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Abstract

Novel two-dimensional crystals and their new properties provide impetus for the development of
SEAEE

YEG I EES, KK, EEER, WE, T BIKL. 4R Sk seSC, WAL . e M AL BT 1 3A T
0] MBERF, 2026, 16(5): 131-140. DOI: 10.12677/ms.2026.165107


https://www.hanspub.org/journal/ms
https://doi.org/10.12677/ms.2026.165107
https://doi.org/10.12677/ms.2026.165107
https://www.hanspub.org/

EEE

nanoelectronic devices, therefore, the search for them is a fundamental ongoing research focus. Here,
the two-dimensional ternary material SeSCz was found to be a stable semiconductor with an indirect
band gap of 2.43eV by first principle calculation. Its excellent stability is confirmed through the pho-
non spectrum and molecular dynamics simulation, etc. Through applying external small biaxial strain
(-3%~3%), its electronic band structure can be tuned in the range of 0.78~3.09 eV. Chemical mod-
ification is also a useful method to change the band structure of the SeSC: sheet. The hydrogenated,
fluoridated, and chlorinated SeSC: sheets are found to have indirect band gaps of 3.49 eV, 2.57 eV and
1.89 eV, respectively. Moreover, the ternary SeSC: sheet and chemically modified SeSC: sheets exhibit
novel optical properties. These unique properties are promising for applications in future nano-opto-
electronic fields.
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AR () AR &35 R A 5T A FCAE 4R 0K F - 254 008 P R FH TS50 ) R o B 28 4 e 5 A R OB AR R
TG RS BB A SRR TR AL T AT RE[2]. S gk SARTE A . MR OB
OXBHBE FIE ' HPRIN 28 A0 RO AR S5 SO R I T2 R LI 770 % 88— ARGK 1 2 R A
PERePE T H 2RI R R, X ARAE AW AR AR 3] 1 & 4R, 4k SRR %
HRFAEK, XEMEHED) T T IR AR BE A A S U K S (4]

YR GARTEMARYE T S U R B T R N =2 T R OGRS LR Sk B
JRM R D, JE AR 7T Dl T A SE (5] ARRME R 4 SRR . BE. 2.
WM b B DA SOOI . DR S B AT BRSSO FIE R R, XS PRER 2 i ' L A A AR
WA kL. Ak, BB 1B RSN 55T BT AR b R B SR B . H
RIS % R A B B 42 SRR RE AR T 8. SUTR R SAM R OS2 o0E, A RS
TEAREH . WGBSR AR [6]. TR 4k AT R IR R IE WK W FE T R . g i RkGE T2
Tl FL A S 4 ) R B TR PR I 4 AR (I a-CSe -CSe Al h-CSe), XL REE LB /1 Ak 2E T AL
AR AR R AT R RO ERARRE, BEUAATE G A U R BRI R TSR [T

TAER, RTFZIN Y SR RS #YE . BT MR E L A WERE S, XS R A
R 2B — 1% 2 R BRI 75 3R (8] AR MM =00 — 4k S 48 = o JE S JEmE i &
Y. WL R RN L =t R . Janus B a-TeSSe HZ PR IE & —Fh A48 [0 [ 2 Sk, B
BRI /R, SR EE R RS ZT 8, KPR, R BA 7.
BMX, (M = Ga, In; X =S, Se) = ol @ GE N R Sk, BA ST A A ANE R, 2k as
(I H AR IR ARl . ZnXoZs (X =In, Al, Ga; Z =S, Se, Te)fE N M G4k, HAAHMP AW, &ETiE
R, BRI G RAE ZT 1, AEBCN AR FEEE . X p-SiXY4(X=Si,C,Ge; Y=C,
B, N) Lo BHEENE . PG ARG L], 7SM p-SiX Y, 2 BA Ria e th 5id & i
T IK 23 AR B AR JE A R TR 35 B . XCrYs (X = Al Ga, In; Y =S, Se, Te) ¥t ZEM B &1 FhaE, HEH
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BRI RSB =R . 5532 GaCrSes Al InCrTes L2 BA AEMEATH, FIk 4k XCrY; 26H
YR T B e 78 E. 38 B A MXoNy (M = Mo, W; X = Si, Ge)Hf 2 SR B S AT 25 # 8 i 1k
BPERF R B T B B AR 3, S35 RS A B FH VB TE AR M ) o IR LI (BCN)E i — R =
ERPRE, HARRE O, BRIk BB RS REIRZE L. 9K L2 ) S g A SRR B S AT S B 22
. RECHRKEXRTHAEZ 64 S0 0 A & 2 PR iRkiE, (HiX s RIUER T 262
YE SRR S IL—F . BB R 0 Yk SRR = 0 TR SRR A T B B
LY Qipe Y

