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Fig. 1. (a) Schematic diagram of the atomic structure of GeSe,; (b) AFM image of GeSe, flake by mechanical exfoliation. The thick-

ness of the sample is 88 nm; (c¢) polarization-dependent Raman spectrum. Four Raman peak positions are at 118, 212, 251,

307 cm !, respectively; (d)—(g) polar diagrams of the intensity of the four Raman peaks.

M, e fe i T a-b 1, X T5 alr ) Jeff
F OIS, Kt e T KRN (0, cosd, sinf). £
AT WA T, BUSOE T ] e IRl FE R OR A
(0, cosd, sinf) . A, B ok th T U4

~ 0 0
R, = 0. (1)
c
P, A, BEEREERE 0 iy n] o o 24
I[(g o< (|b] cos®6 + |c| cos cpbcsin20)2 + |e*sin®ppesin®6),
(2)
Horr ) WO SR 2 K FE T a, b, ¢ B R
Ope N b F c ZIIBARRL 22 @) — .. FIH (2) XXF
A B D IR AH DG 2 iR B AT 40, &5
Wk 1(d)—(g) L@, FHE T GeSe,
FEGIY o BAN b 5l 1], HTHE (i kAT ThRiC.

o O Q2
o @<

3.2 (RIRMEXLEMERBGERIE GeSe, HIRET

LR MM T T AR bR AN [ DG
DI T HIRE ) 4345, DT TRIHEAE T 1 44 )
RERA B, R ARG I it Ay I 1 e PR R At
S KA. GeSey 1K R B MM GE W& 2(a)
Jr7s. RVARTI RSO SRR T R0, Ltk
W #EH H 360 nm 17 4 A B AL 1 40%—50% e

TFEE 420 nm &2 5%, Tija 280 ETFEaH X
TS R B 77 ) B30, e ISCR AR I K /T
380 nm FIJ K KT 410 nm # XA 22 8K, 1
TE 400 nm #b 2= 5 1/)>.
R TR REBRIEA T HERAE, B TR e sk
B (Tauc model) XA AR IRIE K& T FE G B9 Ltk
WA TS
ahv = A - (hv — Ep)'/?, (3)

X, o WEMERICREL, A FHEFETHE R AL, B,
AP EHGAEBR. 005 90w IR B 4EL A 25 SR WAl 2(b)
I 2(c) Ui, BEBRAT BN 2.717 eV 5 2.729 eV.
Wi T A IR AR 7 ) (9 RE R 25 5 E,(0) 22 Tl #e A A
T DL W b B 25 T 1) PR AH O A B
3, WK 2(d) Frs, Hodota s B R 7 &
HELAE 12000 % 77 [a] (BE S 19 b 7 1)), AR
9 2.732 eV (453 nm); JE2EAHT B/ N B R TR
30°PmAR 7 1] (FE LAY o Bl 1)), HUESH 2.711 eV
(457 nm), 5 SCHRHRE AH I P25,

WNRTATIR, P 400 nm (AEFL4R X5 Bk,
T it X A T) s e D3 s ) 42 1 I A3 2 S B/ (24
4%), MFE 450 nm (R X IE) b 22 518K (2
10%), W 2(e) FIE 2(f) Fias. — Mok, Rt
M2 AL 17%) s e A0 A1 4 5 482 1 W A% 19 45 1) S P 2 )

184212-3


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. 69, No. 18 (2020) 184212
5\060 — 0 — 105° 15[ b . 12 o bolarizati
X (a) —15° — 120° (b) 0° polarization () 90° polarization
g 50F ——30° — 135° 2 B L
E 45° — 150° % % 10
60° — 165° & o

5401 750 — 180° = = 8
é 30l 450 nm EU :U ol
2 = S
e} — —
s 20} > a4k
o = =
< Y 2 g
'qS) 101 400 nm | \ E S 2r
= \ 2.7291eV

0 . . | T P 0 . .

