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Fig. 1. Top view (a) and side views along the a-axis and b-axis (b) of the 5-TeO, unit cell. The purple and yellow atoms represent

Te and O, respectively; (¢)—(f) the variation of formation energy of (¢) vacancy defects, (d) interstitial defects, (e) antisite defects

and (f) substitutional defects in 3-TeO, monolayer with the oxidation potential.
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Fig. 2. Calculated band structure of 3-TeO, monolayer with the single atom vacancy: (a) Voy, the in-gap defect state in Vg, is de-
noted as E;(Vg,); (b) Voo, the in-gap defect state in Vo, is denoted as E;(Voy); (¢) Ve, the in-gap defect states in Vr, are denoted

as El(VTe)7 EQ(VT9)7 E3(VT9,)7 and El(vTe)v respectively.
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Fig. 3. (a) Real-space charge density distribution of the defect state E;(Vq;) in the band gap introduced by oxygen vacancy Vqy;

(b) real-space charge density distribution of the defect state E;(V(,) in the band gap introduced by oxygen vacancy Voo; (c)—
(f) real-space charge density distributions of the defect states Ey(Vye), Fo(Vre), F3(Vre), and Ey(Vy,) in the band gap generated by

tellurium vacancy V., respectively.
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4 FAH R E B I 6-TeO, HRMREH 51 (a) O JRFIEIBEREA O (b) Te JEFIBIBLERIA Te;, 7 2 il B v Bl

BILH E(Tey), Ex(Te;) Fll Ey(Te)

Fig. 4. Band structure of the 5-TeO, monolayer with single-atom interstitial defects: (a) Oxygen interstitial defect O;; (b) tellurium
interstitial defect Te;; the defect states in the band gap of the system are denoted as E,(Te;), Ey(Te;), and Es(Te;).

5 (a)—(c) [MIPAGRIE Te; 51 A M B LA E(Te;), Ey(Te) Fl Ey(Te;) 1523 (] H fof 2 i 4 7
Fig. 5. (a)—(c) Real-space charge density distributions of the defect states Ej(Te;), Ey(Te;), and Es(Te;) in the band gap introduced

by the tellurium interstitial defect Te;.

Eg(Tej) ?"&MEEEE@‘EF@ Tei )% @Jﬁﬁ E/‘J Te JE?
DU

3.3.3  RAz#kl4

Kl 6(a)—(c) N & A RALBRFE Op, Tegy F
Tegy M 3-TeO, FIZM L T-REHF L5 1. 51 A7k
B O Ji, TEHFBR 237 A — N FEN T B L IERL
ERIFBIEE G2 B(Or,)), IR
. BRFAZS B (Ope) 7R 2 B M7t T BT
Ey(Ore) M5 AR R B8 BRI/ R 0.41 eV.
Kl 7(a) A Ey(Orpe) 25X B 43853 FL far 2% B2, 1] LA
A B (Ope) EEH AL Op #PITH 4 4
O J&F Tk, 51 ASRPIBFE Teo, BF, XA RS

A AT TR A 1 2 5 ma). [Rl i, S i
Teg, 2TEA BN GIA 3 A B e AU {8 I 1 B 2
(LN Ey(Teoy), Ey(Teoy) M Ey(Teqy)). Bl b2
E\(Teoy) RN IR RH MRS S04, T By(Teo,)
AR AR 7 5T, AR FR A BRI B 1.75 eV,
Kl 7(b)—(d) N Ei(Teqy), By(Tegy) Al Ey(Tegy) 25
Xof 07 FY) 225 (8] LR 25 BE 93 A1 . By (Tegy) F1 Ey(Teq)
S bES, TEVORRER T Jr, FE AL Te JR
BIHR. Es(Teqy) SR diflaas, 7E2ERRESR BT,
W EZEH AL Te R 5Tk,
) B, A BB Tegy 2 7R BRI 51 A
3 A R fi I BB 25 (I N Ei(Teos), By
(Teoo) Fl By(Teqy)). FIASMLBLI Tegy B, A
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(a) ()

| |
E3(T€02)
| | |
‘Ez(Teoz) \E1(Teos)

Energy/eV

Energy/eV
Energy/eV

K6 & RIEF AR 5-TeO, B2 B EH  (a) SUALERFA O, 1A FR H 097 BR P 8 BA S IE R Ey(Ox,); (b) KA1 B
Tegy, M & T BT 8 BE 2 0 El(Teoy), Ex(Teo), 1 Ey(Teqy); () SALEBE Teqy, #8514 47 Bl vh BB 281 Ey(Teoy),
Ey(Teq), Fll By(Teqy).

