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Fig. 1. Four nanowire configurations: (a) Hexagonal ZnOj
(b) star-shaped ZnOj; (c) 12 S-doped star ZnO (ZnSO);
(d) 24 S-doped star ZnO (ZnSSO). Atomic colors: O (red);
Zn (gray); S (yellow).
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Table 1. Structural parameters for hexagonal star-

shaped ZnO, 12 S-doped star ZnO (ZnSO) and 24 S-
doped star ZnO (ZnSSO).

Structural parameters ZnO Star ZnSO ZnSSO

Lateral dimensions
a, b/A
Axial dimension ¢/A  5.2065 5.2065 5.2065

Unit cell volume/A? 5673.5 5673.5 4685.9

33.0x33.0 33.0x33.0 30.0x30.0

Number of O atoms 102 90 78
Number of S atoms 0 12 24
Number of Zn atoms 102 102 102
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Fig. 2. Locations within the Brillouin zone corresponding to
the high-symmetry points I', Z, and R, with the axial direc-
tion along (0001).
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Fig. 3. Band structures: (a) Star-shaped ZnO nanowire;
(b) 12 S-doped star-shaped nanowire (ZnSO); (c) 24 S-
doped star-shaped nanowire (ZnSSO). The high-symmetry
points I', Z, and R correspond to the following positions in
the Brillouin zone: I" (0, 0, 0), Z (0, 0, 0.5), and R (0.5, 0.5,
0.5). The axial direction of the nanowire is (0001).
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Fig. 4. Band structure of GGA+U calculations: (a) Star-
shaped ZnO nanowire; (b) 12 S-doped star-shaped nanowire
(ZnS0O); (c) 24 S-doped star-shaped nanowire (ZnSSO). The
high-symmetry points I, Z, and R correspond to the follow-
ing positions in the Brillouin zone: I" (0, 0, 0), Z (0, 0, 0.5),
and R (0.5, 0.5, 0.5). The axial direction of the nanowire is
(0001).

HTIRA T B 24800 R J5 0K 4l 74 o
AR, BA T IHLH TR FHLE R
WAL, E 5 Fs. SARIE Zn0, ZnSO, ZnSSO
YKL EE R A R ER A T Zn 5 s HUERY 5T
wk. XF T, N AR Zn0 EE A AR T
p PUERYTTER, MirnlEae 12415 24 MY
ZnSO, ZnSSO N 5 F i 5T p HiE 1 sk
XERW, BABETG, B B Reg, 1)
ZRIREDL. AN, IIE 5 T LIE Y, S A ETE ZnO0,
ZnSO, ZnSSO PIK L5 () e AR, 1BiHH
b3k ey o ) LT SO R N L AR R R
BRSSP R R, S
T REH TR AL T TR, 2 sp iy

3.2 HFHKR
3.2.1 AR
A1 F, RS s ) I A1 H 3 e ) B )

PR, I SEHR R AL AN S AL TR g
- B IE A7 far e AR AR B, DTS A L (Al
FEETE K, BRI & AEMR AL IR G . 1A H PR AR S s ik
TAREREE RN, SEERERR, IR B A Ak
Wi 37 R 0. A R B R BRI R T R AE S
Yy ) RE R AETE DL 25 R R AU L PR
£ (w)=¢1 (w)+iga (W), &1 (W) Fl &g (W) 435 M A H
PRI SRR, w R FIIEE. AR e (w)
K E T PN R AN (8] BRAE W 43 1 DT k. X4
JEAEL, NG R E Y, M2 bR,
IR STHRER/IN. 7 (8] BRAE FT 43 42 BRAE Al a4
BRIE. [R]42237 (B BRI S s IS, — okt e (w)
B DT ERAR /DN, AT DL Z s Y. s RS E R A
ELHAE RN, 15204 H SR BUE 2 (w) BT

o 4n%e? 1
625 (w) = 5 (}g%qj Z 2wk0 (Eck — Epk — W)
c,v,k
X <uck+eaq|uvk><uck+6ﬁq|uvk>~ (1)

FIFHEAS R FL PR BUR T 22 (w) , 383 Kramer-
Kronig A8 B739 1545 214 H1 pRELIA SEHB £, (w) -
oo B, N,

et (w) = 1+%P/0 de’. 2)
(1) F0 (2) AR THR ¢, v 2 BIFoR FAH R
Q R FEMURFL (uerte., [uor) 2 BT A A BET S5 15
B A BT HL B TT; P Rnm i E(E; o fl
B R RIRIE; eo, ey, 2002 T AT U RE
i S E CSHIFT JkafisE. & 6 43 il ie
nO., 75 2 ZnO. 7N M 2 ¥ ZnSO Fl ZnSSO
A L PR SR 5 i AR AT RE R AR Ak, iX
AR RSG5 101 EAT T ¢ SR o (K &y
). HEABRASHIE Zn0 . S EIE Zn0 .| S
FIE ZnSO F1 ZnSSO AYERSA £ 51 4.66,
4.23, 4.85 F1 6.95. 4~ HL bR S '+ HE £ 1 A8
LRI L THE TREEIFLUT, 25 LT
A HL PR B G R A R R B A
B EERE, XTS5 A PR & AE
Z AR X AFLESRZ IR (1] 9 Hhr il R 5
WESE T3k — a5). R RSO RO 45 5L, /Y
e 2 LR IR B 3l 77 AR ik
AR B -2 7O SOk 1) A R T (FRT)
IR, SRAEERENSEE IR IR, 1%
Kramers-Kronig ¢ 28, 4, 2R 250 55 558 I AT 06 1)
EREM, FhoeAR B T A T AR S TR N 2 A il