360 380 400 420 440 460

Wavelength/nm

2.74

N
[~}

2.73

—
)

2.72

-
S

2.71

Eg/eV

2.72

= =
[N

2.73

Linear absorption rate/%
—
[e=]

N
[~}

2.74

270°

27 29 31 33 35

= =N
= 00 N

-
'S

Linear absorption rate/%
= =
o o

N
[V

B2 ZRMENBGE XS RAR GeSe, 1945 0] SMEREA RAE  (a) 0°—180°fw4R Jr Il 19 Ze MG, v FTB% 15°; (b) 00 4R 77 1kl (9 R A

B E ; FH P o BRI 275 380 ) B (07 8, L DR S AR A 38 JSUIE D 2.717 eV (c) 90° IR HR 77 1] Y REAH B 2 5 P P e 31 ] 426 143 3]
P REA (L, HorP P2k 5 R AR bR A8 s R 2.7291 eV (d) J2AR GeSe, 1045 0] SRR RETT ; b %l )7 1] L P97 BRIR K, T o Bl 1) 947 BR
IR/l (e) EAR GeSey 7E 400 nm Ak 1 2% 1] 57 4 2 P W W A% A A 815 (£) J2AR GeSey 7F 450 nm Ak 14 45 1) 5514 2k Ak IR WAL A8 A o 151
Fig. 2. Characterization of anisotropic bands of layered GeSe, by linear absorption spectrum: (a) Linear absorption spectrum with
polarization directions from 0° to 180° with intervals of 15°% (b) the energy band of the 0° polarization direction is determined. The
band position obtained indirectly from Tauc’s theorem, where the position of the intersection of the tangent and the abscissa is
2.717 eV; (c) determination of the energy band of the 90° polarization direction. The band position obtained indirectly from Tauc’s
theorem, where the position of the intersection of the tangent and the abscissa is 2.7291 eV; (d) anisotropic energy bands of layered
GeSe,. The band gap in the b-axis direction is the largest, and the band gap in the a-axis direction is the smallest; (e) polar graph

of anisotropic linear absorptivity of layered GeSe, at 400 nm; (f) polar graph of anisotropic linear absorption of layered GeSe, at

450 nm.
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Fig. 3. Experimental results of superposition state absorption of different polarization directions under 400 nm non-resonant exci-

tation: (a) Results of the I-scan experiment. The circles indicate the experimental data, and the solid lines indicate the excited state

absorption curve; (b) polarization-dependent non-linear modulation depth polar plot; (c¢) polar plot of the change in polarization-

dependent linear absorption coefficient ag; (d) polarization diagram of polarization-dependent saturated absorption intensity Ijg;

(e) polarization diagram of the polarization-dependent excited state absorption coefficient Gy; (f) polarized graph of polarization-

dependent saturation light intensity I, ; absorbed by the excited state.
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Table 1. Fitting results of I-scan nonlinear superposition state absorption parameters related to 400 nm non-resonant exci-
tation polarization.

Polarization/(°) ap/cm Bo/cm-GW ! I ;/GW-cm? L,/GW-cm? 8T/%
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60 36579 606 972 35 8.2

90 38790 663 349 34 9.7

120 36972 599 1394 36 8.1

150 34029 543 6629 39 7.3

180 31062 496 17082 41 7.0

(FRAEAR LA W A AR ) | PEIC R B oo
TR ARG 1 o PO ZSBCREL Bo S A
WA Ly o . SLE SRR AR FR5 inE 3(b)—
(f) Bz, T U E Bt 1 51

X R 3(b) 5L 2(e) KB, JAHITREE 1Y
WA AR P Bl ) S LR ICR AT 5, BIHEZ
A AT A ) i I PRSP WS AL A5
Jefwik 90°m, IR K, 7 9.7%, 0°FFfR/],
N 7.0%. W BB RIRTT 1), JE T EE A sh s ]
TR 2.7%. T GeSe, MAELM: M Ay i AL
W S AR B, T TR T BARHE.

