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Passivation effects of phosphorus on 4H-SiC (0001) Si dangling
bonds: A first-principles study∗
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The effect of phosphorus passivation on 4H-SiC(0001) silicon (Si) dangling bonds is investigated using ab initio
atomistic thermodynamic calculations. Phosphorus passivation commences with chemisorption of phosphorus atoms at
high-symmetry coordinated sites. To determine the most stable structure during the passivation process of phosphorus, a
surface phase diagram of phosphorus adsorption on SiC (0001) surface is constructed over a coverage range of 1/9–1 mono-
layer (ML). The calculated results indicate that the 1/3 ML configuration is most energetically favorable in a reasonable
environment. At this coverage, the total electron density of states demonstrates that phosphorus may effectively reduce the
interface state density near the conduction band by removing 4H-SiC (0001) Si dangling bonds. It provides an atomic level
insight into how phosphorus is able to reduce the near interface traps.
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1. Introduction
Silicon carbide (SiC) has a wide application in extremely

harsh environments. Besides, it is also a promising wide-
band-gap semiconductor material for fabrication of high-
temperature, high-frequency, and high-power metal–oxide–
semiconductor (MOS) devices due to its excellent physical
properties as well as native oxide (SiO2).[1–4] Among the com-
mercially available SiC polytypes, 4H-SiC is most attractive
for high-power electronic devices such as MOS field effect
transistors (MOSFETs) owing to its higher bulk electron mo-
bility and smaller anisotropy.[5,6] However, the high density
of interface traps (Dit) near the conduction band edge at the
SiO2/SiC (0001) interface gives rise to the low channel mo-
bility of 4H-SiC MOSFETs.[7–10] It is therefore important to
passivate the interface to improve the channel mobility of SiC
MOSFETs.

A large number of process methods have been tried to
reduce the defect density to an acceptable level. It has been
demonstrated experimentally that the interface state densi-
ties can be significantly reduced by annealing SiO2/SiC in-
terfaces with nitrogen (N).[11–21] Unfortunately, the obtained
Dit (∼ 2×1011 cm−2·eV−1) after nitridation treatment is still

too high for SiC MOS capacitors.[13] It is necessary to ex-
plore new passivation processes to achieve higher mobility for
4H-SiC MOSFETs. Okamoto et al. recently attempted to re-
duce the Dit by post-oxidation annealing in phosphoryl chlo-
ride (POCl3).[22–25] Their results showed that the Dit was ef-
fectively reduced by phosphorus (P) atoms and the peak field-
effect mobility of 4H-SiC MOSFETs could be increased to
89 cm2/V·s. Their subsequent studies suggested that the posi-
tive effects of P atoms might be attributed to the passivation of
NITs, in particular, the elimination of Si–Si bonds.[26] How-
ever, atomic scale understanding of phosphorus at the interface
has remained unclear.

Experiments have reported many kinds of defects exist at
the SiO2/SiC interface. The dangling bond defect, as a simple
interface defect, is also found at the SiO2/SiC interface,[27]

similar to the SiO2/Si interface.[28] Pennington and Ashman
recently used density functional theory (DFT) calculations to
investigate nitrogen passivation of 4H-SiC (0001) Si-face dan-
gling bonds.[19–21] That work showed that the Si dangling
bonds may create states below the conduction band edge and
the dangling bond defect states may be removed by nitrogen.
However, little is still known about the effects of phosphorus
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passivation on the dangling bonds. In this work, we study the
effect of phosphorus passivation 4H-SiC (0001) Si dangling
bonds by using the first-principles approach, in order to better
understand the removal mechanism of the defect states.