AR, ZYERRER B AL AW O LGS, AT B RS VIR G R R e 4R 2 R O R i
TR B AT A A s MEADG VR RE[9]-[13] ASCIRIE 7 — M BA 7 A M 506 PR BE I =0 — 4
SeSCo Mkt . Bt 21, FATM =0 4k SeSC, - FARF AT T = A thbrR), FHild itk 5
UESE 7 X S B RUFIIZN 2 Ra e v . AW SO BB = n —4Emii R AL ST R, JRRART
Yk SeSCo AR ERAA .

2. WEEE

FETH 2 R (DFT), SRS —VE R BB AT (VASP)XT —4E SeSC, HLJZ IR di i S5 i 1EAT 1
seafift. FIH VASP AT RE 1 M7 A I e R 5 — 1R SR B v 5. B FE IR SR A T SRR BE
A(GGA)F1 Heyd-Scuseria-Ernzerhof (HSE06) /732115 — 4 SeSC, HL)Z B ML 1)t . T d et s & A
600 eV, SETHH KA 9 x 9 x 1 (1 k SR, HETHERTFERA 13 x 13 x 1 1 k S e
FsEME, FETPEAMIRA 3 x 3 < 1 BT 15— MR 13 ) F(AIMD) B A S ik 5. (5]
W, I 3 % 3 x 1 AR AIMD BRI = F e e, tHE P R R EIEE /T 10%eV, &RETF
/NF0.001 eV/A. Wz BT R E 35 A A E LB A BAEH .

3. ZRE5WL
3.1. JL{LEH

Figure 1. Geometric structures of the SeSCz sheet: (a) Top view; (b) Side view

1. SeSC: BREEMMLMAE: (a) IHIE; (b) MIRE
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B DL K 4 CSe f R IIAL A S BIIHI T 36 1. SeSC, IR S ENa=5934 . b=4.664 ,
K. =176 A M. . =1364. SeSCo 2 [ BKLL CSe HZHL 1.4%, [ BKIEH T CS 1)z
SeSCr HLZI 1. BEK AN 176 A, 8. o, KT 8.3%. SeSCo HLJZ 1% S8 a M b /N F CSe HL)Z, 1M
b HIFEARSHONT CS B, SeSC, MR NZEEANS/NT CS H1JZ, {HEL CSe HRE 10%. XEELERE
B, SeSCa. CSe M CS 512 i SR -1 HH ELAE HI B BEAFAE AR ZE 57 . SeSCy HLZ I N R HEMG =T~ CSe 1 CS
B, WM =FEA R E .

