CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Atomic and electronic structures of p-type dopants in 4H-SiC

Lingyan Lu(/5¥3E), Han Zhang(7Ki%), Xiaowei Wu(5B24E), Jing Shi(f7 &), and Yi-Yang Sun(f)VE FH)
Citation:Chin. Phys. B, 2021, 30 (9): 096806. DOI: 10.1088/1674-1056/acle2?2
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Adsorption and rotational barrier for a single azobenzene molecule on Au(111) surface

Dong Hao(#fi %), Xianggian Tang()F A Fj), Wenyu Wang(F 3L 5F), Yang An(Z17), Yueyi Wang(TF15i%%), Xinyan
Shan(¥.i %), and Xinghua Lu(fdi 24 #E)
Chin. Phys. B, 2021, 30 (9): 096805. DOI: 10.1088/1674-1056/ac11d9

NBN-doped nanographene embedded with five- and seven-membered rings on Au(111)

surface

Huan Yang(#%X), Yun Cao( =), Yixuan Gao(/= &), Yubin Fu(ff4E#), Li Huang(¥37), Junzhi Liu(XI1{RR),
Xinliang Feng({%#i+%), Shixuan Du(#L: 1), and Hong-Jun Gao(/= %))
Chin. Phys. B, 2021, 30 (5): 056802.  DOI: 10.1088/1674-1056/abeede

Super-strong interactions between multivalent anions and graphene

Xing Liu(X| &) and Guosheng Shi(£7 [E7})
Chin. Phys. B, 2021, 30 (4): 046801.  DOI: 10.1088/1674-1056/abd396

First-principles study of high performance lithium/sodium storage of Ti,C,T, nanosheets

as electrode materials

Li-Na Bai( 1IN #F), Ling-Ying Kong(fL 4 %), Jing Wen(Iif#), Ning Ma(£} %), Hong Gao(i=14L), Xi-Tian Zhang(ik =
Hl)
Chin. Phys. B, 2020, 29 (1): 016802.  DOI: 10.1088/1674-1056/ab592e

Interface effect on structural and electronic properties of graphdiyne adsorbed on

SiO, and h-BN substrates: A first-principles study

Dong Bao-Juan, Yang Teng, Wang Ji-Zhang, Zhang Zhi-Dong
Chin. Phys. B, 2015, 24 (9): 096806. DOI: 10.1088/1674-1056/24/9/096806


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac1e22
https://doi.org/10.1088/1674-1056/ac1e22
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac11d9
https://doi.org/10.1088/1674-1056/ac11d9
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abeede
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abeede
https://doi.org/10.1088/1674-1056/abeede
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abd396
https://doi.org/10.1088/1674-1056/abd396
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab592e
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab592e
https://doi.org/10.1088/1674-1056/ab592e
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/24/9/096806
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/24/9/096806
https://doi.org/10.1088/1674-1056/24/9/096806

Chin. Phys. B Vol. 30, No. 9 (2021) 096806

Atomic and electronic structures of p-type dopants in 4H-SiC

Lingyan Lu(/“ #3#)!"", Han Zhang(3ki#)>", Xiaowei Wu(RBe4E)?, Jing Shi(f1ds)"#, and Yi-Yang Sun(f)EFH)>*

1 Department of Physics, Jiangxi Normal University, Nanchang 330022, China

2State Key Laboratory of High Performance Ceramics and Superfine Microstructure, Shanghai Institute of Ceramics,
Chinese Academy of Sciences, Shanghai 201899, China

(Received 7 July 2021; revised manuscript received 26 July 2021; accepted manuscript online 17 August 2021)

Using hybrid density functional calculation, we study the atomic and electronic structures of p-type dopants, B, Al
and Ga, in 4H-SiC. For B, depending on the growth condition, it can occupy both Si and C sites. In contrast, Al and Ga
on the C sites exhibit too high formation energy to exist in a significant amount. In 4H-SiC, there exist two types of Si
sites in wurtzite-like and zincblende-like local coordination, respectively. Our calculations suggest that the dopant atoms
have negligible preference occupying the two sites. In neutral charge state, all the dopants exhibit significant distortions
from the structure in the negatively charged state. For most cases, our calculations yield three distorted structures, in which
the most stable one has the dopant atom displaced along its bond with one of the surrounding equatorial Si or C atoms,
lowering the C3, symmetry to Cs symmetry (i.e., a mirror symmetry only). Among the three dopant elements, Al on Si
sites exhibits overall the lowest formation energy and the shallowest acceptor level. Nevertheless, it is not a hydrogenic
dopant with the acceptor level 0.12 eV above the valence band maximum based on calculation using a 400-atom supercell.
Its corresponding defect state exhibits apparent localization along the [0001] direction, but it is relatively delocalized in the

(0001) plane.

