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1  Introduction

In recent years, the need for the development of alterna-
tive energy solutions has issued an increasing interest in the 
investigation of new materials for devices such as solar and 
fuel cells. One of the most attractive alternatives to enhance 
the performance of solar cells is the use of nanomaterials, 
specially the nanoporous materials, which can be used as 
a backside reflector, or for an overall better performance 
[1, 2]; furthermore, one of the main concerns of the renew-
able energy sources is the performance of storage devices 
such as batteries and super capacitors, which can also be 
improved using porous materials  as electrodes [3, 4]. On 
the other hand, silicon carbide (SiC) is a binary compound, 
which has been identified as an alternative semiconductor 
material for power electronics, because the SiC exhibits 
some excellent chemical and physical properties, such as 
their high strength and hardness, low expansion coefficient, 
chemical and thermal stability at elevated temperatures, 
good thermal shock resistance and thermal conductivity, 
high resistance to corrosion, high Young’s modulus, abil-
ity to withstand high temperatures and mechanical stresses 
and wide band gap [5]. In particular, the β-SiC polytype 
can be synthesized in a variety of nanostructures, such as 
nanoporous, which is especially interesting since this kind 
of nanostructure provides a large highly reactive internal 
surface area, leading to its potential application as a fast-
response hydrogen-sensing material [6], which would 
be fundamental for applications where the H is used as 
an alternative to fossil fuels. For these applications, it is 
essential to understand the effects of surface modifications 
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on the electronic band structure of porous silicon carbide 
(pSiC). Other interesting applications of pSiC can be found 
in the biotechnology field, where pSiC could be used as a 
membrane in implantable biosensors because it exhibits 
less protein adhesion than porous silicon [7]. Additionally, 
pSiC exhibits highly efficient blue-to-violet photolumines-
cence at room temperature [8], which makes it suitable for 
optoelectronic applications.

Motivated by recent theoretical studies and experimental 
developments on the synthesis and characterization of pSiC 
[9], we have carried out a study of the effects of different 
passivation agents on the structure and electronic proper-
ties by means of density functional theory (DFT) using the 
generalized gradient approximation (GGA), based on the 
pseudopotential plane-wave approach with the supercell 
technique.

The changes of the pSiC electronic states using different 
surface passivation agents, such as hydrogen (H), fluoride 
(F), and chloride (Cl), were analyzed.

The results demonstrate that the electronic properties 
of pSiC are greatly influenced by the surface passivation 
of the porous structure. The changes of the band gap that 
arise due to surface pore chemistries lead to the possibility 
of band gap engineering.

2 � Model and calculation scheme

The nanopores were modeled using the supercell scheme 
[10, 11], by removing columns of atoms of Si and C in the 
[001] direction of an otherwise perfect 3C-SiC crystal. To 
this end, a 32-atom supercell with lattice parameters of 
A =  B =  8.6 Å and C =  4.3 Å was chosen. Due to the 

binary nature of SiC, there are multiple surface configu-
rations that the porous structures could give rise. In this 
work, we focus on a pSiC surface composed exclusively 
composed of Si atoms (Si phase) at the surface, as shown 
in Fig.  1. This configuration was chosen to evaluate the 
viability of this kind of surface since the majority of the 
experimental evidence suggests that the surface of pSiC is 
mainly composed of a C-rich phase [12]. This approach to 
the supercell was chosen due to current limitations of a typ-
ical DFT calculation, which becomes too computationally 
expensive with a large number of atoms, to model a porous 
structure with more semblance to experimental results. A 
large supercell has to be constructed to achieve various 
porous configurations and morphologies; thus, the model 
is limited to a highly periodical and ordered one, which 
would be hard to achieve experimentally, since the majority 
of the porous materials have irregular pore morphologies 
and distributions [13, 14] with multiple surface configura-
tions. However, it is worth studying the proposed Si phase 
as a limit case of a Si enriched surface, which would cause 
diverse modifications to the electronic structure of these 
porous materials; besides, this approach has two advan-
tages: it is simple and emphasizes the interconnection fea-
ture of the system, in contrast to the quantum wire model 
[15]. This pore morphology was achieved by removing 13 
atoms from the supercell as illustrated in Fig. 1.

All surface dangling bonds were passivated with H 
atoms. To study the effects of different chemical passiva-
tion agents on the electronic and structural properties of 
pSiC, four H atoms were replaced with four F (H +  F) 
and Cl (H + Cl) atoms. In order to evaluate the most prob-
able sites for this atoms to bond to the pSiC surface, two 
positions were chosen for the inclusion of the four F or Cl 

Fig. 1   Top view of a 32-atom 
supercell 3C-SiC bulk crystal 
(dotted line), b full H passivated 
Si-rich porous SiC
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atoms; one at the center of the pore walls and the second on 
the corners of the pores, with the main difference being the 
distance and position of the neighboring H atoms.

