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Origin of hydrogen passivation in 4H-SiC
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Carbon vacancy Vc is the dominant detrimental defect in SiC, and hydrogen passivation of V¢ is often used
to facilitate its application in electronic devices. However, the exact nature of hydrogen passivation of V¢ in
4H-SiC remains inconclusive in view of the available divergent experiment and theoretical findings. Here, using
the Heyd-Scuseria-Ernzerhof screened hybrid density functional calculations, we demonstrate that the V¢ defect
can capture up to four hydrogens, and the electrically active levels within the band gap can be entirely passivated,
in line with recent reported experimental observations. This paper, thus, casts light on the role of hydrogen

passivation in SiC.
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I. INTRODUCTION

Silicon carbide (SiC) is a wide-band-gap group-IV binary
semiconductor that has manifested its potential in applications
of high temperature, high power, high-frequency switching,
low loss, and harsh environment devices [1,2]. SiC crystallizes
in a wealth of polymorphs [3], among which 3C, 2H, 4H,
and 6H are the well-studied forms. Hexagonal 4H-SiC (with
space group P63mc) has been most adopted in actual power
devices, given its wide band gap (3.23 eV), high thermal
stability, high charge mobility, small anisotropy, as well as the
procurability of high-quality crystalline wafers [4-6]. There
are two nonequivalent lattice sites, quasihexagonal (h) and
quasicubic (k), for both Si and C atoms in 4H-SiC.

To improve the on-state performance of 4H-SiC power
devices, an adequate carrier lifetime is important. The Z;/,
[7] and EHg/; [8] intrinsic deep centers are observed to be
the dominant lifetime killers [9,10]. Most of the up-to-date
investigations have reached a consensus that the carbon va-
cancy (V) is the origin for the lifetime killers based on
careful correlation analysis among the deep level transient
spectroscopy (DLTS) and electron paramagnetic resonance
(EPR) measurements [7,8,11-13] in conjunction with the-
oretical calculations [14—17]. Carbon implantation [18,19],
thermal oxidation [20,21], and hydrogen passivation [22,23]
are the reported solutions to eliminate the recombination cen-
ters and improve the carrier lifetime in SiC. Hydrogen is
always an unintentional or intentional impurity in semicon-
ductors due to its natural incorporation during the growth
or annealing. It has been used as an element applied to the
passivation of defects in diverse materials such as InP [24],
GaAs [25], GaN [26], and diamond [27]. Authors of previous
theoretical studies on the role of hydrogen in SiC discov-
ered that a trapped hydrogen atom interacts and establishes
a three-center bond with two nearest-neighbor Si atoms of the
V¢ (Si-H-Si) [28,29]. The concept of a three-center bond is
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quite unusual and counterintuitive since hydrogen normally
forms two-center (H-cation or H-anion) bonds in conventional
covalent or ionic semiconductors. Indeed, this kind of overco-
ordinated hydrogen has been found only in a few materials
so far, including the inclination of the bond-center site for
interstitial H in diamond and silicon [30,31], the B-H-B bonds
in the diborane B,Hg molecule [32], and the fourfold (sixfold)
coordinated H substitution on the O site in ZnO (MgO) [33].

Considering the occurrence of the three-center bond of
H in SiC, a series of early theoretical works suggested that,
when two hydrogens are incorporated with the V¢ defect,
each H atom respectively binds with two Si neighbors, which
prohibits the further trapping of H atom and leads to an in-
complete passivation of V¢ in SiC [28,29]. However, recent
experimental measurements have suggested that the lifetime
killer Z;;, center can be totally passivated by hydrogen
[22,23]. To address this discrepancy, it is crucial to revisit the
nature of hydrogen passivation in SiC.

Note that the previous theoretical studies were based on
density functional theory in the local density approximation
(LDA), an approach which is well known to severely underes-
timate the band gaps of semiconductors and fails to accurately
predict the localized defect wave functions and defect binding
energy [34-36]. More sophisticated functionals beyond the
LDA, such as the HSEO06 screened hybrid density functional
[37], have been found capable of addressing some of the
issues of standard LDA and describing the structural and
electronic properties of numerous semiconductors more cor-
rectly [38]. As such, here, we carefully inspect the hydrogen
passivation effect of the V¢ defect in 4H-SiC by employing
the HSEO6 functional [37]. Unlike prior studies where at most
two hydrogens are considered, here, we consider the sequen-
tial interaction behavior of up to four H atoms. Moreover, the
ground state geometry for each hydrogen-vacancy (V¢ + nH)
complex is obtained by calculating and comparing the equi-
librium total energies of possible configurations. Along with
the successive H binding energy and the detailed evolution
of single-particle defect levels for all defect complexes under
neutral charge state, this paper shows that, in line with the

©2021 American Physical Society


https://orcid.org/0000-0003-1707-3444
https://orcid.org/0000-0003-1563-4738
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.5.064604&domain=pdf&date_stamp=2021-06-22
https://doi.org/10.1103/PhysRevMaterials.5.064604

CAL YANG, DENG, AND WEI

PHYSICAL REVIEW MATERIALS §, 064604 (2021)

recent experimental results, hydrogen can totally passivate
the electrically active states of V¢ located within the band
gap and, therefore, expands the known range of hydrogen
passivation behavior of trap centers in semiconductors.

