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Abstract

In this paper, the GeC/WS; superlattice structure is investigated by first principles, and the elec-
tronic properties of GeC and WS; monolayers are analyzed in detail by using density-functional
theory (DFT) and the VASP software package, and the atomic structure and electronic properties
of the GeC/WS; superlattice are further explored in six different stacking modes. The computa-
tional results show that all six stacked structures are direct bandgap semiconductors with type Il
energy band arrangement, and the bandgap size varies from 0.55 eV to 1.03 eV. This suggests that
constructing superlattices can modulate the electronic properties of superlattices by changing the
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stacking method. In addition, the analysis of binding energy and layer spacing indicates that the
physical stability of the superlattice is closely related to the stacking mode. This study not only
reveals the potential application of GeC/WS; superlattices in the modulation of electronic and opti-
cal properties, but also provides a theoretical basis for the design and preparation of novel super-
lattice materials with specific functions.
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1. 3]

T i bk A — P AR PO R DR BAVE S S HE B R R A 450, L E 5 2 2 1A )& BEE & 7R
AR BIHORIERI[1] [2] [3] [4]. H 20 22 70 SEAXHIHT Esaki A1 Tsu B SEHH DSk, B4R,
ARk 25 i A R 2 S AT P BE TS I A [ L] SRS BIF FU N 5 R BT A S o ) e A 8 M SR AT A - A
BRI, TR R PR PERE . BI4n, Whitlow [5]28 A EEGK L Bi,Tes # 5hk%, KILHE
HA e EfE ;. Harman [2]25 A lid # % PbSeTe 3 & 1 U f i 450, R I 5L G # AR Bk
(Bi,Sh),(Se, Te)a)fH L, FLEA TR MR EI R . 8 b As 45 0 HH 0 7 R 08 3 I 57 B 27 250 15 ek 34
2. i, Esaki [1155 ANWFFC R I db ks 2540 I L FAE B TREF AN N A G it 522 . Bimig i 2 &
e e R FEANE R PRI s o i, Yang [3]55 NI T R IUAE 2 I Tl 51 AGK REETC e i (NDI), - A
3 Nigg 9C02 4Feg sAILo 7 Tirg 7Bos (S5 F FARE T N ZIE FHE 1 E 7 L) s & & B A 1.6 GPa [ i
FERT 25% (1 A AL J ko o AR 45 A 30 T LA TR B G 25 1 T, bl il st 503 8 it 00 ) A 1 A
SR P, AT SEHLHG A B RS I ] . B0, Gnutzmann [6]%5 B EE Si,Ge, 8 kg 45K, fERERE
MR SEELE O S ERIE s Wu [4155 NAF 7T R B Si/SiGe #8 g 9K 28 B L BRI, AT AVE sk
PICIR AN AR AR 2% EIRATRIL, H s B & Z MR B 7RG, R HEGOREHE
MR BT U S AR T Tl R BRI T A AR AR B N2 [4] [2] [3]e X LERF AN RN T i
FAE SOH A BRI TR 77, A8 117 8T BRI GORUE R K r] R o

B T 70N DR R (R ST FE R N, Hedl & iR ok i . ldn, @it oy P R AMNE(MBE) B AR
B SRR (CVD) il 8 S A [ 7], 3 & —Fm] LATE 7 L AG i 42 i AR K iR T8Il
g S BAR AT LA 4 H AT AR R A1 RS I GOR SRR A, X R AR TE IR N R B Rk
RICRI[8]; TRA Bkt et A4k 22 AR TR (PLA-CVD) I J7 v ] LA 4% B 8 IR 7] 53 ok 45 440 1)
FAL RGN K 2R [4]; Dressick 25 Nt Langmuir-Blodgett 57 A BTl 46 L2 7H1 4 J8 45 K ks 1 118 dl A% [9]
X 5V R AR R 42 T it rh Dk [R] PR R RS AN AE BRI [ 7], AT 1] 2% HH B R s P o 0 il A