Keywords: wide band gap semiconductors, p-type doping, SiC, density functional theory

PACS: 68.55.Ln, 71.15.Mb

1. Introduction

Power electronic devices have found more and more ap-
plications in our everyday life, including fast-chargers for mo-
bile electronic devices, inverters for electricity generation by
solar and wind energy, electric cars and trains, just to name a
few. Silicon-based devices are becoming more and more ma-
ture. Meanwhile, they are also approaching the limits of de-
vice specifications, in particular, breakdown voltage. To meet
the market demands on high working voltage, as well as on
device miniaturization, wide-band-gap semiconductors have
been proposed for power electronics.!!! Generally, the break-
down voltage is proportional to the band gap.?! Even though
many wide-band-gap semiconductors have been explored, sil-
icon carbide (SiC) and gallium nitride (GaN) are currently the
two most successful materials. A key barrier for discovering
new power electronic materials is bipolar doping for making
p—n junctions. By far, SiC and GaN are the only two materials
that can be sufficiently doped to both n- and p-types among
semiconductors with the band gap greater than 3 eV.!3#! Ex-
cept for rare cases, such as diamond, p-type doping is usually
more difficult than n-type doping. >’

SiC and GaN have large band gaps of 3.27 eV and
3.50 eV, respectively.l%7! As a result, both of them exhibit a
high breakdown field of 3—4 MV/cm,!3°! an order of magni-
tude higher than that of silicon. In comparison, SiC has a ther-
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mal conductivity of about 4.7 W-cm~!-K~! at room tempera-
ture, significantly higher than that of GaN!!%!11 and therefore,
is more favored for high-power and high-temperature appli-
cations. On the other hand, GaN exhibits high electron mo-
bility of 2000 cm?-V~!.s~!, significantly higher than that of
SiC.U2131 The values quoted above are for 4H-SiC, which is
one of the numerous polymorphs of SiC and most favored for
power electronic devices by overall consideration on electron
mobility, breakdown field, thermodynamic stability, etc.!!#!
Trivalent elements (B, Al and Ga) are the choice of p-type
dopants for SiC. Currently, Al is the most commonly adopted
in making power electronic devices. However, Al in SiC is not
a sufficiently shallow acceptor. Its acceptor level is experimen-
tally reported to be 0.22 eV or greater, '] rendering the p-type
doping still an issue in device fabrication. A number of theo-
retical studies reported atomic and electronic structures of p-
type dopants in different polymorphs of SiC.['6-1°l However,
a key structural feature, namely, off-center displacement of the
dopant atom, has been missed until recently a hybrid density

[201 Such distortion

functional was adopted in the calculation.
by breaking the local C3, symmetry to a Cy;, (or Cy) point-
group symmetry has been noticed in an earlier work.?!! Such
distortions are also known for other wide-band-gap semicon-
ductors, such as ZnO and GaN.[?2]

In this paper, we study the atomic and electronic struc-

tures of group-III elements (B, Al and Ga) in 4H-SiC based on
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hybrid density functional calculations. We consider the possi-
bility of dopants on Si and C sites and for both cases we con-
sider the wurtzite-like (wz) and zincblende-like (zb) sites. We
also study the possible off-center distortions and determine the
stable and metastable structures for these p-type dopants. Em-
ploying chemical potentials for all elements in our defect for-
mation calculations, we study the effect of secondary phases
on the doping. We compare the acceptor levels of the group-III
elements in 4H-SiC at all possible local structures, which de-
termine the doping efficiency and may provide a useful guide
in the future dopant engineering in 4H-SiC.

