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ABSTRACT

Nonlinear optical (NLO) materials have drawn much attention in the past
decades because of the potential applications for protecting delicate optical
instruments and human eyes from intense laser beam. A good optical limiter should
provide high linear transmission at low power of incident but high non-linear
absorption at high power. Two-dimensional transition metal dichalcogenide (TMD)
nanosheet e.g. MoS2, WS,, MoSe;, WSe;, show great promise for laser photonic
applications for their unique properties, such as high layer optical absorption, broad
optical band response, large surface area, high mechanical strength, high inplane
charge mobility. These 2D materials have strong optical limiting properties for high
power near infrared laser. In this study, the nonlinear optical absorption properties of
the MoS: in liquid N-methyl-2-pyrrolidone (NMP) and solid state matrix Polymethyl
Methacrylate (PMMA) have been studied and compared. Also, a simple but effective
ultrasonic exfoliation has been used to separate the WS> nanosheets into different
layer number and size through controlling centrifugation rotation speed. Additionally,
the optical limiting property of WS sheet incorporated into PMMA show a close
dependence on both size and thickness. Due to the edge and quantum confinement
effect, WS> quantum dots exhibit the lowest onset threshold (Fon) and optical
limiting threshold (ForL) among all the samples, which are comparable to the lowest

threshold achieved in the graphene based materials.

Firstly, MoS; powder in suitable size is prepared by hydrothermal process and
few-layer MoS> nanosheets are prepared using simple ultrasonic exfoliation method.

Then MoS:> nanosheets are homogeneously incorporated into solid state matrix
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(PMMA) to test its NLO property. Z-scan results of MoS2»/PMMA composite bulk
with 0.016 mg/cm?® MoS, nanosheets demonstrate the low NLO Foxn, 0.01 and 0.04
J/em?, For, 0.4 and 1.3 J/cm?, low optical limiting differential transmittance (Tc), 2%
and 3% and high two-phonon absorption coefficient (), 70 and 55 cm GW™! for the

nanosecond laser operating at 532 nm and 1064 nm, respectively.

Secondly, the morphology of few layers MoS; nanosheet in NMP solution under
laser illumination with wavelength of 532 and 1064 nm with various laser energy
densities have been analysed. Also, the nonlinear optical limiting properties of the
MoS: nanosheet in liquid NMP and solid PMMA have been studied and their results
are compared. It shows that the nonlinear optical absorption properties of MoS; in
NMP disappeared but without changes in MoS2/PMMA composites after laser
illumination. The significant changes in NMP caused by the oxidization of
molybdenum disulfide (MoS.) into molybdenum oxide (MoQs). Due to its stronger
absorption in visible range, 532 nm have stronger oxidization effect compared with
1064 nm as illumination wavelength. It confirms that the MoS, nanosheet is
relatively much more stable within PMMA for preserving nonlinear absorption

properties under high laser density illumination.

Thirdly, a series of different size and thickness WS, nanosheets are obtaind
through controlling centrifugation rotation speed effectively. Their surface
morphology was characterized by Atomic Force Morphology. The successful size
and thickness separation allows the research of thickness-dependent optical limiting
properties of WS2/PMMA composites. Results demonstrate that both NOL Fon and
Forof WS> under the excitation of nanosecond pulsed laser can be tuned over a wide

range by controlling its size and thickness. The Fon and For show a rapid decline
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with the decrease of size and thickness. The tunable NOL properties have been

achieved through the control of size and thickness.

Finally, Ultra-small WS> quantum dots with diameter of 2.4 nanometer are
fabricated by ultrasound method followed by high speed centrifugation up to 10000
rpm. Excellent NLO property of the WS, QD/ PMMA composite for the nanosecond
pulsed laser at both 532 and 1064 nm has been measured. Results illustrate the lower
Fon, For, and higher f with respect to higher concentration of embedded WS>
quantum dots. The NOL performance exhibited in WS, QDs is comparable to the
best result of graphene based materials reported so far, having very low Fon (0.01
J/em?, 0.03 J/ecm?) and For (0.062 J/cm?, 0.1 J/cm?) at 532 nm and 1064 nm

respectively, which is attributed to the edge and quantum confinement effects.

In summary, two-dimensional materials MoS> WS; nanosheet embedded into
solid state matrix PMMA have been studied systematically, and a series of related
journal publications has been obtained. These results would advance and further

promote the development of two dimensional materials and their optical applications.

LONG Hui VI



List of publications

Journal Publications

1. H.long, L. L. Tao, Chun Pang Chiu, C. Y. Tang, Kin Hung Fung, Yang Chai, Y.
H. Tsang, “The WS, Quantum Dots: Preparation, Characterization and Its Optical
Limiting Effect in PMMA”, Nanotechnology. vol. 27, p.414005, 2016.

(Highlight)

2. H.Long, L. L. Tao, C. Y. Tang, H. Y. T, Q. W, Y. H. Tsang, “Effect of Laser
[llumination on the Morphology and Optical Property of Few-Layer MoS;
Nanosheet in NMP and PMMA”, Journal of Materials Chemistry C. vol. 4, p.678,

2016. (Inside Front Cover)

3. H.Long, L.L.Tao, C.Y. Tang, B. Zhou, Y. D. Zhao, L. H. Zeng, S. F. Yu, S. P.
Lau, Y. Chai, Y. H. Tsang, “Tuning Nonlinear Optical Absorption Properties of

WS, Nanosheets”, Nanoscale, vol. 7, p.17771, 2015.

4. L.L.Tao* H.Long" (Co- First Author) B. Zhou, S. F. Yu, D.S. P. Lau, Y. Chai,
K. H. Fung, Y. H. Tsang, J. Q. Yao, D. G. Xu, “Preparation and Characterization
of Few-Layer MoS; Nanosheets and Their Good Nonlinear Optical Responses in

the PMMA Matrix”, Nanoscale, vol. 6, p. 9713, 2014..

5. Zeng. B, Long.H, “Three-Dimensional Porous Graphene-Co304 Nanocomposites

for High Performance Photocatalysts”, Applied Surface Science, vol. 357, p. 439,

LONG Hui VI



2015.

6. Zeng. B, Long.H, “Graphene Spheres-CuO Nanoflowers Composites for Use as
a High Performance Photocatalyst”. Nanotechnology and Nanomaterials vol. 10,

p. 5772, 2016.

7. C. Y. Tang, X. M. Zhang, Y. Chai, H. Long, L. Tao and Y. H. Tsang,
“Controllable Parabolic Lensed Liquid-Core Optical Fiber by Using Electrostatic

Force”, Opt. Express, vol. 22, p. 20948, 2014.

8. Y. Zhao, Z. Liu, T. Sun, L. Zhang, W. Jie, X. Wang, H. Long, et al, “Mass
Transport Mechanism of Cu Species at the Metal/Dielectric Interfaces with a

Graphene Barrier”, ACS nano, vol. 8, p. 122601, 2014.

9. C.S. Chen, S. Y. Cao, H. Long, G. P. Qian, Y. H. Tsang, L. Gong, W. W. Yu, Y.
Xiao, “Highly Efficient Photocatalytic Performance of Graphene Oxide/
Ti0,-Bi203 Hybrid Coating for Organic Dyes and NO Gas”, Journal of Materials

Science-Materials in Electronics, vol. 26, p. 3385, 2015.

10. C. Y. Tang, Y. Chai, H. Long, L. Tao and Y. H. Tsang, “High-power Passively
Mode-locked Nd: YVO4 Laser Using SWCNT Saturable Absorber Fabricated by

Dip Coating Method”, Opt. Express, vol. 23, p. 4880, 2015.

11. L. H. Zeng, C. Xie, L. Tao, H. Long and Y. H. Tsang, “Bilayer Graphene Based
Surface Passivation Enhanced Nano Structured Self-Powered Near-Infrared

Photodetector”, Opt. Express, vol. 23, p. 4839, 2015.

LONG Hui Vil



12. L. H. Zeng, L. L. Tao, C. Y. Tang, B. Zhou, H. Long, Y. H. Tsang,
“High-Responsivity UV-Vis Photodetector Based on WS, Film Deposited by

Magnetron Sputtering”, Scientific Report. vol. 6, p. 20343, 2016

Presentations in international conferences

1. H. Long, L. Tao, C. Y. Tang, L. H. Zeng, Y. H. Tsang, “Layer-Dependent
Nonlinear Optical Response of WS, Nanosheet”, European Materials Research
Society (E-MRS 2015 Spring Meeting), May 11-15, Grand Palais, Lille, France.

(Oral)

2. H. Long, L. Tao, Y. H. Tsang, “Effect of Laser Excitation on a Few-Layer MoS;
Nanosheet in N-methyl Pyrrolidinone”, 2015 international conference for top

and emerging materials scientists, 19 July, 2015.

3. H. Long, L.Tao, S. N. Ma, C. Y. Tang, L. H. Zeng, Y. H. Tsang, “ Nonlinear
Optical Properties of Two Dimensional Nanomaterials in Liquid and Solid State
Matrix”, 2016 the three places well-known universities Physics doctoral

academic innovation forum, May 2016. (Poster)

4. L. Tao, H. Long, Y. Chai, K. H. Fung, and Y. H. Tsang, ‘Optical Non-Linear
Absorption of Few Layer MoS»’, The 17th Conference of The physical society

of Hong Kong, 7 June, 2014.

5. Y. H. Tsang*, H. Long, Li L. Tao, B. Zhou, Chun Y. Tang, “The Potential of

LONG Hui IX



Using Two-Dimensional Materials for Optical Limiting Applications”,
International conference on optical, optoelectronic and photonic materials and

applications, August 2014 in Leeds, UK.

6. Y. H. Tsang*, H. Long, L. Tao, Y. Chai, C. Y. Tang, L. H. Zeng, “Preliminary
Study of Nonlinear Optical Response of Few-Layer WS,”, International

Conference on Small Science, December 8-11, Hong Kong, 2014.

7. L. Zeng, L. Tao, C. Tang, H. Long, and S. P. Lau, Y. H. Tsang*, “High
Performance WS> Nano-film Photodetector”, The 18th Conference of The

physical society of Hong Kong, 13 June, 2015.

8. C.Y. Tang, L. H. Zeng, H. Long, L. L. Tao, C. C. Huang, D. W. Hewak, Y. H.
Tsang, "Study of TMDs Nanosheets Based Saturable Absorber Used for
Q-switching and Mode Lock Laser System", The EMN Bangkok Meeting 2015,

November 2015.

LONG Hui X



ACKNOWLEDGEMENTS

I would like to express my appreciation to my supervisor Dr. Y. H. Tsang and
co-supervisor Dr. C. L. Mak, for their excellent guidance and constant
encouragement throughout the period of my Ph.D study. Their high requirement and
inspired discussions greatly contribute to improving the quality of my doctorial

research.

I would also like to thank Prof. S. P. Lau, Prof. S. F. Yu, Prof. J. H. Hao, Dr. K.

H. Fung and Dr. Y. Chai for their assistance on my doctorial research.

I appreciate Prof. Q.Wen from Shen Zhen University, Prof. C.S. Chen from
Changsha University of science and technology, Prof. B. Zeng from Hunan
University of Arts and Science for their helpful discussions and encouragement on

my research.

I would like to give my thanks to my research group members Dr. L. L. Tao,
Miss. S. N. Ma, Dr. B. Zhou, Dr. Q. Zheng, Mr. C. Y. Tang, Mr. L. H. Zeng, Mr. C. P.
Chiu, Mr. Y. Chen, and Mr. X. Y. Wang for their help for my research. Thanks are
also due to my friends and colleagues Miss. S. Guo, Miss. L. Chen, Miss. Y. J. Zhu,
Miss. X. W. Huang, Miss. F. R. Tan, Mr. Y. D. Zhao, Mr. S. H. Liu, Mr. Z. Y. Bao, Mr.

T. H. Li, Mr. Q. M. Chen.

Finally, I would like to thank my parents for their support on my study and life.

LONG Hui XI



TABLE OF CONTENTS

ABSTRACT oo v
LIST OF PUBLICATIONS ...t VII
ACKNOWLEDGEMENTS .....ooiiiiiiiiiieee e XI
TABLE OF CONTENTS ..ot XII
LIST OF FIGURE CAPTIONS ......coiiiiiiiiiic s XVII
LIST OF TABLE CAPTIONS ..ottt XXVII
CHAPTER 1 INtroduCtion .......ccoiiiiiiiiiiiciiiic e 1
1.1 Two dimensional materials..........ccocvviiiiiiiiii i 1

1.1.1 Preparation of two-dimensional materials ...........ccccoeviiieriniiiiennnn, 3

1.1.2 Properties and characterizations of two-dimensional materials........ 10

1.1.3 Application of two-dimensional materials ............ccocevvieiiiiiiiiennnnn 13

1.2 Nonlinear optical PrOPEILY ......cccviiieiiiiiiiiiiiee s 21

1.3 Objectives and organizations of the thesis.........cccvvviiiiiiiiiiiie, 24

CHAPTER 2 Two Dimensional Materials Characterization and Theoretical Analysis

LONG Hui XTI



2.1 CharaCterIZAtION .. oeeveeeeeee e e e et e e e e e e e et e e e e e e e e e eeeeeeenenaeeeeeees 28

2.1.1 X-ray diffraction.....ccovveeiiieiiiiicieee e 29
2.1.2 Absorption and transmittance SPeCtrum ........cevvervireereeirerieeseennenens 30
2.1.3 Fourier transform infrared spectroSCOPY .......cccvvvervirveiieiinieciienienn 31
2.1.4 PhotolumineSCence SPECLIA .......civveuirieerieeiiiiesieeiee s 32
2.1.5 Raman SPECLIUIM......cciuiirieriieiriesieeeree e e 33
2.1.6 AtOm fOICE MICTOSCOPY -vnvverrirrrerieeiirieesieeie s st e 34
2.1.7 Transmission Electron MiCTOSCOPY ......civeirirverieniinieneeresee e 35
2.1.8 Scanning Electron MiICIOSCOPY ....covvvrivrieeiririeiieiiisiesieere e 36
2.1.9 Nonlinear optical Properties.........ccocvereerireerierrieereeseesee e 38
2.2 Theoretical calculations ...........cccoeiiieiiiiiee e 39
2.2.1 Two photon absorption theory...........cccooviiieiiiiiiciee e 39
2.2.2 The minimal enthalpy of mixing solution ...........cccceveveniiiiicinnnnne. 44

CHAPTER 3 MoS: Nanosheet Preparation And MoS,/PMMA

Composite For Nonlinear Optical Application ...........cc.ccevveriviiieeninnns 46
3.1 INtrOAUCHION ... 46
3.2 EXperimental SECHION ........cveeiiiiiieriieiieesee e 50
3.3 Structure and morphology of MoS2 nanosheet ...........ccccooviiieiiiiiiiinene. 50

LONG Hui X1



3.3.1 XRD, TEM and EDS of MoS2 nanosheet ...........ccccccoevvvreeiiiieeeennee. 51

3.3.2 AFM 0f M0OS2 NaNOShEEL.......c.ciiiiiiiiiiie it 55
3.3.3 Raman and PL of M0S; nanosheet...........c.coccueiiiiiiriiiiiin e 57
3.3.4 Absorption of MoS> nanosheet and MoS: /PMMA ..........ccceeeeien. 59
3.4 Nonlinear optical property of MoS2 /PMMA composite .........cccceervueerunenne. 60

CHAPTER 4 Effect Of Laser Illumination On  few-layer = MoS;

Nanosheet In NMP ANA PMMA ......ooovviviiiiiiieeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeee 66
L/ (3 Y0 g0 16 L0 (o1 (o) o WP RTRTTTTR TR 66
4.2 EXperimental SECHION .........cciviiiiiieiiiiiesie et 67

