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Abstract

Using first-principles calculation methods based on density functional theory, we conducted an in-
depth exploration of the electronic structures of graphene, germanene, and the emerging material
of two-dimensional graphene-like germanium carbide (2D-GeC). We specifically analyzed the elec-
tronic structures, band properties, and electron density of states for these three materials. Based
on first-principles calculations within the framework of density functional theory, we found that
monolayer GeC exhibits unique direct bandgap characteristics, with its direct bandgap width pre-
cisely calculated to be 2.21 eV. Through the application of in-plane strain to the monolayer, we dis-
covered that monolayer GeC possesses tunable band structures. The research results indicate that
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two-dimensional GeC may be an ideal candidate material for optoelectronics, such as light-emitting
diodes, photodiodes, and solar cells.
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5 S T BB T LA I T e S5 2 M RS AR, ST 5 R T W T 1 R A,

IR NUR . IR EF RS E G PR SR B AR S, . [T, IV BT R B B SR
THAE G HL 2RI REVR TR B 51 7 72 S50 1] [2]. f1 SR06 BA S FiE R ) S ddk, X
A5 E1E Sl A I B S RN S RO O AR S U R 2 N . B 2004 314 AATTES
— YR I BIRA B8 0 DK [4] [5], Hmiari & 6]. st ¥ S A R R 51 7 AN R8s 7]
[SIMIBF AN o RIAEA S0 1A LK X (910 K s = Fl mxais AR BB R BEM AN I [ 10] 047
FEIXFPILG o REIGVE Nl b o 2 Rk SR W R g KA R, sl i v, LA ReoE i A MR,
A TR BRI T B % $m 2 — P el B 28R TR R, B MR BT B EE R
RURL o X PRSI IR N G A S A, 1N L S0, [R5 B BRI B IESUIE RS & 8
SR, K pis s B ARG T A SBENH. B R CRMWR 4882 KRR DhRe LRV g,
PEREA FEiR T BRI, 0PSB B 4RI BV BT O AR B E AL S AR RE AN
I AN, 2D-SiC 1 2D-GeC W5 £5 44 T 1 B T2 S EGH BRIT T . IRIEHIE, 4k s 2D-SiC 1)
[ABEAT N 2.52 eV, XA TG T2 HAT T R S P A 5. AR, 3k 58 0 TR) 32807 Bt th /T 2 ) 6
HL A A

55 IV A G R A2 5 Y 2R I 1 S o0 45 ) 2 A v 1 7 P 7 % 52 O3 o 7B 57 R 5 A o A w0 2 351
T NATRIR R GRS 58 DY e 76 22 P 6 53— P S B2 1) — oAb S B AL B (Ge ), BRI AR A5 1 iy
B[] [12], 75500 45 84 85 R AN K BH A8 FLt AT B FH 7 1043 81 T T 2 I FE S5 A T o el 7S 7 45 1A 11
TYERRALEE(2D-GeC),  FHMURR I M TE G F T R R IR AR US| R T ORI DG S 2. A, SR
T 2D-GeC IR TE50[13]. Je2E PR 14 FINUAR I RE[15]- ARAETHEL, 2D-GeC [ EEH BN 2.21 eV,
X R E A R I AE R 7l % . R W (LED)RDGAR P L rh#k 47 R » % 2D-GeC HEAT HLIIE A
TR, 54 8EHE, 2D-GeC FINIFE AL, RIFAM LT R, SIkFRE, B bz, @i
1E GeC HuJ2 EMRSCAS A JR 1~ SO N U AR, ] SIZBHAS [ F b 2 TR 4 R 1