2. Computational method

Our calculations were based on density functional the-
ory (DFT) implemented in Vienna ab initio simulation (VASP)

[23] which describes the interaction between the ion-

package,
cores and valence electrons by projector augmented wave
(PAW) potentials.[?*! Plane waves with cutoff energy of
We used the hybrid
exchange-correlation functional of Heyd, Scuseria and Ernzer-
hof (HSE),*! which includes 25% of Hartree—Fock exchange

energy with its long-range part removed by using the error

30 Ry were taken as the basis set.

function. The supercell method was used to model the de-
fects. A 4 x4 x 1 (128-atom) supercell and a 5 x 5 x 2 (400-
atom) supercell were used in our calculations. The I" point
was used to represent the Brillouin zone of the defect super-
cells. All calculations on neutral defects, which exhibit a spin
magnetic moment of 1 g, were spin-polarized. The atomic
structures were fully relaxed until the calculated forces on all
atoms were less than 0.5 mRy/Bohr. When optimizing the lat-
tice constants, we used a cutoff energy of 45 Ry anda5 x5 x2
Monkhorst-Pack k-point grid, which yielded @ = 3.071 A and

(a) 4H-SiC

Energy (eV)

¢ =10.043 A.

3. Results and discussion

Figure 1(a) shows the atomic structure of 4H-SiC from
a side view. Each unit cell contains four Si layers and four
C layers along the [0001] direction. Aided by the two red-
color guiding lines, it can be seen that two of the Si layers
have their local coordination environment similar to that in
the wurtzite structure and another two similar to that in the
zincblende structure. The two different sites are referred to
as Siy, and Siy,, respectively, in this paper. The C sites are
labelled similarly as C,,, and C,, respectively.

Figure 1(b) shows the calculated band structure of 4H-
SiC using the HSE functional. The valence band maximum
(VBM) is located at the I'" point and the conduction band min-
imum (CBM) is located at the M point. The band gap is cal-
culated to be 3.17 eV, in reasonable agreement with the ex-
perimental value.[%! The calculated electron effective masses
along the M-I" and M-K directions are 0.54mg and 0.30my,
respectively, which are comparable with the measured values
of 0.42mq and 0.29mg %271 In comparison, the hole effective
masses of 2.77myg, 1.82mgy and 1.52mq along the I'-M, I'-K,
and I'-A directions, respectively, are significantly larger than
those of electrons.

Next, we investigate the properties of p-type dopants (B,
Al and Ga) in 4H-SiC. To study the atomic structures, we fol-
low a procedure shown in Fig. 2(a). First, we consider whether
the dopant atoms occupy the Si or the C sites. Initiatively, B
has an ionic radius close to C suggesting that it may favor the
Csites, while Al and Ga may favor the Si sites due to the larger
ionic radii. To quantify these arguments, the defect formation
energy needs to be calculated. Second, as shown in Fig. 1(a),

(b) 8

AN g
10.54mq 0.30m,, N—LAN

AV A

1.82mg| |1.52m,
o :

r M K I'A

L H A

Fig. 1. (a) Atomic structure of 4H-SiC from a side view. The red dashed frame marks the unit cell, which contains four Si layers and four C
layers along the [0001] direction. The two red solid lines guide the eye to identify the wurtzite (wz) and zincblende (zb) local coordination for two
different Si sites, referred to as Siy; and Si,, respectively, The C sites are labeled similarly as Cy,; and Cy, respectively. (b) Band structure of
4H-SiC calculated using the HSE functional. The gray region is the band gap. The electron effective masses along three directions and the hole
effective masses along two directions are shown in the inset. The first Brillouin zone and the high-symmetry k-points are also shown in the inset.
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4H-SiC exhibits two different sites for both Si and C atoms.
It is necessary to study the occupation preference between the
two sites. Third, it is relatively less discussed in the litera-
ture that these p-type dopants undergo significant distortion
in the neutral charge state, referred to as defect-bound small
polarons. 28]