4.3 Effect of laser illumination of morphology change of MoS: nanosheet in

4.3.1 Color changing of prepared MoS: suspension in NMP under laser

U IL0R0 03 F:1 5 (o) s W 69

4.3.2 Morphology and size change of MoS» suspension in NMP before and

after 532 nm laser 11umInNation .........ooveveeeoeeeeeiee e 70

4.3.3 Size change of MoS» nanosheet after 1064 nm laser illmination...... 74

4.3.4 UV/Vis absorption spectrums before and after laser illumination.... 75

4.3.5 Photoluminescence spectrums before and after laser illumination... 77

LONG Hui X1V



4.4 The difference of nonlinear optical property between MoS: nanosheet in

NMP and PMMA ..o 78

4.5 SUMIMATY ..ooiviiiiiieiee e e e 81

CHAPTER 5 WS, Nanosheet Preparation And WS2/PMMA Composite For

Nonlinear Optical APPliCAtiON .......c.coveririiiieiirieseee e 82

5.1 TNEEOAUCTION 1.ttt ettt ettt enes 82
5.2 Experimental proCedures. .........coouuveiieriiiiiieiisee e 84
5.3 Structures and morphology of WS> nanosheet in NMP.........c.cccceeiiiinnnnn. 84
5.3.1 Height profile of WS2 nanosheet..........cccocvvveeiiiiiinnieiiie e 85
5.3.2 Thickness distribution of WS> nanosheet..............cccooviiiniiiicnnnnn 88
5.3.3 Size distribution of WSs nanosheet...........ccccooveeiiiiiiiiiiiicciiicee, 89
5.3.4 Raman spectra of WS, nanosheet ..........coccceevvieiiiiiiiiieniicc e, 90
5.3.5 Absorption spectra of WS> nanosheet .........cooovevviiiiiiiiiiiciiiiee, 91

5.4 Nonlinear optical absorption performance of WS,/PMMA composites...... 93
5.5 DISCUSSION 1.uvviieitiiesitieesitieeeitee ettt ettt et e e s bb e e e e e s bb e e e bb e e s be e e anbeeesnbeeesnneeeas 96
5.6 SUIMMATY ..eoiiiiiiiiiie e 98

CHAPTER 6 WS, Quantum Dots: Preparation, Characterization And Its Optical

Limiting Effect In PMMA ... 99

LONG Hui XV



LT B 015 0 Y6 111510 o AP 99

6.2 EXperimental SECHION ........ccviiiiiieiiiieiiee e 100

6.3 Preparation and the structure of WS> quantum dots ...........cccoveriiinenene, 101
6.3.1 The structure and morphology of the WS2 QD ......ccvvviiiiiiiiiennne 102

6.3.2 Absorption and Photoluminescence spectrum of WS> QD ............. 105

6.4 Z-scan measurement of WS> QD/PMMA compoSites ..........cccvvverveennenn 106

0.5 SUMMATY ..ottt e e b et e e se e e snnnas 112
CHAPTER 7 Conclusions and Future Worki...........cccccoviiiiiniiniiiiicnc e 113
7.1 CONCIUSIONS ...ttt sttt sttt ettt ettt sttt et sae e be et e b 113

7.2 FULUTE WOTK ....eiiiiiiiiiii e 116
REfOTENCES oo s 118

LONG Hui XVI



LIST OF FIGURE CAPTIONS

Fig. 1.1 Electrochemical lithiation process for the fabrication of 2D nanosheets from

the layered bulk material. .........cccccooiiiiiiii s 5

Fig. 1.2 Schematic representation of liquid-phase exfoliation process of TMDs bulk
materials in the absence (top-right) and presence (bottom-right) of surfactant

MOIECUIES [19]. 1ttt 6

Fig. 1.3 (a) Schematic illustration for the synthesis of MoS> layers by MoOs
sulfurization. A layer of MoOs3 (~3.6 nm) was thermally evaporated on the
sapphire substrate. The MoOs3; was then converted to a MoS: by a two-step

thermal process. (b) MoS» layer grown on a sapphire wafer [25]. ................ 9

Fig. 1.4 (a) Schematic diagram of the CVD system used for the growth of WS». (b)
Optical image of as-grown WS on SiO2 (300 nm)/ Si substrate. Inset shows
a triangular monolayer WS,. (c) SEM image of the sample fabricated by

setup shown in Fig. 1.4 (2) [26]. .eeeveeiiiiiie e 9

Fig. 1.5 WS2/MoS; heterostrctures. (a) Optical image of a monolayer WS> /MoS,
heterostrcture. (b,c) Raman mapping at the 408 cm™ (MoS,) and 421 cm’!

(WS>). (d,e) PL mapping at the 1.85 eV (MoS»2) and 2.01 eV (WS») [28]... 10

LONG Hui XVl



Fig. 1.6 The crystal structure of transition metal dichalcogenide. ...............cccovrnnne. 11

Fig. 1.7 Characterization methods of two-dimensional materials. (a) (b) TEM of
MoS,. Inset is the digital image of MoS; solution[30]; (c) AFM of exfoliated
g-C3N4 nanosheets and corresponding thickness analysis taken around the

white line [31]; (d) Raman spectra of MoS; nanosheet [32]..........ccccceennn. 13

Fig. 1.1.8 Nonlinear transmittance characteristics of sub-Gox/PC film. (a) plot of
output versus input fluence (b) plot of transmittance versus input fluence

for 3.5 ns pulses are 532 M [34]...ccoiiiiiiiieiie e 14

Fig. 1.1.9 Tunable MoS, Q-switched fiber laser. (a) cavity shematic, (b) output 74
kHz pulse train, (c) profile of single pulse, (d) various spectra at

wavelengths within the continuous tuning range of 1030-1070 nm [41].....

Fig. 1.10 (a) The MoS>/m-C nanosheet superstructure; (b) the capacities retention of
the MoS2/m-C nanosheet superstructure, MoS>/graphene composites,

exfoliated graphene, and the annealed MoS> nanosheets at current densities

from 200 t0 6400 MA & 1 [50]....veveveeeeeeeeeeeeeeeeeeeeee e 17

Fig. 1.11 (a) Typical AFM image of exfoliated nanosheets of WS»; (b) Polarization

LONG Hui XVII



curves of bulk and as-exfoliated WS> (as-deposited film of 1T phase,

sub-monolayer as-exfoliated film, and 2H phase after annealing at 300°C)

along with those corresponding to Pt nanoparticles and bulk WS powder for

COMPATISON [6]. eviiueiiiiiiiiie ittt sttt e sn e see e nbeennee s 17

Fig. 1.12 Schematic structure and property of field effect transistor (FET) containing

MoS, (a) schematic structure of FET; (b) room-temperature transfer

characteristic for the FET with 10 mV applied bias voltage (Vds) [14]. .........

Fig. 1.13 Schemical and energy diagrams of the fabricated device with structure

graphene/PEDOT:PSS/P3HT:PCBM/LiF/AIL [ST]. cocvveiiiiiiiiieeieeeee i 20

Fig. 1.14 (a) schematic structure of gas sensor; (b) real-time current response of the

device exposed to NO with increasing concentration [52]. ......ccccocveviveeninnne 21

Fig. 2.1 Digital images of the Rigaku automated multipurpose Smartlab X-ray

AUHTTACTOMETET. ....eiivice e 30
Fig. 2.2 Digital image of the Ultraviolet-visible spectrophotometer. ........................ 31
Fig. 2.3 Digital image of the Fourier transform infrared spectrophotometer............. 32
Fig. 2.4 Digital image of the photoluminescence spectrophotometer. ....................... 33

LONG Hui XIX



Fig. 2.5 Digital image of the Raman spectrophotometer. ............cccccoeviininiiniinnnn, 34

Fig. 2.6 Digital image of scanning probe microscope nanoscope IV..........cccovvvennne. 35
Fig. 2.7 Digital image of Transmission electron miCroSCOPY.........covcverreriververesnnennn 36
Fig. 2.8 Digital image of Scanning electron miCroSCopY. ........ccovvverviririiiniisinninnns 38

Fig. 2.9 Digital image of Nd:YAG laser system (a) and the experimental setup for

Z-scan MEASUTEMENT (D). ...c.veivveriiiriiiieiiieiesie st 41
Fig. 2.10 Energy scheme of a two photon excitation up conversion process. ........ 41
Fig. 2.11 Absorption spectra of graphene and its band gap structure [55]. ............ 42

Fig. 2.12 Absorption spectra of graphene oxide and its band gap structure, the

absorption at 1064 nm refer to [56].......ccooveiiiiiiiiiiieic e 43

Fig. 2.13 Absorption spectra of MoS> nanosheet and its band gap structure, the

absorption at 1064 nm refer t0 [S57]....veiiiiiiiiiiiieie e 43

Fig. 2.14 Absorption spectra of WS> nanosheets and its band gap structure........... 44

Fig. 3.1 (a) XRD pattern, (b) TEM and (c) HRTEM images of as-prepared MoS,.

Inset of (a) is the digital photo of MoS> powder. Inset of (c) is the SAED

pattern of the MoS; sheet. (d) SEM image of the commercial MoS> bought

LONG Hui XX



from Aladdin-Reagent Company. Inset is the SEM image with lower

MAZNITICALION. ...t 53

Fig. 3.2.(a) Low-magnification TEM image of MoS, nanosheets obtained after

ultrasonic exfoliation, inset shows the SAED pattern. (b) EDS spectrum of

MoS: nanosheets. (¢c) HRTEM image showing layer information of the

MoS: sheets. (d) HRTEM image indicating atomic structure of MoS2, inset

illustrates the schematic structure with yellow and purple balls

corresponding to S and Mo atoms, respectively.......c.cccviiiiiiiiiiiiiiicnn, 54

Fig. 3.3 (a) 2D topographical and (b) 2D stepped height-type AFM images of

few-layer MoS; nanosheets. (¢) Height profiles of the sections marked in (b).

(d) Interlayer separation dependence on the layer number. (¢) Schematic

diagram of monolayer and double layer MoS: on Si substrate. (L: the

thickness of S-Mo-S layer; D: the distance from MoS; to the substrate; S:

the separation between the S-Mo-S 1ayers.)........cccooveriiiiiiiniinic e 56

Fig. 3.4 (a) Raman spectrum and (b) Photoluminescence spectrum of MoS;

nanosheets obtained after ultrasonic exfoliation. Insets of (a) show the

schematic of the vibration modes at 384 cm-1 (left) and 410 cm-1 (right). 58

LONG Hui XXI



Fig. 3.5 (a) Absorption spectrum of the few layer MoS suspension in NMP. Inset
shows the digital photo of such sample. (b) Absorption spectra of pure
PMMA and MoS:/PMMA composite bulks. Insets show the enlarged
absorption within 400-700 nm region, and digital photos of MoS2/PMMA

(Ieft) and PMMA (T1Zht). ....coiviiiiiieiceeseee e 59

Fig. 3.6 The output fluence dependence on the input fluence at 532 nm (a) and 1064
nm (b), respectively. Insets are the corresponding normalized transmittance
dependence on the input fluence. The concentration of MoS; in
MoS2/PMMA-1 and MoS»/PMMA-2 are 0.008 and 0.016 mg/cm?,

TESPECLIVELY. ..ttt 62

Fig. 4.1 Digital photos of prepared MoS:> suspension in NMP after 532 nm laser
illumination with different laser energy densities. The illumination time is

30 ITUIITULES. . eetn ettt e ettt et e e e et e e e e e e e e et e e e et e e e e e e e e e e e e e e 69

Fig. 4.2 Digital photos of prepared MoS: suspension in NMP after 1064 nm laser
illumination with different laser energy densities. The illumination time is

B0 ITUITIULES. ... eeeeeeeeteee e e e e e ettt et e e e e e e et ee e e e e eeeeeeeeae e teeeeeeeeenntnnseeeeseeennnnnnnes 70

Fig. 4.3 TEM images of MoS: suspension in NMP before and after 532 nm laser

LONG Hui XX



illumination under different energy densities, (a) before laser illumination;

(b) 0.05 J/ecm?; (c) 0.10 J/ecm?; (d) 0.16 J/em?; (e) 0.28 J/em?........cocveveeeeee 71

Fig. 4.4 Size distributions of MoS> nanosheet in NMP before and after 532 nm laser
illumination under different energy densities (a) before laser illumination; (b)
0.05 J/em?; (c) 0.10 J/em?; (d) 0.16 J/cm?; (e) the most frequent size

distribution with  different energy intensities of illumination laser. .......... 72

Fig. 4.5 EDS spectrum of the sample before laser illumination (a); EDS spectrum (b)
and SAED pattern (c) of MoS, nanosheet after laser density of 0.28 J/cm?.

Insets(a-b) show the enlarged EDS within the 2.15-2.60 keV region.......... 73

Fig. 4.6 TEM images of MoS: suspension in NMP after 1064 nm laser illumination
for 60 minutes under different laser energy intensities (a) 0.77 J/cm?; (b)

3.35 J/em?; (€) 3.72 /G2 oot 74

Fig. 4.7 Size distribution of corresponding samples MoS» suspension in NMP after
1064 nm laser illumination for 60 minutes under different laser energy
intensities (a) 0.77 J/em?; (b) 3.35 J/em?; (c) 3.72 J/em?; (d) the most

frequent size diStrIDULION. .......cvviiiiiiciee e 75

Fig. 4.8 Normalized UV/Vis absorption spectrum of MoS: suspension in NMP after

LONG Hui XX



laser illumination of 532 nm (a) and 1064 nm (b), respectively. ................ 77

Fig. 4.9 Normalized photoluminescence spectrum of MoS; suspension in NMP after

laser illumination of 532 nm (a) and 1064 nm (b), respectively. ..........c...... 78

Fig. 4.10 (a) (b) normalized transmittance; (c) (d) transmittance of MoS; suspension

in NMP and (e) (f) transmittance of MoS, /PMMA before and after the 532

nm and 1064 nm laser illumination, respectively.........cccvvveririinieiininennnn 80

Fig. 5.1 Experimental procedures for fabricating WS nanosheets with different size

and thickness AiStIIDULION. .....u.ii e e et e e e e e e e e s ees s 85

Fig. 5.2 (a-d) AFM images of WS, sheets exfoliated in NMP and subsequently

separated under different centrifugation rates of 500, 1000, 5000, and 7000

rpm, respectively. For each WS> sample, about 50 sites were sampled for

size and thickness analysis. .........cccooveiiiieni e 86

Fig. 5.3 (a-d) AFM images of WS, sheets exfoliated in NMP and subsequently

separated under different centrifugation rates of 500, 1000, 5000, and 7000

rpm, respectively. For each WS> sample, about 50 sites were sampled for

size and thickness analysis. ........ccccoviiiiiiiiiiic e 86

Fig. 5.4 Randomly selected section height profiles of WS> sheets exfoliated in NMP

LONG Hui XXIV



and subsequently separated under different centrifugation rates of a-500,

b-1000, ¢-5000, and d-7000 rpm, respectively. The interlayer space of WS>

T Y 11 1 s DT 87

Fig. 5.5 Thickness distribution of WS, sheets exfoliated in NMP and subsequently

separated under different centrifugation rates of a-500, b-1000, ¢-5000, and

d-7000 rpm, respectively. The interlayer space of WS> is 0.62 nm. ............ 88

Fig. 5.6 Size distribution of WS> sheets exfoliated in NMP and subsequently

separated under different centrifugation rates of a-500, b-1000, ¢-5000, and

d-7000 1pM, TESPECTIVELY. ..eeiiiiiiiiie ittt 89

Fig. 5.7 Most frequent size and thickness of the four samples, L - Estimated layer

F010) 00101 CURTRT TP T 90

Fig. 5.8 (a) Raman spectra (b) The peak frequency of E2gl, A and their frequency

(43N i 1< (=) 1 (&L= TR 91

Fig. 5.9 (a) Absorption spectra; (b) Peak positions of the characteristic peaks A and B,

and ratios of absorption intensity at 532 nm to 1064 nm (Is32/T1064) of WS>

suspension in NMP selected at 500 rpm, 1000 rpm, 5000 rpm and 7000 rpm

centrifugation rate, reSPECHIVELY. ....ocviiiiiiiiiiiiiiice e 92

LONG Hui XXV



Fig. 5.10 Digital photographs of prepared WS2/PMMA composites, they are S500,

S1000, S5000 and S7000 from the left to right, respectively...........c.coeeunee. 93

Fig. 5.11 Nonlinear optical absorption performance of WS2/PMMA composites. (a)
and (b) are the output influence dependence on input fluence, the red lines
are the fitting curve according to the TPA model. (c) and (d) are the
corresponding normalized transmittance dependence on the input fluence at

SR 1 Vo 00 Vo Lo A 01T 5 4 Vo s VAT 94

Fig. 6.1 TEM images of WS> nanosheet in ethanol and water mixture (a) and NMP

suspension (b) sonicated by 15 h, respectively. .......cccvviieiiiiiiiiiiiiieenn, 102

Fig. 6.2 TEM images of the WS, quantum dots (a); (b, c) HRTEM images; and
corresponding selected area FFT image (d); diameter distribution of WS,

quantum dots (e); EDS spectrum of WS, quantum dots (f). .........ccervenee. 103

LONG Hui XXVI



LIST OF TABLE CAPTIONS

Table 1-1 Current library of 2D materials [5]. ...cccoooiriiriiiiieiee e 2

Table 1-2 About 40 different layered TMD compounds exist [29]........ccccovvivriineenne 11

Table 3-1 Optical parameters of linear transmittance (Tr), Two-photon absorption
(TPA) coefficient, NOL starting threshold (Fon) and Optical limiting

threshold (For) threshold of MoS2/ PMMA composites (sample land 2).