AR R EE BRI &, FRIThREME R & L. X — R JER T AR gk,
ARG ) PRI 20 AN 22 2 Rl A IR A s TR SR AR CE BT RE R 2 o 1) = B b A AT i 1 N T 5
ACK LR GeC Al WS, AFEAli i GeCIWS, M dnds, FI LT % FEZ s R (10 28 — V)38, HEIF
7L GeCIWS, i it 7S FhHE 2 77 M IR 1 45 R A L1 )T

][l
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2. WHE*

A S A 3 25 2 SR R [10] [11]/0 VASP A HET T RT3 . VASP B 2 4k th gk
2% Hafner JF & SR Linux 8¢ Unix #:4F R G03ET % 812 ph AR TS 00E . B R B 2 2 R BRAR AN AS H
RIRZ R SE TR fE Schrodinger 7772, MG 2R PR RIVREE . Hfr 25 BE4E sl 0. i SR A
Schrodinger 5 FE3K T MO 2 48 1 14 5 B AR AR R 5 — 1 R B (First Principle) . 7EE1T VASP tHELR, 752
W VUM NS 2R TR RS S HOCE(POSCAR) . i 1 B 14 (POTCAR). VASP i H 5%
SCAHE(INCARY). THELE BT 1 B ) S B 5 S0 (KPOINTS)

TEREATE SR, FRATTAE A ) OB FE I L (GGA) 1 Perdew-Burke-Ernzerhof (PBE) 3 #it 5% Bk o 4§
(GGA-PBE)#fiid | ATl DR RI[12] [13]. N 1 HEAF IR = BVt e A0 BAE A, (8 DFT-D3 J7i%[14]
HHATAZIE . FE R EM RS A, X T4 LI Xk, KA 21 x 21 x 1 Monkhorst-Pack %317 KAE, 76 “2”
Jin BV E 20 A E AR, DU SR HEAR)Z R4S 46 S5 DR RS HE 90 7 3 AR P S o FE AR S A R
seb, 6T EIHIX R, SRH 21 x 21 x 6 Monkhorst-Pack kg 4T KAE . TR PR LG RRE A
550 eV N 1 B PRI A TR 17 B 1A 5E A R st RN 5148 M) RS DAk, R RN T R UL SIOh v 23 301 1 L 107° eV
F10.01 eV/A. BTt 7 IR AE AL AT F A R A FR T CUIE B ELAT 5 e P mT S e R R 1 1]

a3 S5 SR X2 48 W) B 75 (R 45 6 R T 7 7200

Ey = Ececpus, _(EGeC +Eys, ) 3.1
Hor By WA RMIZEGRE  Egeops, I GECIWS, AR AU BER, Egecn By, 77 IfNK GeC WS, it i
)L RE R .
3. GRS
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Figure 1. (a) Atomic structure diagram of GeC; (b) Atomic structure
diagram of monolayer WS,

1. (a) GeC R FEEHMIE; (b) BE WS, KR FLEHE

R (GeC)y IVA TRALEW), 1 Ge JRTM1 C IR, By 1:1, HETZ5HnA 1(a)pr
e FAR 1 x 1 x 11 GeC #EAT T MLIL, LML FAFRI SIS T ¥ a =b=3.26 A, BRI T 58 T
K188 A BT, 1x 1 x 119 GeC &P BE A 2.07 eV IELHAF L Ak, Hor ity A0
S B T AR K 113 2(2) s o A NI e JE B AL S ) (TMDs) R S AR 1, B2 A (WS,)
AL RPN S I3 AN JeAE v R R R WL TR s, R S5k in I 1(b) B 8 1 TR 85,

DOI: 10.12677/japc.2024.132036 311 LY PR A= Svi


https://doi.org/10.12677/japc.2024.132036

] 3Lt

BAF 1 x 1 x LI WS, 3347 T gtk RALERRMEHEES a=b=318A, WET5 S AT IHEK
N 241 A, S-W-S WS A 81.06°, JZEE N 3.14 A il I EUR I, 1 x 1 x 1 WS, & —Ffiff
BUE N 1.81 eV K E AR Sk, Hrh#)Ti(Valence Band Maximum) A5 i (Conduction Band mini-
mum) &b F X FR K s, @il 2(0) . St 5 a5 30 1E0E S5 a0 AT 5 80dE —[15] [16].