Fig. 6. Calculated band structure of -TeO, monolayer with single atom antise defects: (a) Or,, the in-gap defect state in O, is de-

noted as E;(Or); (b) Teq;, the in-gap defect state in Teq; is denoted as Ej(Teq,), Ey(Teqg;), and Es(Teq;); (¢) Tegy, the in-gap de-
fect state in TeO, is denoted as E;(Tepy), Ey(Teqgs), and E3(Teqgs).

o e

K7 (a) RALBRFE Or, 51 A B B A B FE S By (Or) 1952 25 [0 A 25 BE 434 5 (b)—(d) S AL BEBE Teo, 51 A M1 B i B Bl 25
Ey\(Teoy), Ey(Teoy) A Ey(Tegy) BT [ HLAR B BE M5 (e)—(g) BALERIE Teoy 51 ARIAFBRHEIAZS Ey(Teog), Ba(Tegs) A Ey(Teps)
Ry 52 2 (1] PR 77 8 20 A

Fig. 7. (a) Real-space charge-density distribution of the defect state E;(Or,) in the band gap introduced by the antisite defect Or,;
(b)—(d) real-space charge-density distributions of the defect states Ej(Teq,), Ey(Teqo;), and E3(Teq;) in the band gap introduced by

the antisite defect Teqy; (e)—(g) real-space charge-density distributions of the defect states Ej(Teqy), Ey(Teqy), and E3(Teq,) in the
band gap introduced by the antisite defect Teqs.
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FR IS AN A T AR 7 A T W3 R . B
B B(Tegy) BN R B R 1, 10 Ey(Teg,)
BT B A 8, R R A BRI 3 2.00 eV.
Kl 7(e)—(g) 4 Ey(Teos), Ex(Teqy) Al Ey(Tegy) 25
XN ) S22 (B LT 25 FE 43 AT . By (Tegy) B2 HiRA,
TEVOKRRI T 7, FE MR Te i+ 5Tk, [H
HIF2EH) Te JH1 O WA DETTHR. Ey(Teos)
B A, FEVORREHR T I, L2t R fr
Te JRF5THk. Ey(Tegs) AR HIA, 2 KAEE
P b7, FETTHOR B BREE O R Te J5-1A
i O JRF

3.34 BHXKETE

F 5 N & AR A WAL= s IR AT

&, HTELssiy, mi Sbib &M kEsE, 654
5 RGNz BRILZ AN, F, N5 O R
FHRFICE, Sb, 15 Te W MFHSEITTER, EATHAHH
[l H 28, R FHUEAERRGUNUT | TR B A=Ay
PE LR AR, PUERER 5T = A R IR
. 6 MBI o1, Fog, Noi, Nog, Ire, Sbre #923
Y57 B-TeO, 5l AWM, TNIE 8 F1El S8 (online)
Fiis. GRS AT UL 3-TeO, A R EA H
TEMALHL T, A BT A e F2Eanff P02 24 F
AR Oy B, KR MIHEHE y 0.66us, FEKIETH
F R K A 40 Te JEFF1 O i1 X4 F &
ROy I, REEH)SHEF R 0.59up, FLEHHETH
AR FIERL 3 MR Te i+ S HA T4 A
HIE4R Te i+, T F ¥ O li 22— HF,

----Up —— Down

Energy/eV
Energy/eV
Energy/eV

|
1 | E2(Fo2) \E1(Fo2) | |

(© 1 e (1)

== SSSS=———

B B (Sb'lb)‘
0.32 eV,

Energy/eV
Energy/eV
Energy/eV

K8  EHPIETFEBEN 5-TeO, 2 M FREW ST (a) BICHLKE Foy, &R 9 B P 8 180 Ey(Foy) Fl Ey(Foy);
(b) B ACBEFE Foo, 7K 2 A 004 BE BRGS0 N EL(Fog) Al Eo(Fon); () BACBEFE Noy, 7K 2 (045 B A B B 2518 8 Bi(Ng,) M
Ey(Nop); (d) B A BEBE Noo, 1 2 o B B B G 2S00 B (Noo) Tl By(Ngo); () B AR B IE Tr,, 7K 2 o (945 B P B 2550 N
Ey(Ire) A1 Ey(Iro); () B ARHLFA Sbry,, MR 1 B h 8BRS R By (Sby,) 1 Ey(Sbr)

Fig. 8. Electronic band structure of 5-TeO, monolayers with single-atom substitution defects: (a) Substitution defect Fqy, the de-
fect states in the band gap of the system are denoted as Ej(Fq;) and E5(Fq;); (b) substitution defect Fqy, the defect states in the
band gap of the system are denoted as Ej(Fqy) and Ey(Fop); (c) substitution defect Ng,, the defect states in the band gap of the
system are denoted as E;(No;) and E»(Ng); (d) substitution defect Ng,, the defect states in the band gap of the system are de-
noted as Ej(Ngy) and E(Ngy); (e) substitution defect Iy, the defect states in the band gap of the system are denoted as Ej(Iy,) and
Ey(Ipe); (f) substitution defect Sbr,, the defect states in the band gap of the system are denoted as E;(Sby,) and Ey(Sbr).
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FTRE T A LA, DR AP AN SE f
(1 O i #2747 B b 5] A BB . B ARk G
Fop TEAFBRH A2 T P4 A TEm AL BB FG (18R
E\(Fo1) 1 Ey(Foy)), WA 8(a) i, 43 5l T 2%
KABZL T 7R L7, X 4 3R A Re iy U T A
) VBM 5 CBM, ffi#7Bi4i/NA 0.80 eV. Ei(Foy)
Il Ey(Fop) &ML 25 W 4045 LT —HE, anlEl 9(a),
(b) IR, #REHEFEIT SR F 5| Te i FF1 O Ji
FoUmk, B2 X AR AR T R RE & R — 5%
BUIE BE 24 ok FLAS A7 FL AL AIE i T, AR AR B
b Foy —FE, BACERIG Fo, 2 B4 TN A
BEIE TR I I ERBEA (1228 Ey(Fog) Ml Ey(Fo)), 40
Kl 8(b) s, 4r il THOKBEH T Il EJ7. RS
SRR R e AR, B 0.15 eV, ST IR AL
F L, BT YL B 9(c), (d) 2 Ey(Foy)
1 Ey(Fop) ASHYSLZS 1043 1T A By (F o)