Table 4-1 Transmittance of MoS: suspension in NMP and embedded into PMMA

matrix before and after 532 nm, 1064 nm laser illumination, respectively.

Table 5-1 Optical parameters of linear transmittance (TLr), two-photon absorption
(TPA) coefficient (), NOA onset thresholds (Fon) and optical limiting

thresholds (Fov) for various WS2/PMMA COMPOSItES........cccovvrvereraeene 96

Table 5-2 The absorption coefficient o (L g cm™) of different samples at 532 and

1064 NM, TESPECTIVELY...cvviriiiiiiiieiriiierie e 98

Table 6-1 Optical parameters of linear transmittance (77), two-photon absorption

LONG Hui XXVII



coefficient (), NOL onset thresholds (Fon) and optical limiting

thresholds (For) for WS2 QD/PMMA COMPOSILES ....cevvrruveeririnieerieeane 109

Table 6-2 The nonlinear optical property onset thresholds (Fow) and optical limiting

thresholds (For) of different materials for the nanosecond laser operating

at 532 and 1064 nm, 1€SPECIVELY. ..oovvvrriieriiiiiieiie e 111

LONG Hui XXVII



CHAPTER 1

Introduction

1.1 Two dimensional materials

During the past years, two dimensional transition metal dichalcogenide
materials have attracted substantial attention from the industry and research
communities due to their diverse applications including catalysis, light harvesting,
batteries, solid lubricants, solar cell and optical limiting device. Great progress has
been achieved in various research fields, particularly in nonlinear optics (e.g.,
saturable absorber and optical limiting). In this Chapter, an overview of the research
progress is discussed. The objectives and organization of this thesis are presented.

In the year 2004, Andre Geim and Konstantin Novoselov prepared the first
two-dimensional graphene using the transparent scotch tape method and were
awarded the Nobel Prize in Physics in 2010. The stucture of graphene is very special
at the atomic scale structure, the electron mobility is high. Generally, the thickness of
a single layer two-dimensional materials is in the scale of several nanometres. The
electron mobility of graphene is 100 times higher than that of silicon [1] and it has a
very good structural stability at room temperature. Furthermore, electrons moving
along the track of graphene will not experience scattering due to the absence of
foreign atoms or lattice defects. Due to the unique structure, graphene has a wide

range of applications, including touch screens, solar cells, energy storage devices,
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mobile phones and high-speed computer chips, flexible electronics, intelligent
clothing, folding displays, and even future space elevator [2-4]. The direction of
modern material development is from single to composite material and from
crystalline to amorphous materials, from bulk to two-dimensional, one-dimensional
and even zero-dimensional materials.

For the above reasons, graphene has drawn great attention for its excellent
electron conductivity, optical and mechanical properties. Its unique properties are
mainly due to its single atomic layer thickness and two-dimensional topological
structure. Inspired by those unique properites of 2D materials, many researchers have
devoted affects in other new two-dimensional materials fabrication and
characterization, a great number of novel two-dimensional materials have been
obtained as shown in Table.1.1 [5]. With the emergence of advanced preparatioon
and characteriztion of nano technologies, single-layer and multi-layer graphite-like
materials has been focused at for a lot of research works. Other types of
graphene-like materials e.g. MoS2, WS> and TiS> are also prepared and widely used
in catalysis, optoelectronic devices, batteries and solid lubrication and other fields [6-
8].

Table 1-1 Current library of 2D materials [5].

Graphene hBN .
faﬁr:'n ily Graphene ‘white graphene’ BCN Fluorographene Graphene oxide

; . Metallic dichalcogenides:

5 Semiconducting NbSe,, NbS,, TaS,, TiS,, NiSe, and so on
2 dichalcogenides:
chalcogenldes MoS,, WS,, MoSe,, WSe, MoTe,, WTe.
» o .
ZrS,, ZrSe, and so on Layered semiconductors:
GaSe, Gale, InSe, Bi,Se, and so on
Micas, Hydroxides:

BSCCO MoO,, WO, Perovskite-type: Ni(OH),, EU(OH), and so on

LaNb,O., (Ca,Sr),Nb,O;,
Bi,Ti;0,,, Ca,Ta,TiO,; and so on

2D oxides
Layered TiO,, MnO,, V,O,

Cu oxides | TaO,, RuQ, and so on Others
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1.1.1 Preparation of two-dimensional materials

Generally, two main categories of methods, top-down and bottom-up have been
employed to prepare these novel two-dimensional materials. The top-down methods
include mechanical cleavage method [9]. The micro-mechanical exfoliation method
e.g. scotch tape method is currently the most mature technique for its simple
operation and possible to produce mono layer sample. The obtained two-dimensional
materials exhibit high electron mobility, and suitable for field effect transistor
fabrication. However, the drawback of this method is low productivity and poor
reproducibility; chemical Li-intercalation and exfoliation with n-butyllithium (BuL.i),
electrochemical Li- intercalation and exfoliation[10], can bring about the high
production yield for broad application scope. The production method can be
employed to fabricate 2D materials used for secondary battery and light emitting
diode. However, the disadvantage is time-consuming and harsh preparation
conditions and the prepared 2D materials will be aggregated after removing the
lithium ion; liquid phase exfoliation by direct sonication in solvents [11] is a simple
and effective method although its exfoliation efficiency is much lower than the
former two methods and the yield of single layer 2D materials is very low; and laser
thinning technique requires expensive processing tool and low production yields
[12].

The bottom-up approaches methods include CVD growth, hydrothermal
reaction. Bottom-up synthesis e.g. CVD produces high thermal stability, chemical
stability and potential large area sample but it has disadvantages of high
manufacturing cost, complex process control and well controlled furnace required.

However, it is a method with great potential to achieve large-scale and high-quality
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the production of two dimensional materials through continuously optimizing the
preparation conditions and innovating design. In the following part, we will discuss

four types of methods in details.
(1) Mechanical cleavage

The mechanical cleavage method is a tranditional method to prepare 2D flakes.
Micromechanical force cleavage is used to exfoliate transition metal dichalcogenide
bulk materials by using adhesive tape, and it is found 3M scotch tape will be good to
obtain a monolayer or multilayer two dimensional flakes containing tens to hundreds
of crystal layers. In 1965, Frindt used tape to obtain several layers of molybdenum
disulfide for the first time [13]. The principle is using the viscous adhesive tape to
overcome weak van der Waals forces between the molecular layer to exfoliate 2D
materials. With the development and improvement of technology, single layer or
several layers 2D materials have been obtained through this tape peel method [14,
15]. This method neither requires complex preparation device nor large energy
consumption, which is simple, effective, and low cost. Using this method, single
layer 2D materials can be obtained with high electron mobility. However, the
disadvantages of this method are very low production yield, difficult to produce large
size sample (limited to a few microns in size) and poor reproducibility. Single-layer
BN, MoSz, NbSe; and Bi>Sr.CaCu2Ox have been obtained by using mechanical

cleavage and have been used for electronic device fabrication [16].
(2) Electrochemical Li-intercalation and exfoliation

The above mentioned mechanical cleavage method can produce high quality

single-layer 2D nanomaterials, however its low production yield has hindered its
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from practical applications. Especially, the preparation of thin film needs large

quantities
Load
—
=
\ \:j) .
Layered bulk - il
material Anode LiYions  “cathode

oy, & il
”l”:b('<3— R

Isolated 2D nanosheets L

-intercalated
compound

Fig. 1.1 Electrochemical lithiation process for the fabrication of 2D nanosheets from

the layered bulk material.

2D nanomaterials with solution processability. Recently, zhang et al [10] developed
an electrochemical Li-intercalation and exfoliation method to produce a large
quantity of 2D materials, including BN, graphene nanosheet, MoS;, WS, TiS,, TaS,
ZrS;, NbSez, WSez, ShoSes and BizTes. For this method, the two dimensional
transition metal dichalcogenides bulk materials is incorporated as a cathode and a
lithium foil is used as an anode in a Li-ion battery setup. The basic principle is to use
lithium-ion intercalation agent (such as butyl lithium, n-CsHoLi) embedded disulfide
molybdenum powder, then form LixMoS2 (x > 1) intercalation compound through
intercalation compound with a protic solvent (typically water, which can also be acid
or a low-boiling point alcohol) to produce large amount of hydrogen to enlarge the
layer spacing between molybdenum sulfide, under vigorous agitation by sonication,

thereby well-dispersed multilayer or a single layer molybdenum disulfide are
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obtained as shown in Fig. 1.1. Although the process is relatively complicated, it can
be used to exfoliate a wide range of 2D materials with good efficiency including
molybdenum disulfide [17, 18]. The Li-intercalation process can be well-controlled
by monitoring the discharge curve. The amount of inserted lithium can be optimized
to avoid the insufficient Li-intercalation, leading to low-quantity of single-layer
nanosheets, or too much Li-inserting, resulting in the structure decomposition of

two-dimensional nanomaterials.
(3) Sonication in various solvents

Direct liquid ultrasonication exfoliation method is a new method which is
developed recently. In 2011, the 2D nanomaterials have obtained through direct

liquid exfoliation [19, 20] which is shown in Fig.1.2, such as MoS;, WS;, MoSey,

i

Solvent molecule
(e.g. N-Methyl-2-pyrrolidone (NMP) )

Liquid-phase exfoliation

-4
¥ S .% :
eaiia =

Surfactants / intercalators )% ﬁ
(so-called surface stabilizers)

2D nanomaterials

Fig. 1.2 Schematic representation of liquid-phase exfoliation process of TMDs bulk
materials in the absence (top-right) and presence (bottom-right) of surfactant

molecules [21].
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NbSe>, NiTez, MoTez, h-BN and BizTez [22]. Few layered MoS; nanosheet has been
obtained through ultrasonication in N-methyl-2-pyrrolidone (NMP), followed by
ultrasonication, appropriate centrifugation speed, then dried in vacuum. Liquid
ultrasonic exfoliation process is carried out in liquid then supplemented by
ultrasound, therefore, the ultrasound power is one of the critical parameter on the
direct liquid ultrasonication exfoliation. Another significant condition is the suitable
liquid organic solvent. A number of common solvents have been demonstrated for
the effective and efficient exfoliation of layered materials by liquid exfoliation. The
typical liquid organic solvents used for this application are N- methyl-2-pyrrolidone
(NMP), N-ethyl-2-pyrrolidone (NVP), isopropanol (IPA), dimethyl sulfoxide
(DMSO), dimethylformamide (DMF), etc. When the surface energy of the solvent
matches with the layered material, the enthalpy for the exfoliation is minimized, then
the transition metal dichalcogenides bulk materials can be exfoliated effectively and
efficiently. As for MoS; and WS, solvents like N- methyl-2-pyrrolidone (NMP) will
be suitable. These solvents has a surface energy of ~70 mJ m-2, gave the best
dispersity of exfoliated nanosheets [19, 22]. The mixture dispersions of the 2D
nanomaterials can be made into hybrid dispersions or composites by mixing them
with other types of functional materials. The molybdenum disulfide powder was put
in an aqueous solution and added sodium cholate as a surfactant to inhibiting the
aggregation of 2D nanomaterials, then followed by ultrasonicating for 30 min and
settling for 24 hours [23]. Then the suspension was centrifuged and the supernatant
was removed. The collected suspension was dried under vacuum to obtain
few-layered molybdenum disulfide nanosheets. Although the efficiency of direct

liquid exfoliation is lower than electrochemical Li-intercalation and exfoliation
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method, its simplicity, convenient and suitable for large-scale production have
attracted great attention amount the researchers.

Although water and ethanol were previously demonstrated as poor solvents for
the exfoliation of 2D materials, recently, the water-ethanol mixture is able to
exfoliate and disperse 2D nanomaterials, due to the change of solubility of the
solvent mixing. Zhang et al have proved that 45 vol% ethanol- water mixture can
exfoliate MoS; into nano flakes, characterized by the UV-vis absorbance, the
exfoliation efficiency is comparable to that in NMP solution[11]. Consider water and
ethanol are low cost and common solvents, this method is one of the most convenient

and economical ways to obtain the 2D nanomaterials solutions.
(4) Chemical vapor deposition

Chemical vapor deposition is a chemical process used to produce high quality,
scalable size, controllable thickness and excellent electronic high performance 2D
materials thin films and its fabricated electric device performance is comparable to
the current nano- and micro- electronic fabrication processes [24]. Chemical vapor
deposition is a process the gaseous substances chemical react on the solid surface and
then produce solid deposits. The wafer scale deposition of MoS: layers have been
obtained after direct sulfurization of as-deposited MoO3 on the insulators as shown in
Fig.1.3 [25].

The WS> monolayers flakes of fine triangular shape were grown after direct

sulfurization of as-deposited WO3 on SiO. /Si substrates as illustrated in Fig.1.4 [26].
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H2/Ar

(1T, 500°C, 1hr) sulfurization
(600T; 2000°C, 30min) MoS; on 2 inch sapphire

Fig. 1.3 (a) Schematic illustration for the synthesis of MoS: layers by MoOs
sulfurization. A layer of MoO3 (~3.6 nm) was thermally evaporated on the sapphire
substrate. The MoOz was then converted to a MoS> by a two-step thermal process. (b)

MoS: layer grown on a sapphire wafer [25].

Fig. 1.4 (a) Schematic diagram of the CVD system used for the growth of WS,. (b)
Optical image of as-grown WS, on SiO2 (300 nm)/ Si substrate. Inset shows a
triangular monolayer WS,. (c) SEM image of the sample fabricated by setup shown

in Fig. 1.4 (a) [26].
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The electrical devices based on the CVD-grown 2D nanomaterials show good
electronic property, also with high On /Off ratios [27]. Furthermore, the direct
formation of the WS2/MoS: heterostrctures shown in Fig. 1.5 offer a general route to
prepare large-area TMDs tandem structures for fundamental study as well as some

applications as catalyst or active redox centers [28].

)im xi03
1 85 eV x1%4 201ev EIlK
IO I

Fig. 1.5 WS,/MoS; heterostrctures. (a) Optical image of a monolayer WS, /MoS;

heterostrcture. (b,c) Raman mapping at the 408 cm™ (MoS,) and 421 cm™ (WSy).

(d,e) PL mapping at the 1.85 eV (MoS>) and 2.01 eV (WS) [28].

