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4t BiyO,Se P sk RIFLAY, 10 Z-Biy0,Se, FFiE
W] T IZEHR N B 2 FR T 2R e M. TR |
Ge %5 240 1515 H B2 Z-Bi,0,Se Wi BN 1.64 eV
(PBE {Z ) 1 2.43 eV (HSE06 iZ K, X AR Se
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WREN, S50 A8 2K X R Lou 45 129) 3l 5 A%
HZ Biy0,Se I FEETH Se JFHERHES, FF & T
AXFFRIGHI LR i 4 Biy0,Se 1ELSFIFIDGH,
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FREL6 TR Li 55 P& ML AR SR Biy0,Se 1T,
Vo 1 Vo J& EEREEGE, BRI, R Rt
T Biy0,Se ) n RIHL 3% Wu 5529 58 &30, T
ARG R A T RE RS, Bi0,Se 492K
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HI2 5 A AR 1) SR A7 30K 26 i B o R
TR M T S T sz w2 A DGR SRR A
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AH, — AH !

5((]/(]/): [ f(avq()z_q/ f(a7q)}. (5)
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+ sin®0Tr {FL [G2<<Ph> s (G; v _ = (pm)]}
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(6)
Horb: e JERLT AT, R WIse WAL, 1 N/l
L XRE IR T8 PR

G/ = > CoNGherapl,Go/ “e1aps G,

a,f=x,y,z

G2>/<(ph) = Z CONGBegapLG5/<egﬁp5Gg,

a,f=z,y,z

Gy/<P = Z CoN(Ghe1apl GZ/ < esspsGY
aB=z,y,z
+ GgegapLG(?KewplgGg).

(7)
Hr, fir = f(E — pr) HZE /A R 2K -2k
SOOI PREL, pr HAHREIIEZES Co = (e/mo)? x
Ty irs ~ :
2Nwzchw’ mo = CHF BT, e X RE TR
e MAAXT A LR EL, e 1 e 20l R i BSORG e
Joo AR T (AN A ] A E 2k LA TR FEL TR,
N BT HG G (G~ ) WA G T RE = i
RERT KT /NT) #REELG po Fps (o, B =
z, y M 2) B F AR RRHE; e1q fl esp 2
L) e 1 ey BT RIRTHE (e F e, FETHRTD
W 2y ). ST dmiiot, Suimikx mR
7NN e = cos ey +sinfey , HH 0 R w iR A, 5
HOCT, IH— Rt i g Ak 14647

Jéph)

Rpn = e (8)
A, PV R L i RS R B, A2 R Y
TR Rpn BIEEZNN ad/photon ; a AIEIRPA2.

3 IMEHZ£R5T®
3.1 Z-Bi,0,Se WEBFHEHMRHEEKEH

WK 1(a) Bi7R, Biy0,Se HUALSHy HA A
PRI IR L H, B IE HLAY [Bi,0,]2" " J2 54 i
WL [Sel2"™ J2AE ¢ Bl P ac B HES SR 1) R 55 #

AHEAEH, M HEEN a=b=3.92 A, c = 12.38 A.
K 1(b) NEAZE Z-BiyO,Se 45 H FMIHL AL,
P AR HR o = 8.01 A, b= 4.01 A. HikZEH
L, B2 Z-Biy0,Se Xt FRYE AR, nl& 1(b) BF
/N, Bi Al O LA ASEM A B, Bi'Fl O, O
JZ Z-Biy0,Se H LA HLFREHF A5 WA 1(c) B,
PBE it B ¥ 2 Z-Bi,0,Se #i i 4 1.63 eV, FF
JiX (conduction band minimum, CBM) Fl VBM Ay
B RARR DA, BT HEAR, 5SCA 88
HASCRZS W) & (PBE: 1.64 eVEY).

it (2) 2—(4) B4 K Bi,0,8e Mk
PG EANE 1(d) H i BiySeOs, BiyOs, BisSes, Bi
1 Se 4 Bl 1 ¥ (& X 3k Ir 7, P1—P5 R 5 ANl A
&L, XTRE O, Se, Bi Byfb g3 anse 1 g1, Hrp P1
P2 M Bi ARKIFEE (usi = 0.00 eV), P3 1 P4
HE Se ERKIAEE (pse = 0.00 eV).

£1 K1) 54 IEA S PL—P5 XTI O, Se,
Bi AL A3 o, pse , pei (F4Z: eV)

Table 1.
upi ) corresponding to the five critical points P1-P5 in
Fig. 1(d) (unit: eV).