2. Computation methods
DFT calculation is performed using Cambridge serial to-

tal energy package (CASTEP) code. The generalized gradi-
ent approximation (GGA) function proposed by Perdew and
Wang (PW91)[29] and a plane-wave cutoff of 300 eV are em-
ployed after a full convergence test. The Vanderbilt ultrasoft
pseudopotentials[30] are used to describe the ion–electron in-
teraction. The equilibrium atomic positions are determined
when the maximum Hellmann–Feynman force and the change
of the total energy are below 0.03 eV/Å and 0.01 meV, re-
spectively. The optimized lattice constants are a = 3.078 Å
and c = 10.046 Å using a 9× 9× 2 Monkhorst–Pack grid,
agreeing well with the experimental values (a = 3.073 Å and
c = 10.053 Å).
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Fig. 1. (color online) (a) Side and (b) top views of 4H-SiC (0001) sur-
face and (c), (d) four adsorption sites on this surface. The on-top site
(OT) is located on the top of a surface Si atom, the bridge site (BR) is a
two-fold coordinated site between two surface Si atoms, the three-fold
hollow site (H3) is above a carbon of the third bilayer, and the four-fold
hollow site (T4) is above a carbon of the first bilayer. The orange, grey,
magenta, and cyan spheres denote silicon, carbon, phosphorus, and hy-
drogen atoms, respectively.

The 3× 3× 1 4H-SiC (0001) supercell consists of four
bilayers of SiC with a vacuum space of 10 Å in dimension.
The carbon dangling bonds at the bottom layer are terminated
by hydrogen atoms and the bottom three layers are fixed to
simulate the infinitely large bulk solid. A converged 3×3×1
Monkhorst–Pack k-point mesh[31] is used during the geometry
optimizations of various surface models. On the SiC (0001)
surface, P adatoms are initially placed on four high-symmetric
adsorption sites as shown in Fig. 1. The adsorption energy per

P adatom is calculated as follows:

EP
ads = (NP ·EP +Eslab−EP/slab)/NP, (1)

where NP is the number of P atoms adsorbed on the 4H-SiC
(0001) surface, and EP, Eslab, and EP/slab refer to the total en-
ergies of the isolated P atom, and the surfaces with and without
the P adatoms, respectively.

The stability of each structure is assessed by calculating
the Gibbs free energy of formation ∆Gform in the grand canon-
ical ensemble

∆Gform = EP/slab−Eslab−NPµP, (2)

where µP is the chemical potential of P atom. Combining
Eqs. (1) and (2), one can obtain

∆Gform =−NPEP
ads−NP∆µP, (3)

with ∆µP = µP−EP.

3. Results and discussion
We start our analysis by studying P atom adsorption on

the 4H-SiC (0001) surface. For a single P atom adsorption,
corresponding to 1/9 monolayer (ML) coverage in our super-
cell model, only the H3 and T4 binding configurations are sta-
ble. According to the calculated result, the H3 site is more
favorable since its adsorption energy is 0.19 eV higher than
that of the configuration with a P atom at the T4 site. For the
2/9 ML coverage surface, five possible stable configurations
are obtained after optimizing 37 initial structures. Unlike the
nitrogen adsorption on 4H-SiC,[18] the most energetically fa-
vorable configuration is the one with two P atoms at different
T4 sites rather than different H3 sites. It is interesting that
the most stable location for P atoms shifts from the H3 site to
T4 site. This might be attributed to the strong interaction be-
tween two P atoms which makes the P adatoms deviate from
the H3 sites. When three P atoms are deposited on the super-
cell of 4H-SiC surface (i.e., 1/3 ML coverage), these P atoms
still prefer separated T4 sites. It is also found that this cover-
age has a (

√
3×
√

3) R30◦ pattern. Above 4/9 ML coverage,
the P adatoms rearrange their bonding on the surface and form
P2 dimer or P3 ring. As the coverage reaches 1 ML, three P3
rings appear symmetrically on the SiC surface. In this config-
uration, each P3 ring is located at the T4 site with three P–P
bonds of about 2.215 Å.

The dependence of the adsorption energy per P atom on
the phosphorus coverage is illustrated in Fig. 2. The positive
adsorption energies suggest that the reactions between the P
atoms and the surface atoms are exothermic. For the 1/9 ML
configuration, the corresponding adsorption energy per P atom
is 2.68 eV. With the increase of the coverage, the adsorption
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energy reaches maximum at 1/3 ML coverage, and then signif-
icantly decreases from 2.79 eV at 1/3 ML to 1.80 eV at 2/3 ML
coverage. When the coverage exceeds 2/3 ML, the adsorption
energy becomes relatively stable.
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Fig. 2. The Gibbs free energy of formation as a function of phosphorus
coverage.
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Fig. 3. (color online) Adsorption energy per phosphorus adatom as a
function of phosphorus chemical potential.