1.1.2 Properties and characterizations of two-dimensional materials

Single-layered 2D TMDs- whose formula is MX2, where M is a transition metal
of groups 4-10 and X is a chalcogen. As can be seen from Table.1-2, there are
versatile chemistry above 40 kinds of TMDs [29]. This provides opportunities for
fundamental research in various fields including catalysis, energy storage, sensing
and electronic devices such as field-effect transistors. Transition metal chalcogen

compound (TMDs) is a transition metal atom (including the group [Velements Ti,
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Table 1-2 About 40 different layered TMD compounds exist [29].

M = Transition metal
Li Be X = Chalcogen

Na Mg | 3 4 5 6 7 8

10

1

12

K Ca Sc Cr Mn Fe

o o [

Cs Ba La-Lu . w .
Rf Db Sg

Bh Hs

Fr Ra Ac-Lr

Rh

Mt

Rg

Cd

Hg

Tl

Uut

Sn

Pb

Fl

Sb

Bi

Uup

Se

Te

Po

Lv

Cl

Br

At

He

Ne

Kr

Xe

Uuo

Zr, Hf and group V group elements V, Nb, Ta and group VI elements Mo, W), and

sulfur atoms (including S, Se, Te) composites. The general crystal structure is
generally shown in Fig.1.6. Those transition metal chalcogenide bulk materials have
similar structure with graphite (graphene precursor material) and hexagonal boron

nitride. The interaction between layers are weak van der Waals which can be

exfoliated effectively.

Fig. 1.6 The crystal structure of transition metal dichalcogenide.

spacing
of layers
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Two-dimensional materials are characterized by their special structures,
therefore the first issue is to find methods to accurately and efficiently characterize
the two-dimensional layered structure. This can not only judge the preparation of two
dimensional materials whether or not successful, but also better explore the
relationship between structure and property of the graphene-like materials and
promote their practical applications.

Generally, two-dimensional layered materials are characterized by various types
of microscopy, including atomic force microscopy (AFM), scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) and so on. SEM
and TEM measurement of the edge folds can also be used to identify the layers of
two-dimensional materials roughly as shown in Fig. 1.7a-b. AFM is the most direct
way to identify the layers of two-dimensional materials as shown in Fig. 1.7c as the
height profile of the sample can be measured by AFM. Furthermore, Raman
spectroscopy can also be used to characterize the two dimensional materials which is
powerful, accurate, fast and will not destroy the crystal structure. Direct
measuring the in-plane and out-of-plane vibration mode E'?; and A'; Raman peaks
different can be used to identify the average layer number of the fabricated sample.
These results can be used to evaluate the exfoliation efficiency of fabrication method.
Fig. 1.7d shows the Raman spectrum of the bulk, trilayer, bilayer and single-layer

MoS, films.
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Fig. 1.7 Characterization methods of two-dimensional materials. (a) (b) TEM of
MoS:. Inset is the digital image of MoS: solution[30]; (c) AFM of exfoliated g-C3sN4
nanosheets and corresponding thickness analysis taken around the white line [31]; (d)

Raman spectra of MoS; nanosheet [32].

1.1.3 Application of two-dimensional materials

(a) Nonlinear optical application

A successful optical limiter should strongly attenuate intense, potentially for
low-intensity ambient light. The development of viable photonic devices primarily
depends on materials with remarkable specific optical properties, such as
luminescence, non-linear optical responses and so forth [33]. The use of grapheen
based materials for making optical limiting products has been studied. GO dispersed
in bisphenol-A polycarbonate exhibits excellent optical limiting performance as

shown in Fig. 1.8 [34]. Also, graphene based materials have uniform absorption over
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a broad waveband, high transmission at near infrared and stronge absorption in the
visible range and leads to relatively stronger two photon absorption at near infrared,
which cover most of the mainstream high power laser system used within the

industry and military e.g. Nd:YAG laser and Yb fiber laser operating near 1 micron

35, 36].
0.25
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Fig. 1.1.8 Nonlinear transmittance characteristics of sub-Gox/PC film. (a) plot of
output versus input fluence (b) plot of transmittance versus input fluence for 3.5 ns

pulses are 532 nm [34].

However, due to the limit applications of the zero or small bandgap nature of
graphene based materials, other innovation 2D materials e.g. TMDs materials, with
larger natural bandgap ranged from visible to mid infrared has become very active
research field [37 - 39]. While, its explored inorganic analogues with large intrinsic
band gap and high carrier mobility, show great promise for optical applications for
their unique properties, such as large surface area, high mechanical strength, high
inplane charge mobility, and weak coupling between the layers [38]. The band gap
energy of those TMDs, whose formula is MX», (M - transition metal X -a chalcogen),

e.g MoS,, WS», TaS», ZrS>, WSe>, SbaSes and TiS, can be engineered between 0.2
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eV (6199 nm) to ~2 eV (~620 nm) by selecting different M and X [29]. With more
than 40 different categories, TMDs material offers a range of features suitable for
various wavelengths. Bulk WS, crystal or conventionally deposited WS thin films
possess no such properties, limiting the range of their use, for instance, in photonics
[40]. While, few-layer MoS, or WS, exhibit excellent saturable absorb or optical

limiting properties which can be seen in Fig. 1.9. [41]
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Fig. 1.1.9 Tunable MoS, Q-switched fiber laser. (a) cavity shematic, (b) output 74
kHz pulse train, (c) profile of single pulse, (d) various spectra at wavelengths within

the continuous tuning range of 1030-1070 nm [41].

Therefore, it is a very meaningful research work to study nonlinear optical

response with respect to those two dimensional materials. Besides the above
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mentioned application, these TMDs materials have been applied for many other
applications in the field of laser photonics, such as saturable absorber for
Q-switching and mode locking laser generation [42, 43]; Optical limiter for human
eyes and detectors protection [44, 45], optical switches for optical communication
and computing, information data storage [46], laser pulse compression and

two-photon fluorescence microscopy [47].
(b) Energy generation and storage

With the shortage of tranditional energy sources, decreasing quality and
environmental pollution problems, novel and sustainable green energy has become
one of the important part of world’s energy development. Chemistry has become the
core of new energy industry revolution which can solve the randomness and
volatility of new energy sources. Due to the unique property of two-dimensional
materials, such as, special layered structure, variable atomic and electronic structure,
strong interaction of phonons between electrons and lattice vibrations, the weak van
der Waals forces between layers which is beneficial for the inserting and extracting
of light metal ions (Li ¥, Na®, Mg **, etc), and the good charge storage capacity of the
electrical double layer, those characteristics predict their high theoretical lithium
storage capacity and as excellent chemical electrode materials [48, 49]. Furthermore,
compared with bulk materials, two-dimensional materials have larger surface area,
stronger adsorption capacity and higher reactivity which make them greater potential
for energy storage application. A unique 2D MoS,/mesoporous carbon (MoS,/m-C)
hybrid nanoarchitecture has been obtained which single-layer MoS, and m-C are
sandwiched in alternating sequence. This superstructure, which is shown in in Fig.1.8

[50], forms excellent atomic interface contact between MoS; and
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Fig. 1.10 (a) The MoS2/m-C nanosheet superstructure; (b) the capacities retention of
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graphene, and the annealed MoS> nanosheets at current densities from 200 to 6400

mA g 1 [50].
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Fig. 1.11 (a) Typical AFM image of exfoliated nanosheets of WS;; (b) Polarization

curves of bulk and as-exfoliated WS, (as-deposited film of 1T phase, sub-monolayer

as-exfoliated film, and 2H phase after annealing at 300°C) along with those

corresponding to Pt nanoparticles and bulkWS; powder for comparison [6].

carbon, leading to the maximization of synergistic interaction and their capacities

retention. Voiry et al have used the chemically exfoliated monolayer 2H (trigonal

prismatic) WS> as efficient catalysts for hydrogen evolution with very low over
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potentials. Fig.1.9 show the typical AFM image of exfoliated WS, and its

polarization curves compared with other phase WS> and Pt nanoparticles [6].
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Fig. 1.12 Schematic structure and property of field effect transistor (FET) containing

MoS: (a) schematic structure of FET; (b) room-temperature transfer characteristic for

the FET with 10 mV applied bias voltage (Vds) [14].

(¢) Electronic devices

Field effect transistor (FET) is one of the important microelectronic technology,
which mainly affect the electrical properties of semiconductor through changing the
electric field. FETs are also named unipolar transistors for related single carrier type
operation. Monolayer two dimensional materials are direct band gap semiconductors,

therefore they can be used to prepare large switching current ratio, high carrier
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mobility and low energy field effect transistor. Single-layer molybdenum disulfide
has been prepared through the micro mechanical exfoliation method and then
subsequently transfer on a silicon substrate, 50 nm thickness gold electrode was
made through electron beam lithography, 30 nm thickness hafnium oxide was
produced as gate dielectric layer by atomic layer method [14]. The schematic
structure and transfer properties of FET are shown in Fig.1.10. Resulsts show the
threshold voltage is -4 V, the on/off current ratio is 108 and the electron mobility is

217 cm?- Vgl
(d) Organic light emitting diod.

An organic light-emitting diode (OLED) is a light-emitting diode (LED) in
which the emissive electroluminescent layer is a film of organic compound that emits
light in response to an electric current. The organic light emitting diode have many
advantages including self-luminous, wide viewing angle, low power consumption,
full color, etc, therefore it has broad applications in panel displays, solid state
lighting and so on. Two-dimensional materials can be used as both host materials and
hole injection layer of OLED. Wang et al demonstrated the few-layered graphene
films which are used as anode in photovoltaic devices can improve the power

conversion efficiency up to 1.71% [51].
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Fig. 1.13 Schemical and energy diagrams of the fabricated device with structure

graphene/PEDOT:PSS/P3HT:PCBM/LIF/AI [51].

(e) Sensing devices

Due to their unique electronic properties, large specific surface area and layered
structure which is in favor of adsorbed gas molecules, novel two dimensional
materials have applications for gas sensing. Traditional metal oxide sensors not only
are sensitive to oxidation and reducing gas but also need high working temperature

(350°Cor above). 1-4 layers molybdenum disulfide has been prepared successfully

through micro mechanical exfoliation method and created field effect transistor
device to detect the concentration of nitric oxide (NO) gas [52]. The detecting
concentration range is 0.3 x 10°- 2 x 10 (volume fraction). This device is in good
stability, high sensitivity as shown in Fig.1.12 and results demonstrate the two layers

of molybdenum disulfide show the best detection performance.
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Fig. 1.14 (a) schematic structure of gas sensor; (b) real-time current response of the

device exposed to NO with increasing concentration [52].

1.2 Nonlinear optical property

Nonlinear optics (NLO) is the discipline that describes the behavior of light in
nonlinear media and the dielectric polarization P is nonlinear to the electric field E of
the light. This nonlinearity is typically only observed under very high light intensities
usually provided by laser source. In the past 40 years, the development of theory and
working principles of nonlinear optics, discovery and research of new materials and
its related applications remains active. It becomes one of the important branches of
optics. Multi-photon absorption is one of the nonlinear optical phenomena, it has
wide application in optical information storage, three-dimensional optical storage,
bio-optics, material science and photochemistry. The study of multi-photon
absorption material has been nearly half century, it has a rapid development in this
area in the past 5-10 years.

When the high intensity laser interacts with materials, the relationship between
polarization density and electric field which is nonlinear. For such interactions, the

polarization density amplitude can be expressed as:
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Py, =& ¥ E +& y@-EE +& x® :EEE +-- (1-1)

P(y,t)=P® 4+ p@ 4 pB 4. (1-2)

Where e is the permittivity of free space, y™ is the complex susceptibility
tensor of order n, y is the linear susceptibility tensor, PV = e yM-E
represents the first order polarization or linear polarization. In the regime of weak
fields, polarization density and electric field exhibits linear relationship, which is
called linear polarization. P® = & y@-EE and P® =& y® :EEE are
the second- and third-order nonlinear polarization, where x@ and y® are the
second- and third-order nonlinear susceptibilities, and so on. When the light intensity
is strong, the second order, third order and higher order will play important role on
the overall polarization, therefore, materials will also exhibit higher-order nonlinear
optical effects.

Nonlinear susceptibility can be expressed as follows:

x® = @ +i 0@ (1-3)
Where yz® can be obtained:

xrP=2n2-e comy (1-4)
Where yz® is the real part, y;® is the imaginary part, n, is the linear index of
refraction, c¢ is the speed of of light in a vacuum, n, is the nonlinear index of
refraction.

When the high intensity light interacts with materials, the refractive index of the
materials will change which can be explained by different physical mechanisms. The

overall effect depends on laser pulse duration as laser and materials interaction
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period is critical. For example, (1) Under the interaction with intense light, the
electron cloud surrounding the atoms and molecules become distorted, which induce
refractive index change of the material. However, this process occurs rapidly, about
107'* ~ 107" seconds. (2) The density of materials changes which is caused by the
electrostriction effect under laser excitation and then lead to the change of refractive
index, the response time of this process is about 10 ~ 10 seconds.

The relationship between the imaginary part of the nonlinear susceptibility and

nonlinear absorption coefficient can be expressed as:

n3 - goc?

B (1-5)

Where w is the angular frequency, £ is the nonlinear absorption coefficient.

)(1(3) =

w

Nonlinear absorption refers to the change in laser transmittance with the change
of intensity of incident laser. There are many mechanisms to explain nonlinear
absorption. (1) the absorption of light decreases with increasing light intensity.
Generally, with sufficient high incident laser intensity, atoms in the ground state
become excited into an upper energy state, and there is not enough time for them to
back to the ground state before the ground state becomes depleted as the ground state
absorption cross section is larger than the excited state cross section, therefore the
absorption subsequently saturates. Under this situation, the nonlinear absorption
coefficient f is negative which represents the saturated absorption. (2) Reverse
saturable absorption (RSA) can result in large absorption by the nonlinear absorber at
high incident laser energies and weak absorption under low laser energies density.
For this case, [ is positive and absorption becomes strong at high optical intensity
as the excited state absorption cross section is larger than the ground state cross

section.(3) Two-photon absorption (TPA) is that the electron excited from the ground
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state to the excited state by absorbing two-photon simultaneously under intense laser
illumination. This process includes frequency degenerate two-photon absorption
(absorbed photons have the same frequency) and frequency non-degenerate
two-photon absorption (the absorbed photons have different frequency). (4) Free
carrier absorption is the absorption coefficient increases with the increasing intensity
of the incident laser which mainly occurs in the semiconductor materials. It happens
when a material absorbs a photon, and a carrier (electron or hole) is excited from an
already-excited state to another, unoccupied state in the same band (but possibly a
different subband). The excited carrier is in an excited band, such as an electron in
the conduction band or a hole in the valence band, and it is free to move.

Normally, optical limiting material exhibits at least one dominate nonlinear
optical mechanism, including non-linear absorption (reverse saturable absorption,
two photon absorption, excited-state absorption, or free-carrier absorption),
non-linear refraction (excitation of free carriers, photorefraction, heating of the
materials etc.), induced scattering (scattering centers formed by groups of non

excited and excited molecules).

1.3 Objectives and organizations of the thesis

This thesis studies on the fabrication of novel two dimensional transition metal
dichalcogenide materials, including the MoS, nanosheet, WS> nanosheet and WS:
quantum dots, and embedded them into solid state matrix PMMA to measure their
nonlinear optical absorption property. The thesis is composed of seven Chapters.

In Chapter 1, an overview related to two-dimensional materials, their
preparation and optical properties, third-order optical property theory and related

applications of those two-dimensional materials are presented. The objectives and
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organizations of the thesis are also presented in this chapter.

In Chapter 2, the characterizations of two-dimensional materials dispersed into
NMP suspension or embedded into solid state matrix PMMA are described. The two
photon absorption theory and minimal enthalpy of the solution are also discussed in
this chapter.