II. COMPUTATIONAL METHODS

All the calculations were carried out using the projector-
augmented wave method and the HSEO06 hybrid density
functional as implemented in the VASP package [39]. We
used a cutoff energy of 520 eV for the plane-wave basis set
and a convergence criterion of 10 meV/A for the Hellman-
Feynman force on each atom. A I'-centered 8 x 8 x 2
Monkhorst-Pack k-point sampling of the Brillouin zone was
employed for the unit cell of 4H-SiC. The calculated equi-
librium lattice parameters for 4H-SiC were a = 3.071 A and
c = 10.051 A, in excellent agreement with the experimental
data of @ = 3.073 A and ¢ = 10.052 A [40]. Additionally, the
HSEOQ6 calculation with Hartree-Fock exchange parameter o
= (.25 produced a band gap of 3.17 eV compared with the
experimental value of 3.23 eV [41].

For defect calculations, we constructed a 4H-SiC supercell
of 128 atoms and employed a 2 x 2 x 2 Monkhorst-Pack
k-mesh for integrations over the Brillouin zone. Since 4H-SiC
contains two nonequivalent carbon sites, we studied the V¢
properties by removing one C atom at either k site or h site
from the 128-atom cell, respectively. The defect formation en-
ergy and transition energy levels were calculated following the
procedure described in the literature [36,42]. The hydrogen
atoms were added into the V¢ system by forming V¢ + nH
(n = 1—4) complexes. Of note is that all the defect systems
were optimized within HSE06 with adequate caution to get
the lowest energy configurations. Here, we consider only the
neutral charge state of each defect complex since our focus is
to study the hydrogen passivation effect of the V¢ defect in
4H-SiC. The spin-polarized calculations were carried out in
all the defect systems.

III. RESULTS AND DISCUSSION

Figure 1 depicts the calculated formation energies for
Vc(k) and Ve (h) defects in 4H-SiC as a function of the Fermi
level at a C-poor condition. The range of the Fermi level is
from the valence band maximum (VBM) to the conduction
band minimum (CBM), i.e., from 0 to 3.16 eV in our calcu-
lation. Under a C-poor condition, the formation energies are
4.29 eV for neutral Vc(k) and 4.42 eV for neutral Vc(h),
while they are 4.89 and 5.03 eV at a C-rich condition, re-
spectively, which falls in line with the reported experimental
measurement of 4.8-5.0 eV [43,44].

For V¢ in the negative charge state, the negative-U be-
havior is found at both k and h sites. The (0/-2) transition
energy levels are 0.61 and 0.70 eV below the CBM for V¢ (k)
and Vc(h), respectively, with the (0/-) levels lying above
(0/-2) by 0.24 eV for V¢(k) and 0.11 eV for Vc(h). These
obtained acceptor levels are in agreement with the reported
EPR and DLTS data [11-13], where the (0/-2) level of V¢ is
correlated with the ~0.56-0.71 eV level below CBM of Z; ;
center, and the (0/-) levels of Vc(k) and V(h) identified as
the Z; (~0.45 eV) and Z, (~0.52 eV) states, respectively.
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FIG. 1. Formation energies as a function of Fermi level for car-
bon vacancy at both h-site Vc(h) and k-site V¢(k) in 4H-SiC under
C-poor condition. The zero of the Fermi level is at the valence band
maximum (VBM) of 4H-SiC. The slope of the formation energy
segment gives the defect charge state and the Fermi level at which
the slope changes denote the transition energy level £(g/q’).

Additionally, our calculated level separation between (0/-)
and (0/-2) for Vc(k) is larger than that for V¢ (h), which
is consistent with the experimental observations [11,13]. As
shown in Fig. 1, the donor levels of V¢ are found to be at
0.95-1.02 eV below the CBM. Although there is difference
between these values and the DLTS measurements of EHg/7
state at ~1.40-1.50 eV below the CBM [11,13], resulting
probably from the finite supercell size used in our calculation,
the hydrogen passivation behavior of V¢ in 4H-SiC presented
below is not affected. Additionally, the discrepancy between
our results and previous theoretical findings [14—16] on defect
levels of V¢ in 4H-SiC may be ascribed to the difference in the
supercell size, spin-polarization, and optimization procedures.
Due to the analogous defect characters between V¢(k) and
Vc(h), we only selected the Vc(k) as the representative for
the following discussions on V¢ + nH complex. Thus, if not
otherwise specified, V¢ refers to V¢ (k) hereafter.