Table 1. The lattice parameter of the SeSCz sheet and their fully hydrogenated, fluoridated, and chlorinated products, along with
comparative data for other 2D materials

T LSeSC: BERHETEEMN. AUMSLINRIESH, UKEM ZEMRR LR

a b lcfc lcfs lcfse lcfx A Ecnh Eg
SeSC; sheet 5.93 4.66 1.36 (double) 1.76 1.92 — 2.60 -5.95 2.43
H-SeSC:z sheet 6.14 4.50 1.52 (single) 1.82 2.02 1.10 2.88 —5.26 3.49
F-SeSC: sheet 5.97 5.34 1.58 (single) 1.82 2.06 1.39 3.47 —5.30 2.57
Cl1-SeSC: sheet 6.09 5.72 1.54 (single) 1.82 2.11 1.80 4.12 —4.73 1.89
CS sheet 6.04 3.73 1.37 (double) 1.77 — — 2.64 —6.08 2.09
CSe sheet 6.15 4.70 1.38 (double) — 1.91 — 2.36 -5.96 2.31
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Figure 2. (a) The phonon spectra calculated with the primitive cell of SeSCa sheet and corresponding density of states; (b) The
total energy of the 3 x 3 x 1 supercell of the SeSCz sheet under 1073 K as a function of the time and the final frame

2.(a) £T SeSC: BERTEBRMA FIERIMNASEE; (b) 1073 KIRET SeSC: 8% 3 x3 x 1 B EEEM
B AR 1L Bk B B 28 4 BY

kLS *’JE’J?’F%*T%E;EIJHSE MR BE B LI S R . B IR R E TS R A, i&”ﬁ%iﬁ*jft
HIEMBHIUAS ETE . sh e e M i AR B M. WHIWT SeSCy MR MIBIASTREVE, THE T H A
W IR T 1A 2(a)EPo M 2(a) AT WAL BEB(F i LT B 75 T e (0, R SeSC2$}§/\ﬁﬁEEE@
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FASAEENE. BEIEE AR T R KE 780 2 (MDY IR m i A e v . MD AR A2
T2 ANETFHIRRST SeSC, MM, ffFHBISFIEMS, Pk ARae 5 800 eV, fEm T 1073 K (W1 1273K
1173 K)RJE R, SeSCy HUZH LB 454 0.5 ps AL [R] P Wr5d . BF A0 R B, SeSC, )2 Al it 52
1073 K =i Kid 1 ps MiAKAEL IR 5 2(b)7R T SeSC, /2 S Re S BERURT (M 10 (b th 2k, HAH
TUTE 1 ps WARFFFERE, RINZMEIATIE 1073 K il FAREFE. 5 1273 K N CS 2 3273 K T
CSe HJZHHLL, SeSCy L)z MM 52 JEHUIC, B Hfpe i 32 il BEAT e & T3 0. R, SeSCh FJZA B
ARRLEG = I PG, IO RN T O HL AR B R T 4RO, HURER e M R R
R4 Cii>Cia H Cos> 00 I 55— BT 53R1T SeSC, HZ IR H0h Ci=211.13
GPa. Ci2=7.15GPa. Ces=53.08 GPa, Huipi @ Fik ke e k4 A .
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Figure 3. The snapshots of the final frame of the SeSC: sheets at the end of 1 ps for the MD simulation at 300 K with high
pressure gas environments: (a) Hz; (b) H20; (c) O2; (d) N2
& 3.300 K SESEHFE T FEHHFE | RRLERET SeSC HRRIRANURI: (a) Ha; (b) H20;5 (¢) 025 (d)N2

T YERRLSEIG % A R OB T A R A A R E . NIRAE SeSCo HREFE IR TN
g v, B BIAKH @ RS AR (Hy HoOy 02 1 No)PE 300 K 4648 N AT T AHRL I MK B 73l 75
SRR I R AR TR N 3.94 x 1026 m3. 8] 3 IR T 300 K & 5K (Ha. HyO. O F1 Ny)
T B IIEAEA 1 MRGE R SeSCy FLR A MIZE M PRI . SeSCy HURAE 1| WP U IR KR 5e BE S5 44,
A iR S B Re . BT X SeSC, #2 L EAREMERINIFL, FATHIN ZA kLA KA 2
E S8 5 ST

