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Fig. 1. Top view and side views of relaxed structures of five isomers of GeSe monolayer (in the figures, a and b denote the lattice
constants, respectively): (a) a-GeSe; (b) -GeSe; (c) 1-GeSe; (d) 8-GeSe; (e) e-GeSe.
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Table 1.  Relaxed structural parameters of five isomers of GeSe monolayer (a and b are the lattice constants, respectively. h

is the buckling height of GeSe; E, is the bind energy per atom; E, is the fundamental band gap).

a-GeSe B-GeSe ~v-GeSe 8-GeSe e-GeSe
a/A 4.27 3.68 3.67 5.80 6.85
b/A 3.98 3.68 5.89 5.84 6.43
h/A 2.52 1.45 1.76 2.52 1.72
|B,|/eV-atom ! 4.14 412 4.11 4.13 4.08
E,/eV 1.14 2.30 1.77 1.58 1.78

2 5 GeSe Al ARSI BOR SIIUR 545
HERYLLA])

Table 2. Calculated results of vibration frequencies of five isomers of GeSe (E, represents zero energy, Ey,; represents virtu-

(By fREERIBE, By RRIBIIIAR, B/ By LIRS 5

al frequency, Ey,;/ Ey denotes virtual frequency occupies the proportion of zero energy).

a-GeSe B-GeSe ~v-GeSe d-GeSe e-GeSe

E, 73.88 39.55 77.92 151.22 179.68

Ef/i/meV 0.037 0.016 0.041 0.077 0.664

Ef/i/EO 0.05% 0.04% 0.05% 0.05% 0.03%
8.0 (a) a-GeSe T (b) p-GeSe

6.0
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Fig. 2. Absorption coefficients for five isomers in GeSe monolayer.
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Fig. 3. Variation of band gap along with the applied in-plane strain (The square represents the strain along armchair (o,) direction,
while the circle represents the strain along zigzag (o,) direction, the triangle represents the bi-axial (¢,,) strain, the solid and hollow

symbols denote the indirect and direct band gap, respectively).
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Fig. 4. Band structures of e-GeSe monolayer under applied strains (

O Ty

»» Oay Tepresent the strains along the armchair, zigzag and

biaxial directions, respectively. The arrow represents the direction from the conduction band minimum (CBM) to the valence band

maximum (VBM)): (a) o = 0 (in the figure, a represents the conduction band minimum of e-GeSe, b represents the valence band

point corresponding to the same path point of a, ¢ is the valence band maximum of e-GeSe, d is the conduction band point corres-
ponding to the same path point of ¢); (b) o, = 10%; (c) 0, = 20%; (d) o, = 10%; (e) o, = 20%; (f) 0,, = 10%; (g) 0,y = 20%.

PR FE 4, H 3 BT IS A 0.63—1.19 eV.
Jg T UL e-GeSe BUZEIRE 2N 1
PERIREE, 3BT e-GeSe HEEHTHi T 1)
BRI 7 ] R 7 ) RGN 20% AR R 1+
SER RSN R. S5 IR IR EEHIAE 20% Hfif
V) NS A AR 1, AR 2548 [ RN sl A
AR RN TE A B ] A2 R A1 .
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# 3 eGeSe Wk TFRIE (0,). BT (0,) FIXU (0,,) 710 R ASRAL IS B9 TUAT S HO%RERR (510778 3R 450 vy 728
IER AR RIRPLMRIAL; dy, dy F dy (AN 1(e) BT7R) 23 B13R7R Ge Fl Se JiUT-Z M BB £S, 0 271 0 (Ge-Se-Ge) HYHES,
0y 3R 0 (Se-Ge-Se) WHESA; B, (eV) FRXFRINAE T A B, (ind.) FoREHENTI, (dir.) FR8 BHEAFR)

Table 3. Summary of the optimized geometric structures and energy gaps for e-GeSe under in-plane strains along the arm-
chair (0,), zigzag (o,) and biaxial (o,,) directions (Negative values of strain denote compress strains, while positive values de-
note tensile strains. dj, dy and ds (as shown in Fig. 1(e)) represent the distance between Ge and Se atoms, respectively. 6,
represents the 6 (Ge-Se-Ge) bond angle. 6, represents the ¢ (Se-Ge-Se) bond angle. E, (V) is the band gap under the corres-
ponding strain, (ind.)is the indirect band gap, (dir.) is the direct band gap).