The electronic band structure and density of states 
(DOS) of pSiC were calculated using the first-principles 
density functional theory scheme based on a generalized 
gradient approximation with a revised version of the Per-
dew–Burke–Ernzerhof (RPBE) [16] exchange–correla-
tion functional and norm-conserving pseudopotentials [17] 
as implemented in the CASTEP code [18]. All structures 
were optimized using the BFGS scheme [19] to obtain their 
minimum energy configuration, the cutoff energy used was 
850 eV, and finally a highly converged set of k points was 
employed, with grids up to 3 × 3 × 5 in size, according to 
the Monkhorst–Pack scheme [20].

3 � Results and discussion

In Fig. 2, the electronic band structures of pSiC with dif-
ferent chemical passivation schemes, full H, and partially 
fluorinated (H +  F) and chlorinated (H + Cl) saturations 
(Fig.  2a–c, respectively) are shown. It can be seen that 
each of the cases features a direct band gap, which would 
enhance the optical activity on this structures. The full H 
case has a lower band gap energy compared to that of the 
H +  F and H +  Cl passivation. Also, it can be observed 
that the H +  F and H +  Cl cases exhibit a similar band 
gap energy and behavior such as a trap-like state near the 

conduction band minimum. The increased band gap energy 
of the H +  F and H +  Cl cases compared to the full H 
could be attributed to the charge transfer that occurs on 
the surfaces of the structures due to the presence of the F 
and Cl atoms, respectively (especially by Si–F and Si–Cl 
bonds [21, 22]), which in turn enhances the charge trans-
fer between Si and C, thus creating a greater band gap. It 
is worth noting that especially the H + Cl case has semi-
flat states around the maximum valence band energy, which 
may be due to highly localized orbitals around the Cl and 
H atoms.

To further analyze the electronic structures of the pSiC, 
we calculated their atom-resolved electronic density of 
states (DOS). The results are shown in Fig. 3. In this figure, 
the top panel (Fig. 3a) shows the DOS for the H + F case. 
The low panel (Fig.  3b) represents the DOS for H +  Cl 
case. It is clear that the valence band states in the H + F 
pSiC are dominated by contributions from the C atoms, 
while the principal contributor to the conduction band states 
is Si. This behavior suggests that a donor–acceptor system 
is operating in the structure, where Si is the electron donor 
and C is the acceptor of the electrons that fill most of the 
electronic states of the C atoms in the valence band, thus 
suggesting a highly ionic bond nature. Different behaviors 
are observed for the H + Cl case, in which the main con-
tributors to the valence band are C and Cl atoms and, to a 
lesser degree, the H atoms. Thus, the donor–acceptor sys-
tem of the H + F is different from that of the H + Cl pSiC. 
This difference can be explained since the chloride is more 
polarizable than fluorine. The bonds of Si–Cl involve con-
siderable covalency–ionicity fluctuations [23]. This may be 
due to steric effects and the high electronegativity of the Cl 

Fig. 2   Electronic band structure of the Si-phase pSiC with a full H, b 
H + F and c H + Cl passivation at the surface. The respective atomic 
structure models are shown in the top panel

Fig. 3   Atom-resolved densities of states (DOS) for a H +  F and b 
H + Cl passivated pSiC. The orange, blue, red, black and green lines 
represent the DOS of Si, F, H, C and Cl atoms, respectively
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atoms, which strongly attract electrons, thus reducing the 
electronic charge that C can attract from Si.

Figure  4a, b shows the highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) isosurfaces of the H +  F and H +  Cl. For the 
H + F (Fig. 4a), the HOMO is principally located on a C 
atom and around of the Si–F and Si–H bonds. The LUMO 
is located primarily around Si atoms, near to the C atoms 
and around to the F atoms. For the H + Cl (Fig. 4b) case, 
a similar behavior is observed, where the HOMO orbital is 
principally located on a C atoms and around of the Si–Cl 
and Si–H bonds. The LUMO is located primarily around 
Si atoms, near to the C atoms and around to the Cl atoms. 
Both observations are consistent with the information 
obtained from the DOS analysis in the previous section. It 
can also be seen that the trap-like state observed in the elec-
tronic band structure arises from highly localized orbitals 
around the F and Cl.