Figure 2(b) shows the possible distortion directions. By
taking a Si-site dopant (denoted by D) as an example, Cy is the
axial C atom with the Cy—D bond parallel to the [0001] direc-
tion. Cy, C; and Cj are the three equatorial C atoms. In the fig-
ure, C, and Cj3 are overlapped with each other. If the D atom
is displaced along the Cy—D bond, the local C3, point-group
symmetry is preserved with two possible directions marked
by A, and A} in Fig. 2(b). If the D atom is displaced along
the C;—D bond, then the C3, symmetry is broken and only a
mirror passing Cj, Cp and the middle point between C, and
C; is maintained, i.e., Cs (or Cy;,) point-group symmetry. This
type of distortions is marked by A; and A{ in Fig. 2(b). The
third type of distortions, marked by Az and A}, also maintain
the Csy symmetry only with the displacement direction of the D
atom bisecting the C,—D-C3 angle.

(a) (b)

|dopant atoms (B, Al, Ga)‘

which distortion?

| determined structures ‘

possible distortions
of a dopant atom

Fig. 2. (a) Flow chart for determining the atomic structure of group-
III dopants in 4H-SiC, including the preferences on Si or C sites and on
wurtzite-like (wz) or zincblende-like (zb) sites, as well as the distortions of
the dopant atoms. (b) Possible distortions of a dopant atom (denoted by D)
on a Si site. Cy is the axial C atom with the Co—D bond parallel to the [0001]
direction. Cy, C; and Cj are the three equatorial C atoms surrounding the Si
site, where C; and Cs are overlapped with each other. There are three possi-
ble types of displacements for the D atom. A; is along the C;—D bond, A; is
along the Cop—D bond, and A3 is along the direction bisecting the C,—D—-C3
angle. Each of them can have an opposite direction, marked by a prime.

The defect formation energies were calculated according
to AH ({u;}, Er,q) = En(q) — Eo+ Y. ni(Ei + 1) +q(Evem +
Ep), where Ep(q) is the total energy of the defect supercell
in charge ¢, Ej is the total energy of the perfect supercell
and {u;} are the chemical potentials. The detailed descrip-
tion for each term can be found in our previous work.*! We
first adopted the 128-atom supercell. To determine the allowed
range for the chemical potentials {;}, it is required to satisfy
Usi + Uc = AH (4H-SiC), which is the enthalpy of formation of
4H-SiC. Also, successful doping needs to avoid the formation
of secondary phases. B tends to form B4C 9 and B3Si [3!]

and Al tends to form Al4Cs,2! while Ga does not form sta-
ble compounds with either Si or C. For each secondary phase,
the sum of {u;} with corresponding weights needs to be lower
than the enthalpy of formation of that phase. The conditions
to satisfy are shown in Fig. 3(a) with the values of formation
enthalpy for each secondary phase calculated by the HSE func-

tional.
(a) ;<O for all elements
9.0fF (b
psi+pc = —0.61 eV ( ) Al
Sup+ps < —0.16 eV O 8.0 \
dug+pc < —023ev. 2 7.0 -\
dpat Bpe<-15TeV  F ool G
0 ]
£ 351
-0.1f =]
S 3.0} .
o 02y K Gag; -
3 E 2.5 B
— -0.3 1 h.o
2 Bg
X g4’ 2.0 ;/(,/‘
z’\lgi
70.5# N 1'5‘f t
C-rich  M8/C  Si-rich C-rich Si-rich

Fig. 3. (a) Determination of chemical potentials for the dopant elements
(up) between C-rich (uc = 0) and Si-rich (ug; = 0) conditions. ug (blue
line) is limited by the formation of B4C and B3Si. pa; (green line) is limited
by the formation of Al4C3. UG, (red line) can be constantly O (i.e., Ga-rich).
The conditions to satisfy are shown above the plot. All enthalpies of for-
mation are calculated by the HSE functional. (b) Formation energy of B,
Al and Ga on Si and C sites calculated by the HSE functional. For B and
Al, the lines are segmented because the chemical potentials of B and Al are
segmented as shown in (a).

From Fig. 3(a) it can be seen that g, can be constantly
0 (red line), meaning that the growth condition for doping Ga
can be Ga-rich and there is no need to consider the formation
of secondary phases. For B, due to the formation of B4C and
B3Si under C- and Si-rich conditions, respectively, the growth
condition for doping B cannot be overly B-rich. Nevertheless,
because the AH for the two B-induced secondary phases are
small, their effect on the defect formation energy is relatively
small. In comparison, the formation of Al4C3 limits fa] to be
below —0.39 eV under C-rich condition, which is the favored
growth condition for Al occupying Si sites.