Strain/% /A dy/A dy/ A 0, 0 E,/eV

oy 2.68 2.51 2.60 85.6 86.7 1.56 (ind.)

-10 o, 2.60 2.58 2.56 98.2 85.1 1.41 (ind.)
Ty 2.60 2.52 2.52 89.6 77.8 0.85 (ind.)

o, 2.67 2.51 2.60 87.4 87.2 1.61 (ind.)

8 o, 2.61 2.57 2.57 97.1 85.8 1.55 (ind.)
Oy 2.60 2.52 2.54 90.2 80.3 1.32 (ind.)

o, 2.67 2.52 2.60 89.1 87.8 1.66 (ind.)

-6 o, 2.61 2.56 2.58 96.3 86.6 1.67 (ind.)
Oy 2.61 2.52 2.56 90.8 82.8 1.71 (ind.)

o, 2.66 2.52 2.60 90.9 88.3 1.72 (ind.)

4 o, 2.62 2.55 2.59 95.5 87.5 1.77 (ind.)
Oy 2.62 2.53 2.57 91.7 85.5 1.90 (ind.)

o, 2.65 2.53 2.60 92.4 88.8 1.75 (ind.)

-2 o, 2.63 2.55 2.59 94.8 88.4 1.84 (ind.)
Oy 2.64 2.53 2.59 92.7 87.4 1.89 (ind.)

0 2.65 2.54 2.60 94.1 89.3 1.78 (ind.)
o, 2.65 2.55 2.60 95.8 89.7 1.75 (ind.)

2 o, 2.67 2.54 2.60 93.3 90.5 1.62 (ind.)
Ty 2.67 2.55 2.60 95.8 91.3 1.62 (ind.)

o, 2.64 2.56 2.60 97.2 90.2 1.66 (ind.)

4 o, 2.69 2.54 2.60 93.2 91.6 1.48 (ind.)
oy 2.68 2.56 2.60 98.0 92.6 1.50 (ind.)

o, 2.63 2.57 2.61 99.0 90.2 1.60 (ind.)

6 o, 2.71 2.54 2.60 92.8 92.8 1.35 (ind.)
Oy 2.70 2.57 2.60 100.2 93.7 1.40 (ind.)

o, 2.63 2.59 2.61 100.8 90.4 1.51 (ind.)

8 o, 2.74 2.54 2.60 92.8 94.1 1.24 (ind.)
Oy 2.71 2.59 2.60 102.6 94.9 1.30 (ind.)

o, 2.62 2.60 2.61 103.5 89.9 1.4 (dir.)

10 o, 2.77 2.54 2.59 93.0 95.5 1.16 (ind.)
Oy 2.73 2.60 2.60 105.1 96.1 1.19 (dir.)

o, 2.62 2.61 2.62 105.5 90.0 1.37 (dir.)

12 o, 2.80 2.54 2.59 92.9 96.8 1.09 (ind.)
Oy 2.75 2.61 2.59 107.7 97.6 1.00 (dir.)

o, 2.61 2.62 2.62 108.2 89.4 1.32 (dir.)

14 o, 2.84 2.53 2.58 93.2 98.3 1.05 (ind.)
Oy 2.77 2.62 2.58 110.3 99.4 0.84 (dir.)

o, 2.60 2.63 2.63 110.8 89.0 1.28 (dir.)
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F3(8) eGeSe WRTFRIE (0,) SENTE (0,) T (0,) J7 1018 ZE DG A0S (9 LTS8 REBR (6002837 AR AR, TE 1 AE
FORPIUFRIAS: dy, dy T dy (A1 1(e) FI/R) 435136 Ge Fil Se JRFZIAIAIMEES, 0, /8 0 (Ge-Se-Ge) IS, 0, F/R 0 (Se-Ge-Se) K
Hfa; B, (eV) ZoR0 RN T AHER, (ind.) R FHEHER, (dir.) 2R EHABR)

Table 3 (continued).