3.3. BF&M

YRR B AS A A AN T 3B St 2 G R SRR I L S AR . TR X SRR ) S W R T e
TEATHE AR K B - S84 S KRR R B FH 7 1), 9 P A O SR R R B A . E SR FH B
Y] HSE J7iETHE T SeSCy, HUZHL TR 458, Wl 4 Fion. & 3(a)iizr, 7E HSE /KF R T 2.43
eV M3 Bt Bk, AIRI SeSC, HZ & —Fh B A G3& BRI A 34k . 4] 4(a)[RINF 224 T SeSCa
R A% B (PDOS) « A 4(a) A AT WL, 7557 JI(CBM) YT, C-p $LIE STk B K 7EN 17 TH(VBM)
BT, S-p FUETTEREK, 1 C-p PUEF O-p PUBER BN RETTIIEM . Kl 4(b)ER T SeSC, HLZ1E G
f) VBM 1 CBM, FIHIREFE tH p P FE Tk E .
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Figure 4. (a) Energy band structure and PDOS of the SeSC: sheet; (b) The isosurfaces (0.05 eA) of the CBM and the VBM
at different K-points
4.(a) SeSC: B EMBETL M SIRFTSEE(PDOS); (b) NE K R4 FHR(CBM)SMETR(VBM)RIZFEE (0.05 eA)

3.4. NAREH R

YRR R TRE A EERE O, RO A B i 5 R AR A U B AN R A,
YERA BT UATT 25 K6 D6 SR R AR %, R 51 RS BRI T (AR A o AT F 8 i it i XUl 2 76 SeSCo HLJ2 1)
REAT AT IS . & 5 IR TR GGA I HSE Wil 5 77 7E 15 21 SeSCy 52 i I Bl XUl . 7 (178 4k 30
. GGA JriLIEH Sl AR BRE, 7 HSE 757152 0 s R IURS A v 55 (10 ARk 5 B (R 1) B3 S gt o7 vk
IS TR I, AR FP 50 BRI BB A AE 22 57, AH SeSCy FRL )2y B {EL Bl LIS 77 R 71N BRI AR Ak R0
A8 JFERKIEE HSE J7vuh B XN 11T SeSCa i BB AT it . WFFE R I : Bl i A
HUSLTHIIE R, SeSCy HLJZ Iy BB Wy AE A8 NI 1E FH R, i Bt B S g B2 18 I 2 90 e 38 K5
W/NEES . fE HSE KF T, SeSCo HLJZFE—2% XU I /7 I ik B B KT B 3.09 eV, 7E 3% XUl /7 I 3R
REU/NHEBR 0.78 eV X B8 Y R B 1 3% Bk 2 SeSCo HUZE AT A LA B gl ) 2 IS AT B, K 6 2
Bl T ASFARFERN /1T SeSC, HLZ I TEA AR 540 [, 45 5 SR iy TH(VBM) LG 47 JIE(CBM) 1 o B
W X 1 7 R T AR A . (EE SR R, B RN ) 8%, VBM Al CBM 7E3) & 2 A H 47 B
REAE G . X R S A28 SeSCy )2 1 REAHT BRIS AL
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Figure 5. Band gaps of the 2D SeSC: sheet as functions of the biaxial strain
5. 24 SeSCr B R IHREN M HRY T K FR
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Figure 6. Band structures of the 2D SeSC: sheets under the biaxial strains at HSE level
B 6. WA ST 4 SeSC2 5E 7 7E HSE RERHIRET LM

3.5. g

SR AL — PR 2 S RO R S v, HJ Y — PR F T MM B R 1
SeSCy L J2 Hh B B UL 177 26 A HL 5 S0 L AL AL 22, LR 2 BRSO A
fuopt. 23 JURTHALR UL . SALRIELL SeSCa 32 MMM 7 FFs, ks SHRIR Rk K
FIFH 1. 72 1 WAL Sk SeSCs M2 b Ah I HE S5 a M b ) IENLE M R I A RN, R
B o R o BB OURE 1 B B P2, T K B, h T e SR 25 R, BT 5
W GURTZIMEKAFEN KA. 4 SeSC, MIKIILEILEA. 4 SeSC, ST IIEK L. (Al
I, TEACZEERPE R HI I . BB A . SALAI UL SeSCa 2 TR I AT AR THEL DT A S, FLS
4 CS Al CSe M2 0P BAEMARIE, 2 01E 1B B MARE .