The relaxed local structure of neutral defect state for single
V¢ is displayed in Fig. 2(a), where the four nearest-neighbor
Si atoms are labeled. Sil locates on the axial direction [0001],
whereas Si2, Si3, and Si4 are the other three atoms within
the basal plane. As expected, the four dangling bonds on
these Si atoms introduce electrical levels in the band gap, as
illustrated in Fig. 3(a). Note that the apparent low-spin state
of the charge-neutral V¢ defect is in line with the previous
observation for the V¢ ground state [16,17]. The defect center
has a total of 0+ 4 = 4 electrons, two of which occupied
the lowest lying a; s state, and the remaining two electrons
occupy the level in the gap, leaving two empty states close to
the CBM.

We now carefully inspect the interaction behavior between
Vc and H atoms. Prior theoretical studies have shown that a
hydrogen interstitial establishes a three-center bond with two
neighboring Si atoms (Si-H-Si) rather than bonds with only
one Si (Si-H) [28,29]. Indeed, this bonding character is also
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FIG. 2. The stable atomic configuration for neutral defect sys-
tems of (a) V¢, (b) Vc + 1H, (¢) Ve + 2H, (d) Vc + 3H, (e) Vc +
4H, and (f) V¢ 4 20 in 4H-SiC. The blue-colored ball is for Si,
the brown one is for C, the magenta one is for H, the orange one
is for O, and the four Si neighbors of V¢ are emphasized in green
for convenience. The calculated isosurface plots the charge density
difference for H and O incorporation in 4H-SiC (0.0le/Bohr?).
The electron charge accumulation is shown in gray areas,
whereas the electron depletion is not being displayed for viewing
convenience.

observed in this paper [see Fig. 2(b)]. The resulting charge
density difference plot apparently exhibits the connecting iso-
surface in the three-center bond, which reveals the electron
sharing of the Si-H-Si pair in the V¢ + H system. This can
be ascribed to that the distance between two Si neighbors
of Ve in 4H-SiC (~3.07 A) is approximately twice that of
the normal Si-H bond length (~1.5 Ain SiH,). With careful
geometry optimizations within HSE06, as shown in Supple-
mental Material Fig. S1 [45], the defect structure with the
Sil-H-Si2 pair is found to be more stable than that with the
Si3-H-Si4 pair by 25.3 meV. When a second H atom is cap-
tured by the V¢, there should be three symmetry-inequivalent
configurations for the V¢ 4+ 2H complex. It is intuitively ex-
pected that the structure with the second H binding to the
remaining two neighboring Si atoms of V¢ (see Supplemental
Material Fig. S2(c) [45]) should be the most stable one. How-
ever, this structure turns out to be metastable and, as illustrated
in Fig. 2(c), the structure with Sil bonded with both H atoms
turns out to be the ground state with minimum energy.
Turning now to the V¢ + 3H complex, similarly, three con-
figurations are considered based on the symmetry arguments.
Each fully relaxed atomic geometry and the corresponding
energy with respect to the lowest energy one is given in
Supplemental Material Fig. S3 [45]. In analogy with the
case of the V¢ + 2H cluster, all the three hydrogen atoms
energetically prefer to connect with one neighbor Si atom
(Sil), as displayed in Fig. 2(d). This bonding behavior poses
the question: What is the charge state on Sil? By Bader
charge analysis [46], we find that the three electrons dis-
tribute equally among the four Si atoms close to the V¢
defect. That is, the atomic charge of each Si neighbor is
~+3.75. Next, we examine the V¢ + 4H complex in 4H-SiC.
The calculations obtained at a unique stable configuration
shown in Fig. 2(e), where two kinds of H bonding characters
coexist: One H solely attaches to one Si neighbor and forms
the normal two-center bond (Si-H), whereas the other three
hydrogens respectively establish a three-center bond with the
other three Si atoms around the V¢ defect. Note that, here, we

TABLEI. The successive H binding energy of V¢ + nH complex
in 4H-SiC.

Defect pair Ve + 1H V¢ +2H Vc + 3H Vc +4H

Ey(eV) —0.368 —0.422 —0.289 —0.891

compared two structures (see Supplemental Material Fig. S4
[45]) considering the symmetry and found only a small energy
difference of 15.2 meV between them.