Summary of the optimized geometric structures and energy gaps for e-GeSe under in-plane strains along the

armchair (o,), zigzag (o,) and biaxial (o,,) directions (Negative values of strain denote compress strains, while positive values de-

note tensile strains. dj, d, and ds (as shown in Fig. 1(e)) represent the distance between Ge and Se atoms, respectively. 0 repres-

ents the 0 (Ge-Se-Ge) bond angle. 6, represents the 6 (Se-Ge-Se) bond angle. E, (eV) is the band gap under the corresponding

strain, (ind.)is the indirect band gap, (dir.) is the direct band gap)

Strain,/% d/A dy/A dy/A 0, 0, E,/eV
16 o, 2.87 2.53 2.57 93.4 100.0 1.03 (ind.)
Oy 2.78 2.64 2.57 112.6 101.7 0.67 (dir.)
o, 2.60 2.63 2.63 113.1 88.8 1.24 (dir.)
18 o, 2.92 2.52 2.56 93.5 102.0 0.98 (ind.)
Ty 2.79 2.65 2.55 115.2 103.7 0.63 (dir.)
o, 2.59 2.64 2.64 115.6 88.3 1.21 (dir.)
20 o, 2.96 2.51 2.54 94.1 103.8 0.94 (ind.)
Ty 2.72 2.70 2.54 123.7 108.1 0.99 (ind.)

&l 5

Fig. 4(a), respectively).

HUR ) FE 2R R Ge IR FRYTTAR. THAEZE KR,
L2 GeSe 78T TH LY A8 5 T 2 B0 H 5 i 1) Rk
P, BRI R AR JEE T ) e-GeSe, 26U H B K [
A LT

4 % i

s A — PR RO, RGN T HR)E
GeSe 1) 5 Fli[a] 535 Fa (AR 28 b 1 o R 7 A i 4
TR AR L. S5 R, b Bl E 4> A RS
) (a-GeSe, 3-GeSe, 1-G0eSe, §-GeSe, e-GeSe) J&
P 2ERE M, o-GeSe S B B2 44, 10 H:
flby 4 Fof ] 3 S ¥ A 2 TR 42T B2 A4 o-GeSe 11

R e-GeSe #540 HL ff 25 B B SEE T ((2), (b), (c), (d) 233X 0L F & 4(a) H a, b, ¢ Fl d Frbr i id )

Fig. 5. Isosurfaces of partial charge densities of monolayer e-GeSe ((a), (b), (c), (d) are corresponding points to a, b, ¢ and d in

RB Y 76 I A8 T EL A DA T2 31 B B B i A8 k. B-
GeSe Fll v-GeSe £ il Jil i A8 T H AT AT 15 19 8] #
B, Ul 4 AL, 8-GeSe 7E 0, =
2% H o, = 4% N HHEARET. 83T e-GeSe
AR FAIE 7 a1t 10% AYFLmiR s, BT M
(1] 4221 B 3] e B A 2 A Ak 8 e in v A i AR
F 20%, BEH A I — BLORRE BT B AR XL
T RN 10% B AR AR B, At H T M ] 4
B 3] EL Bt B A A R 5 KA 6 DU e iy A 34
Iz 19% B — B AR R IR BRARIE. SUAKE,
e-GeSe HLJZ 7E N AR (1 8 ¥ 15 #27 BR AT 7E 0.61
—1.44 eV ZIEJHTT. M7, e-GeSe 7E M AL 1Y
VT AT R A BRYE . o-GeSe BEK.

113103-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 68, No. 11 (2019)

113103

Pt %

Il A1 R HZE o-GeSe TEFR ST I 145N (Y BEAF 4514
K. K Al(a) HHZE o-GeSe AN S T HIRER K. W LIAH
g e B B B e AR NI AL(b) Rl
(c) Hral LU H 24t i £k 45 5 1) (B A 5038 He 46 1 g
I 8 A T He iy B 3 (8] 4260 B i e 28 . &1 AL(d), (e) F1
(£) 3 AAAERR YT TR J5 1) LI 7 J5 A3 43 Rt 181, 4 AE
HE VI8 J5 1] LTt 8% 1Y He 4 13 bty Bl N & 4
SEIAEE; N 1% 0946 R 8% [ A R Iy B
REAT B0 T Bl B 30 (B ety B e A2 . 18 AL(g), ()

