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Fig. 1. (color online) Geometric and electronic structures of a 2 x 2 x 1 supercell of germanene and germanane

at the PBE level. The big green and purple balls represent the Ge atoms in germanene and germanane sheets,

respectively. The small white balls are the H atoms.
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IR E SR DAREY -1 Ay, AR B (A X 8 i 5 1
Fig. 2. (color online) Six possible patterns for the ger-
manene/germanane bilayer. Pattern I is the most stable
structure. The relative structural energies are listed with

respect to pattern I.
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Fig. 3. (color online) The charge-density differences of the
germanene/germanane bilayer for pattern I. The yellow and
green zones stand for the increased and reduced charge den-

sity.

pGer 73N TR W /B bt BE M B I I PR T
B0 XA AR AT N A7), T 0 X AR FE AT O3
ANERG. B B R, B OXIEAECRE T HIEE 1
sHUE, MR O X FEZEB Ge p, PUERME, I3
FORB T WA B Ge—H LM AL B, B
W S5 2 [ Ge—H/m A B, X RGN /e
R R DLEE 7O B, e B Ay % 7% 10 7 Uk
IR b g G E—ild. X PR 2 1 M fur e R L
Insi 7R S b TR A AR, R8I S5 4 b
Z I AFAE S A EAE B ) B AR, TR L4, f
Tap e B 2 B FE A B e — AR A8 A% - i A% SR it 1Mo
TR T Rk VP A S 5 R, T
IR T 505 P A% RO AR M, I R 2 R i
BHE TS5 AN, Z ORI AL HR 5 K
J2 B MR ARRENE, I 1 — 25 4 e 8 s / 8 e U2 45
R RS 1.

R BRSO B R Broga (V), #5H 4JZ 1N

P D(A), #kih H 54808 Ge MBIEE S du_ce(A),

44 e Ep(meV).

Table 1. The structural energies, interlayer distances

between Ge skeletons, the shortest distances between

H atoms in germanane and Ge atoms in germanene,

and the binding energies for the six patterns of ger-

manene/germanane bilayers.

Eiota1/eV  D/A  dy _ge/A  Ep/meV

MR-l —24.202 3.212 2.852 273
R -2 —24.197  3.246 2.871 268
A3 —24.094  3.941 2.364 165
MR -4  —24.087  3.991 2.417 158
A5 —24.076  3.879 3.033 148
MAl-6  —24.069  3.916 3.309 140

PR -2 55 10 AL -1 (1 JUART 45 44 5 2840, HLRE
B -1 EH 5 meV. AR -1 R —
AR F IEXT M T BUE 1 Gegpe JR T, TR -2
HH ) — 2 U5 U T X B O R AU I Gegpz BT
FH T 23[R0 A5z B8z, A4 28 -2 1) J2 TR) B L A4 2R -1 1)
JEEEEM 3.212 A 5% 3.246 A, X3 T RN
FHEAEF EOA AL -1 B AT PRAIG. RV ikt #9282 4K
RARAEERE ML, HE5 A REE F) 268 meV /unit
cell. #4844 -3 FIAG AL -5 (1) JLAT Z5 R AL, 6 Jot )
SR T IEX E S IE T Gegpe R . AFEIIE,
TER B -3 v B v I A5 7 I B 0 R 1
Gegpe JR T, TIHIBL -5 2. X Pl & 77 RO KB
K 7 9940 BLAEH 77, H 456 Rt ol K i FE PR &2
165 #1148 meV /unit cell. 1 &4 -4 FIH4 7 -6,
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B 5 bR I R DX T R — AR A A B — b
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s B, W 4 () Bros. N TR R B T4 E
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B e, AT OR BR TR R v O AT
B R T R, [, Ge—H/m 554 HAE
MBI T — P B, EAR
— ML, vAW B IEXT LSS AH FLAE F 70 E 1)
W R R IO LT 450 T A5 3. 5%
& T vdW AR IEAH H R 2% 8 vAW 1B IE 148 045 /5 e
WUZ G5 F 25 4 B 273 meV Junit cell K FE 4
iK% 187 meV /unit cell, 1X E 4 T8 T JZ A HE 25 M
3.212 A K% 4.863 A, M EAA TG S
(6] (1) 2 TR) AR ELAE B2 AE el 45 A AT — A
50 meV [ .

A UENES]

4 (TR 76 PBE iHEUREE T, B0 /450200 () BEARZ5HIIEL, (b) 1405 T VBM A1 (c) S5 CBM i a8

Fig. 4. (color online) (a) The electronic structure of germanene/germanane bilayer at the PBE level. The partial

charge densities of the (b) valence band maximum (VBM) and (c¢) conduction band minimum (CBM).
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T H SRR AR, B E SR I P I () B B L R
EINVS i Ve s
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Energy/eV
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N

Energy/eV

r M

r M

K r

K5 fEmkEE HSE06 i3RI T, (a) 80, (b) #EkeAl (c) B8 kT /48 b RETE 4514 1]

Fig. 5. The electronic structure of (a) germanene, (b) germanane and (c) germanene/germanane bilayer at

the high accurate HSE level.
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Fig. 6. (color online) Geometric and electronic structures of the germanane/germanene/germanane sandwich

at the high accurate HSE level.
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Abstract

Germanene, one of the most important two-dimensional materials after graphene and silicone have been discovered,
is attracting wide attentions due to its many excellent physical properties. Since a suitable band gap is needed for the
electronics and optoelectronics, the lack of a band gap has essentially restricted the practical applications of germanene in
macroelectronics. In this article, density functional theory calculations with van de Waals corrections is utilized to study
the geometric and electronic properties of germanene (Ge), germanane (GeH) and germanene/germanane (Ge/GeH)
bilayer. The band gaps for Ge and GeH are zero and 1.16 €V, respectively. For the Ge/GeH bilayer, a considerable
binding energy of 273 meV /unit cell is obtained between Ge and GeH layers. This value is smaller than that of Ge bilayer
(402 meV /unit cell), but larger than that of GeH bilayer (211 meV /unit cell), indicating a considerable GeH/m bonding.
This means that Ge and GeH layers could be combined steadily by the interlayer weak interactions. Meanwhile, a band
gap of 85 meV is opened, which is contributed to the breaking of the equivalence of the two sublattices in the Ge sheet,
yielding a nonzero band gap at the K point. Charge density difference indicates that the electrons on the sorbital of
H transfer to the Ge_ p orbital, enhancing the interlayer interactions. It should be noted here that the van de Waals
corrections are pretty important for the geometric and electronic properties of the Ge/GeH bilayer. Without the van de
Waals corrections, the binding energy of the Ge/GeH bilayer is reduced from 273 meV /unit cell to only 187 meV /unit
cell, severely underestimated the strength of the weak forces between Ge and GeH layers, resulting in a much smaller
band gap of 50 meV. Interestingly, no band gap is obtained for the sandwich structure GeH/Ge/GeH, in which the
equivalence of two sublattices in germanene is kept. Finally, all the results are confirmed by the high accurate hybrid
functional calculations. At the Heyd-Scuseria-Ernzerhof level, the band gap of Ge/GeH bilayer is 117 meV, slightly larger
than 85 meV at the Perder-Burke-Ernzerhof level. Our work would promote utilizing germanene in microelectronics and

call for more efforts in using weak interactions for band structure engineering.
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