Figure 3(b) shows that Al and Ga on C sites have high
formation energies above 6 eV suggesting that it is almost im-
possible to have Al and Ga to occupy C sites in a significant
amount. They will not be considered below. Our results show
that B can occupy both Si and C sites depending on the growth
condition. Under C-rich condition, B tends to occupy the Si
sites, while under Si-rich condition, B tends to occupy the C
sites. Even though the Al-rich condition is limited by the for-
mation of Al4C3; as mentioned above, Al on Si site still ex-
hibits the lowest formation energy, about 1.77 eV at C-rich (or
Si-poor) condition for neutral charge state.

Regarding the site preference between the wz and zb sites,
our calculations show that the energy difference on the two
sites is small, less than 10 meV for the two Si sites. For the
two C sites, B on the C,, site is more stable than on the C,y,,
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site by 16 meV. For typical growth temperature of 4H-SiC, this
small energy would not result in significant occupation prefer-
ence.

We next discuss the distortions. It is more convenient to
discuss the stability of the distortions together with the calcu-
lated acceptor level (or ionization energy), which is obtained
by €(0/—) = Ep(—) — Ep(0) — Eypm- Because the defects
do not show different distortions in the 1— charge state, a less
stable structure in the neutral charge by having a higher Ep(0)
will yield a lower (or shallower) acceptor level £(0/—). Fig-
ure 4(a) shows the calculated £(0/—) levels for B on both the
Si and C sites and Al/Ga on the Si sites. For each case, we con-
sider the occupation preference between the wz and zb sites,
which ends up with eight defects. For each defect, we find
three relaxed structures.

conduction band

I I I I I
| | | | | .
| | | | |

(b)

~ 1000

I, 8004
g ]
5 600

- 4004
(=] 200“
S o]
g—sz
= —400

Fig. 4. (a) Calculated acceptor levels (or ionization energy), €(0/—), for B,
Al, and Ga on Si and C sites using the 128-atom supercell. Because Al and
Ga have high formation energies on the C sites, they are not considered here.
For each defect, results for three distortions are shown. They are arranged
as Ay, Ay, and Az from left to right with one exception for B on Cy site,
for which the Az distortion was not found and instead the Aé distortion is
shown. (b) Calculated vibrational frequencies by allowing the dopant atom
and the four surrounding Si or C atoms to move, while fixing all other atoms
in the supercell. HSE functional was used in all frequency calculations.

As shown in Fig. 4(a), most of the relaxed structures ex-
hibit the Aq, A;, and A3 distortions, as illustrated in Fig. 2(b).
There is one exception, B on Cy,;, site, for which we found that
Aé is a stable distortion, while A3 is unstable. The A; distor-
tion is always the most stable one and gives rise to the deepest
€(0/—) level. For most cases, the A3 distortion is the second
stable one. The A, distortion preserving the C3, symmetry is
the least stable one. There is one exception, B on Siy,;, site, for
which the A3 distortion is the least stable one. Experimentally,
it was found that Al acceptors exhibit two ionization levels. ]
According to our results, different distorted structures may be
responsible for the experimental observations if the nearly de-
generate A; and Aj distortions correspond to one ionization
level and the A distortion corresponds to the other one.

To further confirm whether all the distortions shown in
Fig. 4(a) are stable structures, we carried out frequency cal-
culations. We allowed the dopant atom and its surrounding
four Si or C atoms to move, while fixing all other atoms in
the supercell. All these calculations were also based on the
HSE functional keeping all calculation parameters the same
as those when relaxing the structures. The results are shown
in Fig. 4(b). It can be seen that most of them are indeed
stable or metastable. Only the A3 distortions for B on the
two Si sites exhibit imaginary frequencies suggesting that they
are unstable. It is noted that if one simply relaxes the struc-
ture by replacing a Si or C with the dopant atom in neu-
tral charge state, but does not initially displace the dopant
atom following the directions in Fig. 2(b), the obtained struc-
tures are always unstable and exhibit one or more imaginaries
frequencies.