Chapter 3 presents the preparation and characterization of MoS; nanosheets and
their nonlinear optical property embedded into solid state matrix PMMA. Few
layered MoS> nanosheet was obtained through hydrothermal chemical reaction
followed by ultrasonication. MoS> nanosheets have been characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM), energy dispersive
X-ray spectroscopy (EDS), Atomic force microscopy (AFM), Raman, Uv-Vis
Absorption and Photoluminescence. Also, the interesting dependence of interlayer
separation with respect to the layer number of MoS: has been successfully quantified
and presented in this chapter. Furthermore, two different concentrations of MoS:
nanosheets have been embedded into solid state matrix PMMA to investigate their
nonlinear optical properties.

Chapter 4 presents the studies of optical limiting properties of MoS> nanosheets
in two different environments - liquid NMP and solid state PMMA. Under the laser
wavelength of 532 nm and 1064 nm illumination with different energy intensities,
the changes in color of the MoS: in NMP suspension and size of MoS: nanosheets
are presented. Furthermore, the changes of the MoS, nanosheets under 532 nm laser
illumination have been studied through transmission electron microscopy (TEM),
energy dispersive X-ray spectroscopy (EDS), Uv-Vis Absorption and

Photoluminescence. Additionally, the optical limiting properties of the MoS: in
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liquid NMP and in solid PMMA have been studied by using z-scan technique and
their results are compared and discussed.

Chapter 5 presents WS> nanosheets with different size and thickness distribution
fabricated by ultrasonication exfoliation method. With different centrifugation rate,
WS, nanosheet with a series of size and thickness distribution range are obtained
successfully which have been characterized by atomic force microscopy (AFM),
Uv-Vis absorption, Raman spectrum. The mechanism of interesting shift of the
characteristic peaks in absorption and Raman spectrum are also studied. Then, four
WS> nanosheets samples with different size and thickness distribution are embedded
into solid state PMMA to investigate their optical limiting properties. The
relationship between the size and thickness of WS> nanosheets and their optical
limiting performance have also been discussed in this chapter.

Chapter 6 presents ultra-small WS> quantum dots fabrication method. They are
prepared through ultrasonication exfoliation method followed by high speed
centrifugation in NMP. Two solutions are selected as solvent for sonication of the
WS, powder. Surface energy analysis of the mixing enthalpy is consistent with the
experimental results. The obtained WS, quantum dots are characterized by
Transmission electron microscopy (TEM), Atomic force microscopy (AFM). Uv-Vis
Absorption and photoluminescence. Furthermore, three different concentrations of
WS, quantum dots embedded into solid state matrix PMMA have been used for
Z-scan experiments under excitation of laser operating at both wavelengths of 532
and 1064 nm. The optical limiting parameters e.g. onset thresholds (Fow), lower
optical limiting thresholds (Foz), and higher two-photon absorption coefficient (f)

are measured. Additionally, the optical limiting performance of WS> nanosheet and
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WS, quantum dots with similar thickness have been compared and discussed.
In Chapter 7, a conclusion of the two-dimensional materials preparation and
their nonlinear optical properties embedded into solid state matrix PMMA and some

suggested future work are provided in this Chapter.
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CHAPTER 2
Two Dimensional Materials Characterization and

Theoretical Analysis

During my PhD study, several types of two dimensional materials, eg.
Molybdenum disulfide (MoS) nanosheet, Tungsten disulfide (WS) nanosheet and
Tungsten disulfide (WS2) quantum dots were fabricated and studied. In order to test
their nonlinear optical properties, all are embedded into solide state matrix poly
methyl methacrylate (PMMA) to stabilize their properties.

The morphologies and structure of these two dimensional materials are
characterized by optical microscope, transmission electron microscopy,
energy-dispersive X-ray spectroscopy, field emission scanning electron microscopy,
and X-ray diffraction, respectively. Their optical properties are characterized by
using transmission spectrum, absorption spectrum, photoluminescence spectrum,
Raman spectrum, and Fourier transform infrared spectrum. Their nonlinear optical
limiting performance are measured by open aperture Z-scan method using a 8 ns
pulsed Nd:YAG Laser (Quanta-Ray GCR-168) for 532 and 1064 nm, respectively.
Details regarding the characterization methods, background of these 2D materials are

presented in this Chapter.

2.1 Characterization
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2.1.1 X-ray diffraction

X-ray crystallography is a well-known characterization technique used for
identifying the atomic and molecular structure of a crystal, in which the crystalline
atoms cause a beam of incident X-rays to diffract into many specific directions. By
measuring the angles and intensities of these diffracted beams, a crystallographer can
produce a three-dimensional image of the density of electrons within the crystal
through by performing the inverse Fourier transform on the diffracted electronic
signals. From this electron density, the mean positions of the atoms in the crystal can
be determined. Additionally, chemical bonds, their disorder and various other
information of the crystal are obtained. The atomic planes of a crystal cause an
incident beam of X-rays to interfere with one another as they leave the crystal. The
phenomenon is called X-ray diffraction. It also has many useful applications in many
aspects.

Features of XRD

»XRD is a nondestructive technique

»To identify crystalline phases and orientation

> To determine structural properties: Lattice parameters (10-4A), strain,
grain size, expitaxy, phase composition, preferred orientation (Laue)
order-disorder transformation, thermal expansion

»To measure thickness of thin films and multi-layers

»To determine atomic arrangement

»Detection limits: ~3% in a two phase mixture; can be ~0.1% with
synchrotron radiation

XRD diffraction measurements of the samples presented in this thesis are
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carried out using a Rigaku automated multipurpose Smartlab X-ray diffractometer
(XRD: Rigaku Corp., Tokyu, Japan). The digital image of the equipment is shown in

Fig. 2.1.

X-ray Tube

Fig. 2.1 Digital images of the Rigaku automated multipurpose Smartlab X-ray

diffractometer.

2.1.2 Absorption and transmittance spectrum

Ultraviolet—visible spectroscopy or ultraviolet-visible spectrophotometry
(UV-Vis or UV/Vis) refers to absorption spectroscopy or reflectance spectroscopy in

the ultraviolet-visible spectral region. This means its operational waveband ranged
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from near-UV and near-infrared [NIR]. The absorption or reflectance in the visible
range directly affects the perceived color of the chemicals involved. In this region of
the electromagnetic spectrum, molecules undergo electronic transitions. This
technique is complementary to fluorescence spectroscopy, in that fluorescence deals
with transitions from the excited state to the ground state, while absorption measures
transitions from the ground state to the excited state.
The method is most often used in a quantitative way to determine concentrations
of an absorbing species in solution, using the Beer-Lambert law:
A=¢g*L*c (2-1)
Where A is the measured absorbance intensity of the incident light at a given
wavelength, L the path length through the sample, and c¢ the concentration of the
absorbing species. For each species and wavelength, € is a constant known as the

molar absorptivity or extinction coefficient.

UV-2550

Fig. 2.2 Digital image of the Ultraviolet-visible spectrophotometer.

2.1.3 Fourier transform infrared spectroscopy
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Fourier transform infrared spectroscopy (FTIR) is a technique which is used to
obtain an infrared spectrum of absorption or emission of a solid, liquid or gas. An
FTIR spectrometer simultaneously collects high spectral resolution data over a wide
spectral range. This confers a significant advantage over a dispersive spectrometer
which measures intensity over a narrow range of wavelengths at a time. This is a
technique used to measure the samples absorption spectrum in the infrared range. Its
absorption peaks are corresponding to the molecular vibrations of the functional
groups. In our work, FTIR spectra of WS, nanosheets collected by different
centrifugation speed were recorded using a VERTEX 70 spectroscopy which is

presented in Fig. 2.3.

Fig. 2.3 Digital image of the Fourier transform infrared spectrophotometer.

2.1.4 Photoluminescence spectra

Photoluminescence (abbreviated as PL) is light emission from any form of
matter after the absorption of photons (electromagnetic radiation). It is one of many

forms of luminescence (light emission) and is initiated by photoexcitation. Following
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excitation various relaxation processes typically occur in which other photons are
re-radiated. Time periods between absorption and emission may vary: ranging from
short femtosecond-regime for emission involving free-carrier plasma in inorganic
semiconductors up to milliseconds for phosphorescent processes in molecular
systems; and under special circumstances delay of emission may even span to
minutes or hours.

All excitation and emission spectra of two dimensional materials nanosheets
and quantum dots were obtained using an Edinburgh Instruments FLS920
Steady-State shown in Fig. 2.4. All measurements are performed at room

temperature.

Fig. 2.4 Digital image of the photoluminescence spectrophotometer.

2.1.5 Raman spectrum

Raman spectroscopy is a spectroscopic technique used to observe vibrational,
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rotational and other low frequency modes of the two dimensional materials. Raman
spectroscopy is commonly used in chemistry to provide a fingerprint by which
molecules can be identified. The laser light can interact with the molecular vibrations
and cause the energy of laser photons being shifted up or down, and the information
about the materials can be obtained through measuring the energy shift. Raman
spectrum can also be used to determine the phonon energy of two dimensional
materials. In this PhD study, all the Raman spectra were measured using a HORIBA
Jobin Yvon HR800 Raman spectrometer with a 488 nm laser excitation source which

is shown in Fig. 2.5.

Fig. 2.5 Digital image of the Raman spectrophotometer.

2.1.6 Atom force microscopy

Atomic Force Microscopy (AFM) provides nanoscale 3D image of the material

surface, it is an important method to analyze the surface of materials. The working
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principle is shown in Fig. 2.6. The AFM consists of a cantilever with a sharp tip at its
end which is used to scan the specimen surface. When the tip is brought into
proximity of a sample surface, forces between the tip and the sample lead to a
deflection of the cantilever.

It has three modes of measurement, contact mode, tapping mode and
non-contact mode. Among them, tapping mode is most common. For this mode of
operation, the probe slightly taps on the sample surface during scanning, contacting
the surface at the bottom of its swing. This mode has many advantages, including
overcome problems associated with friction, adhesion and so on. The AFM images of

graphene oxide presented in this thesis was carried out using a Bruker Nanoscope 8

atomic force microscope.

photodetector
laser
\ cantilever
g | probe tip
&aft:e%rg:::sor study surface
electronics % piezotube

Fig. 2.6 Digital image of scanning probe microscope nanoscope V.

2.1.7 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is an effective way to characterize

the morphology and structure of materials. The principle is that a beam of electrons
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from the electron gun interact with the materials when they pass through the
specimen, and the image is formed from the interacted electrons transmitted through
the specimen. TEM/HRTEM images and electron diffraction patterns presented in
this thesis were obtained by a JEOL Model JEM-2100F transmission electron
microscope which is shown in Fig.2.7.

The uniqueness of TEM is the ability to obtain full morphological (grain size,
grain boundary and interface, secondary phase and distribution, defects and their
nature, etc.), crystallographic, atomic structural and microanalytical such as chemical
composition, bonding (distance and angle), electronic structure, coordination number

data from the sample.

gun

{ specimen

i projection
chamber

Fig. 2.7 Digital image of Transmission electron microscopy.

2.1.8 Scanning Electron Microscopy

Scanning electron microscopy (SEM) technique uses a focused beam of
high-energy electrons to generate a variety of signals at the surface of solid

specimens. The accelerated electrons in an SEM carry significant amounts of kinetic
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energy, and this energy is dissipated as a variety of signals produced by
electron-sample interactions when the incident electrons are decelerated in the solid
sample. These signals include secondary electrons (that produce SEM images),
backscattered electrons (BSE), diffracted backscattered electrons (EBSD that are
used to determine crystal structures and orientations of minerals), photons
(characteristic X-rays that are used for elemental analysis and continuum X-rays),
visible light (cathodo-luminescence-CL), and heat. Secondary electrons and
backscattered electrons are commonly used for imaging samples. SEM analysis is
considered to be “non-destructive”; that is, X-rays generated by electron interactions
do not lead to volume loss of the sample, so it is possible to analyze the same
materials repeatedly.
With regarding to the field emission SEM (FESEM), it has several advantages
compared to SEM as following:
¢ FESEM produces clearer, less electro statically distorted images
with spatial resolution down to 1-0.5 nm. That’s 3 to 6 times better than
conventional SEM.
¢ Smaller-area contamination spots can be examined at electron
accelerating voltages compatible with Energy Dispersive X-ray
Spectroscopy.
¢ Reduced penetration of low kinetic energy electrons probes closer to
the immediate material surface.
¢ High quality, low voltage images are obtained with negligible
electrical charging of samples. (Accelerating voltages range from 0.5 to 30

kV.)
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#Need for placing conducting coatings on insulating materials is
virtually eliminated.
¢ For ultra-high magnification imaging, can use, eg, In-lens FESEM.
The structure and composition of GO-APTES doped gel glasses presented in
this thesis were investigated using a JEOL Model JSM-6490 scanning electron

microscope (SEM) equipped with an energy dispersive X-ray spectroscopy detector.

Gold was previously coated on the sample surface to create the clear image.

ol

Fig. 2.8 Digital image of Scanning electron microscopy.

2.1.9 Nonlinear optical properties

The nonlinear optical properties of MoS/PMMA, WS/PMMA, WS,QD
/PMMA composites are measured through Nd: YAG solid state lasers. The digital
image of Nd: YAG laser system is shown in Fig. 2.9a. In this Ph.D study, those
composites were investigated using a 8 ns laser pulses from a Nd:YAG laser at a
repetition of 10 Hz. The energy densities in front of and behind the sample were
measured by an energy detector. In chapter 3 and 5, the pulse energies are ~2000 pJ

corresponding to the laser intensity of 8.9 GW/cm? and 28 GW/cm? at the laser focal
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point for 532 and 1064 nm, respectively. In chapter 4, four different energy densities
were used to irradiate the suspension, 0.05 J/cm?, 0.10 J/cm?, 0.16 J/cm?, 0.28 J/cm?
for 532 nm wavelength. Three different energy densities were used to irradiate the
suspension, 0.77 J/cm?, 3.35 J/em?, 3.72 J/cm? for 1064 nm wavelength. The pulse
energies in front of and behind the sample were measured by an energy detector. All
the measurements were operated at room temperature. The experimental setup for

Z-scan measurement is also shown in Fig. 2.9a. Samples move along the Z-direction.

2.2 Theoretical calculations

2.2.1 Two photon absorption theory

Due to the novelty of two-dimensional materials, there are not much papers
discuss the exact details mechanism of the NLO properties of these two dimensional
materials. Two major mechanisms were proposed to explain the optical limiting
properties of 2D materials including nonlinear scattering and nonlinear absorption.
For the nonlinear scattering, the high input laser intensity is scattered into different
direction, therefore, a reduction of the transmitted light intensity is observed. The
effective scattering center comes from the generation of solvent bubbles, ionization
of nanoparticles and the refractive index discontinuity due to the thermal effect of the
solvents surrounding the nanosheets. It is believed that it is possible to happen within
2D materials incorporate within the solution. We believe the nonlinear scattering
within our solid state matrix should be very weak. The nonlinear absorption should
be the dominant mechanism for the optical limiting properties observed in our solid
state samples. The optical limiting properties can be explained two-photon or

multiple-photon absorption. The bandgap of monolayer of MoS> or WS> is nearly 2.0
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eV. The bandgap of our sample is about 1.7 eV. Therefore, as illustrated in the Fig. 3b,
the energy of one 1064 nm photon is not enough to excite the electron from the
valence band to conductive band and leads to high optical transmission under low
input intensity. However, when the input intensity is getting high the electron from
the ground state can be promoted to a virtual intermediate state, follow the
absorption of a second 1064 nm photon that takes the electron to the conduction band.
Since the intermediate state for such transitions is virtual, energy need not be
conserved in the intermediate state but only in the final state. Under the high laser
irradiation, these two or multiples photon absorption will become dominant. This two
photon absorption of our two dimensional nanosheets can be strong due to their
unique bandgap structure and broad absorption band as shown in Fig. 3. The
prepared nanosheets have high surface area to volume ratio and more dangling bonds
on the surface leading to the more exposed free active edges that can benefit for the
TPA process [27]. Also, the impurity in the nanosheets can become the sub-bandgap
that broaden its absorption spectrum which is favourable to the TPA process [28].
Two-photon absorption is the simultaneous absorption of two photons of
identical or different frequencies in order to excite a molecule from one state (usually
the ground state) to a higher energy electronic state which is illustrated in Fig.2.10.
The energy difference between the involved lower and upper states of the molecule is
equal to the sum of the energies of the two photons. Graphite and transition metal
sulfide (TMDs, the formula MX,, wherein M represents a transition metal, X
represents a sulfur group elements) are all two-dimensional layered bulk materials.
When changing from block to single layer, they exhibit changes of properties e.g. the

bandgap structure. However, the band structure of graphene and TMDs materials are
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very different. Graphene has zero energy bandgap as shown in Fig.2.11. Compared

with conventional carbon materials, such as carbon nanotube, carbon black [29, 33,

Nd:YAG Laser Lens  Sample Detector
(8 ns, 10 Hz)

Laser Beam
— —
-z +z

Fig. 2.9 Digital image of Nd:YAG laser system (a) and the experimental setup for

Z-scan measurement (b).