Finally, with the previous analysis the general effects of 
F and Cl have been studied. However, due to the complex-
ity of the pore surface some interesting effects arise in the 
pore corners, which modify the structure and electronic 
properties of pSiC. We compared the electronic band struc-
ture of the H + F and H + Cl in the corners and wall posi-
tions schemes.

In Fig.  5a for H +  F corners case, the highest energy 
valence band has a wide dispersion, especially at k =  R 
(0.5b1, 0.5b2, 0.5b3, where bx are the reciprocal lattice vec-
tors of the supercell), which could be caused by the mul-
tiple effects that arose in the geometry optimization, such 
as the formation of H2 molecules and a surface reconstruc-
tion of the Si groups in the pore walls, creating H–Si–Si–H 
bonds. Compared to Fig. 5a, the passivation with F in the 

Fig. 4   HOMO and LUMO of the a H + F and b H + ClpSiC sur-
faces with 40.6 % porosity are depicted. The blue (lower panels) and 
green (higher panels) isosurfaces represent the HOMO and LUMO 
orbitals, respectively, with an isovalue of 0.6 for the HOMO surface 
and 0.18 for the LUMO

Fig. 5   Electronic band struc-
ture of the Si-phase pSiC with 
a H + F corners case, b H + F 
centers case, c H + Cl corners 
case and d H + Cl wall case 
passivation at the surface. The 
respective atomic structure 
models are shown in the top 
panel
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pore walls presents a large band gap energy, which could 
be attributed to the absence of the surface reconstruc-
tion and dangling bonds, which are present in the corner 

passivation, and this particular behavior could be caused 
by steric effects due to the proximity of H and the limited 
space in the pore corners.

Table 1   Mulliken charge of 
each atom of pSiC

H + F passivated  
(WALL)

H + F passivated  
(CORNER)

H + Cl passivated  
(WALL)

H + Cl passivated 
(CORNER)

Atom Charge (e) Atom Charge (e) Atom Charge (e) Atom Charge (e)

