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Abstract. In our previous work, single-crystalline porous 4H-SiC thin foils were successfully 
released from a monocrystalline 4H-SiC wafer by photoelectrochemical etching (PECE). This 
technology is promising for the next-generation power device fabrication processes (e.g. cost-
efficient engineered substrates) and micro-electromechanical systems. The surface terminations of 
the pore walls will affect the behavior in the further fabrication process and application, thus 
motivating the need for detailed investigations. This work based on DFT calculations focuses on the 
surface terminations of five 4H-SiC non-polar surfaces, i.e. {101�0}, {112�0}, {213�0}, {314�0} and 
{325�0}, which can well represent the walls of the C-face etched pores penetrating through the 
released foil along the [0001] direction. The surface energies of the stoichiometric surfaces are found 
to be in the sequence of {112�0} < {325�0} < {213�0} < {101�0} < {314�0}. All these surfaces have high 
chemical affinity to H2O and even more to HF. In particular, for the complete surface termination by 
HF, the relative stability of these crystal planes can be changed and depends on the HF chemical 
potential. For example, in the range of HF chemical potential from −4.10 to −1.70 eV, the 4H-SiC 
{101�0} becomes more stable than the {112�0}. This preliminary research provides insight into the 
surface chemistry of the 4H-SiC non-polar surfaces, especially the {213�0}, {314�0} and {325�0}, 
which have rarely been investigated. 

Introduction 
Compared to standard silicon, the wide-bandgap semiconductor 4H-SiC well-known for its high 

electrical breakdown strength, high bulk carrier mobility, high-temperature stability and high thermal 
conductivity enables the realization of power devices with enhanced efficiency even under higher 
voltage, frequency and temperature conditions [1]. Its chemical inertness and mechanical resistance, 
on the one hand, render the 4H-SiC-based devices capable of operating in harsh environments but, 
on the other hand, results in challenges in the device fabrication process. 

Etching is an important technique in the manufacturing process of power electronics. Wet etching 
can be an effective and low-cost method, which, in contrast to dry etching, brings little damage to the 
subsurface and requires less sophisticated equipment [2]. Normally, wet etching at room temperature 
requires external stimulation, typically through voltage bias and light irradiation. 

Photoelectrochemical etching (PECE) is performed with ultraviolet (UV) light illumination and a 
positive voltage bias at the 4H-SiC electrode in HF or KOH solution [2-6]. The UV light illumination 
generates electrons and holes in the 4H-SiC, and the positive voltage pushes the holes to the interface 
between the electrode and electrolyte. In HF aqueous solution, which is more common and utilized 
in our previous research, the chemical reactions are expected to involve the carbon transforming into 
CO or CO2 and the Si dissolving as SiF62− [4-6]. Through these reactions, the PECE can effectively 
porosify the 4H-SiC with nanometer-sized pore structures deep into the bulk. This technology 
promises to optimize power device fabrication processes on cost-efficient, engineered substrates [7]. 
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Besides the application in power electronics, porosified SiC has extensive applications in catalysis, 
sensors and MEMS [5, 8, 9]. 

The crystal structure of 4H-SiC sequentially stacks a Si and a C layer in z-direction, and 
commercially available wafers are normally exposed with two polar crystal surfaces (i.e., Si-face and 
C-face) with a small tilt angle. Our previous research of PECE in HF solution has discovered that the 
pores etched from the C-face propagate along the [0001] direction [4, 10], as shown in Fig. 1a. The 
pore diameter can be easily tuned but in a limited range by varying the applied voltage with no 
relevant effect on the etching direction [4]. 

The resulting SiC porous structure will exhibit a higher surface-to-volume ratio with respect to the 
initial wafer implying a lasting change in its physical and chemical properties, and thus representing 
a remarkable platform for in-depth investigations. 

Density functional theory (DFT) simulation has been extensively utilized to investigate material 
surface chemistry down to the atomic scale. Previous achievements of DFT in this field include the 
work of Dhar et al. revealing the termination of Si- and C-faces of 4H-SiC by simulating the 
interaction between HF and the last oxygen layer at the oxide/SiC interface [11].  

 

 
Fig. 1 (a) SEM image of cross-section view of the pores in 4H-SiC etched from C-face, (b) the 
expression of (101�0), (112�0), (213�0), (314�0) and (325�0) in a hexagonal system, (c) pore shape by 
hypothesizing the equal surface energies, (d) atom structures of the five crystal planes (The structures 
show three supercells which are divided by the two vertical brown lines. The grey balls represent C 
atoms, while the yellow Si.) 