To determine the stability of various P/slab configura-
tions, we plot the Gibbs free energy of formation as a func-
tion of phosphorus chemical potential using Eq. (3). This sur-
face diagram describes the most stable structure at different
chemical potentials related to a realistic gas environment. The
formation energy of bare SiC surface (∆Gform = 0) is marked
by the black horizontal line as a reference. When ∆µP <

−2.79 eV, the bare 4H-SiC (0001) surface is the most sta-
ble structure. As the phosphorus chemical potential increases
from −2.79 eV to −1.20 eV, the 1/3 ML configuration be-
comes most energetically favorable. When ∆µP > −1.20 eV,
the 1 ML configuration is stable. Considering the fact that
the P atom is difficult to diffuse into the SiC surface, only
the 1/3 ML configuration may be observed as a stable struc-
ture. That the 1/3 ML adsorption configuration is energetically
favorable may be simply explained as follows. On the 4H-
SiC surface, each surface Si atom has one unsaturated elec-
tron (i.e., a dangling bond). This gives rise to the surface
with threefold symmetry adsorption sites, which are consid-
ered more favorable than the others. One P atom with three

valence electrons and two lone-pair electrons is able to form a
covalent bond with each of the three surface Si atoms. Thus,
the surface dangling bonds could be fully saturated at 1/3 ML
coverage. This picture can be further confirmed by the analy-
sis of electron densities.

Figure 4 depicts the electron densities of the most stable
P/4H-SiC (0001) configurations, in which the green and the
blue parts represent the electron accumulation and depletion
regions, respectively. Clearly, electrons transfer from the sur-
face Si atoms to the P adatoms, which indicates the formation
of P–Si bonds. At the 1/3 ML coverage, three P atoms can
form nine P–Si bonds; thus the 4H-SiC (0001) surface can
be completely saturated through post-oxidation annealing in
POCl3.

Fig. 4. (color online) Different electron densities of the stable config-
urations for the coverages of (a) 1/9 ML, (b) 2/9 ML, (c) 1/3 ML, (d)
4/9 ML, (e) 5/9 ML, (f) 2/3 ML, (g) 7/9 ML, (h) 8/9 ML, (i) 1 ML. The
violet spheres denote phosphorus atoms.
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Fig. 5. (color online) Total densities of states for the clean surface and
surfaces with 1/9 ML, 1/3 ML, and 4/9 ML phosphorus coverages.

To further elucidate the phosphorus passivation effects on
the density of interface traps, we present the electron densities
of states (DOS) for the clean surface, 1/9 ML, 1/3 ML, and
4/9 ML coverage as shown in Fig. 5. For the clean surface, the
calculated DOS near the conduction band is high enough in the
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band gap, which agrees with the experimental observation.[14]

Comparing the DOS for different coverage, we find that the
DOS near the conduction band decreases with the coverage
increasing from 1/9 to 1/3 ML, and then increases again when
the coverage is higher than 1/3 ML. Here we are most inter-
ested in the 1/3 ML configuration since it is most energetically
favorable in a reasonable physical condition. At 1/3 ML, the
DOS inside the band gap is almost completely eliminated. In
other words, the P adatoms play an effective passivation role
for 4H-SiC (0001) Si dangling bonds.

4. Conclusion
We investigate adsorption behaviors of P atoms on 4H-

SiC (0001) and effects of P passivation on surface Si dangling
bonds by using density functional theory methods. The sur-
face diagram result indicates that the 1/3 ML configuration
is most energetically favorable (i.e., a reasonable phosphorus
concentration). At this coverage, the density of surface states
within the band gap of bare surface is found to be decreased.
It also shows that P passivation removes states from the con-
duction band gap. This is similar to the previous experimen-
tal observation[22,26] even though a complicated oxide during
P passivation is not theoretically considered. Therefore, the
physical mechanisms of P passivation of the bare SiC surface
may also play a role during P passivation of the SiO2/SiC inter-
face. The presence of P atoms at the SiO2/SiC interface region
can effectively eliminate Si dangling bonds and decrease the
interface state density.
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