Chemical potentials of O, Se and Bi (uo, pse,

P1 P2 P3 P4 P5
Ho -2.07 -2.16 -1.51 -1.44 -1.44
Hse 0.82 0.64 0.00 0.00 0.19
HBi 0.00 0.00 -0.96 -1.04 -0.94

3.2 B 7-Bi,0,Se A1 & 5k pa T2 A RE
BFHER

MY BESEAAE 15 B X 22 Z2-Biy0oSe P fiE
IR, FRATRIEE T 230 . A A B 3 2 780 g
FUBREG. %5 Bi A Se JR T HA BRI IR TR,
HCTRI B ke B X LARRE AAAE, TESS kit # b, i
BB G & T W ) S AR, X — G 53
1k [27,28] 48 PR B R Bi, Se B BRMELIE AL
MIZSIRAH—FL. 1M O [HIBRTE P1—P5 M58 TP g
BIRTF 2.6449 eV, JERLIFIME, e SC o ) fa] Bt
EREA MO EAITE. AER B s s fa T, IR T 3 AR
[R5 A (top)  BFZ (bridge) A7 (hollow),
MRS (¢ = 0) JERGRER TS A E AT TZEA ]
R ACF R T IE BUXES BERE, TR 2(a) HH4A
Hh A BB TR X 25 2 T I S 2 TR R AR 2
R BRI R BAR T, B A H 4518w
AN i A A AL S Y =N SRR N e
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Fig. 1. (a) Unit cell structure of bulk Bi;O,Se; (b) the side and top views of monolayer Z-BiyO,Se; (c) the electronic energy bands of
the monolayer Z-Bi;O,Se (bule represents PBE); (d) the chemical potentials range for the growth of Bi;O,Se (the yellow part).
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Fig. 2. (a) Formation energies of the point defects in monolayer Z-Bi;O,Se under different growth environments P1-P5; (b) the
structures of the point defects Og,, Vo , Segi’—Bi’—Se and Segi-Bi-Se in monolayer Z-Bi,O,Se.
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U2 Z-Bi,0,Se W, T A mUBEAIE BUREAR M IE, T
I Bk f B AR 5 2 IR g . 78 P1 AT P2 AR K
W, T BURERARBYBREAE 53518 O B Se(Ose )
(P1: 0.2945 eV) #1 O Z{ii (Vo )(P2: 0.5153 V),
XS B K. 78 P3 A1 P4 AERKIAEE T, Se I
B BitBi-Se 7N (Sely pis. ) TN FERAK, 45—
9 0.1096 eV, AL, HE Se T Bi-Bi-
Se 7XA7 (Sepipise ), JE L AE S — F 0.3872 eV.
P5 A KB T, Ose Ml Sepy pirse B HLHE 2 51 A
0.2945 eV 1 0.3038 eV, &S LR, 1 LLE 3,
XL, Se 25 I G I . WF5E Tk
Ose, Vo, Segi'-Bi’-Se Al Segi-Bi-Se U o ke o 21
— IR, HAHR EEIANE 2(b) Fis.

R T BIFFEIX L X AR R RE Y SE R,
ST T SR s BRI R 1SS HE (total
density of states, TDOS) FILFESEE (projected
density of states, PDOS), W 3 ffi7~. £ 2 Z-
Bi,0,8e H, WE 3(a) iR, VBM EZH Se, O,
Bi Bu#k, CBM F%IH Bi Bisk. W& 3(b) Fiw, Og,
MERFEEATER R DS AR TR X ELHRT
O #1 Se J& G R, HAMFELEM. aiEl 3(c)—
(e) Vor, Sepypi-se M Sep;pise MITEEEEIR, 1E
VBM #AFAE—A 2, Hpm 1. 25614 2(b)
& 3(c)—(e) MAGREIPT IR E], Vo BIALHES 2
FIETF O 23 (i MY Bi29 F1 Bi32 KT Sels pi
(24 A EZORTE T MY Sed7 JH+-F145 2 niy s
(1) Se2l JEF. 5 Sepypise 5L, Selpise 22T A
TN Se37 T HIS Z AR Se26 T
BTHR. AN T Vo, Sepypirse F1 Seppise B B I
SIA, RIS e R AR L, B[R] R
/N GERELEFIAHEBRN 1.62 eV, 1M Vor , Sepi.pirge M
Seg: pise PRGN 1.36 eV, 1.45 eV F11.23 eV.