TR, AV T2 R, BRI 7 A, B DA B e SR I YRR LA (2D-GeC) Y HE
TEK, R TX =M RE R R B A . BRATE— P T 2D-GeC 1EAMH AL 1E H
NI BRTE AR A o IR [ AR S A T I HL TS5, FRATTRIN 2D-GeC T R TR B FE B L o REE 1
ATV, X R TR R BRI B R O E B NP AN BR S R B U A R T AR
VR, 6T RN SR AL Th Ak AR R AR B R L
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A H, FraitESETEEZREROFT)SE MR T7%. KA Perdew-Burke-Ern-Zerhof
(PBE)BRELZE &) SUBBEIL A GGA) KA R L7 S R SR TR [ R SR1, DFT 5T GGA JFAREIR
B M 3 EH PR AT 70 A I 3 18] () B A AR DG M 5| S 1) YE A A (v W) A BLAE FH - D 17 SE AR A = o 45 4 v
1) vdW RN, AR T DFT-D3 J7ik[16]. 1ZJ7 15 R & 505 Hartree-Fock REUALE &, LA AER
MR AR TN 1) 7 N AN A AR . JRAT 1248 ) DFT-D3/PBE #4775 . Jv 1 #i{R)= [ AH AR
s/, FEWAMMHAMRE S TEZREE T 30 A K “2”7 FHES)E. BAETERER TR
T BIR BT, Z TR S A C R TR —A Ge JET, 20 MIAL T/ A IRIFRZE#1) A G740 B iz,
PRI RE B BB 450 eV FESSHIRALFIRETT G5 A THS 2 MER TR IO 21 x 21 x 1
Monkhorst-Pack (MP)P#% . H V& v 5 IR WCSAPRTHE & Y OB 2 TR] PR e AR A A B 1095 eV, JF HAR i 1k
IR BN R T BRI 71/ T 0.01 eV/A.
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Figure 1. (a) the electronic structure of graphene, germanene and monolayer GeC, (b) The band structures of graphene, ger-
manene, and monolayer GeC, and (c) the corresponding DOS of graphene, germanene and monolayer GeC.
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HHEAEH T ARG LSRR [17], SRR T &R E SRR, RIHHR&EBEF T m
PRSI S TEIKRL T S, T IRE R SRR BEOCR . WE 1(c), fEAEET, BTE
HE BT RMIE, HEZH CJETFM 2p HUBTIMR, B o BEEPUER o K EE, HXF
TORBERAIFR. A, 7E-20 eV 4 eV XN, 2s PUBER 2px PUEF 2py FLIE KA T HEES,
N sp ZARTE R o BUIE . IXRIEASRIG R, 25 SUER 2p HUBHIL R T 2 LBiE, S S8
T A AN BRE T A T .

w1, R SR AR R, BREFA N, BRI B REES . RATEE ST
B SAS , BE R OB TN 0.67, X—HE S CRE SR IR YA . R, R
ATTRE S SRR T 480 JE T S B E T O, X P A WA A3 5 0 B A BRI E IR E RS RS, s AR HLRR
WA FAB A W 1(0), 50 B A0L, B4 1 RE S5 MTE K o a5 PR R 0 HH 4R 1
KFR. R, SABIGAFENRL, HIHRREH SR AAAE— A AT B, X AN B R/ NFIA B AT
Lid i AR AN e 3 B 2 R o B R . B (o) AEPROKBERBITE, #EIm I T A% R T E R T
(1] 4p PUIETTER . X LE p BUIE FL T IERE AT T R BCIE SR A i) o A o, BT A S .
THEE R JE 7R B R PUER S R, HBETAEENMEABGAE—SRER. EEGHIETE
wREE R, nT DL R SRR BE K M T (N AS B FE A AU A), ABARAE — SSTUNR BN . AL, TETEARIY
RESVEEI N, BT DA SR Bk BA4E R T s PUBER p PUBMIR A SEE N1 .

B BRATN A1 54, 4808 LACEATHTE ) — ootk &9 B2 6 55 R 45 GeC [18] (MK 2D-GeC)H HL
THMMREMHERF[19]. WE 1)K, GeC HZ R R HIAUA BIE P IS SH, HHEH GeC B
ST RIS FEE N 3.27 A, X5 HARRE . 2D-GeC MR M 1(b), GeC HERHAH
BB Sk, RSN 221 eV, HM A KA (VBM)S 5 e/ ME(CBM)ERE B LA T K 55, 1X
— &5 S I A RO 22 BT TR 0 R B R E 1, SR T BT U e B AR R SRR . B 1(0)
BN T HZE GeC HIHTFARESHEEMDOS). X THZE GeC, it FEEH C-2p PuUBMRR, W EERE T
Ge-4p Hli. GeC HZRIH FHAER AT DB N AR, 7. REIIAELS ) SOk dtit. Fldn, JmidNasT
FRTE GeC H1 )2 SEPLEE- BT BRI AL . RN R I, 24 Ge [T C T e 2E NN GeC $50 120,
RGN FAR T A AN O RGBS SR Sk, X 3R B AR REVE A K i T R B BRI R 7[20]
[21].
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N 80% ao~ 90% ao~ 110% ag J 120% ao [FIHLJZE GeC, TRFL T HAEH S5 MIRFIE, 1X 2 G4 % & B0 BlARER
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Figure 2. The band structures for monolayer GeC of lattice parameters of a0,0.8ao, 0.9ao, 1.1ao and 1.2a0
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