H1 −0.22 H1 – H1 −0.2 H1 –

H2 −0.11 H2 −0.05 H2 −0.25 H2 0.03

H3 −0.36 H3 −0.11 H3 −0.32 H3 −0.1

H4 – H4 −0.11 H4 – H4 −0.1

H5 −0.29 H5 −0.05 H5 −0.25 H5 0.03

H6 −0.22 H6 – H6 −0.2 H6 –

H7 −0.11 H7 −0.05 H7 −0.15 H7 0.03

H8 −0.36 H8 −0.11 H8 −0.32 H8 −0.1

H9 – H9 −0.11 H9 – H9 −0.1

H10 −0.29 H10 −0.05 H10 −0.25 H10 0.03

H11 −0.22 H11 – H11 −0.2 H11 –

H12 −0.11 H12 −0.05 H12 −0.15 H12 0.03

H13 −0.36 H13 −0.11 H13 −0.32 H13 −0.1

H14 – H14 −0.11 H14 – H14 −0.1

H15 −0.29 H15 −0.05 H15 −0.15 H15 0.03

H16 −0.22 H16 – H16 −0.2 H16 –

H17 −0.11 H17 −0.05 H17 −0.15 H17 0.03

H18 −0.36 H18 −0.11 H18 −0.32 H18 −0.1

H19 – H19 −0.11 H19 – H19 −0.1

H20 −0.29 H20 −0.05 H20 −0.25 H20 0.03

C1 −1.1 C1 −1.09 C1 −1.06 C1 −1.18

C2 −1.14 C2 −1.25 C2 −1.1 C2 −1.13

C3 −1.25 C3 −1.32 C3 −1.17 C3 −1.2

C4 −1.14 C4 −1.25 C4 −1.1 C4 −1.13

C5 −1.14 C5 −1.25 C5 −1.1 C5 −1.13

C6 −1.25 C6 −1.32 C6 −1.17 C6 −1.2

C7 −1.14 C7 −1.25 C7 −1.1 C7 −1.13

F1 −0.63 F1 −0.62 Si1 1.04 Si1 1.07

F2 −0.63 F2 −0.62 Si2 1.07 Si2 0.78

F3 −0.63 F3 −0.62 Si3 1.13 Si3 0.78

F4 −0.63 F4 −0.62 Si4 1.04 Si4 1.07

Si1 1.08 Si1 1.5 Si5 1.07 Si5 0.78

Si2 1.04 Si2 0.82 Si6 1.13 Si6 0.78

Si3 1.53 Si3 0.82 Si7 1.04 Si7 1.07

Si4 1.08 Si4 1.5 Si8 1.07 Si8 0.78

Si5 1.04 Si5 0.82 Si9 1.13 Si9 0.78

Si6 1.53 Si6 0.82 Si10 1.04 Si10 1.07

Si7 1.08 Si7 1.5 Si11 1.07 Si11 0.78

Si8 1.04 Si8 0.82 Si12 1.13 Si12 0.78

Si9 1.53 Si9 0.82 Cl1 −0.36 Cl1 −0.46

Si10 1.08 Si10 1.5 Cl2 −0.36 Cl2 −0.46

Si11 1.04 Si11 0.82 Cl3 −0.36 Cl3 −0.46

Si12 1.53 Si12 0.82 Cl4 −0.36 Cl4 −0.46
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Furthermore, in Fig.  5c the band structure of H +  Cl 
corner case shows an accentuated crossing of the Fermi 
energy compared to Fig. 5a, which can be explained by the 
results of the geometry optimization, where besides the H 
molecules the Cl atoms are unbounded from the pore sur-
face and concentrate on the pore cavity, and this could be 
explained by the interaction of the Si–Cl generating an 
inductive effect, distributing a larger positive charge on the 
Si initially bonded to the Cl and thus favoring the polariza-
tion of the Si–Cl bond and its subsequent departure. This 
effect produced trap-likes states near the conduction band 
minimum and the valence band maximum. Cl atoms in the 
structure are polarized and gain a partial negative charge 
(as a result of the Si–H bonds), so that in this region a 
charge repulsion remains, and the steric effects result in the 
expulsion of all Cl atoms to the pore center positions [24].

Figure 5d shows the case of H + Cl passivation located 
in the pore walls, where the chemical environment is the 
most favorable, and since there are no steric repulsions 
effects involving the Si–Cl bond, the Si atoms gain all the 
positive charge, and the Si bonded to Cl acquires slightly 
more positive charge since the Si–Cl single bond can be 
described as having certain ionic character (Si  +  Cl−) 
that corresponds to the difference in electronegativity 
between Si and Cl. A Si–Cl bond distance of 2.01 Å has 
been reported for several molecules, whereas we calculated 
2.096 Å. The bond length appears to depend on the differ-
ence between the electronegativities of the bonded atoms; 
the bond is shorter if the difference is large, as is the case 
for the walled Si–Cl [25]; however, this distance could be 
affected by steric effects as seen in Fig. 5c. The highly elec-
tronegative Cl generates a high polarity in the Si–Cl bond.

To verify this observation, calculations of the Mulliken 
charges of each atom were carried out, due to the large 
quantity of data, and the results can be seen in Table  1, 
and the guides to the atom labeling are seen in Figs. 1 and 
4. In all cases, the Si atoms always maintains a positive 
charge, and in H + F and H + Cl wall cases, the Si3, Si6, 
Si9 and Si12 atoms have the highest positive charge +1.53 
and +1.13e, respectively. The larger positive charge in the 
H + F case may be due to the nature of the passivating ele-
ment, because the F is more electronegative than Cl [26].

Analyzing the structures where the surface was pas-
sivated at the corners comparing the atoms with either F 
or Cl bonded, the Si atoms (Si1, Si4, Si7 and Si10) in the 
H  +  F passivated pore, the charge increased by +0.03e 
compared with Si atoms (Si3, Si6, Si9 and Si12) of the 
H + F wall case structure. The difference may be that in 
the corner model each Si atom is surrounded by three C 
atoms causing a decrease in charge of Si by an inductive 
effect of these three C attached to Si [27]. The results of the 
Mulliken charge analysis sustain the observations made at 

the surface optimization results. The results show that the 
Si-rich surface could be stable depending on the passiva-
tion agent in its surface.

4 � Conclusions

In summary, the electronic properties of porous silicon car-
bide with a Si-rich surface were studied using the density 
functional theory scheme. Results show that the electronic 
properties are highly dependent of the surface passivation 
of the structure, having the F and Cl lower energy band gap 
due to trap-like states induced by the high electronegativity 
of F and Cl which limits the charge transfer between Si and 
C. Also, it could be observed that the environment around 
Cl and F could dramatically change the properties of the 
structure since, when in a proximity of various H atoms, 
the F and specially Cl become repelled from the structure 
inducing a surface reconstruction and metallic states within 
the electronic band structure. These results could be useful 
to determine the most probable locations for other species 
other than H in the pore surface, and also the orbital analy-
sis suggests that the wall bonds are stable.
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