To evaluate the capabilities for energetic capture of the
nth hydrogen atom in the system, we calculated the binding
energy Ep(Vc + nH) (n = 1—4) by using the following defi-
nition:

E(Hy)

Ey,(Vc+nH) =E(Vc +nH)— E[Vc+ (n — 1H] - B

ey
where E(V¢ + nH) and E[V¢ + (n—1)H] are the total en-
ergies of the supercell with (V¢ 4+ nH) and [Vc + (n—1)H]
complexes, respectively. Here, E(H,) stands for the energy
of the H, molecule. With such a definition, E;, (V¢ + nH) <
0 indicates that introducing the nth hydrogen atom into
the system is energetically favorable. In other words, the
E,(Vc + nH) < 0 manifests that it is feasible to add another
hydrogen atom into the [V¢ + (n—1)H] system. Table I lists
the successive H binding energy of V¢ + nH complex in 4H-
SiC. One can see that all the binding energies are negative,
which reveal that the nth (n = 1—4) hydrogen atom can be
added to the system. It is worth noting that our results sug-
gest that capturing three or four hydrogens is energetically
feasible, which contradicts a previous theoretical prediction
using the LDA that the V¢ can at most accommodate two
H atoms owing to the existence of overcoordinated hydrogen
[28,29]. Interestingly, the binding energy of adding the fourth
hydrogen atom is more negative than the others. This suggests
that, after all four Si are equally passivated by three H with
a high-symmetry configuration, the addition of another H
prefers to arrive at the same high-symmetry configuration with
different two-center and three-center bonds.

Generally, effective defect passivation implies both chem-
ical and electrical passivation, namely, the saturation of the
dangling bonds together with the elimination of the electri-
cally active levels within the band gap. To provide a clear
picture of the hydrogen passivation process and capabilities,
as depicted in Fig. 3(b)-3(e), we plot the evolution of the
single-particle defect levels for V¢ 4+ nH complexes in the
neutral charge state in 4H-SiC. When the V¢ defect seizes one
H, one of the empty levels becomes occupied, as expected. As
a second hydrogen is incorporated and the V¢ + 2H is formed,
despite that the occupied gap levels are overall shifted down
compared with those of single V¢, two empty states remain
basically unaffected inside the band gap, thereby making the
complex a donor center, in accordance with the earlier study.
Similarly, the V¢ 4 3H complex is still electrically active with
single-particle defect levels occurring inside the band gap. In
the case of the V¢ + 4H system, all the Si dangling bonds
resulting from the V¢ defect are completely saturated with
the incorporation of four H atoms and the occupied defect
levels all moved down and transformed into band edge states
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FIG. 3. The single-particle defect levels for V¢, Ve +nH (n =1 —4) and V¢ + 20 defects in 4H-SiC in the neutral charge state. The
upward and downward arrows stand for the up- and down-spin states of the occupied electron, respectively, while the unoccupied hole state is

depicted by open dot.

lying in the vicinity of the VBM of host 4H-SiC. In short, our
calculations demonstrate that the V¢ defect in 4H-SiC can be
effectively passivated by hydrogen.

As noted in the Introduction section, dry oxidation is also
a method to passivate the lifetime-killer defect Z;/, center in
SiC. Although it is now a general consensus that the mech-
anism of the thermal oxidation is based on the interstitial
diffusion model [20,47], i.e., the oxidizing surface induces
and injects carbon interstitials into the SiC bulk interior, lead-
ing to the V¢ annihilation, we would like to point out that O
can also passivate V¢ in the 4H-SiC bulk. As shown in Supple-
mental Material Fig. S5 [45], an oxygen atom can bind to two
of the Si atoms in the vicinity of the V¢ defect, forming the
three-center V¢ + 10 complex with analogous geometry to
V¢ + 1H. It is interesting to point out that our defect structure
search also finds a unique metastable V¢ + 10 configuration
with the O atom sitting in the V¢ site and an energy ~0.44
eV higher than the stable configurations. As a second O is
captured by the V¢ defect, the oxygen atom interacts with the
remaining two Si neighbors by forming another Si-O-Si unit
[see Fig. 2(f)]. The different binding characters between H
and O incorporating with V¢ in 4H-SiC can be attributed to
the larger atomic radius of the O atom than the H atom and
the preferred —2 valence for O. Inspecting the single-particle
defect levels of V¢ + 20 cluster in 4H-SiC, we find it is also
an electrically inactive defect complex like V¢ + 4H.

IV. CONCLUSIONS

In conclusion, we systematically studied the interaction of
hydrogens with a V¢ defect in 4H-SiC by performing first-

principles HSEO6 hybrid functional calculations. Our results
reveal that hydrogen prefers to form high-symmetry three-
center and two-center defect complexes and to passivate all
the electrically active levels of V¢ within the band gap in
4H-SiC by forming the V¢ + 4H complex, which is consistent
with the recent experimental measurements [22]. Addition-
ally, the V¢ + 20 complex is also found to be electrically
inactive in 4H-SiC. This paper, therefore, provides a more in-
tegrated understanding on the passivation behavior of defects
in SiC.
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