 
The pores, etched from C-face of 4H-SiC, are along [0001] direction and thus are mainly exposed 

with non-polar 4H-SiC surfaces, such as {101�0}, {112�0}, {213�0}, {314�0} and {325�0}. Fig. 1b shows 
these crystal planes in a hexagonal system. Because of hexagonal symmetry, the five crystal plane 
families could build a 48-gon pore wall, as shown in Fig. 1c, by utilizing Wulff’s theorem and 
hypothesizing the equal surface energies. The 48-gon is almost a circle and can represent the pore 
walls. Herein, the DFT calculations are performed to investigate the surface termination of these non-
polar 4H-SiC crystal planes during photoelectrochemical pore formation in the HF aqueous solution. 
Next, the surface energies of the ideal stoichiometric surfaces are calculated. Finally, adsorption of 
HF and H2O on these surfaces is simulated to obtain the energetically favorable surface termination 
in HF aqueous solution. Accordingly, the surface energies of the terminated surfaces are also 
compared at a specific chemical potential of HF. 

 

(a) 

(b) (c) 
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Computational Details 
The periodic DFT calculations were performed by the plane-wave program Quantum Espresso 7.1 

based on the general gradient approximation (GGA) in the form of a Perdew-Burke-Ernzerhof (PBE) 
functional [12]. The pseudo-potentials were chosen according to the standard solid-state 
pseudopotential libraries (SSSP) to represent the core electrons of each type of atom in the system 
[13]. The 4H-SiC primitive cell was first relaxed with cutoff energy (Ecutoff) of 45 Ry for the size of 
the plane wave basis set and a Monkhorst-Pack grid of 12 × 12 × 4 for Brillouin-zone integration. 
The relaxed 4H-SiC primitive cell is still in P63mc [186] symmetry with a = b = 3.095 Å, c = 10.132 
Å, which is very close to the experimental results [14]. Supercells of 4H-SiC (101�0), (112�0), (213�0), 
(314�0) and (325�0) surfaces were built based on the relaxed primitive cell, as shown in Fig. 1d. All 
the atoms at the surface have at most one dangling bond, and thus the cleaved surfaces have their own 
most stable stoichiometric termination. One can also note that the high-index planes, i.e. {213�0}, 
{314�0} and {325�0}, are composed of {101�0} and {112�0} in different ratios.  

The parameters of the supercells and the corresponding k-pints grids are listed in Table 1. Some 
atoms are fixed to simulate the bulk, while others can be relaxed to simulate the surface. As shown 
in Fig. 2a, b by taking 4H-SiC (101�0) as an example, for the surface energy calculation of the 
stoichiometric surface, the whole slab is put in the middle of the supercell in c-direction and the atoms 
of the middle layer are fixed so that both sides can be relaxed. In contrast, only one side of the slab is 
simulated for the surface termination by HF and H2O to reduce the calculation cost. Hence, the slab 
is at the bottom of the supercell, and the bottom-layer atoms are fixed. For adsorption energy 
calculation, the Ecutoff is increased to 55 Ry for the structures due to the requirement by the H atom, 
and van de Waals interaction is considered by the Grimme-D3 method [15]. Last but not least, a 20 
Å vacuum layer is added in c-direction to avoid the boundary effect induced by the periodic lattice. 
 

Table 1 The parameters of supercells, k-point, Esurf of stoichiometric surfaces 
Crystal  
planes Supercell lattice [Å3] Atoms of  

supercell 
Dangling  

bond k-point  Esurf 
[meV/Å2] 

(101�0) 12.38 × 10.13 × 37.87 112 C, 112 Si 8C, 8Si 3 × 4 × 1 179 
(112�0) 10.13 × 10.72 × 40.12 112 C, 112 Si 8C, 8Si 4 × 4 × 1 172 
(213�0) 10.13 × 8.19 × 37.90 72 C, 72 Si 6C, 6Si 4 × 5 × 1 178 
(314�0) 10.13 × 11.16 × 37.84 92 C, 92 Si 8C, 8Si 4 × 4 × 1 180 
(325�0) 10.13 × 13.49 × 35.78 104C, 104 Si 10C, 10Si 4 × 3 × 1 176 
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Fig. 2 Atom structures of unrelaxed 4H-SiC (101�0) supercells (a) for stoichiometric surface energy 
calculation and (b) for surface termination simulation, (c) Wulff construction by the calculated 
stoichiometric surface energies and (d) the corresponding pore shape.  

