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Abstract

Threshold displacement energy is a key parameter for characterizing the onset of radiation damage
in materials. In this work, molecular dynamics simulations were performed to investigate the di-
rection-dependent threshold displacement energies of Al and N atoms and the primary collision
cascade damage behavior in wurtzite AIN. The threshold displacement energy calculations were
carried outin a 10 x 10 x 6 supercell along four representative crystallographic directions, namely,

[0001], [1010], [1011], and [1120 ]. Single-cascade simulations were performed in a 20 x 20 x 12

supercell to examine damage evolution induced by Al-PKAs and N-PKAs along the [0001] and [1120 ]
crystallographic directions at 100, 500, and 1000 eV. Vacancies, interstitials, and antisite defects
were identified and quantified by comparing the initial and final atomic configurations using a lat-
tice-site matching method. The results show that the threshold displacement energies of both Al
and N atoms exhibit pronounced anisotropy. For Al atoms, the threshold displacement energies
along [0001],[1010], [1011], and [1120 ] are 44, 14, 10, and 9 eV, respectively, whereas those for N
atoms are 30, 9, 7, and 9 eV, indicating that the N sublattice is more susceptible to stable atomic
displacement. The number of residual defects increases significantly with increasing PKA energy
and is accompanied by the formation of antisite defects. Compared with the [0001] crystallographic
direction, the [1120 ] crystallographic direction shows stronger spatial spreading of cascade dam-
age and a higher tendency for residual defect retention. These results provide atomistic support for
the parameterization of radiation-damage models and the design of radiation-tolerant AIN-based
devices.
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Figure 1. Wurtzite AIN (a) detailed crystal structure and orientations including atomic species, lattice vectors, and stacking
sequence (with side and top views), and (b) simplified hexagonal unit cell highlighting key crystallographic direction vectors
for cascade collision simulations
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Figure 2. Threshold displacement energies of Al and N atoms along different crystallographic directions
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Table 1. Threshold displacement energies of Al and N atoms along different crystallographic directions

= 1. Al FIN BT BRI &AL B 5

TCR i [ K Blfk/eV 5 57T FR/eV R A
Al [0001] 44.00 42.00 0.5
Al [1010] 14.00 12.00 0.5
Al [10T1] 10.00 5.00 0.5
Al [1120] 9.00 8.00 0.5
N [0001] 30.00 25.00 0.5
N [1010] 9.00 8.00 0.5
N [10T1] 7.00 6.00 0.5
N [1120] 9.00 8.00 0.5

3.2. I"[F PKA sEE TR RRIGHBELNE

B3 R 2 g T RE PKA REEEAN i 26 10 T IBRRBRIG S 8. SRR, TR EREE B 400 PKA
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Figure 3. Total number of residual defects under different PKA energies and crystallographic directions
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Table 2. Total number of residual defects under different PKA energies and crystallographic directions

% 2. F PKA BB RIS ME TR A SR %

PKA %! A fEE/eV EEH FRARGRIG B 5L FIEEERA BKER/A
Al-PKA [0001] 100.0 3 7.67+2.52 3054159 1133+327
AI-PKA [0001] 500.0 3 35.00 £ 2.65 5584074 26.32+095
AI-PKA [0001] 1000.0 3 75.67 £ 4.04 7874217  37.57+6.74
AI-PKA [1120] 100.0 3 9.33+2.08 449045 14742233
AI-PKA [1120] 500.0 3 3533 5.6 10.86+£3.46  37.82+£9.35
AI-PKA [1120] 1000.0 3 67.33£12.10 1210£322  47.97+539
N-PKA [0001] 100.0 3 6.33 £ 1.53 3294081 11.60+0.09
N-PKA [0001] 500.0 3 41332416 5324168 23994532
N-PKA [0001] 1000.0 3 75.33+10.12 741£023 3688351
N-PKA [1120] 100.0 3 6.33£5.13 391£ 112 17.46£0.72
N-PKA [1120] 500.0 3 3533+ 12,66 9.91+0.55 38124573
N-PKA [1120] 1000.0 3 69.00 £ 5.57 11142218 48.66+6.40
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MEERTF A 1000 eV B, AHMAUE Y A 18.00. 15.33. 34.67 Fl 28.33. *f-F N-PKA #[0001] &1, 100
eV I N EE 73 2.334 1334 4.00 F12.67, TIAE 1000 eV 1% 19.67. 1433, 37.33 1 27.67. Ui
WITEWRWI4A PKA KA AI-PKA i /& N-PKA, IR B 3 2 A5 W91 ik o 18 R WL S8 IR R AR 451403

