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Part I: Selection of finite volume correction schemes

When using periodic boundary conditions in DFT, the total energy of charged defect is
actually obtained from a supercell embedded a compensating background charge and
contaminated by long-ranged Coulomb interactions. Though the supercell we adopted
is quite large, a correction of finite volume is still necessary. Several processing
methods have been proposed to modified this problem. However, a systematic
understanding of the performance and applicability of these schemes for 4H-SiC is still
lacking. Here we compare the most popular method introduced by Freysoldt,
Neugebauer, and Van de Walle (FNV method)! with the method generalized by
Kumagai, and Oba (eFNV method)? on the purpose to assess the impact to 4H-SiC
brought by the finite volume in periodic boundary conditions.
The correction energy of the FNV scheme in charge state 4 can be expressed as:
Epny = Epc = 4BV pe g bl far (1)

E

where “PcC is a point charge correction, AVecab is the potential difference between the

PC  potential Vecqg  and  the planar-averaged  defect-induced  potential
Vamw =Vaefectqa ™ Vouik, The AVpcaplrar is AVpcasp farthest from the defect center in
supercell and often called as potential alignment term which can couple to the
unscreened or partially screened charge distribution beyond the PC correction even the
details of the screening are unknown. However, the farthest atomic site from the defect
is not always the best reference for evaluating potential alignment term. This is because
there might be non-negligible overlap of defect wave functions existing in the farthest
atomic site lying between the defect and its periodic images. Therefore, a method of
replacing the AVpcqslfar with an average AVpcarb is proposed. The sampling region of
the average potential alignment term locates outside the Wigner-Seiz cell with radius
Rws which does not depend on the choice of the supercell. Also in this way, the FNV
method which is only suitable for isotropic materials has been generalized as the eFNV
method that can be applied to anisotropic systems.

The correction energies of V¢ comparing the FNV and eFNV methods are partly

illustrated in Supplementary Figure 1 to Supplementary Figure 4. Because the dielectric



tensors of 4H-SiC have different diagonal components, the isotropic FNV correction
with a dielectric constant, which is a typical approximation, does not avail to correct
the total energy of charged defect in 4H-SiC. On the other hand, the anisotropic eFNV
method can not only get the potential alignment inside Ry but also correct the shape

dependence of supercell. Thus, the eFNV method is adopted in this work.
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Supplementary Figure 1 Illustration of planar-averaged defect-induced potential Vasb at different C

and Si atoms in supercell, PC potential VPC.q,and their difference 2VPcasb at sampling region of

Ve using the eFNV method.
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Supplementary Figure 2 Illustration of PC potential VPC,q, planar-averaged defect-induced potential

Vq/b, and their difference 2V Pc.a/b at sampling region of Ve along the a-axis, b-axis, and c-axis

using the FNV method.
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Supplementary Figure 3 Illustration of planar-averaged defect-induced potential Vasb at different C

and Si atoms in supercell, PC potential VPC.q,and their difference 2V

Ve

a-axis

using the eFNV method.
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Supplementary Figure 4 Illustration of PC potential VPC,q, planar-averaged defect-induced potential

4 AV

q/b, and their difference

using the FNV method.

+
PCq/b at sampling region of Ve along the a-axis, b-axis, and c-axis



Part II: The results of 1D configuration coordinate diagram and

nonradiative carrier capture sections

This part includes: Supplementary Figure 5 to Supplementary Figure 12



Ve(h)(-) + e — Ve(h)(--) Ve(h)(0) + e — Ve(h)(-)

4 7
e Vc(h)(--) e Vc(h)(-)
Ve(h)(-)+e & . ve(h)(0)+e
3 5
3 3 4
S s 3
s g 2
0
-1 0 5 -1 0 5
Q (amu~{1/2} R) Q (amun{1/2} R)
Ve(k)(-) + e — Ve(k)(--) Ve(k)(0) + e — Ve(k)(-)
4 7
e Vc(k)(-) e Ve(k)(-)
Ve(k)(--)+h 6 . ve(k)(0)+e
3 5
3 3 4
5 & 3
e £ 2
0 1\'-/
0
=& 0 5 = 0 5
Q (amu~{1/2} A) Q (amu~{1/2} R)