186302-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 18 (2025) 186302
2.5 R o o 3
PEss | Seh Paee 11 s [ ™
@ © [ A o B0 ap © A A [
= % o0 [ > %% o™ % 00 [ oe"ahh’ o
2.0 b 029 00 . OOO oeoo% £ 00 . OoO o5, L .
f;@ 20 [ 50 e 00 [ 00 % [ [
0 ° [ 52 ° [ ) q‘ha o [
0 © [ o o [ ° [
15+ oo [ °e ° o [ © e, L [
o [ ° ° [ ° [
Z ® © [ o ° © [ o [
& S0 [ o e [ ° o [ s
>) () ) ] [}
@0t b o | b o g o °op
3 . [ o [ [
= 2 od
: N N N
[ [ [
0.5}
- - -
[ [ [
[ [ [
[ [ [
0 -(a) I I -(b) I I -(C) I I
o [ [ o
o r-»"\—::--c
Z R

Energy/eV

Energy/eV

Bl 5 NARE ZnO UKL MR FHEESE e 451, b (a) B S8, (b) B O JEF, (c) N Zn J&F; 7N M B IE ZnSO 41K 1
R FHE B e A58, o (d) AR, (e) I O JRTF, (f) N Zn T, (g) N SR F; 7S I ZnSSO 44K 4R 1 & 1 £ 5% g
HWEH, Ko (h) RS, 1) 8 OJRT, () h Zn 5T, (I A SR @ FR I, Z, R XA AR B DXL 5225128 1 (0, 0, 0),
Z(0,0,0.5), R (0.5, 0.5, 0.5); 44K Lk iyl a1 J7 1] &y (0001)

Fig. 5. Orbital-projected band structures of hexagonal star-shaped: (a)—(c) ZnO nanowire (total, O, Zn); (d)—(g) ZnSO nanowire
(total, O, Zn, S); (h)—(k) ZnSSO nanowire (total, O, Zn, S). The high-symmetry points I, Z, and R correspond to the following pos-
itions in the Brillouin zone: I" (0, 0, 0), Z (0, 0, 0.5), and R (0.5, 0.5, 0.5). The axial direction of the nanowire is (0001).
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Fig. 6. Dielectric functions (real and imaginary parts): (a) Hexagonal ZnO nanowire; (b) hexagonal star-shaped ZnO nanowire;
(c) 12 S-doped star-shaped nanowire (ZnSO); (d) 24 S-doped star-shaped nanowire (ZnSSO).
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Fig. 7. Refractive indices of hexagonal ZnO nanowire,
12 S-doped star-
shaped nanowire (ZnSO), 24 S-doped star-shaped nanowire

hexagonal star-shaped ZnO nanowire,

(ZnSSO) as a function of incident photon energy.
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Fig. 8. Extinction coefficients of hexagonal ZnO nanowire,
star-shaped ZnO nanowire, 12 S-doped star-shaped nano-
wire (ZnSO), 24 S-doped star-shaped nanowire (ZnSSO) as
a function of incident photon energy.
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Abstract

Based on first-principles calculations within the framework of density functional theory, the structural
features, electronic and optical properties of sulfur-doped ZnO nanowires are systematically investigated in this
work, revealing the regulation mechanism of doping on material performance. The results show that sulfur
incorporation induces local lattice distortions in ZnO, resulting in a substitutional doping structure. These
structural modifications significantly affect the electronic properties, causing the Fermi level to shift toward the
bottom of the conduction band and a redshift in the band gap. Importantly, the orbital-projected band
structures reveal that the 3p orbitals of sulfur generate impurity states near the top of the valence band,
thereby enhancing both carrier concentration and mobility. Furthermore, sulfur doping leads to a notable
change in the optical properties, including the emergence of new characteristic peaks in both the real and
imaginary parts of the dielectric function, as well as considerable increases in optical parameters such as the
absorption coefficient, extinction coefficient, and reflectivity. Moreover, as the doping concentration increases,
the changes in optical properties become more pronounced. Overall, this investigation offers valuable theoretical
insights into optimizing the performance of sulfur-doped ZnO nanowires in optoelectronic applications, such as
photodetectors and light-emitting diodes, revealing the intrinsic correlation mechanism between the microscopic

electronic structure and the macroscopic optical response.
Keywords: sulfur-doped zinc oxide, electronic properties, optical properties, first-principles calculations
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