From Fig. 4(a) it can be seen that all p-type dopants in
4H-SiC show relatively deep £(0/—) levels of above 0.2 eV.
Because the calculations on £(0/—) is subject to the supercell
size effect, we further checked the results by using a 400-atom
supercell. Figure 5(a) shows that using the large supercell, the
€(0/—) levels all become shallower than those obtained using
the 128-atom supercell, especially for the cases of Al and Ga.
It becomes clear that Al exhibits the shallowest £(0/—) levels
and the wz and zb sites do not have significant difference.

t (a)

2 0.3 —
= =y —\ \
v — — N
5 02p = = = . —
5 - =
§ 0.1F = 128-atom
8 = 400-atom
< 0
Siwe Bsig,  Alsiy, Alsiy,  Gasiy, Gasyy,
=
0 (b) E~(Q")-E~(Q")
§ 1.1} o 2 E°Q7)—-E"(Q°)
& 0.2t
(]
.S 0.1F ?
2 0.
-
: L n 1zl
A Bsiw, Bsin Algi,, Alsi,, Gag,, Gagy,,

Fig. 5. (a) Comparison of the £(0/—) levels calculated using the 128-atom
and 400-atom supercells. (b) Distortion energies calculated using the 400-
atom supercell between the relaxed structures in the neutral and 1— charge
states, denoted by Q° and O, respectively. The distortion energies between
the two structures in the neutral (E°) and 1— (E~) charge states are different
and shown by shaded and filled bars, respectively. The inset illustrates the
involved quantities. For all defects, the most stable A; distortions were used.
Table 1 shows the comparison of the relaxed bond lengths
from the 128-atom and 400-atom supercells. For the A; and
Az distortions, the differences between the results from the
two supercells are about 0.01 A or smaller. However, for the
A, distortion the difference is large with the largest one about
0.1 A. In the A; distortion, the dopant atom is displaced along

the [0001] direction. In the 128-atom supercell, the length of
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the supercell along the [0001] direction is ¢ = 10.043 A, which
is relatively small and results in large differences in the relaxed
bond lengths. The bond lengths in the 1— charge state do not
show differences (within 0.001 A) when relaxing from the ini-
tial structures of different distortions. Therefore, in Table 1
we only show one set of bond lengths for the 1— charge state.
Another observation from Table 1 is that the A; distortion is
close to C3, symmetry (or pseudo-C3,), i.e., the C;—D bond
is significantly longer than the other three C—D bonds, which
have similar bond lengths. The A3 distortion is close to Cy,
symmetry, i.e., the Co—D bond and C;-D bond have similar
bond lengths, which are shorter than the C;3-D bonds.

As shown in Fig. 5(a), increasing the supercell size gives
rise to shallower €(0/—) levels. Even though we cannot afford
calculations using larger supercells, by analyzing the atomic
and electronic structures it is possible to conclude that these p-
type dopants are not hydrogenic defects. First, the deep-level
defects are associated with large structural distortions as dis-
cussed above. The distortions can be quantified by calculating

the energy difference between the structures of the neutral and
1— charge states, as shown in Fig. 5(b). The distortion en-
ergies in the neutral and 1— charge states are calculated by
E%(Q7) —E®(Q% and E~(Q°) —E~(Q™), where Q° and Q~
represent the relaxed structures in the neutral and 1— charge
states, respectively. [33] For B on the Si sites, the distortion en-
ergy can be over 1 eV. Al on Si sites exhibit the smallest dis-
tortion energy, which is consistent with results in Fig. 5(a) that
Al gives rise to the shallowest £(0/—) level.

Figure 6 shows the partial charge density plots of the de-
fect states for B, Al and Ga on Siy,, site. It can be seen that
B indeed produces the most localized state, while Al produces
the most delocalized states. Ga state is between those of B
and Al. This trend is also consistent with that on the £(0/—)
levels. The shallower level corresponds to more delocalized
defect state. For all defects, the localization is more promi-
nent along the [0001] direction. Even for Al, the localization
can be clearly seen. On the other hand, along the basal (0001)
plane, the delocalization is more prominent.

