 5x5x1 k-point grid was used, and the 

Liouville-Lanczos approach was applied to linear-response time-dependent DFT, similarly 

applied to PWSCF, to calculate the dielectric function of the IBL [37-38]. Furthermore, the 

extracted band gap from these calculations yields approximately 0.3 eV, which is comparable to 

the result found in the recent IBL work [13]. 
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III. CONVERGENCE AND STRUCTURAL RESULTS 

Several convergence tests were performed to determine the thickness of SiC at which an 

optimized model could appear, allowing one to use the same k-point grid parameters for further 

DFT calculations of the IBL. Convergence tests were performed using 4H-SiC as the substrate. 

Each layer within that substrate was 1.008 nm thick, and two layers were considered in this test. 

With a 2.016 nm thickness, the energy change per atom in SiC converges for the system for each 

test. This result indicates that it is an acceptable value for the substrate thickness while one 

evaluates the interactions between the IBL and substrate. At a k-point value of 13x13x1, the 

energy of the system converges to an asymptotic value. The final selected parameters will define 

the model used to explore the bonding mechanism between the IBL and the SiC. Though one 

could select even higher thicknesses and k-point grids for incrementally better models, the 

computational demands do not justify such selections.  

 

FIG. 1. Two major convergence tests are shown to exemplify how the optimal model is selected 

for describing the IBL/SiC interface. Within each test, several calculation methods are 
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implemented in the hope that an agreement between all of them would indicate a likelihood that 

the IBL/SiC system is being accurately described. (a) The substrate thickness converged and 

prompted the selection of approximately 2 nm for the optimal system. (b) The optimal k-point 

grid selected based on these tests was 13x13x1. Here, 1 Ry = 13.605698 eV. 

 

 

FIG. 2. The 4 types of GGA calculations from the convergence tests yielded several results for 

4H-SiC, including the thickness, bond length, and lattice parameter. 

    

FIG. 3. The 4 types of GGA calculations from the convergence tests yielded several results for 

2H-SiC, including the thickness, bond length, and lattice parameter. 



6 
 
 

As determined earlier, the 13x13x1 k-point grid was used for additional calculations involving 

the interactions between the IBL and SiC. These calculations were carried out in a similar 

fashion as before (PWSCF code, PAW, and GGA). Due to the limited accuracy of the 

generalized gradient approximation (GGA-DFT) to describe van der Waals forces, a newly 

developed van der Waals density functional was applied with C09 exchange (vdW-DF-C09) 

[39]. And within the GGA, ultrasoft pseudopotentials were implemented [40], as well as norm-

conserving pseudopotentials [41]. The kinetic energy cutoff of plane-wave expansion was taken 

to be 544.23 eV (40 Ry). All of the geometric structures are fully relaxed until the force on each 

atom is less than 0.001 eV/nm, and the energy-convergence criterion is 1x10-6 eV.      

Geometric parameters such as the lattice constant, bond length, and intralayer distance 

obtained for bulk and the (0001) surface of 4H-SiC (IBL) are summarized in Table 2-SM and are 

in good agreement with the experiment in this work and previous work [42, 43]. Graphene-

absorbed 4H-SiC(0001) surfaces display a wide large variety of different reconstructions such as 

√3x√3 R30, 4x4, and 6√3x6√3 R30 (with respect to the SiC 1x1 surface cell) [18, 21]. The latter 

two commensurate structures, 4x4 and 6√3x6√3 R30, are too large for reasonable calculations. 

Therefore, in this work we have used √3x√3 R30 reconstruction, which corresponds to a 2x2 IBL 

cell. Applied strain on the IBL is more than 8 % to make it commensurate with 4H-SiC (0001) 

surface. A sufficiently large vacuum (20 Å) in the vertical direction is used to avoid the 

interaction between neighboring supercells. An example supercell is shown in Fig. 4. 
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FIG. 4. Supercell of the IBL and SiC interface. DFT calculations within the ab initio supercell 

plane-wave approach are utilized [44]. The supercell’s IBL C atoms (beige) bond to the Si atoms 

(blue) below and are constructed to be consistent with recent experimental observations [13]. 

 a c C-C in Graphene dG-SiC 

Experimental 5.33 20.16 - 1.89/2.80 

DFT 5.29 20.15 1.55 1.99/2.59 

 

FIG. 5. Optimized geometric structure parameters of the IBL on the Si-face 4H-SiC (0001). dG-

SiC is the distance from the IBL and the Si-face of 4H-SiC (0001). Experimental data is from Ref. 

[45]. All the values are given in angstroms (Å).┴ 
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The structure that represents the IBL is shown in Fig. 6. Optimizing the structure parameters 

yields a system similar to the one reported in Ref. 13. Furthermore, the electronic structure 

calculated from this system yields a band gap of 0.3 eV, similar to the value obtained in Ref. 13.       

 

FIG. 6. (a) The top view of the IBL structure on the Si-face. Green, gray, and blue spheres 

represent IBL C atoms, SiC C atoms, and Si atoms, respectively. The unit cell is highlighted by 

red dashed lines. (b) The crystal structure of the IBL on 4H-SiC is shown before optimization. 

(c) The crystal structure of the IBL on 4H-SiC is shown after optimization. All values are given 

in angstroms (Å). ┴ 

As shown in Figure 6 (b), before the structure is optimized, the IBL layer is seemingly parallel 

to the SiC substrate. After structural optimization, as shown in Fig. 6 (c), a periodic formation of 

covalent bonding appears (6.1 Å) and a decrease in bond length from 2.00 Å to 1.99 Å. 

IV. CONCLUSIONS 

The optical and electrical properties of the graphene-like interfacial buffer layer have 

significant promise in the semiconductor industry. Previously, the dielectric function had been 

reported by our group. In this work, we report the bond length of the system before and after 
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optimization along with DFT results. The wave-like bonding characteristics observed gives 

insight into this graphitic system and is applicable to devices based on SiC.  
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