Excited state

...................................... Virtual state

— Ground state

Fig. 2.10 Energy scheme of a two photon excitation up conversion process.
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53, 54] graphene exhibits a lower threshold of nonlinearity, and strong optical

limiting effects. Graphene has uniform and weak absorption rates in the visible and
near infrared spectrum, which lead to the high linear transmittance. As for the
graphene oxide, its band gap becomes larger showing in Fig.2.12, however, its
absorption is stronger in the ultraviolet and weak in visible spectrum, resulting in low
near-infrared two-photon absorption efficiency, therefore, its application in
near-infrared region is limited. Some of the two-dimensional transition metal
dichalcogenide materials are semiconductors, their band gaps range from 0.2 eV
(6199 nm) to ~ 2 eV (~ 620 nm), so that TMDs materials can be used for fabricating
broadband optical devices. As shown in the Fig. 2.13, MoS; has weak absorption at
the wavelength which is larger than its bandgap such as 808 nm, 980 nm and 1064
nm and other commonly used high-power near infrared laser, so it has a high linear
transmittance at near infrared. However, it has a high two-photon absorption effect,
ensuring the high optical limiting linear transmittance and high nonlinear absorption
effects. The potentially sensitive optical limiting wavelength range of those TMDs
materials are 700 nm-1300 nm, it has low single photon absorption and a relatively

high two-photon absorption. According to the literature and experimental data

0.6

05t Is35n06=~1.2
El
S 041
@
£ 0.3}
£ 5 1.17eV
2021 A=1064 nm
<

0.1+

0.0 : L : : : : .
400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

Fig. 2.11 Absorption spectra of graphene and its band gap structure [55].
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Fig. 2.12 Absorption spectra of graphene oxide and its band gap structure, the

absorption at 1064 nm refer to [56].

obtained in this thesis, graphene, graphene oxide, MoS> and WS, absorbance at 532
nm and 1064 nm intensity ratio at about 1.2, 3, 14 and 5, respectively, which can be
seen in Fig. 2.11-2.14. Compared with graphene and graphene oxide, TMDs
materials MoS> WS, based on the 1064 nm laser at low power density can have a
high linear transmittance, but has a strong two-photon absorption at high power

density shown by experimental data.
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Fig. 2.13 Absorption spectra of MoS; nanosheet and its band gap structure, the

absorption at 1064 nm refer to [57].

LONG Hui 43



Absorbance (a. u)

Is3211064=5

500 600 700 800 900 1000 1100
Wavelength (nm)

Fig. 2.14 Absorption spectra of WS> nanosheets and its band gap structure.

2.2.2 The minimal enthalpy of mixing solution

Some common solvents have been used for the effective exfoliation of layered
materials by sonication method. With the surface energy of the solvent being well
matched with that of the layered material, the energy required for exfoliation is
minimized [38]. In this thesis, some solutions, eg, 1-Methyl-2-pyrrolidone (NMP)
and water ethanol mixture, are selected as solvent for sonication of the TMDs
materials bulk.

The solubility of non-polar solute in non-polar solvent will depend on their
mixing enthalpy. Minimizing the mixing enthalpy would give the best solvent for the

solute [58, 59]. In other words, minimizing the difference in surface energy of

non-polar solvent and solute would give the best solvent for solute.

With Gibb’s Free Energy, G, and Enthalpy, H, the surface tension y could be

expressed as below [60].

(), 13,
oA T.P.N oA T.P.N oA T,P.N

oy
—_ — :S 2'3
(aTjA A (2-3)
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where (ﬁJ =S, is the surface entropy and (ﬁ) =E . IS the
T.P.N oA T.P.N

surface energy. The S,could be determined experimentally with equation 2 by

measuring the change of surface tension with respect to temperature.

V= ESurface _TSA (2-4)

Equation 2-2 is then rewritten as equation 2-4 and it implies that the surface

energy E could be estimated from sum of surface tension and entropy energy.

Surface
The surface tension of solution does not change much with respect to temperature
[61, 62]. Hence, the dimensionless surface tension o* could be given as a

temperature independent equation below.

o* = O water — O Mixture — 1+ a(l_ X Alcohol ) (2_5)
o - 1_ b(l— X ) Alcohol
water Alcohol Alcohol
where o, is the pure water surface tension, o, is the pure alcohol surface

tension, o, IS the surface tension of solutions mixture, X, IS the mole fraction

of alcohol, constant a, b are fitting parameters.
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CHAPTER 3
MoS, Nanosheet Preparation And MoS/PMMA

Composite For Nonlinear Optical Application

3.1 Introduction

Due to the relatively weak van der Waals (VDW) force between interlayers,
few-layer MoS: nanosheets are prepared using simple ultrasonic exfoliation method
and incorporated in PMMA. The good nonlinear optical (NLO) property of the
MoS2/PMMA composite for the nanosecond pulsed laser at both 532 and 1064 nm
has been first reported. The size, thickness and atomic structure of MoS> nanosheets
have been characterized by transmission electron microscopy (TEM) and atomic
force microscopy (AFM). The interesting dependence of interlayer separation with
respect to the layer number of MoS: has been successfully quantified. The average
interlayer separation of the MoS> nanosheets increases and deviates much from the
theoretical value of 0.31 nm with reducing the layer number. Such few-layer MoS»
nanosheets have been homogeneously incorporated into solid-state PMMA, which
shows low optical limiting thresholds, 0.4 and 1.3 J/cm?, low limiting differential
transmittance (Tc), 2% and 3% for the nanosecond laser operating at 532 nm and
1064 nm, respectively. The results suggest that MoS: nanosheets incorporated

PMMA is a promising candidate of solid NLO material for optical limiting
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application.

Recently, thin two-dimensional (2D) layer materials such as graphene, [34, 63,
64] hexagonal boron nitride (h-BN) [65, 66], and layer transition metal
dichalcogenides (LTMDs) [29, 38, 67 - 69] have attracted substantial attention due to

their favorable electrical and optical properties. MoS> is one type of LTMDs
materials with a sandwiched consisted of an atomic plane of molybdenum between
two atomic planes of sulfur. The distance between the neighbouring S-Mo-S layers is

0.62 nm [70], much larger than that of the carbon layers (0.34 nm) in graphite [71],

leading to weaker van der Waals (VDW) force between inter-layers. This makes thin
layer MoS: sheet easier to be separated from bulk MoS,. Various physical and

chemical methods such as mechanical cleavage [70, 72 - 74], electrochemical

Li-intercalation exfoliation [57, 75], and ultrasonic exfoliation [19, 76] have been
developed for this purpose. Among these methods, ultrasonic exfoliation has been
employed in this research due to its relatively simple and scalable feature.

It has been demonstrated that the energy band structure of MoS: changes from
indirect to direct bandgap owing to the electron motion confinement and the absence
of interlayer perturbation in monolayer MoS> when it is thinned from bulk to
monolayer, resulting in the emergence of the characteristic absorption peaks which
can not be observed in the bulk MoS; and also a great improvement of
photoluminescence [57, 74, 77]. Such interesting optical transition has attracted
much attention, and the electrical and photoluminescence properties of thin MoS»
have been studied extensively [74, 78 - 80]. However, there has been not much
research work done on its nonlinear optical (NLO) properties up to now, except for

the ultrafast saturable absorption property of few-layer MoS: reported by K. P. Wang
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et al [39] and reverse saturable absorption of graphene/MoS> composite at 532 nm
reported by Q. Y. Ouyang et al [81]. Nowadays, high energy Q-switched nanosecond
lasers operating at 1064 nm and frequency doubled into 532 nm are readily available
and very popular for various commercial, industrial and military applications.
Therefore, it becomes critically emergent and significant to explore novel and
excellent NLO materials capable of protecting human eyes, detectors, sensors and
cameras from high power laser damage for these laser systems. Few-layer MoS>
shows strong absorption at 266 nm and 532 nm, indicating the high chance of
two-photon absorption (TPA) at 532 nm (half the energy of 266 nm) and 1064 nm
(half the energy of 532 nm). Thus, MoS> can be potentially better optical limiter for
its high transmission at low intensity and high absorption for its TPA at high
pumping intensity for most of commercially available high power laser operating
around 1 pm and its frequency doubled wavelength around 0.5 pum, e.g., Yb fiber
laser and Nd:YAG crystal lasers [82 - 86].

Currently, NLO properties of 2D carbon materials such as graphene, graphene
oxide (GO) and reduced graphene oxide (RGO) are being studied intensively
[87 - 89]. GO is usually obtained from graphite by using Hummer’s method. In detail,
the graphite is pretreated with a lot of strong oxidant, such as KMnOs, concentrated
H>SO4, H>0; and so on, to decrease the connection between the carbon layers, and
followed by ultrasonic treatment, to finally obtain the resultant thin GO sheets [90,
91]. RGO is prepared by reducing the GO with reductants such as NaBH4 and N>Hg4
[88], however, the fabrication processes are complicated, dangerous and unfriendly
to the environment. Graphene sheets can be obtained from graphite just by ultrasonic

exfoliation method [92]. Considering the much larger interlayer distance of MoS;
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than graphite, the thin MoS; sheets can be obtained more easily through the simple
ultrasonic exfoliation method. Therefore, it is very meaningful to explore NLO
properties of these thin MoS; sheets and its potential photonic applications. Optical
limiters can be in liquid or solid form, but the liquid based has very limited practical
use due to its high rate of evaporation and contamination, leakage caused by
container damage, high losses originating from the refractive index mismatch
between the liquid and solid interfaces, relatively easy aggregation as well as the lack
of flexibility and stability. Thin film based optical limiters have very short absorption
length and easy to be damaged. Therefore, it is better to incorporate the NLO
materials into bulk solid state optical matrix so as to stabilize and isolate it from
outside environment, which offers more advantages e.g., withstanding higher optical
power, avoiding aggregation and well suitable for producing commercial photonics
products.

In this charpter, we incorporate few-layer MoS2 in solid PMMA matrix to
isolate it from outside environment and avoid the oxidization. The fabricated
MoS2/PMMA composite shows good NLO properties. To our best knowledge, there
has been no report on this so far. The few-layer MoS> nanosheets are obtained
through ultrasonic exfoliation of the powder synthesized by hydrothermal method in
advance. Transmission electron microscopy (TEM) and atomic force microscopy
(AFM) results indicate that the prepared MoS; sheets are very thin (<5 layers), and
an interesting phenomenon is found that the interlayer separation depends a lot on the
layer number. The few-layer MoS> nanosheets are well homogeneously incorporated
in PMMA matrix without any complicated functionalization like graphene [93].

PMMA is a good optical host material with advantages such as high optical
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transparency, excellent mechanical property, low cost, moldable and so on, and more
significantly, it shows good and stable NLO property, demonstrating its great

potential acting as a novel NLO material for optical limiting application.

3.2 Experimental section

Hydrothermal preparation of MoS, powder has been previously reported using
(NH4)2MoS4 as raw material [94]. In detail, NaxMoO4-H20 (0.3 g) and CS(NH2)2
(0.4 g) were dissolved in DI water (30 mL) under vigorous stirring, followed by
transferring the transparent solution to a 50-mL-capacity Teflon autoclave and
keeping it at 240 °C for 24 hours. After hydrothermal process, the formed black
suspension was centrifuged and washed with DI water several times and dried at 60
°C in vacuum. Finally, black MoS> crystalline powder was obtained.

Few-layer MoS: nanosheets were first obtained by ultrasonic exfoliation method.
MoS: (16 mg) powder was dispersed in N-methyl-2 pyrrolidone (NMP, CsHoNO, 80
mL) under vigorous stirring, followed by ultrasonic treatment for 18 h, and then the
suspension was centrifuged at 3000 rpm for 20 min to remove the thick MoS»
nanosheets. The left MoS» suspension was kept for incorporation into PMMA. MMA
(20 mL) and MoS; suspension were first mixed and heated at 75 °C for 10 min, and
then BPO (0.023 g) was added and heated at 75 °C for another 10 min. Followed by
heat treatment at 105 °C for 20 min. Finally, it was kept at 75 °C for 30 h and solid
transparent MoS>/PMMA was obtained. The incorporated MoS> concentrations in
our experiment MoS2/PMMA-1 and MoS2/PMMA-2 are about 0.008 mg/cm’® and

0.016 mg/cm’, respectively.

3.3 Structure and morphology of MoS: nanosheet
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We have developed a hydrothermal method to prepare MoS, bulk and using
ultraosonication process to exfoliate bulk into few layered nanosheets. Then MoS»
nanosheet is embeded into solid state matrix PMMA to investigate its nonlinear
optical property. Its structure and morphology has been characterized by XRD, TEM,
EDS and AFM. Due to the relatively weak van der Waals (VDW) force between
interlayers, few-layer MoS> nanosheets are prepared using simple ultrasonic
exfoliation method and incorporated in PMMA. The good nonlinear optical (NLO)
property of the MoS2/PMMA composite for the nanosecond pulsed laser at both 532
and 1064 nm has been first reported. The size, thickness and atomic structure of
MoS: nanosheets have been characterized by transmission electron microscopy
(TEM) and atomic force microscopy (AFM). The interesting dependence of
interlayer separation with respect to the layer number of MoS> has been successfully
quantified. The average interlayer separation of the MoS: nanosheets increases and
deviates much from the theoretical value of 0.31 nm with reducing the layer number.
Such few-layer MoS, nanosheets have been homogeneously incorporated into
solid-state PMMA, which shows low optical limiting thresholds, 0.4 and 1.3 J/cm?,
low limiting differential transmittance (Tc), 2% and 3% for the nanosecond laser
operating at 532 nm and 1064 nm, respectively. The results suggest that MoS>
nanosheets incorporated PMMA is a promising candidate of solid NLO material for

optical limiting application.