 
The surface energy (Esurf) per unit area is calculated by Eq. 1  

Esurf = (Eslab1 – N × Ecell) / (2 × A),                                                                                          (1) 
where Eslab1 is the energy of the two-side relaxed slab, N the number of primitive cells in the slab and 
Ecell is the energy of the 4H-SiC primitive cell. The adsorption energy (Eads) of each single molecule 
is by Eq. 2  

Eads = (Eslab2_n molecules – Eslab2 – n × Emolecule) / n,                                                                     (2) 
where Eslab2_n molecules is the energy of the one-side relaxed slab together with the n number of 
molecules adsorbed, and Eslab2 and Emolecule is the energy of the slab and the molecule, respectively. 

Results and Discussions 
The Esurf of the five crystal planes are listed in Table 1. For the stoichiometric surfaces, the 4H-

SiC {112�0} is the most stable non-polar crystal plane, followed by {325�0}, {213�0}, {101�0} and 
{314�0}. Rauls et al. have also reported that the surface energy of the (112�0) is lower than that of the 
(101�0) [16]. Based on these surface energies, the pore shape can be constructed by Wulff’s theorem 
(Fig. 2c, d) [17]. Naturally, the surfaces cannot be clean in the HF aqueous solution. High temperature 
annealing in the inert atmosphere, for example helium, can result in a clean surface and allow the 
pore to reorganize into the equilibrium shape. However, the surface history of the pore walls, i.e. the 
terminations, must influence on the reorganization. To explain the behaviors of the pore during 
annealing, there is a need to understand the terminations of the pore walls during PECE. 

All the 4H-SiC surfaces of the pore wall are highly affinitive to the HF and H2O molecules in the 
etching solution. Fig. 3 shows the adsorption configurations of a single HF or H2O molecule on the 
4H-SiC (101�0) and (112�0) surfaces. On the 4H-SiC (101�0) are terrace and channel sites (Fig.  3a-d), 
which one can easily identify in Fig. 2a, b. The HF molecule can be dissociatively adsorbed at both 
sites with F boding to Si and H to C (Fig. 3a, b). The Eads at the terrace and channel sites are −4.36 
and −4.78 eV. For H2O, the terrace site only allows the molecular adsorption with the O bonding to 
Si (Fig. 3c) and Eads of −0.73 eV, and the channel site makes the dissociative adsorption of H2O 
favorable with Eads of −4.36 eV (Fig. 3d). The reason for the high Eads at the channel site is that the 
two dangling bonds of the pair of the Si and C at the channel point towards each other, which allows 
the hydrogen bond interaction between H and the F (or O) after the dissociation of HF (or H2O). 

(a) (b) (c) 

(d) 

72 Characteristics Evaluation and Device Design



 
 

There is not much difference for the sites on the {112�0} surface, where HF and H2O can be 
dissociatively adsorbed with Eads values of −3.65 and −3.09 eV (Fig.  3e, f). 

Since the 4H-SiC {213�0}, {314�0} and {325�0} possess the same sites as those on the 4H-SiC 
{101�0} and {112�0}, all of them render the dissociative adsorption of HF and H2O. Additionally, they 
have the corner sites, as indicated in Fig. 2d, whereas the corner sites do not facilitate the adsorption. 
The Eads of a single HF and H2O molecule on these non-polar crystal planes are listed in Table 2. The 
former ranges from −3.87 to −4.78 eV, and the latter from −3.12 to −4.36 eV. All these surfaces are 
more affinitive to HF. 

 

 
Fig. 3 Atom configurations. (a, b) A single HF and (c, d) a single H2O adsorbed on the terrace and 
channel site of the 4H-SiC (101�0), and (e) A single HF and (f) a single H2O adsorbed on the 4H-SiC 
(112�0). (The white balls are the H atoms, the red O and the blue F.) 

 
The high affinity of HF can make the surface completely terminated only with HF, i.e. all the 

dangling Si and C bonds are replaced with the F and the H. The full layer adsorption of HF on the 
4H-SiC (101�0) and (112�0) surfaces are shown Fig. 4a, b. The average Eads of each molecule on these 
five surfaces is still very high (−3.85 ~ −4.21 eV), as listed in Table 2. The 4H-SiC (101�0) shows the 
highest Eads per HF but the lowest Eads per unit area. By adding the Eads per unit area to the Esurf of 
the stoichiometric crystal planes, the Esurf of the terminated crystal planes can be obtained (Last 
column of Table 2). All of them are negative values, suggesting that the 4H-SiC can be dissolved by 
HF at high HF chemical potential [18]. The calculated reaction energy of SiC + 4HF → SiF4 + CH4 
is −4.22 eV. This reaction has been identified and its reverse reaction has been utilized to deposit SiC 
film with SiF4-CH4 plasma [19, 20]. The high affinity of HF on the surface originates from the high 
strength of Si-F (582 kJ/mol) and C-H bond (416 kJ/mol)) [19]. 