Figure 7. Optimized 3 x 3 x 1 super lattices of the hydrogenated (a), fluoridated (b), and chlorinated (c) SeSCz sheets from top
view and side view

7. Ef(a). BLO)FIEIL(C)R SeSC2 BRI 3 x 3 x | BRAIELEMIRFALEF ML E
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Figure 8. The phonon spectra of the fully hydrogenated (a), fluoridated (b), and chlorinated (c) SeSCz sheets
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Figure 9. The band structures of the fully hydrogenated (a), fluoridated (b), and chlorinated (c) SeSC: sheets
9. TS (). ALOL)FIKIL(C)HY SeSC2 B RHIBETHLE

3.6. AEMHHR

BT TR A A T HE— DTS T AEMORL RO . T AER R AR R B A 2 B A
FAE R T AP R TS iR R R . AIRFUIX L SeSC, WG, Fe Tl /B 7T 1 I
FEMRARG N ISR E . 4] 10 22 71X L8 SeSC, MBI OL I . W froR, 4EH)5 &AL SeSC, 7
R FRTIR A i S I AR AU, Al SeSCo TIRAT PN IRHSCIE,  JAL SeSCo TR IR /s =M i . 2
2 B T I A KA S SeSCo IR WO IR KL . 214 SeSCo AL 5 L 10* em ™! I RO
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Figure 10. Absorption spectra of the pure, hydrogenated, fluoridated, and chlorinated SeSCa sheets (H-, F-, and Cl1-SeSCz)
B 10. gtk St SRS SeSC2 BE(H-v F-F Cl-SeSCo)BYIRUL S 1E

Table 2. The peak parameters of the absorption spectra of the pure SeSCa sheets and the fully hydrogenated, fluoridated, and
chlorinated SeSC: sheets
F2. A SeSC: BRRFTESMN, BUFR SeSC: EREAIRBCLIEIFESH

Configuration Peak one Peak two Peak three Peak four Photon energy range
Position 2.86 6.16 8.21 9.64
SeSC: sheet 2.33~11.60

Strength  1.95 x 10*  4.54 x 10* 3.64 x 10* 3.85 x 10*
Position — 5.94 8.25 —

H-C2SSe sheet 3.03~11.33
Strength — 4.59 x 10* 5.29 x 10* —
Position 3.15 5.07 — 13.78

F-C2SSe sheet 2.40~11.32
Strength ~ 2.50 x 10*  3.79 x 104 — 0.86 x 10*
Position 4.26 6.31 8.39 11.45

Cl-C2SSe sheet 2.13~10.30

Strength  3.16 x 10*  3.33 x 104 3.41 x 104 1.26 x 10*

4. &g

i EPnA, AWPFIETHEZ AR TR, 6 T4k SeSCy A M = L B R S (A . &
A4 S SeSCy FZ)HEAT T HELNB 7. 4k SeSCy b HIE B B A # M B) Jy ke e vk, i A
KE TR EBRANIAE VAR Ik 1073 KGR T RIRRE N, JRIESCHA RS Uh RA LR K
FRAENE. BHUEIRERN], T4k SeSCy M AR & LI HI KA AT M. SeSCy HLZ & FAA 243 eV i
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AR Bn R PR TR U O T AL, 4l SeSCy A HAR S B JEAE AT WG IX BRI BN
A X R IR R, XA B SO DL AT LGB BONIER SRt R g O B AE A SR AT L
AW TN —HERP RIS EIGER T R, W TR HESNIX R —4E SeSCo R KIS 17 BRI FE »

E&WE
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