3.3.1 XRD, TEM and EDS of Mo0S, nanosheet

Fig. 3.1a shows the X-ray diffraction pattern of the MoS, prepared by
hydrothermal method, which is black powder as shown in the inset. The diffraction

peaks located at 20 = 14°, 33°, 40°, 50°, 59° correspond to the planes of (002), (100),
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(103), (105) and (110), respectively, agreeing well with the hexagonal MoS» (JCPDS
card No. 37-1492). Fig.3.1b displays the TEM image of the MoS» obtained through
hydrothermal method, with the flake size of around 200 nm. From the HRTEM
image (Fig.3.1c), it can be found that the obtained MoS, nanosheet is ~16 layers
thick, and the interlayer separation is determined to be 0.62 nm, identical to the
theoretical layer distance along the c-axis direction [70]. The selected area electron
diffraction (SAED) pattern of the MoS> nanosheet is presented in Fig.3.1c inset that
reveals the hexagonal lattice structure and well stacked single crystal layer feature,
with the mark of the diffraction points ascribed to the (100) and (110) planes. Fig.3.
1d shows the SEM image of MoS> powder bought from Aladdin-Reagent Company,
showing its flake size of several micrometers, much larger than the MoS: sheets
obtained through hydrothermal method. The large size starting material is
unfavourable to obtaining thin MoS> nanosheets through ultrasonic exfoliation,
which has been confirmed by the K. P. Wang ef a/ [39]. In their work, MoS; sheets
with large size (hundreds of nanometers) and thickness (dozens of nanometers) were
obtained from large commercial MoS, powder as starting material. It is well known
that the thinner MoS; is, the stronger optical response will be obtained [27, 78]. And,
moreover, the MoS: sheets need to be small enough for a perfect dispersion in liquid
and solid matrix aiming to minimize the optical scattering losses. Therefore, using
small raw MoS, powder prepared through hydrothermal method has the edge over

using large commercially available MoS..
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Fig. 3.1 (a) XRD pattern, (b) TEM and (c) HRTEM images of as-prepared MoS..
Inset of (a) is the digital photo of MoS> powder. Inset of (c) is the SAED pattern of
the MoS, sheet. (d) SEM image of the commercial MoS; bought from
Aladdin-Reagent Company. Inset is the SEM image with lower magnification.

As is well known, the connection between the S-Mo-S layers is weak VDW
force, making it easy to be separated. In this study, few-layer MoS, is obtained by
employing ultrasonic exfoliation method. Fig. 3.2a shows the TEM image of the
MoS, nanosheets after 18 h ultrasonic treatment, demonstrating obtained MoS»
below 100 nm. As analyzed from the SAED pattern given in Fig. 3.2a inset, the
multi-group hexagonal diffraction points with a certain angle misplace indicate that
the MoS» sheets consist of several few-layer single crystal MoS, stacked in different
orientations. The elemental composition of the sheets is confirmed by energy
dispersive spectrometer (EDS) result shown in Fig. 3.2b, and the Cu peak recorded is

due to the copper mesh support for measurement.
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It has been recognized as a common method to determine the layer number of
2D layer material from the HRTEM image of the folded edge. [95, 96] As directly
evidenced from the folded edge in Fig. 3.2c, the obtained MoS> nanosheets through

18 h ultrasonic exfoliation contains three layers. Fig. 3. 2d shows the HRTEM image

10
Energy (keV)

Fig. 3.2.(a) Low-magnification TEM image of MoS: nanosheets obtained after
ultrasonic exfoliation, inset shows the SAED pattern. (b) EDS spectrum of MoS:
nanosheets. (¢) HRTEM image showing layer information of the MoS, sheets. (d)
HRTEM image indicating atomic structure of MoS2, inset illustrates the schematic
structure with yellow and purple balls corresponding to S and Mo atoms,

respectively.

of MoS; at the atomic scale, the large black points are Mo atoms and the small black
points are S atoms; they are marked by purple balls for Mo atoms and yellow balls

for S atoms, respectively. The 0.27 nm interplane distance matches well with the
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(110) planes, indicating a top view through c-axis direction. As shown in Fig. 3.2d
inset, the corresponding atomic structural model viewing through c-axis direction can
foster deep understanding of the MoS: structure indicated by the high resolution

TEM image.

3.3.2 AFM of Mo0S; nanosheet

Fig. 3.3a shows the 2D AFM topographical image of the MoS, nanosheets with
thickness below several nanometers obtained after 18h ultrasonic exfoliation,
confirming again the successful preparation of thin MoS> nanosheets through
ultrasonic treatment. With clearly observable difference of thickness, the layer
number is definitely labelled in the stepped height-type AFM image (Fig3.3b). In
order to precisely analyze the thickness of the areas with different colours, the height
profiles of the sections marked in Fig. 3.3b are plotted in Fig. 3.3c, with the precise
thickness given in it. In fact, the measured thickness of MoS: is a summation of three
contributions: the distance from MoS; to the substrate (D), the height of S-Mo-S
layers (L) and the interlayer separations (S). Taking the bi-layer MoS; for an example,
the measured thickness equals to D+2L+S, where L is 3.08 A [70], and D is
determined to be 4.03 A according to the measured thickness of monolayer MoS>.
And then, the interlayer separations of MoS; with different layers are obtained and
plotted in Figure 3d. It is interesting to find that the interlayer separation is much

closer to the theoretical value 0.31 nm [70] as the layer number increase, and much
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Fig. 3.3 (a) 2D topographical and (b) 2D stepped height-type AFM images of
few-layer MoS, nanosheets. (c¢) Height profiles of the sections marked in (b). (d)
Interlayer separation dependence on the layer number. (e) Schematic diagram of
monolayer and double layer MoS: on Si substrate. (L: the thickness of S-Mo-S layer;
D: the distance from MoS; to the substrate; S: the separation between the S-Mo-S

layers.)
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larger when it contains fewer layers. This is similar as the few-layer graphene
reported by Y. X. Ni et al [97]. As the connection between the S-Mo-S layers comes
from VDW force, the larger interlayer separation of thinner MoS; can be ascribed to
the weaker attractive VDW force between the layers because of the fewer atoms, as
well as the increased interlayer repulsive force due to the active edge effect of the
smaller nanosheets[98, 99]. Fig. 3.3¢ shows the schematic structure of mono- and
bi-layer MoS: sheet. For the monolayer MoS;, the measured thickness is exactly the
summation of the S-Mo-S bond distance (L) and the distance between MoS: and the
substrate (D), as L is 3.08 A and the D is variable. This explains why the thickness of
single layer MoS; deviates largely in different works (i.e., changing from 0.5 to 0.9

nm) [24, 27, 70, 100].

3.3.3 Raman and PL of MoS; nanosheet
The Raman spectrum of the MoS: sheets obtained after 18 h ultrasonic
exfoliation is given in Fig. 3.4a. The two characteristic vibration modes Eﬁg

in-plane) and Aig (out-of-plane) located at 384 and 410 cm’!, respectively, are
g

observed. The locations of these two peaks are in agreement with the few-layer MoS;
reported [78]. The full-width-half-maximum (FWHM) of E%g and Aig; bands are
calculated to be 10.2 and 7.4 cm™, respectively, much broader than other reported
results [24, 27, 101]. It has been recognized widely that the locations of Eég and
Aig peaks of MoS; show a little shift with varying layers: E%g shifts to higher

frequency while Aig shifts to lower frequency for thinner MoS: [79, 101, 102].
Therefore, the broader FWHM of Raman spectrum also indicates the co-existence of

MoS; nanosheets with different layers.
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Fig. 3.4 (a) Raman spectrum and (b) Photoluminescence spectrum of MoS;
nanosheets obtained after ultrasonic exfoliation. Insets of (a) show the schematic of
the vibration modes at 384 cm-1 (left) and 410 cm-1 (right).

Fig. 3.4b shows the photoluminescence spectrum of MoS; in NMP under 532
nm excitation. The two characteristic emission peaks located at 623 and 660 nm are
ascribed to the B and A direct excitonic transitions from the lowest conduction band

to the highest spin-split valence band at the K-point of the Brillouin zone [27, 74],
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respectively, indicating that the layer number of MoS; has been successfully reduced

and it has become a direct gap semiconductor.

3.3.4 Absorption of MoS; nanosheet and MoS; /PMMA
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Fig. 3.5 (a) Absorption spectrum of the few layer MoS> suspension in NMP. Inset
shows the digital photo of such sample. (b) Absorption spectra of pure PMMA and
MoS,2/PMMA composite bulks. Insets show the enlarged absorption within 400-700

nm region, and digital photos of MoS2/PMMA (left) and PMMA (right).
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The absorption spectrum of the few-layer MoS> nanosheets suspension in NMP
is shown in Fig. 3.5a. It can be observed that the two characteristic absorption peaks
at 623 nm (1.99 eV) and 674 nm (1.84 eV) arise from direct transition from valance
band to conduction band at the K-point of the Brillouin zone, known as the B and A
transitions, respectively [39, 57, 68, 74] , are recorded. Such two peaks with little
energy difference is due to the spin-orbital splitting of the valence band [39, 74]. In
addition, the broad absorption band centered at 416 nm (2.98 eV) arising from the
complicated C and D transitions is also observed [39, 57, 76]. As shown in Fig.3.5a
inset, the suspension shows the characteristic yellow-green color of few-layer MoSa,
similar to other reports [57, 76]. The above results have confirmed that few-layer
MoS: nanosheets are obtained through ultrasonic exfoliation in this contribution,
agreeing well with the above TEM and AFM analysis. The MoS2 nanosheets have
been incorporated in PMMA, the well-known organic optical glass, in order to
realize various optical applications such as saturable absorber, optical limiter and so
on. Fig. 3.5b gives the absorption spectra of pure PMMA and MoS,/PMMA
composite bulks, the characteristic absorption peaks between 400-700 nm
corresponding to MoS» are recorded. And the homogeneous yellow-green colour (see
Fig. 3.5b inset) indicates that MoS» has been not only successfully incorporated into

PMMA matrix but also in a homogeneous dispersion.

3.4 Nonlinear optical property of MoS: /PMMA composite

Fig. 3.6a and Fig. 3.6b show the plots of output fluence Fou versus input fluence
Fin for PMMA and MoS>/PMMA composite bulks measured at 532 and 1064 nm,

respectively. The ratio Fou/ Fin in the limit of zero fluence gives the linear
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transmittance (Tr), and the values are shown in Table 3-1. The measured results
reveal that the transmittance of MoS2/PMMA remains the same initially and then
decreases with the increase of the input fluence at both 532 and 1064 nm, showing
the typical feature of optical limiting materials. In contrast, only linear optical
property observed in pure PMMA reveals that PMMA has no contribution to the
NLO response of MoS,/PMMA composite. The NLO onset threshold (Fon) and
optical limiting threshold (For, defined as the input fluence point at which the
normalized transmittance drops to 50%) are vital parameters to evaluate the NLO
performance of a given material. Herein Fon and For values are determined and
listed in Table 3-1. For the sample MoS2/PMMA-2, Fon are 0.01 J/cm? and 0.04
J/em?, and For are 0.40 J/cm? and 1.30 J/cm? for MoS2/PMMA at 532 nm and 1064
nm, respectively. Although these thresholds are higher than the single-layer graphene
dispersion [34], they are much lower than or comparable to other NLO materials
including few-layer graphene [53, 88, 103], grapheme oxide [88, 90, 104, 105],
reduced graphene oxide [105], carbon nanotube [88, 106 - 108] and various metal
nanostructures [109 - 111]. At high input fluence, the slope dFouw/dFin gives the
limiting differential transmittance (Tc), indicating the output clamping characteristics
of samples. Tc for the sample MoS>/PMMA-2 are 2% and 3% at 532 nm and 1064

nm, respectively, even lower than the single-layer graphene dispersion,
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Fig. 3.6 The output fluence dependence on the input fluence at 532 nm (a) and 1064
nm (b), respectively. Insets are the corresponding normalized transmittance
dependence on the input fluence. The concentration of MoS; in MoS,/PMMA-1 and

MoS,/PMMA-2 are 0.008 and 0.016 mg/cm?, respectively.
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further indicating its better optical limiting performance [34]. All these results
suggest that MoS2/PMMA composite has great potential as a type of excellent NLO
material for optical limiting applications.

Two-photon absorption (TPA) and nonlinear scattering (NLS) have been
acknowledged as the dominant mechanisms for NLO properties of optical limiting
materials. Since NLS is usually resulted from the bubbles formed in the solution
based NLO materials, it is reasonable to assume that TPA process makes dominant
contribution to the NLO performance of solid-state MoS2/PMMA composite bulk.
And the TPA coefficient () subsequently can be obtained by the following equation:

[112].

-

1+(1-e“Li)ﬂ|i/zJ§a

I, =

(-1

where /; and /, are the input and output laser power respectively, a is the linear
absorption coefficient, and L is the path length. The f values are fitted and given in
Table 3-1. Such g values are larger than or compatible to the carbon materials[90,
113 - 115], indicating efficient TPA process in such MoS2/PMMA composite bulk at
both 532 and 1064 nm and hence leading to good NLO performance for optical
limiting application. A table with actual linear transmittance, onset thresholds and
optical limiting thresholds has been added in chapter 6 to compare the optical

limiting performance between our samples and the above mentioned materials.
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Table 3-1 Optical parameters of linear transmittance (Tr), Two-photon absorption
(TPA) coefficient, NOL starting threshold (Fon) and Optical limiting threshold (For)

threshold of MoS>/ PMMA composites (sample 1and 2).

532 nm 1064 nm
Samples
T Prea Fon  FoL TL Brea Fon  FoL
MoS,/PMMA-1 55 62 0.02 0.7 60 27 0.06 23
MoS2/PMMA-2 44 70 001 04 53 55 004 13

Note: The units of Tr, TPA, Fox and For are %, cm GW'!, J] cm™ and J cm?,
respectively. The concentration of MoS; in MoS2/PMMA-1 and MoS2/PMMA-2 are

0.008 and 0.016 mg/cm’.

3.4 Summary

In conclusion, good NLO property of the novel 2D material MoS: at both 532
and 1064 nm is studied and reported in this contribution. By employing ultrasonic
exfoliation method, few-layer MoS» sheets are successively prepared. The interlayer
separation in such few-layer MoS, has an interesting dependence on the layer
number, primarily due to the weaker van de Waals force and increased interlayer
repulsive force resulted from the active edge effect of the smaller nanosheets. Z-scan
results of MoS,/PMMA composite bulk further demonstrate the low NLO onset
threshold Fon, low optical limiting threshold For, low optical limiting differential
transmittance Tc, and high two-phonon absorption coefficient £ at both 532 and 1064
nm, confirming the good NLO property. Hence, the few-layer MoS, nanosheets

incorporated PMMA bulk can be a kind of novel NLO material with great potential
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for optical limiting applications.
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CHAPTER 4
Effect Of Laser Illumination On few-layer MoS:

Nanosheet In NMP And PMMA

4.1 Introduction

Recently, great attention has been paid to two dimensional (2D) nanomaterials
for its ultrathin atomic layer structure and interesting optical, electronic and
mechanical properties [37, 38, 116 - 119]. Those 2D nano materials include graphene
and layered transition metal dichalcogenides, TMDs - whose formula is MX», where
M is a transition metal of groups 4-10 and X is a chalcogen, e.g MoS,, WS, TaS,,
ZrS; and WSe: [29]. Nanosheets of TMDs have been explored for a wide range of
applications associated with their ultra-thin thickness and 2D morphology, such as
transistor, photoswitches, supercapacitors, additives for mechanical reinforcement,
gas sensors, and electrochemical catalysis[120 - 128].

Graphene based materials have shown great applications in the field of laser
photonics, e.g. optical limiting, saturable absorption, optical switches[104, 129 -
131]. Like graphene, layered structure MoS> also exhibits exceptional optical
response when changed from bulk to few-layer structure. Owing to the specific 2D
confinement of electron motion and the absence of interlayer perturbation, the MoS:

monolayer possesses a direct band gap and shows dramatic improvement in
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photoluminescence quantum efficiency by a factor of 10* in comparison with the
bulk counterpart [57, 74]. This material will also bring new opportunities for the
future development in the field of laser photonics, including optical limiting
applications and saturable absorber for short pulsed laser [41, 132, 133], because of
its strong nonlinear optical properties. Furthermore, the properties change in these
materials under high optical density illumination is a very important research topic
because of its unknown stability in suspension under high laser density. In this paper,
we have studied the changes in size, optical absorption spectrum and
photoluminescence with respect to two different laser wavelengths (532 and 1064 nm)
at various optical energy densities. The nonlinear absorption properties of MoS;
changes in N-methyl pyrrolidinone (NMP) and Polymethylmethacrylate (PMMA)
before and after laser illumination for a period of time have been measured and

compared.

