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Figure 1 Schematic diagram of band structures for wide-band-gap
semiconductors (upper left) and atomic structures for SiC, Ga,O;,
In,O; and GaN. Ej, and E, indicate the donor and acceptor levels,
respectively
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Figure 2 Formation energies of the intrinsic defects in 4H-SiC under
C-rich (a) and Si-rich (b) chemical conditions'"". Zero of the Fermi level
is at the VBM of SiC. Solid and dashed lines indicate the defects located
at k and h sites, respectively. Copyright © 2020, AIP Publishing
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Figure 3 The stable atomic configurations and single-particle defect
levels for neutral defect systems of V(. (a) and V+4H (b) in 4H-sict".
The calculated charge density difference for H incorporation with V¢ is
presented (isosurface of 0.01 ef/Bohr3). The electron charge accumula-
tion is shown in shadowed areas, whereas the electron depletion is not
displayed for viewing convenience. 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 the open dot.
Copyright © 2021, American Physical Society
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Figure 4 Structures of the 8b and 24d In sites and the schematic
diagrams of band structures for type-I, type-1I, and type-III TM-doped
In203[28]. The E}. is indicated as the dashed line. Copyright © 2018, John
Wiley and Sons
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Figure 5 The band structures of Ga,O; and (Bi,Ga,_,),0; (x=1/8)
alloy and the defect formation energy of Zng, and Cug, . (a) Schematic
plots of the electronic band structures. (b) Calculated formation energies
for Zng, and Cug, under O-rich conditions as a function of Fermi level.
The zero of the horizontal axis (Fermi level) is at the VBM of Ga,0;.
Copyright © 2021, American Physical Society
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Figure 6 The structure and the charge density of neutral defects Bega

and Mgga in GaN"™. (a) The local relaxed geometry and 3D partial
charge density (isosurface of 0.01 ef/Bohr3) for neutral defect states of

Bega and Mgga in GaN. (b) The deformation charge density in the plane

of D-N (D: Be or Mg) bonds for both Bega and Mgga in GaN host
structures. Copyright © 2019, American Physical Society
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Figure 7 Schematic plots of Mg doping in different nitrides'*.
Schematic plots of the electronic band structures of Mg acceptors in
AIN (a), AIN matrix with GaN quantum dots (b), and GaN (c). Mg
randomly dopes in AIN and GaN, while concentrates in the AIN matrix
near the GaN quantum dots. E, is the defect transition energy level.
Copyright © 2021, Springer Nature
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Figure 8 Schematic plots of changes of total energies of supercells and
defect formation energies as functions of supercell volumes and strains.

(a, b) Schematics of the total energies of defect-free host (£ Lhm), defect

system (E lD’q) and their differences (AE ‘D’q, denoted by the arrows) as a
function of volume V. (c¢) Schematic plotting of total energies as a
function of ¥ for doped GaN. (d) Changes of formation energies (AH P )

for Mg, and Oy in different charge states in GaN as a function of strain
7™, Copyright © 2021, IOP Publishing
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Wide-band-gap semiconductors are important materials for current and the post-Moore era technologies. Both basic
research and technical applications of the wide-band-gap semiconductors have advanced rapidly in recent years. The wide-
band-gap semiconductors have already been widely applied in high temperature, radiation resistant, high frequency, high
power, and high-density integrated electronics. However, the wide-band-gap semiconductors are known for their hard-to-
dope properties. Thus, effective doping and defect control is the key to the applications of wide-band-gap semiconductors.
In this paper, we review some recent work on doping properties of wide-band-gap carbide, oxide, and nitride
semiconductors, which including: (1) The electrical and kinetic properties of the intrinsic defects in 4H-SiC and the
underlying physical mechanism of the experimentally observed hydrogen passivation in 4H-SiC. The carbon vacancy V is
determined to be the main defect that affects the electrical properties of 4H-SiC. The configurations of the defect complex
VtnH (n=1-4) in 4H-SiC are identified, and V+4H is found to be able to effectively passivate all the deep defect levels,
which successfully explains the origin of the experimental phenomenon of hydrogen passivation. (2) The physical
properties of transition metal doping in In,0; and the design principles of transition metal doping in TCOs. The dual-
doping behavior of Mo in In,0; depending on the doping site is discovered, and it is expected that the transition metals Zr,
Hf, and Ta can be the promising n-type dopants in In,O5. (3) Strategies to achieve p-type doping in Ga,0; by raising its
valence band maximum through alloying with Bi and by properly choosing doping impurities (e.g., Cug,). Also the general
approach to effectively doping wide-band-gap semiconductors with strongly correlated band edges is brought up. (4) The
doping behaviors of Be and Mg in GaN, and clarifying the origin of why the acceptor level of Be is deeper than that of Mg
in GaN. It is demonstrated that both the bigger size-mismatch induced structure relaxation and the covalency of the bonding
between the Be and N atoms have contributed to the deeper Beg, acceptor. This has improved the understanding of nitrides
doping with IIA elements, and provided theoretical guidance for more effective p-type doping in wide-band-gap nitrides.
(5) A quantum mechanical modulation doping technique to achieve highly efficient p-type doping in AlGaN. A non-
equilibrium doping method is proposed and implemented to modulate the valence band of AlGaN materials, the activation
energy of Mg acceptor in AlGaN is reduced, and the p-type doping efficiency is greatly enhanced. (6) Studying the
universal behavior and basic rules for the defect doping properties as a function of the applied strain, and designing how to
achieve high efficient p-type doping in GaN through strain. It is proposed that the positive strain applied to GaN materials
could reduce the ionization energy of Mg, to achieve higher performance of p-type doping. These pieces of work not only
deepen our understanding on the electronic structure and doping properties in wide-band-gap semiconductors, but also play
an important role in guiding and promoting the device designs and practical applications of wide-band-gap semiconductors.
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