As mentioned, the Eads of the HF is calculated by Eq. 2 with Emolecule being the energy of a single 
HF molecule. However, the value of Eads is related to the chemical potential of each element or each 
composition in the practical system [21]. The Eq. 2 is very close to a system with a high HF chemical 
potential, such as a pure HF gas phase at high temperature. In the HF aqueous solution for PECE the 
HF chemical potential should be much lower. By setting the chemical potential of a single HF 
molecule as zero, the Esurf of the terminated crystal planes can be obtained at the lower HF chemical 
potential, as shown in Fig. 4c. With the decrease of HF chemical potential, the fully covered surfaces 
increase their Esurf and thus become less stable. Hence, in a diluent HF aqueous solution, some HF 
could be replaced with H2O molecule by considering that the surfaces also have high chemical affinity 
to H2O. 
 

(a) (c) 

(b) (d) 

(e) 

(f) 

Key Engineering Materials Vol. 1022 73



 
 

Table 2 The Eads values of HF and H2O and the Esurf of the completely terminated  
crystal planes. 

Crystal 
planes 

aEads [eV] bEads [meV/Å2] cEsurf [meV/Å2] 

HF H2O Comp. HF Comp. HF Comp. HF 

(101�0) −4.78 −4.36 −4.21 −267 −90 

(112�0) −3.65 −3.09 −3.78 −279 −106 

(213�0) −4.48 −3.45 −3.89 −282 −104 

(314�0) −4.70 −4.21 −3.93 −278 −98 

(325�0) −3.87 −3.12 −3.85 −282 −105 

Note: aEads means the Eads of each single molecule, bEads the Eads per unit area, and cEsurf the Esurf of 
the HF terminated crystal planes with respect to the chemical potential of a single HF molecule. The 
value of the last column is the intersection in Fig. 4c. 

 

 
Fig. 4 Atom configurations of a full-layer HF adsorption on the 4H-SiC (a) (101�0) and (b) (112�0), 
(c) the Esurf of the crystal planes with respect to HF chemical potential which is set the potential of a 
single HF molecule as zero. The slope is (1000 × n) / A, where n is the number of the adsorbed HF 
molecule and A is the surface area. 
 

Another significant point shown in Fig. 4c is that the stability order of the crystal planes can be 
changed by the HF adsorption. The stoichiometric 4H-SiC {101�0} is less stable than {112�0}, whereas 
in the range of HF chemical potential from −4.10 to −1.70 eV the 4H-SiC {101�0} becomes more 
stable. 
  

(a) 
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Summary and Outlook 

In this work, we simulate the terminations of five 4H-SiC non-polar surfaces, i.e. {101�0}, {112�0}, 
{213�0}, {314�0} and {325�0}, which can well represent the walls of the C-face etched pores 
penetrating in [0001] direction. The Esurf of the stoichiometric surfaces are calculated, with the 
sequence of {112�0} < {325�0} < {213�0} < {101�0} < {314�0}. Adsorption of a single HF or H2O 
molecule on the surfaces are also calculated, and the results demonstrate that all the surfaces are more 
affinitive to HF than H2O. Accordingly, we simulate the surfaces completely terminated with HF and 
obtain their relative stability with respect to the HF chemical potential. 

This preliminary research provides some insight into the surface chemistry of the 4H-SiC non-
polar surfaces among which the {213�0}, {314�0} and {325�0} have rarely been investigated. However, 
our simulation is somehow an idealistic case where these stoichiometric crystal planes are 
hypothesized to be created under an ultra-clean condition and then directly immersed into the HF 
aqueous solution. The practical surface terminations are expected to be more complicated and should 
be influenced by the etching mechanism, which is still under study whether the 4H-SiC is directly 
dissolved by HF or it is firstly oxidized into SiO2 by H2O and then dissolved HF. This research 
understanding of surface chemistry helps to reveal the etching mechanism. In the near future, the 
surface reaction of HF and H2O on these 4H-SiC crystal planes will be simulated.  
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