(a) Monolayer GeC (b) Monolayer WS,

I 1P
R

Figure 2. (a) Energy band structure diagram of GeC; (b) Energy band

structure diagram of monolayer WS,
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w
w

EeV)
E(eV)

3.2. GeC/WS, BEME E F&H1E R

(a)  AA-stacking (b)  AB-stacking (¢)  AC-stacking

(d)  AA'-stacking (e)  AB'-stacking ()  AC'-stacking

L oL

000000

Ao NN

g O O

©0GeoC OW ©S

Figure 3. Side and top views of the atomic structure of GeC/WS, superlattice in six
stacking modes (a) AA-stacking; (b) AB-stacking; (c) AC-stacking; (d) AA'-stacking;
(e) AB'-stacking; (f) AC'-stacking

[ 3. GeC/WS, MK 7 FhEE 5 R FEa R AR B F0 {41 Bl (2) AA-stacking;
(b) AB-stacking; (c) AC-stacking; (d) AA'-stacking; (e) AB'-stacking; (f) AC'-stacking
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HLE WS, fil GeC BAFAHRIMI /N fLEM, itk w4l 3.18 A R13.26 A, s 1 fio. ABAFRAT
I B ) R R HES B WS, Il GeC AR, MTTHE 2 H GeCIWS, i it , o dfi s e 284y 2.28%,
WS, il GeC #EHE Ny 1:1, Wil 3 Fizn. MRAEEFXF AR, AR SHAEMREZ 7. Hh
3(a) AA-stacking $87E “z” J7 v b Ge JR M W X557, C JEFH1 S JR-F*%F5%; &l 3(b) AB-stacking
fRTE “2” Jim L Ge JRFHA W R FX5F, CJRTH S T 77 B WS, Fl GeC M EBLZ 7S fy 05
¥ 3(c) AC-stacking #57E “z” J7 ] b C JEFF1 S JEFXI5%, Ge T F1 W JF-F 43 7% B WS, Al GeC #4 ¥}
ERIN T AL ¥ AA-stacking. AB-stacking. AC-stacking LL WS, M BEHE IS f thO A7 N O, 5% “2”
e 607 LLAS 24 3(d) AA'-stacking. (e) AB'-stacking. (f) AC'-stacking.

FADF XS P HE S 7 AT T 45k, Lefa ) dis 5 4, Ge-C Fl W-S 8K (dge-c, Ow-s), JZ[HIEE
h AR 256 fE By W14 1 TR . IR EHE ERATTAT LUK I, itk e /s Fife S 07 20 diks o 20 3.215
A 13219 A Zjal, HHELEE GeC. WS, 1 x 1 x 1 ] GeC/WS, Bk iI GeC MEHEMESE 1 1.32% /2
iy WS, FHEHZR L T 1.16% 7 447 . Hor AB'-stacking S J7 201 8% %51(3.219 A)fc K, AC-stacking
B 7 S Sk H0(3.215 At/ e ANFIMES T K Ge-C HEAE 1.857 A Ay, W-S BEKAE 2422 A /i
5 GeC M WS, #EL, /NFhER T ) Ge-C BEKA AT 17 1.22% /2 45, W-S B HifH 1 0.50% 7%
Fio BAVEFE T AFHER T RIS A RE By, RIFTEHEE T NI S REAE/DN, RS IK RIFESS
FHELAEFH AN AR 2 2 ] 1) 22 571 S B TE I s (R 2 TR1 R h L, L rp S hofE 35 75 5 J2 1R) R 25 LA 3.324
A %3736 Ao FRATT AT LUK BILZ 18] 26 85 R 45 4 BB B HE RS (AN R TR AN [ o 3 Hp i 11 28 A 28 2 ]
BRI AR )2 Z AR AR A BAE . G 1 P aTLUE L, 1K 8 WS,/GeC H S ks
SE MR 2 AB-stacking HE& 7 .