B 2R A 22 I A HAT R RER STRR A~ Te
Ji 7, Dk HHAB R T Ey(Fo,) SRR F 25T
BRR B IS Te J + K H 4R 3 19 0 5 . &1 S8
(online) YT E R (PDOS) IR, WY
PR A 2 0 EER [ Te 1 O 19 A TR T Al
HiErm A, B F EF Dk T2k e gt .

N FEFEE O I, 1R R A BREH A
0.67ug, i N JF P REH ek (IR FE R 34
Te JiF B ), Hom 48 B X #g 6 DTk AN, 24
N TR Oy IR F B, 4R R M SRR 0.74usg,
FEEH N JFEF DR, 5 4R R ik /. T L
KN JFEFH O 70— T, BRI RS
Wi ER O IS AE B o] ASRPEZs. 2R
BRBE Noy 76407 BT o™ 248 T A~ A e #9119
BRFEAS (IC M E;(Noy) Fl Ey(Noy)), 7 25 78 1
p B B4 B AR, W B 0.04 eV, 3 KA

P9 B 2 0 2 2 [ R 2 v A 4 5 23 A A (a)—(h) B-TeO, B A R BB E\(Fo1), E5(For), E\(Fog), Ex(Foo), Ex(Noy),

E5(Noy), Ei(Noo) il By(Noy) 5

Fig. 9. Charge density of the states within the band gap associated with the defective 5-TeO, structure: (a)—(h) E(Fo), Ex(Foy),
E\(Fog), Ex(Fo2), E1(No1), Es(Noy), E1(Nogg) and Ey(Ng,) state in 5-TeO, substitutional defect.
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10 BBEAS A S22 1) A LT 25 B M A P (a)—(d) B-TeOy BB BKA 1Y By (), Ey(Ir.), Ey(Sby,) Fil By(Sby,) 75
Fig. 10. Charge density of the states within the band gap associated with the defective 8-TeO, structure: (a)—(d) Ey(Ir.), Es(Ire),
E\(Sby,) and Ey(Sbry,) state in 3-TeO, substitutional defect.
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Abstract

Recently, the novel two-dimensional semiconductor material 5-TeO, has been successfully synthesized in
experiments and exhibits excellent optoelectronic properties, attracting growing attention and research interest.
Using first-principles calculations based on density functional theory, we systematically investigate the
structural stability, electronic properties, and magnetism of monolayer S-TeO, containing intrinsic point defects
(vacancies, interstitials, and antisite defects) and substitutional defects. Several physical quantities-including
defect formation energy, electronic band structure, projected density of states, partial charge density, and
magnetic moments-are calculated. Under oxygen-poor conditions, the most readily formed vacancy, interstitial,
antisite, and substitutional defects are Vq;, O;, Tepy, and Fg, respectively. Under oxygen-rich conditions, the
corresponding defects are Vg, O;, Tegs, and Sby,. The introduction of vacancy defects (Vgi, Voo, and V),
interstitial defects (Te;), and antisite defects (O, Teg;, and Tegy) does not induce magnetism in monolayer (-
TeO,, and its semiconducting characteristics are preserved. However, these defects introduce multiple spin-
degenerate defect states within the bandgap, leading to a significant reduction in bandgap size. In contrast,
interstitial oxygen defects (O;) neither induce magnetism nor produce in-gap defect states [§; the system retains
its semiconducting character with an essentially unchanged bandgap. Conversely, all substitutional defects (Fgy,
Fo2, No1, Nog, Ite, and Sbr,) induce magnetism in monolayer §-TeO, and generate spin-polarized defect states
within the bandgap, transforming the system into a magnetic semiconductor. The corresponding magnetic
moments are 0.66ug, 0.59up, 0.67ug, 0.74ug, 0.77ug, and 0.75ug, respectively. Furthermore, we provide a detailed
analysis of the origin and mechanism of the defect states and magnetic moments. This study advances the
understanding of defect properties in two-dimensional 3-TeO, and provides a theoretical foundation for its

applications in electronic and spintronic devices.
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