R T RARGEIK L 3 e X AR PR RE 1Y
S, X T Oge, Vor, Sepypige Ml Sepypi.se HF
TR EANTEA R b 2 3458 1R R s B B fig
PR REG B A Ak, AnlEl 4 FioR. AT LA B, P KR
K VBM B3l2] CBM, AE S H1EH Og, HHLfrx
#BA 0, WA R R TG AR FFIZE 7, X5 3(b)
DEELEFAE . ARMESEE Vo BTSN
2+, 0, )BTt E, i FRERA T ¢(2+/0) = 0.78 eV
4b. Segi’-Bi’-Se il Segi-Bi-Se HUA S EHOR N 1+, 0, J&
THUitE 3, b FREG T AL T e(14/0) = 0.01 eV,

e(1+/0) = 0.07 eV Ab. 2545 15 3 A% B DL R b
BRI RESE, AT LA Vo, Sel pise A1 Seh gise
o BB, HARRIURIR, XA oL s rh AR
AEBRBAZRIL M AR ABIL n BURFE.
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Fig. 3. The TDOS and PDOS of (a) the perfect Z-Bi,O,Se
and (b) Og,, (¢) Vor, (d) Sefl, n/o. s (€) Sehpig. doped

systems, and the insets are the enlarge views of the impur-

ity states.
3.3 FRIERGREITEE Z-Bi0,Se B
P BRI R

ik 5 FroR, TSR A Mk Og., Vor,
Sepi-pir-se M Sepipise FIHJZ Z-BiyOySe —4EF K
AT T RFR AR, FFTEA [RIBREE £EA R
JET R IO IR G T X 8RO AL PR RE A SE M.
aelE i =R L 75 A RGO, 2 A
U5 7 1) 2 SEME] oo, 2710 IR 15 A
LS 2. O KO RS, AL O U XA
GErh 2, SCHLTHT 2 J7 M 8. SARIRGHT = 4 1
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Abstract

The novel layered semiconductor material bismuth oxyselenide (Bi,O,Se) exhibits exceptional properties

such as thickness-dependent bandgap, superior electron mobility, compatibility with various materials, and
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stability under ambient conditions. The zipper-type two-dimensional Bi,O,Se (Z-Bi,O,Se) is a newly proposed
structure based on theoretical studies of material surface dissociation mechanisms. However, current
understanding of this structure still mainly focuses on fundamental investigations of electronic properties such
as band structures. Intrinsic point defects, which are inevitable during material synthesis and operational
environments, significantly influence the physical characteristics of materials and ultimately dictate device
performance. In this work, we conduct an in-depth exploration of intrinsic point defects in the material. Using
first-principles calculations based on density functional theory (DFT) and non-equilibrium Green’s function
(NEGF) methods, we systematically investigate the structural, electronic, and optoelectronic properties of
vacancies, antisites, and adatom point defects in Z-Bi,O,Se. First, the formation energy calculations under
different growth conditions reveal that o'vacancy, Se replaced by O, Se adsorption on “Bi-Bi-Se” and “Bi-Bi-
Se” hollow sites are relatively easy to form. The density of states (DOS) and formation energy shows that
o'vacancy, Se adsorption on “Bi-Bi-Se” and “Bi-Bi-Se” hollow sites tend to lose electrons and become
positively charged. Their donor levels are located at 0.78 eV, 0.01 eV, and 0.07 eV above the valence band
maximum (VBM), but well below the conduction band minimum (CBM), indicating deep-level n-type doping
characteristics. Furthermore, devices based on monolayer Z-Bi,O,Se along the parallel (Z,/) direction and
perpendicular (Z ) direction of the “zipper” structure are constructed to investigate the influence of intrinsic
point defects on optoelectronic performance. The results show that for pristine materials, the photocurrent of
Z -perfect in the visible and ultraviolet regions is two orders of magnitude smaller than that of Z,-perfect,
demonstrating significant anisotropy. The introduction of point defects reduces system’s symmetry, leading to a
remarkable enhancement of photocurrent in both devices in these spectral regions. Notably, in the Z , direction,
the point defects induce the photocurrent to increase by three orders of magnitude. However, the photocurrent
remains relatively small compared with that in Z,, direction, indicating persistent anisotropy. The influence of
point defects on the extinction ratio depends on both defect types and photon energy. By selecting specific point
defects under irradiation at targeted photon energy, the polarization sensitivity of devices can be effectively
improved. These findings provide theoretical guidance for deepening the understanding of the electronic
structure and optoelectronic properties of two-dimensional Z-Bi,O,Se.
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