Table 1. Lattice constants (), layer spacing (h), bond lengths (dge.c, dw.s), and binding energies (E,) of the 1 x 1 x 1
GeC/WS, superlattice

F1.1x1x1H GeC/WS, BRIBIRIRER (). BEIEM). K (dgec, dw.s) AR LEEEE(E,)

e T a=b(A) doec (A) dws (A) h (A) Ep (eV)
AA-stacking 3.215 1.856 2.422 3.683 ~0.589
AA-stacking 3.218 1.858 2.422 3.390 ~0.677
AB-stacking 3.218 1.858 2.422 3.324 ~0.695
AB'-stacking 3.219 1.858 2.421 3.456 ~0.650
AC-stacking 3.215 1.856 2.422 3.736 -0.575
AC'-stacking 3.216 1.857 2.422 3.363 ~0.692

3.3. GeC/WS, B R HY B F 14 R

AR Re Ay HEZFRAT 10T A RE 5 43 9 | B (type-1) B 5 HEZ (40 s VR S i b [] — B4 L2 D) F 10 24
(type-11) By e P (U TRAR 27 e 43 ) ER AN R BHE DTR) [17] [18]: FRATTEXS AN Fh HE B J7 sk AT R 25
PRI % % (Density of States)it%, Wikl 4. & 5 Frox. MEEH B HRATRIASFHER 71 GeC/WS,
ARG SO O B B A, A AN TR S A I AL T B K e HerfrE] 4(a) AA-stacking
HE & 5 7Y GeCIWS, il % L A 0.85 eV (177 [ fEL - (b) AB-stacking M & /5 7UK) GeC/WS, i diif% F A7 1.03
eV M BR{E . (c) AC-stacking H#E & 77 2\ GeCIWS, i itk H A 0.84 eV AT [E . (d) AA'-stacking &
75 1) GeCIWS, # 5 FL A7 0.55 eV [ [ « (€) AB'-stacking HES 77 21 GeC/WS, i i k% 45 0.70 eV
M BRfE (f) AC-stacking #EE 77 30/ GeC/WS, i fni% LA 0.85 eV sl . S 7 R A i,
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Figure 4. Energy band structure diagrams of GeC/WS, superlattice with six stacking modes (a)
AA-stacking; (b) AB-stacking; (c) AC-stacking; (d) AA'-stacking; (e) AB'-stacking; (f) AC'-stacking
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(d) AA'-stacking (e) AB'-stacking ) AC'-stacking
f =0 e = B =
ol 0F 0
Y ! Ea | By '
T R R
i i — i —
0 0 %—7 o ——
g 5 1t ; 5 -1r ;
2 S . L . L | L L = L . L | L . L
a 2t —c At =d
5 e e
) > ] 2 '
E | £ -l ' R '
E ‘é‘ L 1 L 1 L 1 L 'é 1 L 1 I 1 L 1
R 3R R 3F [ i ] 3r ;7W
0F 0FE : 0 :
3 3tk ' 3+ '
3k 3t H —t 3t =5
0 0 <:NV‘>_—.—C@N:} 0 {%.—‘—qﬁ
3 3t | 3+ i
20 -15 -1.0 05 00 05 10 15 20 20 -15 -1.0 05 00 05 1.0 15 20 20 -15 -1.0 05 00 05 10 15 20
E(eV) E(eV) E(eV)

Figure 5. Density of states (DOS) plots for six stacking modes of GeC/WS, superlattices (a)
AA-stacking; (b) AB-stacking; (c) AC-stacking; (d) AA'-stacking; (e) AB'-stacking; (f) AC'-stacking
[ 5. GeC/WS, BB aI& M7~ FhEE 75 7S B (DOS) Bl (a) AA-stacking; (b) AB-stacking; (c)
AC-stacking; (d) AA'-stacking; (e) AB'-stacking; (f) AC'-stacking
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1 x 1 GeC/WS, M dfit& I F 1T . X GeCIWS, M dfitk i) 6 FhifiZ 7 & & Reidk AT T8, H3IER
SE IRy AB-stacking. GeC/WS, i g% (175 T B 25 7 FREL/E S 0.55 eV & 1.03 eV Z [, #Lk
HLJZ GeC I WS,, GeC/WS, it &ttt iy BRAELIR /N, 150 BH FEL - BRAT I BT 55 EE M Be & ik, AT - X
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