(i) 43590 2 5Lk 5 1)t JI R 3 I B 43 R 1 XUl
] LN 6% Y He4i AR B HE BRIs /N A 0, H BT 2 AR )]
& TR MERIEAE SN 1% 1 45 N 1 R 8% B AR
i, AT LT B R (R G AR

Pl A2 Jy B2 e-GeSe ZEAN[A) J5 ] Tt I 20% B AR
FFRALR I ZER IR F6 A1 N2 e-GeSe 16 AR J7 [l
T 20% BRLAR R I3 RS ATR TR RL. T LUR kT
B B AU 75 103 0 20% B98N 1 T 45K ) R A
i S R HE 43 510K 0.16%, 0.02% F1 0.03%. 3% —4%
VLIS W 7E 20% W BLAR N F) T AR B 2R g
EME.

3 f J 3
> M > 1]
2 q
1?0 0oT - - - - - - - - §5 0T -
9 1 <
| /\ =
-1 / —1-
B g B
_3 \\ / _3

-

N
an
N
—
7
T TS

)7

s % STV V| Y-
e i SN

;£¥f§:%§?§:2ﬁ%§
ST WA SV
o0 WYY
§ PO
;§7§§;%\5¥:?NK§

(8)

B Al 2 o-GeSe 76N AR P4 45 T 6B 4544
(8) 04y = —1%; (h) 0, = —6%; (i) 0, = 8%

Fig. Al. Band structures of a-GeSe monolayer under applied strains: (a) o = 0; (b) o, = 2%; (¢) 0, = T%; (d) &

—1%; () o, = 8%; (g) 0,y = ~1%; (h) 0, = —6%; (i) 0, = 8%.

(h) @

(a) 0 = 0; (b) 0, = 2%; (c) 0, = T%; (d) 0, = 8%; (e) o, = ~1%; (f) 0, = 8%;

y
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(a) (b) (c)

5 A2 e-GeSe HLZ N 20% i i A8 T ORALIE RIZ5H  (a) Sk FAa v ; (b) R H5IE 5 w15 (c) XUy 4]
Fig. A2. Optimized structures of e-GeSe monolayer under 20% tensile strain, respectively: (a) Armchair direction; (b) zigzag direc-

tion; (c) biaxial direction.

AL R c-GeSe 7EREIN 20% HEARAE N ULALE OESH RO PRSIITAR TR 4

Table Al. Calculated optimized results of vibration frequencies of e-GeSe monolayer under application of 20% tensile

strain.
o, = 20% o, =20% 0y = 20%
Ey/meV 165.49 156.07 132.56
Ef/l/meV 2.650 0.030 0.005
Ef/,/Eo 1.60% 0.02% 0.03%
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Abstract

Using first-principles calculations, we investigate the stability and electronic properties of five isomers of
two-dimensional (2D) GeSe monolayer under in-plane strain. Our calculated results show that the five isomers
of GeSe monolayer are all stable. It is found that the a-GeSe has a direct band gap, while each of the 3-GeSe, ~-
GeSe, 6-GeSe and e-GeSe possesses an indirect band gap. By applying compressive or tensile uniaxial and
biaxial strain to the five GeSe isomers, the indirect-to-direct transition in band gap is found. In the a-GeSe, the
changes from indirect-to-direct and semiconducting-to-metallic are both found under an applied strain. In the
2D 3-GeSe and ~-GeSe, an adjustable range of indirect band gap under strain is found. Moreover, a direct band
gap in the 6-GeSe is found separately under the biaxial compression strain of o,, = 2% and o,, = ~4%. By
applying a tensile strain of 10% along the armchair direction in e-GeSe, a transition from an indirect to direct
band gap occurs. When the tensile strain is continuously increased to 20%, the band structure of e-GeSe
maintains direct character. This direct band gap can be tuned from 1.21 eV to 1.44 eV. When 10% tensile strain
is applied along the biaxial direction, the transition in band gap from indirect-to-direct also occurs. Our results
indicate that the direct band gap can be tuned from 0.61 eV to 1.19 eV when the tensile strain is increased from
10% to 19% in e-GeSe.
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