Table 1. Bond lengths between dopant atom (D) and neighboring Si or C atoms in neutral and 1— charge states obtained by using the 128-atom
and 400-atom supercells. In neutral charge state, three distortions are shown, namely, A, A, and Az, with the exception of B-on-Cy,,, for which the
third distortion is A}. For C-site dopants, calculations using the 400-atom supercell were not performed. For B-on-Si,, the Az distortion using the

400-atom supercell was not found.

Neutral charge

- - - - - - 1— charge
A distortion A distortion Az distortion
128-atom 400-atom 128-atom 400-atom 128-atom 400-atom 128-atom 400-atom
B-on-Cy,
Si;-D 1.999 1.913 1.948 (A7) 1.897
Siy/3-D 1.930 1.913 1.948 (A 1.897
Sigp-D 1.931 2.029 1.929 (A}) 1.920
B-on-C,,
Si;-D 2.009 1.919 1.913 1.900
Sip/3-D 1.927 1.919 1.973 1.900
Sip-D 1.915 2.015 1.915 1.901
B-on-Siy,
C;-D 2.373 2.377 1.657 1.651 1.727 1.724 1.761 1.758
Cy/3-D 1.657 1.653 1.657 1.651 1.792 1.787 1.761 1.757
Co-D 1.664 1.661 2.368 2.417 1.742 1.737 1.781 1.772
B-on-Siy,
C,-D 2.403 2.392 1.661 1.651 1.724 unfound 1.761 1.756
Cy/3-D 1.652 1.650 1.661 1.651 1.795 unfound 1.761 1.755
Co-D 1.647 1.650 2.302 2.400 1.716 unfound 1.752 1.756
Al-on-Siy,
C,-D 2.022 2.019 1.964 1.979 1.955 1.958 1.971 1.972
Cy/3-D 1.965 1.966 1.964 1.979 1.997 1.995 1.971 1.972
Co-D 1.966 1.963 2.008 1.968 1.967 1.964 1.984 1.980
Al-on-Si,
C;-D 2.022 2.017 1.964 1.976 1.955 1.958 1.971 1.972
Cy/3-D 1.966 1.967 1.964 1.976 1.997 1.994 1.971 1.972
Co-D 1.962 1.965 2.007 1.973 1.962 1.966 1.979 1.982
Ga-on-Siy,,
C-D 2.077 2.087 1.979 2.003 1.967 1.969 1.992 1.993
Cy/3-D 1.979 1.977 1.979 2.003 2.028 2.029 1.992 1.993
Co-D 1.977 1.972 2.043 1.980 1.978 1.974 2.004 2.001
Ga-on-Siy,
C,-D 2.077 2.083 1.980 2.004 1.968 1.969 1.994 1.994
Cy/3-D 1.979 1.977 1.980 2.004 2.029 2.028 1.994 1.995
Co-D 1.965 1.968 2.036 1.975 1.965 1.970 1.990 1.996
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Fig. 6. Partial charge density plots of the defect state in band gap for (a) B, (b) Al, and (c) Ga on Siy; site.

4. Conclusion

We carried out a first-principles study on B, Al and Ga
doping in 4H-SiC based on HSE hybrid functional. We deter-
mined the occupation preference between the Si and C sites
and between the wurtzite-like and zincblende-like sites. B
could occupy either the Si or C sites depending on the growth
condition, while Al and Ga highly prefer the Si sites. All the
three dopants do not exhibit significant energy difference be-
tween the wurtzite-like and zincblende-like sites. The dopant
atoms in neutral charge states are typically stabilized in three
different off-center distorted structures. One of them preserves
the C3, symmetry and another two are reduced to Cs (or Cyy,)
symmetry. One of the C; structures is close to C3, symme-
try and another one is close to C,, symmetry. As a p-type
dopant, Al exhibits shallower acceptor level and lower forma-
tion energy on Si sites than B and Ga. All the p-type dopants in
4H-SiC are not hydrogenic. Instead, they all exhibit localized
defect states and large distortion energies between the neutral
and 1— charge states. In the future dopant engineering, how to
utilize the metastable distortions that yield shallower acceptor
levels might be worth of study.
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