Ba2E B4 R+ 5 5 F 4% B2 F IR Vol. 42 No. 4
2025 4£ 8 A JOURNAL OF ATOMIC AND MOLECULAR PHYSICS Aug. 2025

J. At. Mol. Phys., 2025, 42: 046004 (9pp)

— % GaN ip EERFATE BRI 5B — TR R I A 32
¥, & B, KZE,ZF B, AFY, Ta4a
(1. MRS R B SRR, WA 5283005 2. BOM K KBS (5 TRU¥BE . BB 550025)

W OE: TeeRmu RS BRI R T n-type Rp-type FRAHELHFEL. AT
H— M RID Tk, RS T e b B R A E TR 3, K B 0 F AT S A SR A M B R AL S A
JE 35 7 = % RA4% (Hexagonal gallium nitride ,h — GaN) 12 # n — type #= p — type 5 ¥, 35 Je 4k £ 2 My
JR RS R BB TG R #EAT R AT . n - type 4R & 836 C, , Sig, , Geg, , Oy, Sy, Sey, p — type & A& €L 3%
Beg, , Mg, ,Cag, ,Cy,Siy, Gey, %‘_%ﬁmcecaﬁ"]gecdﬁ\ﬁ']i% n —type #= p - type PRAATHE . n- type 1k %
REEMEANOF L+ LB TS A ERKTFHK ~0.4 2] ~0.6 eV #8F X 4], £ I K Kk £ 4t
B, AWK p A h-GaN 2R, FmERFEE;p-—lype hAZARBEMEA 1 -,0(GeyFhsh), 1+
B, ZEB TSI ALESTHFR~1.25 3 2.85 eV A ZRE, RAAEZT ERAFHE, 2K n(p) 2
h-GCaN ¥ & F(ER), ¥an(p) HAFFELFE. AALEREN, =% h—GaN iRk ZARAEEE L 514 LI
nHp-type B, B EELHEL LB EARMAE S L.

KiBIE: =4 GaN; H— MR, w i, Eibiti

hESES: 0469 MEARE: A DOLI: 10.19855/1.1000-0364 2025 046004

The properties of charged impurities in two — dimensional GaN .
a first-principles calculation
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Abstract: The calculation of charge transition energy level (CTL) and defect formation energy are of significant
importance for exploring potential n — type or p — type doping in materials. Based on the first — principles meth-
od, combined with the theory of two — dimensional charged defect correction method, as well as effectively con-
vert the semi — local functional results of CTL to hybrid functional accuracy, this paper systematically studied 12
kinds of n —type and p — type substitute dopants in the two — dimensional hexagonal gallium nitride (h — GaN)
system. Among which n - type doping includes C,, Si;,, Gec, Oy, Sy,Sey and p — type doping includes
Be.,, Mg.., Cag,, Cy, Siy,Gey. The results show that the most stable charge states for n — type system are 0
and 1 + , and the donor ionization energy is distributed in the energy range of ~0.4 to ~0. 6 eV lower than the
conduction band minimum( CBM) , characterized as deep donor energy level, which will capture the holes in p —
type h — GaN and affect the hole conductivity. The most stable charge state of the p — type system is 1 —, 0 (ex-
cept for Gey ), and 1 +, and the accetpor ionization energy is distributed in the energy range higher than the va-
lence band maximum (VBM) ~1.25 to2.85 eV, characterized as deep acceptor energy level, which will cap-

ture electrons (holes) in n(p) h —GaN and affect the conductivity of n(p) carriers. In Conclusion, it is diffi-
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cult for two — dimensional h — GaN system to achieve n or p — type doping through single defect, and it is neces-

sary to consider the complex defects to achieve bipolar doping experimentally.

Key words: Two — dimensional GaN; First principles; Charged defect; Theoretical calculation
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Fig. 1 Schematic diagram of two — dimensional or-

thogonal GaN supercells (5 x5). Substitutes

of p —type and n — type calculated in this pa-

per are marked by red and blue circles.
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Fig. 2 Phase diagram of Ca, Ga and N coexistence
systems. All stable phases are labeled as solid
dots.
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Table 1  The stable phases considered in each defect system

Defect system Stable phases

C, Ga, N C, Ga, GaN, N,

Si, Ga, N Ga, GaN, N,, Si, Si;N,

Ge, Ga, N Ga, GaN, N,, Ge, Ge;N,

Be, Ga, N Be, N,, Ga, Be;N,

0, Ga, N Ga, Ga,0;, GaNsO,, N,, N,O, NO,, NO,
S, Ga, N Ga, Ga,Sy, Ny, S, NS, Ga$

Se, Ga, N Ga, GaySey, N,, Se, GaSe

HiL {7 7% #2 BE 2% ( Charge transition level, CTL) &
LB P R TR R, Rk
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Table 2 n — type substitute defect nearest neighbor bond

lengths (NN BL(A)), Ga—N bond lengths ( Host

BL(A)) in perfect GaN, most stable valence states

(MMCS) , magnetic moment MM ( ( u, ) ).

MM Host BLL
—type MMCS NN BL (A
n - type (np) (2) (A)
0 0 1.408  1.408 1.407
CGa
1+ 0 1.412  1.412  1.406
0 0 1.698 1.698 1.697
Sig,
1+ 0 1.695 1.695 1.693
0 0 1.807 1.807 1.807
Geg,
1+ 0 1.796 1.796 1.795
1.852
0 0 1.925  1.925 1.926
Oy
1+ 0 1.932  1.932  1.933
0 0 2.211  2.211  2.216
SN
1+ 0 2.208 2.208 2.215
0 0 2.294  2.294 2.301
Sey
1+ 0 2.290  2.290 2.299
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Fig. 3 The defect formation energies of the n — type system as a function of the electron chemical potential, with (a), (c¢)

N —rich condition and (b) . (d) Ga —rich condition
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Fig. 4 Charge transition energy level distribution dia-

gram of n — type doping system. The green part
in the figure corresponds to the valence band
and the conduction band of HSEQ06, while the
pink part corresponds to the conduction band
and the valence band of PBE.
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p — type substitute defect nearest neighbor bond

length , Ga — N bond length in perfect h — GaN,

Tab. 3

most stable valence state , magnetic moment MM

p-type Charge (r:a) NN BL (&) H‘(’S}UBL
1- 0 1680 1679 1.679
Beg, 0 I L6719 1.678 1.678
1+ L9  1.678 1.677 1.679
1- 0 1944 1.944 1.947
Mg, 0 1 1.950 1.950 1.952
1+ 191 1.953 1.952 1.956
1 - 0 2137 2.137 2.144
Cag, 0 0.99 2148 2.147 2.152
1+  L12 2,139 2.139  2.180
1.852
1- 0  1.846 1.846 1.848
Cy 0 I 1912 1912 1.914
1+ 0 1915 1915 1.918
1- 0 2171 2171 2.169
Siy 0 I 2,206 2.206 2.212
1+ 0 2241 2,241 2.247
1- 0 2,167 2.166 2.164
Gey 0 1 2233 2,233 2.239
1+ 0 2276 2276 2.281
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