TR AR T (9) AP ARSI, 2RI
oo ALE LRI 3(c) fis, ESEU W H
T T REHE L RESURIT ALK, 0% Ik J7 1 ¥
K GeSe, H B FL T £ A7 BRI 28 3 A O MR
A%, 90 IR IRT7 1) HER s . AR AN SO 1, o B
RTMA AR T REZR 2 ERES ABRIT AR L S
BRSNS M, A iR R L a0 S
e, Jim o D B RE T 8] B A4 R o5 AR AR, e T
N RES AT BARUAR B LT LA R REG AT B TR T
FIRESEL, ST REA S A OC. BRIZHE S8,
A LR, R IR AT X £ AT, 0 A D' 5 A
DRI, AR SO 1 o ) i AR AR AR P AN AN 5 25
PEW R KL a5, 1T HL b T RESZ B H R R
M), HC AR A s A 5 A B 5 oo 4RI
G, (ERAR AR e T

WS WM T (9) A Ay —I0, ks
MWL R Bo AT LA S v 1~ ph R A AS BRAT 2 1 REZ
AORESR, A S WS R SR AN 1o AL T A A
ek, RS ERER A BRITAE AR LR A 3L
[FPE. Al 3(e) B, #OAR SR KL Bo /MY
PRI 101 5 o fe—2HY, BITE 400 nm AEIARBCR

PITE LT, W& 2 F ) B A BRAE S5 LT
] 35 BRAT A AR R LA A R) ) DR PR AR . ik
RASWMONTT , P BT 2 A7 A HE S
S EOHE S R TIHF R R ORISR A
WSCRE SRR T T8 R O R A L T B R S il 15
TR ST B o AR, 3R R AR FH RN 138k
RAWN IR AR, T2 400 nm FEIEHR
PR WBE, MRS AN R R IR IO i FE 2R R
ZESBUN.

450 nm JTHARB L S AF T AL A 7 5256
ZERUNE 4(a) Frn, o] B BA AR ST BEA
ER(EERS SIS ElEs T N Sl N 3 [ B RSO
| 50 GW /em? B}, 0°f4iRGIIH— kBt i T
SE(H, BRI H B R B Y R R 3, 5
Z AR 9041 Y 4 H — fh 75 ok SR 4k 252 5 B
R RER . R FILA AR (7) i (9) 3FA
[l e T A S 00 45 S AT 400 A, T A5 0] i % ol
0 41 77 181 1Y 4.6% 38 K & 9041 J7 a1 19 9.9%,
A THITREE AT 35 5.3%, i T 400 nm JEHARE
KT 2.7%.

(HAA AL, 7F 450 nm ITHHREAIRE T,
MM IR B o 5 TR A TR R EU Bo X AIR 4K
TR PR I AR S, AR 4(c) AR 4(e) B, LA 0°
PR T AR LM MR 1], 2 AR AR T 1] 118 26 1
RE o/, KB ILES BT 07l BRAE 2 S IR
AR R B A0, DUVRH N 8 & 75 L 2% AT, [R) ki 0
PRV I R SRR B B I KA, BV B R
KRS K A AR B K, A A IR T
RASISCE PR, e R L RIVE R R TS
WIS e A AR B, 23R 450 nm I EHRIEOE
W B, AR AN RSO A e Pk I AR 2 5
R 450 nm I IEHRFR R IRA OC I T #5555

184212-6


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

Y] 32 % 3R Acta Phys. Sin. Vol. 69, No. 18 (2020)

184212

MRS EIIA LRI 2, R IIFIELES5HS
& 4 X

X EE 400 5 450 nm {5 9% < Ak 1) Pk 1E £ R
LRAVESGEEM N, B AT T A SO Xl I 1A A
RS, B KA XAE T 2R W 2R 5 o
SR A WAL Bo W i i 4 A A A2 75 A I
TR R A PR AR R T DO D A X i A 2
WS AR R I DT S350 T AN [ 0 B AR et il

(a)

1.00 ¢

0.98}
0.96 |

0.94

Normalized
transmittance/arb.units

0.92

Modulation depth/%

0.90

0 10 20 30 40 50 60 70
I/GW-cm~?