Supplementary Figure 5 Calculated 1D configuration coordinate diagram for electron capture at the

acceptor levels of V¢ defect in 4H-SiC. Symbols: calculated values; solid line: parabolic fit.
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Supplementary Figure 6 Nonradiative electron capture section for electron capture at the acceptor

levels of V¢ defect in 4H-SiC.
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Supplementary Figure 7 Calculated 1D configuration coordinate diagram for hole capture at the

acceptor levels V¢ defect in 4H-SiC. Symbols: calculated values; solid line: parabolic fit.
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Supplementary Figure 8 Nonradiative hole capture section for hole capture at the acceptor levels V¢

defect in 4H-SiC.
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Supplementary Figure 9 Calculated 1D configuration coordinate diagram for hole capture at the

donor levels of V¢ defect in 4H-SiC. Symbols: calculated values; solid line: parabolic fit.



° 1E-23 |
F — V. (h)+h— V. (h
1E-25 cf y+h— gH()
-0 Ve (k)th— Ve (k)
1E-27 V(ky+h— V' (k)

100 200 300 400 500 600 700
T(K)

Supplementary Figure 10 Nonradiative electron capture section for hole capture at the donor levels

of V¢ defect in 4H-SiC.
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Supplementary Figure 11 Calculated 1D configuration coordinate diagram for electron capture at

the honor levels V¢ defect in 4H-SiC. Symbols: calculated values; solid line: parabolic fit.
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Supplementary Figure 12 Nonradiative hole capture section for electron capture at the donor levels

Vc defect in 4H-SiC.
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Supplementary Figure 12 Calculated 1D configuration coordinate diagram for hole capture at the
neutral triplet and singlet state V(k) defect, as well as for electron capture at the positive charge
state Vc(k) defect and thus becoming neutral triplet and singlet state V(k) in 4H-SiC. Symbols:

calculated values; solid line: parabolic fit.
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Supplementary Figure 14 Nonradiative hole capture section at the V¢(k) defect from neutral triplet
and singlet state to positive charge state, as well as nonradiative electron capture section form

positive charge state to neutral triplet and singlet state in 4H-SiC as a function of temperature.



Part III: Detail for the relaxed structure

This part includes: Supplementary Table 1, Supplementary Table 2 and
Supplementary Figure 15 to Supplementary Figure 18.



Supplementary Table 1 Structure details for the Ve(h) and Ve(k) in 4H -SiC at different charge
states (—2<q<+2). Structures are specified by the distance between the neighbor Si atoms variations,

symmetry, configuration belonging to, and the total energy difference between initial and final

structure.

Sty pp=Siygp (A) Siygp=Siyge B ng:;:;ﬂ AE
V3i(h) 473%  -11.82% 473%  -16.16% 449%  -16.24% CyD 33.90
Veh) o 206% 1.89%  0.03%  -13.76%  0.95%  0.71% CsC 24.03
Ve -6.65%  587%  587%  4.16%  4.02%  -7.60% CoB 14.04

With VEM  874%  888%  8.71%  5.14%  5.00%  5.00% Capd 4.62
Disturbance VA (h) 1053% 1053% 1053%  10.04%  9.89%  9.89% CapA -4.86
. and ' VE(k)  3.92%  -1570%  3.92%  -1545% 429%  -15.56% CyD 33.86
O;::m Vel  544%  -1415%  5.44%  -5.44%  132%  -5.54% CyD 24.00
Vo) 587%  -837%  5.87%  4.60%  -6.79%  4.46% CyB 13.92

Vi) 854%  1.86%  8.58%  6.86%  236%  6.72% CoB 458

VA (k) 11.78% 11.78% 11.78%  9.80%  9.66%  9.66% Capd -4.91
VES(R)  0.14%  024%  0.14%  -7.74% -1.93%  -7.87% Capd 34.37
Veh)  -017%  -0.14%  -0.17%  -2.43%  -2.57%  -2.57% CapA 24.39
Ve(h)  236%  641%  581%  -2.54%  -429%  6.28% CyD 14.32