B LS LA RIS, & Lo 2 r W52 38— 2 B S BB . LA[0001] Sh 1l i, AL-PKA 6 4F
T, ALN AN Al BFE %8R 100 eV I 0.67 F10.33 H4A12E 1000 eV IS 4.00 A1 4.33; N-PKA 414
T, ARRZHUE R 1.67 A1 0.33 $IN2E 5.67 Al 2.00. B mBERLE AL B KM B AL, 2 RAE ) 5
TS TR AL, TR BRI S O O R I R ALk . X — 45 5R 5 O R TRk R4
MR S 2 AL B IR —2K[3] [4] [8].

AT B S [ 1120 ] i R 353 S Ao sk Ko m T [0001] db i« 14, AL-PKA £E 1000 eV [1120 ]
AT R ALN P90 6,67, #T[0001] 17 FIK 4.00; N-PKA £ 1000 eV [1120 | 1 Fi¥ N_Al
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Figure 4. Defect-type distributions and antisite defect distributions under different conditions
4. PRI THYERPEAEBILE ALK R AL ERBE S 7R
Table 3. Statistics of vacancies, interstitials, and antisite defects under different conditions
3. FRIILATHZEAL. BB R ACERFAS T
PKARE BE  fBev ESH  AIZEL N Zfir Al [TRR NERR  ALENAL N AIAL
Al-PKA  [0001] 100.0 3 0.67+0.58 0.67+0.58 2.00+0.00 333+231 0.67+1.15 033+0.58
Al-PKA  [0001] 500.0 3 3.67+£1.53 533+0.58 11.33+1.53 933+£231 333+£252 2.00=+1.00
Al-PKA  [0001]  1000.0 3 8.67+3.06 11.67+2.31 25.67+231 21.33+2.08 4.00£1.73 4.33+1.53
AI-PKA [1 170J 100.0 3 1.67+0.58 1.33+0.58 2.67+1.15 2.00+£0.00 1.00+0.00 0.67+0.58
Al-PKA [1 170} 500.0 3 233+£0.58 533+231 12.67+£5.51 1033+£3.51 2.67+0.58 2.00+2.65
Al-PKA [1 150} 1000.0 3 6.00£0.00 8.67+1.15 22.00+6.24 22.00+5.29 6.67+0.58 2.00+1.73
N-PKA [0001] 100.0 3 0.67+0.58 1.00+£0.00 1.00+1.00 1.67+058 1.67+0.58 0.33+0.58
N-PKA [0001] 500.0 3 4.00+£2.65 5.00+1.00 13.67+2.52 14.00+0.00 4.33+4.04 0.33+£0.58
N-PKA [0001]  1000.0 3 8.67+3.06 10.67+3.06 24.00+2.65 24.33+4.04 5.67+£252 2.00+1.73
N-PKA [1 150} 100.0 3 1.33£0.58 1.00+1.73 1.33+1.15 133+231 1.00+0.00 0.33+0.58
N-PKA [1 170J 500.0 3 4.00£346 4.67+252 9.67+473 11.67+£5.13 333+1.53 2.00+£1.73
N-PKA [1 150} 1000.0 3 8.00+£2.00 10.33+1.15 21.67+4.16 21.00+4.36 533+1.53 2.67+1.53
3.4. R4 Z2E) 5376 K R B) R BEHHIE

B 5. [ 6 FIEL 7 45 H T AN LU N ERAR BB AR [0 50 Al BRVT oA B IR R B RFAE . 45 SRR, 45
51X 73] ) BE PKA RERETH =i 3K, B[R S 1 2 IR 2 2 5
X AL-PKA, #5[0001] &I, sk HFRRE 420 100 eV T 3.15 A #1102 500 eV T 5.58
A, JFTE 1000 eV WIAF] 7.87 A; xR KSR HARH 1133 A= 26.32 A f1 37.57 A, I[1120] dirfidl
i, [ -42 705000 4.49+ 10.86 A1 12.10 A, FRFETEA27)73 00 14.74 37.82 F147.97 Ao %F N-PKA,
[0001] il F B #6442 93 50 3.29 5.32 Fl 7.41 A, i [1120 | b FIUA 3.915 9.91 Al 11.14 A; 7E 1000
eV ZAF T, [1120 ) b1 IR R 58 442 WTIA 48.66 A, T [0001] fi [ 1) 36.88 A
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Figure 5. Radial distributions of residual defects
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Figure 6. Cumulative radial distributions of residual defects
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