121

I15/103GW-cm—2
© o w o w & ©
Bo/102cm-GW 1

12+

270°

P4 450 nm 5 HEHRBOR T AN R 4R 5 10 10 8 Jim 2 0 e S B 45

il 2 R IRARRE BE A W] B 22 53 R — 2D X R
e H A B R AT S5 R S WO o LA T 1B R
TRIX T FEA RIS AE GeSe, SEIRZE R LB
AR S A A B, B T AR S AR AR P Ak
PO ZS WA 2 o i 32 . (EUR, ORI
JIT o5 1 BB Bt 1 -5 D D P9 AS [ gt Bl 9 DX
B, RO SARR B S LU T, T 90°
(i 75 1) A4 25 IR MACHRD o LU e T4 0° i 77 7

I s/GW-cm—2

(a) THHFH LI EE AL, 0] Bl 7R S B B0l , S R R A8 ik
U IEE (b) i AR SC BR AF 2 8 ) TR BE AR AR R AT () D IR AH S B A MRS R B g B A AR A R 1415 () 8 0 AT ) v 91 A 5
TADEIER 1 WA AR (e) i Hik AH 10 A A5 W 2R B By AL A S5 MR A bR TR 5 () YR 25 W AC 0 i AR A0 R DI I 0 Al s ]

Fig. 4. Experimental results of superposition state absorption of different polarization directions under 450 nm non-resonant exci-

tation: (a) Results of the I-scan experiment. The circles indicate the experimental data, and the solid lines indicate the excited state

absorption curve: (b) polarization-dependent non-linear modulation depth polar plot: (c¢) polar plot of the change in polarization-

dependent linear absorption coefficient ap; (d) polarization diagram of polarization-dependent saturated absorption intensity I

(e) polarization diagram of the polarization-dependent excited state absorption coefficient By; (f) polarized graph of polarization-

dependent saturation light intensity I, absorbed by the excited state.

#2450 nm TP RIRARICH) TR LIS SRS B S 45 R

Table 2.

tation polarization.

Fitting results of I-scan nonlinear superposition state absorption parameters related to 450 nm non-resonant exci-

Polarization/(°) ag/cm Bo/cm-GW 1 I o/GW-cm 2 L/GW-cm™? 8T/%

0 43909 175 9390 63 4.6
30 49631 157 1258 69 5.6
60 60289 65 409 75 7.1
90 67501 22 188 79 9.9
120 57266 81 469 76 6.8
150 48345 158 2333 68 5.0
180 43173 176 10483 62 4.6
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Fig. 5. Schematic diagram of GeSe, based polarized-depen-

dent all-optical switching.
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Abstract

Germanium diselenide (GeSe,), a layered IV-VI semiconductor, has an in-plane anisotropic structure and a
wide band gap, exhibiting unique optical, electrical, and thermal properties. In this paper, polarization axis
Raman spectrum and linear absorption spectrum are used to characterize the crystal axis orientation and
energy band characteristics of GeSe, flake, respectively. Based on the results, a micro-domain I scan system is
used to study the optical nonlinear absorption mechanism of GeSe, near the resonance band. The results show
that the nonlinear absorption mechanism in GeSe, is a superposition of saturation absorption and excited state
absorption, and is strongly dependent on the polarization and wavelength of incident light. Under near-
resonance excitation (450 nm), the excited state absorption is more greatly dependent on polarization. With
different polarizations of incident light, the modulation depth can be changed from 4.6% to 9.9%; for non-
resonant excitation (400 nm), the modulation depth only changes from 7.0% to 9.7%. At the same time,
compared with saturation absorption, the polarization-dependent excited state absorption is greatly affected by

the distance away from the resonance excitation wavelength.

Keywords: anisotropy, excited state absorption, micro-domain I-scan
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