| 48 % & 12 89/2021 &£ 6 B/ ERE

BRANRAL BHRIR RAEHIESeMoe A4 PR 52 3k Jig
BEW, 2EET

IR R AE BRI S LR, IR F 5 266237

WE A0SR BRI BB BT 3 AN K ADRE LUHE 35 5 O W R R 2 O T . R T JLAR SR LB I RO R
GUKBTRE Gl B0 B ERWMOR T DT IE A LB K688 . 1 — Flied Y 4, B 94 K A B — B BPRL RO 2%
WFSE U P 2 — TR T 2 1 O L A% 1 A 2 M Ot o 45 USRS N v 2 B 8 I OB T 0 R R I ORI S

g 26 T N A8 L FRAE AN AR e PG % R M F 53 55 T THI A 0 S 0 OK MORL B AR OGBS RS B A 58 1A . e . B A R a0
KB AR LM S M B R HOe 2 N ML o e X Bk 290 DR B A ) S J T S R B R AT e BRI AT

FEEW YUK RL; B AR E M B8 I Q
FESES 0472 XHARER A
1 5l El

H 2004 4F35 DR W) B 2 R4S 5 TR T -
ik M B R (Konstantin Novoselov) fll % {551 « 3
i (Andre Geim) il & Tt 5 L5 — A 812 40 806
B & DRSS s A Rk i R T A 5 Y
ARG . AR EA R0 S b S &
BEE O o B S (A SR AR T R AU
SRR IR AR S S S A T I R R S
(ERSN R RN NI NOE (i NG (NPT = e ot e R
ZE Y A SR A S T T A B O R R I A E
PLFLZE MoS, SRR By 0 4 @ i &R Ak —4E bk
T LA e A 58 0 37 00 65 180 TE R R A Je BRE L AT
FAFE Sl 2 AR IR ST, {H MoS, (XA B2
I S B R SR L T T B R
RN S e gl 5 ™ R 29 T MoS, Y B & R
Sto P NS ZE AR R T S PR RE Y 4T KL

2014 4F, 5 L E BT R 4B A R—— R
Rl ) 90 18 o ) 4% 9 0 T S sk g 5 o7 e
TSR rerE, RERPEE e iE
2SR IVEONE R S X N (EP T =y
SEVE R 2, B2 5 S AR AT BR T A

doi: 10.3788/CJL202148.1208002

o 5 W R] — 32 e A B D) O — b o 9 8 L AR E Y
Y PR SE F AT LABA S R — Rk SR L JF H
HA MBI Z AR G54 T Al DLAR 25 5) b 52 31
A CLLL) T A B2, 50 AL B M 33 R AR
T HG A 2 — R AR G (9 PR A ) TR L B 2 KB R
UTAF RS2 B T TIOR8 2 19 561

ARG E N A R AE AN AR 2 MG A 1 R Dy T
I 48 ML G5 B A R B R 4 BIF 58 ISR o IS — DB
HRE BT S B IF S 1 T T Y 3R b 4 DK B A DA R
TS v AR T Al 2k Dl 2 R PRI 127 ST Y
FEACNG O . T8 R o3 AT B I 9 K ARG H S A L O
Xk Bl 0 2 KB 4 S R I S5 MR T 1) R AT SR

2 il %% 5 R

2.1 EiEMREHRE

SR T AERORL R R B ) B, BLAE 2015 4E
WKL+ 2 BT K 2 Kou %65 it R JH % B 2
oR PR T 5 O B B HIE T DY 7 b 2R 0L B R b
Y AR R E M, BEED . Zhang 267 ) ] 36 T 45 —
PRI S R T B, NERS B AF RS R
YA TE N B S T RS (V Aene) [ 58 RE 45 #4 I AE
WEEH . AR Uk Bn AR A = R A
AR E AR W E L Ca) B BT /R o 5 2 7E /D 5L

B HEI: 2021-01-26; {EEBHEI: 2021-02-23; FHBAHI: 2021-03-11
HETIH: IR HKRR%ES (12004213)  10FR K¥H4E % H K k105 B

“E-mail: dechun@sdu. edu. cn

1208002-1



FE 485 F 12 #1/2021 £ 6 A/FE#E

a-As a-Sb o-Bi
240, 200 J 100%:
120} 10051
%E$< 5‘)%4\
| |
0 0 0
B-As B-Sb B-Bi
‘ i _ ;
2801\ 200 e 190 e
|
. | | ‘
140/ 100| !
N N o
|
0 0 0

Bl 1 —% VAene BRESWY . (2) o B HIGHIFIE (b)) « 18 HA T

Fig. 1 Stable structures of two-dimensional VAene™"

. (a) Schematic structures of @ and 8 phases; (b) phonon spectra

of @ and f3 phases
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25 (a) and (b) Schematic of tetragonal system

structures; (c¢) molecular dynamics; (d) band structures caculated by PBE, PBE+SOC, HSE and HSE+SOC
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Fig. 3 Point substituted defect structure monolayer bismuthene
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Fig. 5 Bismuthene on SiC(0001)E7 .