Without yv iy 5740 8.85%  871%  5.14%  5.00%  5.00% C3pA 462
DISWIICe ot ) l0s3%  1053%  1053%  10.04%  9.89%  9.89% Caph -4.86
Lo\r:pin VEI(k)  226%  -226%  -2.26%  -0.91%  -1.05%  -1.05% Capd 34.40
State Vo) -2.16%  -216%  -2.16%  -0.88%  -1.01%  -1.01% CspA 2422
Ve 095%  456%  4.52%  -423%  449%  1.22% CC 14.29

Vi)  456%  476%  071%  1.76%  -469%  4.29% CyC 6.19

VEE(k) 11.78% 11.78% 11.78%  9.80%  9.66%  9.66% C3A -4.91




Supplementary Table 2 Magnetic moment, spin state, symmetry, and structure configuration details

for Ve and Vel in 4H-SiC at different charge states (—2<q<+2)

Defect Magnetic Moment Spin State Symmetry, Configuration
V27 (hD) 0.0 singlet CyD
Vz(hC) 1.0 doublet CoC
Vo(hB) 0.0 singlet CyB
VE(haA) 1.0 doublet C3pA
v? c+ (h,4) 0.0 singlet C3pA
V27 (kD) 0.0 singlet CyD
V (kD) 1.0 doublet CyD
V(k.B) 0.0 singlet CoB
Ve(kA) 2.0 triplet C3,A
V¥ (k.B) 1.0 doublet CyB

& c+ (k,4) 0.0 singlet C3pA




NVT molecular dynamics simulations are performed for carbon vacancies to
validate the stability of the defect structures. The results are presented in Supplementary
Figures 15 to Supplementary Figures 18. The four nearest-neighbor Si atoms to the
carbon vacancy were selected as candidates and are denoted as Sil, Si2, Si3, and Si4.
Among these, Si2, Si3, and Si4 lie within the basal plane, while Sil is positioned along
the direction perpendicular to the basal plane. As shown in Supplementary Figures 15
to Supplementary Figures 18, the Si atoms surrounding the defect vibrate with similar
amplitudes, and no significant structural changes or vacancy migration are observed in
the defect region. This observation indicates that the defect structures remain stable
throughout the simulation, which further validates the methodology used in this study

to obtain stable defect configurations.
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Supplementary Figure 15 Room temperature (300 K) NVT trial for Ve(h) at different charge states

(2=q=<+2)
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Supplementary Figure 16 High temperature (2000 K) NVT trial for Ve(h) at different charge states

(2=q=<+2)
48Fy e  ——sits2 —silsi3 8 Fy g ——sil-siz —sitsi3 8y r  ——Sil-si2 — Si1si3
24 L apok —— Si1-Si4 ——Si2-Si3 24 L 0ok —— Si1-Si4 ——Si2-Si3 24 a0k —— Si1-Si4 —— Si2-Si3
—_ ——Si2-5i4 ——Si3-5i4 —_ —— Si2-5i4 ——Si3-5i4 —_ ——S5i2-5i4 —— Si3-Si4
L40F a0 <40f
£ 36 36+ £36
o o (o2} " [=)
& 32 {fh & 32 B & 3.2 [l
- i — — Vi
- 28 © 28 o28|
5 5 5
m 24 - m 24 ;24
201 20 20|
16 1 1 1 16 1 1 1 16 ¢ 1 1 1
0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
Time (fs) Time (fs) Time (fs)
48y sit-si2 —sitsi3 Ay e ——sitsz —sitsi
441 a0k —— Sil-8i4 —— Si2-Si3 44 390k —— Si1-5i4 —— §i2-5i3
—— Si2-5i4 ——Si3-Si4 —— Si2-8i4 —— Si3-Si4
16 | 1 | | 16 | 1 | |
0 500 1000 1500 2000 0 500 1000 1500 2000
Time (fs) Time (fs)

Supplementary Figure 17 Room temperature (300 K) NVT trial for Ve(k) ot different charge states
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Supplementary Figure 18 High temperature (2000 K) NVT trial for Ve(k) at different charge states
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