(a) Sketch model of bismuthene on SiC; (b) STM image of bismuthene; (c¢) step

height distribution map; (d) STM image with high resolution to show the honeycomb structure; (e) bismuthene

honeycomb structure of the occupied states and the non-occupied states
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. (a) Schematic diagram of bismuthene deposition; (b) microscope

image of bismuthene saturable absorber; (c) nonlinear transmittance; (d) spectrum of mode-locking; (e) pulse

train; (f) autocorrelation signal; (g) radio frequency spectrum
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Recent Progress on Fabrication, Characterization and Nonlinear Optical
Properties of Bismuth-Based Nanomaterials
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Abstract

Significance Since the discovery of graphene in 2004, new monoelement based two-dimensional opto-electronic
nanomaterials have received a great attention owing to the novel and excellent optoelectronic, electronic and
mechanical features. Especially in recent years, it has stimulated the researchers to investigate the group-VA
nanomaterials because of the excellent physiochemical properties. As a transition metal in group-VA, bismuth-based
nanomaterials have been one of the research hot spots in the fields of materials and optics, which show great potential
in the applications of electronics, opto-electronics and nonlinear optics, etc.

Progress Generally speaking, the optical and electronic properties of the bismuth based nanomaterials (including
bismuthene) are related to the band structures and the carrier mobility in the nanomaterial systems. Normally, the
design, fabrication and characterization have important impacts on the optical and electronic applications of the
bismuth based nanomaterials. It is no doubt that the theoretical simulation, experimental study and the final
application of the bismuth based nanomaterials have attracted a lot of attentions. Therefore, we briefly introduce the
theoretical and experimental studies in terms of the simulation, fabrication, characterization and nonlinear optical
applications in the recent years in this review. Theoretically, the first-principle simulation is the most powerful tool
to understand the stability, band structures and carrier mobility. Up to date, both Heyd-Scuseria-Ernzerhof (HSE)
hybrid-density functional theory ( DFT ) calculation and Perdew-Burke-Ernzerhof ( PBE) exchange-correlation
functional calculation are used to simulate the monolayer bismuthene bandstructures and densities of states no matter
taking the spin-orbit coupling (SOC) effect into account or not. Experimentally, different fabrication strategies of the
bismuth based nanomaterials are reported. In 1960s, the physically sputtering method was taken to make the high
quality bismuth ultrathin film in the micro-nano scale. With the development of the technology, molecular beam
epitaxy (MBE) technology, ultrahigh vacuum (UHV) evaporation technology and the liquid-phase exfoliation (LPE)
technology were proposed to obtain the few-layered bismuth ultrathin membranes. It was found that with different
substrates, owing to the different lattice mismatching, the initial disordered wetting layer owing to the bismuth
substrate interaction at the interface was observed, following by the stack of the bismuth layers until the normal
lattice formation of the bismuth film. Obviously, the bismuth-based nanomaterials have the different topological
insulating features. Thus the bismuth based nanomaterials are expected to possess a large nonlinear optical
susceptibility like other topological insulators. Since 2017, researchers have investigated the nonlinear optical
properties of few-layered bismuth based nanomaterials with different Z-scan and spatial phase modulation
measurements. Currently, with the bismuthene in the fiber evanescent field as the saturable absorber, the minimum
pulse duration of as short as 200 fs was realized in an Er-doped fiber at 1561 nm. While for the Yb or Tm doped fiber
lasers, the mode-locking pulse duration was much longer. For the Q-switched operation, the shortest pulse durations
at 1, 1.3 and 2 pm were measured as 150, 155 and 440 ns, respectively. However, in the mid-infrared optical
region, no matter the gain medium was a bulk crystal (Er : SrF,) or an Er : ZBLAN gain fiber, the pulse duration
was as long as ~ 1 ps. In addition, owing to the thermo-optical effect of bismuth, the bismuth nanomaterials could
be used to realize the all-optical modulation with another manipulating beam. The recent investigations confirmed
that the bismuth nanomaterials, synthesized by a lot of methods with different structures and thicknesses, possessed
the excellent nonlinear optical features so that they could be used to produce the stable pulses in the optical region
from the near-infrared to the mid-infrared.

Conclusion and Prospect In conclusion, we briefly review the recent progress in the preparation, characterization
and the nonlinear optical properties of bismuth-based nanomaterials, and highlight the research of the optical
absorption features and the applications in the laser pulse generation. We believe that with the continuous in-depth
research on preparation technology and properties of bismuthene nanomaterials, bismuthene materials will inevitably
exert greater advantages in the fields of optoelectronic information technology and material science and technology.
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However, the future research of bismuth nanomaterials should be emphasized in these three aspects:

1) In terms of theoretical research, the electronic band structure of bismuth nanomaterials has been basically
clear, but there are few studies on photogenerated carriers and their optical properties, therefore, the theoretical
model and micro-mechanism still need further research;

2) Although the preparation process of bismuth nanomaterials grown on silicon has been relatively mature, the
application of bismuth nanomaterials in silicon-based photonics is still in urgent need of development;

3) The bismuth nanomaterials exhibit good nonlinear optical absorption characteristics and have achieved mode-
locked fiber laser output. However, solid-state mode-locked lasers have not been reported, and the mode-locked
pulse width in the mid-infrared band is as high as nanosecond. Obviously, researchers need to further study the effect
of the anisotropy and topological properties of bismuthene materials on the nonlinear optical properties, and further
optimize the nonlinear optical properties of bismuthene nanomaterials to achieve the breakthrough of the above-

mentioned mode-locked laser.
Key words nanomaterials; bismuthene; nonlinear optical properties; mode-locking; Q-switching
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