4.2 Experimental section

NaxMoO4-H>0 (0.3 g) and CS(NH2)2 (0.4 g) were dissolved in DI water (30 mL)
under vigorous stirring, followed by transferring the transparent solution to a
50-mL-capacity Teflon autoclave and keeping it at 240 °C for 24 hours. After the
hydrothermal process, the formed black suspension was centrifuged and washed with
DI water several times and dried at 60 °C in vacuum. Finally, black MoS: crystalline
powder was obtained. Then few-layer MoS, nanosheets were first obtained by
ultrasonic exfoliation method. MoS; (16 mg) powder was dispersed in NMP (80 mL)
under vigorous stirring, followed by ultrasonic treatment for 18 h, and then the
suspension was centrifuged at 3000 rpm for 20 minutes to remove the thick MoS»

sheets. Then the MoS, nanosheets suspension was kept in NMP solution. The

LONG Hui 67



concentration of the suspension is about 0.1 mg/mL. The MoS> suspension in NMP
was in cuvette, then 532 nm and 1064 nm laser with repetition rate of 10 Hz was
used to illuminate the suspension for 30 minutes and 60 minutes, respectively.
During this experiment, the cuvette shook for 1 minute after laser illumination for

every 10 minutes to keep the uniformity of the suspension.

4.3 Effect of laser illumination of morphology change of MoS:

nanosheet in NMP

Two dimensional (2D) materials and laser interaction is a very important
research topic due to the unique properties of 2D materials, making them a promising
candidate for high power applications such as optical limiter and saturable absorber
for mode locking laser generation. In this charpter, we have analysed the morphology
and optical property changes of few layers MoS: nanosheet in NMP solution under
the illumination of Q-switched laser with operational wavelength of 532 and 1064
nm with respect to various laser energy densities. The experimental results show
significant changes caused by the oxidization of molybdenum disulfide (MoS>) into
molybdenum oxide (MoQO3). Due to its stronger absorption in visible range, 532 nm
have stronger oxidization effect compared with 1064 nm as illumination wavelength.
The nonlinear optical absorption properties of the MoS» in liquid NMP and in solid
PMMA have been studied by using z-scan technique and their results are compared.
It has been shown experimentally that the nonlinear optical absorption properties of
MoS: in NMP disappeared but without changes in MoS2/PMMA composites after
laser illumination. It confirms that the MoS; is relatively much more stable within

PMMA for preserving nonlinear absorption properties under high laser density
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illumination.

4.3.1 Color changing of prepared MoS; suspension in NMP under laser

illumiation

Fig. 4.1 shows the changing colour of the suspension after 532 laser
illumination with different energy densities over 30 minutes. The MoS; suspension in
NMP prepared by ultrasonic exfoliation is dark brown as shown in the Fig. 4.1a, after
532 nm 10 Hz nanosecond laser with increasing energy densities of 0.05 J/cm?, 0.10
J/em?, 0.16 J/ecm?, 0.28 J/cm?. The color of the suspensions changes from dark brown

(Fig. 4.1b), bright yellow (Fig. 4.1c), yellow green (Fig. 4.1d) to colorless (Fig. 4.1e),

successively.

Fig. 4.1 Digital photos of prepared MoS, suspension in NMP after 532 nm laser
illumination with different laser energy densities. The illumination time is 30

minutes.

Fig. 4.2 shows the changing colour of the suspension after 1064 nm laser
illumination with different energy densities. The MoS; suspension in NMP prepared
by ultrasonic exfoliation is dark brown as shown in the Fig. 4.2a, The color of the
solution only become lighter by 1064 nm nanosecond laser for 60 minutes with
energy densities of 0.77 J/cm?, 3.35 J/cm?, 3.72 J/cm?, respectively, as shown in Fig.

4.2b, Fig. 4.2c and Fig. 4.2d. It indicates more color change of the MoS, suspension
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in NMP under 532 nm illumination in comparison with that of 1064 nm.

Fig. 4.2 Digital photos of prepared MoS: suspension in NMP after 1064 nm laser
illumination with different laser energy densities. The illumination time is 60

minutes.

4.3.2 Morphology and size change of MoS: suspension in NMP before and

after 532 nm laser illumination

The TEM images of MoS: suspension in NMP before and after 532 nm laser
illumination under different energy densities are shown in Fig. 4.3a-4.3e. It can be
seen from Fig. 4.3, the size of MoS: nanosheet decreases with the increasing 532 nm
laser energy density. However, after laser illumination under laser density of 0.28
J/em?, the smaller nanosheets tends to aggregate together as shown in Fig. 4.3e,
making it difficult for size measurement.

The size distributions of MoS» nanosheet after different energy densities of laser
illumination are presented in Fig. 4.4. From Fig. 4.4a, the most frequency size of the
MoS; nanosheet prepared by ultrasonic exfoliation is about 132 nm. After 30 minutes
532 nm laser illumination with laser densities of 0.05 J/cm?, 0.10 J/cm? and 0.16

J/em?, the most frequent size of the nanosheet reduced to 103 nm, 94 nm and 58 nm
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Fig. 4.3 TEM images of MoS; suspension in NMP before and after 532 nm laser
illumination under different energy densities, (a) before laser illumination; (b) 0.05

Jlem?; (c) 0.10 J/cm?; (d) 0.16 J/cm?; () 0.28 J/cm?.

respectively, as shown in the Fig. 4.4b - Fig. 4.4d. Fig. 4.4e illustrates the most
frequent size of nanosheet becomes smaller after laser illumination. The higher the
illumination laser energy density is, the smaller the nanosheet size will be under the

same period of laser exposure time.
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Fig. 4.4 Size distributions of MoS; nanosheet in NMP before and after 532 nm laser
illumination under different energy densities (a) before laser illumination; (b) 0.05
J/em?; (c) 0.10 J/em?; (d) 0.16 J/cm?; (e) the most frequent size distribution with
different energy intensities of illumination laser.

Fig. 4.5 shows the EDS of MoS: nanosheet before 532 nm laser illumination
and after laser illumination with energy density of 0.28 J/cm?. The selected area
electron diffraction (SAED) pattern after 532 nm laser illumination in Fig. 4.5c

contains signals for both MoO3; and MoS». The (011) and (110) indexed diffraction
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Fig. 4.5 EDS spectrum of the sample before laser illumination (a); EDS spectrum (b)
and SAED pattern (c) of MoS: nanosheet after laser density of 0.28 J/cm?. Insets(a-b)

show the enlarged EDS within the 2.15-2.60 keV region.

spots for MoO3 and (100)-indexed diffraction spots for MoS» can be seen clearly in
one SAED pattern. As analyzed from the EDS patterns between before (Fig. 4.5a)
and after laser illumination (Fig. 4.5b), the appearance of O element and the
decreasing of S element after laser illumination which can been found from the insets
of Fig. 4.5a and 4.5b confirming the oxidization process of the 2D materials. Under
strong laser excitation, we expected the crystallinity of the obtained MoOs3 is not
good. Due to the low concentration and low crystallinity, we did not see any

observable changes in Raman spectroscopy and X-ray diffraction.

LONG Hui 73



4.3.3 Size change of MoS> nanosheet after 1064 nm laser illmination

Fig. 4.6 TEM images of MoS> suspension in NMP after 1064 nm laser illumination
for 60 minutes under different laser energy intensities (a) 0.77 J/cm?; (b) 3.35 J/cm?;
(c) 3.72 J/em?.

The TEM images of MoS; suspension in NMP before and after 1064 nm laser
illumination under different energy densities are shown in Fig. 4.6a-4.6¢. After 1064
nm laser illumination with laser densities of 0.77 J/cm?, 3.35 J/em?, and 3.72 J/cm?
for the exposure time of 60 minutes, the most frequent size of the nanosheets changes
from 132 nm to 105 nm, 100 nm and 92 nm as shown in the Fig. 4.7a-4.7c. Fig. 4.7d
illustrates the most frequent size of nanosheet after laser illumination with different
energy densities. The size of the nanosheet do not change much when compared to

laser operating at 532 nm as the illumination source.
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1064 nm laser illumination for 60 minutes under different laser energy intensities (a)

0.77 J/em?; (b) 3.35 J/em?; (c) 3.72 J/em?; (d) the most frequent size distribution.

4.3.4 UV/Vis absorption spectrums before and after laser illumination

Fig. 4.8a-4.8b shows the normalized UV/Vis absorption spectra of MoS:
suspension in NMP after 532 nm and 1064 nm laser illumination with respect to
various laser densities. Due to the low concentration, the MoS: suspension in NMP
prepared by ultrasonic exfoliation shows a broad absorption band centered at 416 nm
with two very weak characteristic absorption peaks at 623 nm and 674 nm because of
direct transition at the K-point of the Brillouin zone for the B and A transitions
respectively [68, 76]. After 532 nm laser illumination, even with the lowest laser
of 0.05 J/cm?, all the three characteristic peaks at 416, 623 and 674 nm disappear and

a new broad absorption band centered at 320 nm is observed, as shown clearly from
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the Fig. 4a. With the highest illumination laser density of 0.28 J/cm?, there is another
new broad absorption band centered at 650 nm was observed due to the formation of
MoOs [134, 135]. While, under 1064 nm laser illumination, the characteristic
absorbance peaks of 623 and 674 nm disappear gradually, as shown in Fig.4b. This
result is also in good agreement with the color changes observed in Fig.1c. The broad
absorption band centered at 416 nm also disappears and a broad absorption peak
centered at 320 nm rises under the illumination of 1064 nm. Compared with 532 nm
laser illumination, there is no clear absorption band at 650 nm even though the input
laser density is 13 times higher than that of 532 nm for longer exposure time up to 60
minutes. The different effects caused by 532 nm and 1064 nm laser illumination is
due to the absorption difference between both wavelengths (The absorption ratio of

two wavelengths Isazi0e4 =29 [57]). It means the absorption of MoS; at 532 nm is 9

fold of that of 1064 nm so that more 532 nm laser energy can be used to break the
MoS: sheets into smaller pieces and oxidized into MoOs, leading to the smaller size
of nanosheets and absorption reduction. Also, the considerable quantum-confinement
effect might also cause the enhanced absorption to speed up the oxidization process
further. The smaller size, the stronger the absorption will be, which has been reported
in MoS; as well [136]. From the absorbance spectrum, it could be concluded that
MoS: suspension in NMP could be oxidized into MoOs3 under the high density 532
nm laser illumination, with stronger oxidization effect compared with 1064 nm laser

as illumination source.
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Fig. 4.8 Normalized UV/Vis absorption spectrum of MoS» suspension in NMP after

laser illumination of 532 nm (a) and 1064 nm (b), respectively.

4.3.5 Photoluminescence spectrums before and after laser illumination

Fig. 4.9a and 4.9b show the normalized photoluminescence spectra of MoS;
suspension in NMP before and after 532 nm and 1064 nm laser illumination,
respectively. Fig. 4.9a can clearly identify two characteristic emission peaks of MoS;
located at 623 and 660 nm before laser illumination [27, 74]. However, the two
characteristic peaks gradually disappear with the increasing laser density of 532 nm
due to the conversion from MoS> to MoOs. However, two obvious characteristic
peaks of MoS> only reduce slightly under the 1064 nm laser illumination due to
lower absorption at this wavelength.

In this study, the excitation wavelength of photoluminescence is 532 nm. From
the Fig.4.8a, the absorption at 532 nm is decreasing with the increasing intensity of
illumination laser which lead to the decreasing intensity of photoluminescence in
Fig.4.9b. During the illumination process, MoS, nanosheet is oxidized into MoQOg,
therefore it is expected that the absorption characteristic peaks of MoS: should

disappear and change into the shape of absorption spectrum of MoO3z gradually.
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Fig. 4.9 Normalized photoluminescence spectrum of MoS: suspension in NMP after

laser illumination of 532 nm (a) and 1064 nm (b), respectively.

4.4 The difference of nonlinear optical property between MoS;

nanosheet in NMP and PMMA

To investigate the optical properties of MoS> before and after laser illumination
in different host matrix, a z-scan experiment is employed with the same details
described in ref [30]. Fig.4.10 shows the transmittance of MoS; suspension in NMP
and PMMA matrix with respect to various input fluence created by moving the
samples across the laser focus for both wavelengths of 532 and 1064 nm,
respectively. Then the optical properties, e.g. initial transmittance at the same spot
have been measured and compared. The initial transmittance of MoS; in different
matrixes is presented in Table 4-1. Before laser illumination, MoS; suspension in
NMP exhibits certain nonlinear optical absorption property under both 532 and 1064
nm wavelengths. After the illumination of 532 nm with energy density of 0.28 J/cm?
for 30 minutes and 1064 nm with energy density of 3.72 J/cm? for 60 minutes, the
initial transmittance of MoS: suspension in NMP becomes higher from 69 % to 95 %

and 72 % to 85 %, for 532 nm and 1064 nm respectively, and their transimittance
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becomes constant, with complete disappearance of non-linear optical absorption as
shown in Fig. 5a to 5d. The disappearing nonlinear optical property of MoS, in NMP
suspension can be explained by two possible reasons. Firstly, the optical limiting
property of the suspension could be due to the nonlinear scattering which is usually
size-dependent [45, 137]. Before laser illumination, larger size MoS, nanosheet in
suspension exhibits stronger optical limiting response. However, the size of
nanosheet and nonlinear scattering was reduced after laser illumination and the
optical limiting property reduced. Secondly, MoS: is oxidized into MoO; gradually

and loss its optical limiting properties after laser illumination.

However, compared with MoS: in NMP, MoS2/PMMA composite exhibit much
stronger optical limiting property even before laser illumination due to the
thermophoresis phenomenon in NMP solution, leading to faster MoS, movement and
local concentration reduction within the volume under the laser illumination. Of
course the reduction of nonlinear optical absorption is also attributed to the oxidation
of MoS,. However, the MoS2/PMMA composite shows almost no change in initial
transmittance and non-linear absorption properties before and after laser illumination
as shown in Fig. 4.10e and 4.10f. Compared with liquid suspension, solid state
matrix can hold the MoS; into the fixed position and protect MoS; against oxidation
so that the optical limiting property of MoS2 nanosheets can be preserved, thus
making it a very interesting research topic to investigate its nonlinear optical

properties of these 2D materials embedded in solid state matrix [44, 104, 138].
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Fig. 4.10 (a) (b) normalized transmittance; (c) (d) transmittance of MoS; suspension

in NMP and (e) (f) transmittance of MoS, /PMMA before and after the 532 nm and

1064 nm laser illumination, respectively.
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Table 4-1 Transmittance of MoS» suspension in NMP and embedded into PMMA

matrix before and after 532 nm, 1064 nm laser illumination, respectively.

The transmittance of MoS; in NMP and embedded in PMMA

Samples 532 nm 1064 nm

Before After Before After
MoS: NMP 0.69 0.95 0.72 0.85
MoS: PMMA 0.55 0.59 0.63 0.66

4.5 Summary

In conclusion, MoS; suspension in NMP could be reduced in size and
chemically oxidized into MoOgs, leading to the changes in optical properties
including absorption, photoluminescence and nonlinear optical absorption properties
after laser illumination. However, the illumination wavelength of 532 nm has
relatively stronger effect on MoS> suspension compared to 1064 nm because of its
higher optical absorption at 532 nm. Thus, 532 nm laser can oxidize MoS; to MoOs
easily with even lower laser density compared with 1064 nm. Compared with the
samples of MoS, in NMP, we have found that the initial transmittance and nonlinear
optical absorption property of MoS> nanosheet in PMMA do not change much after
laser illumination. Therefore it can be concluded that the stability of MoS; can be

greatly enhanced when it is incorporated into PMMA solid state matrix.
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CHAPTER 5

WS, Nanosheet Preparation And WS2/PMMA Composite

For Nonlinear Optical Application

5.1 Introduction

Graphene, the earliest discovered two-dimensional (2D) material, has become
well known for its excellent electrical, optical, magnetic, mechanical properties, and
so on [139 - 141]. However, it remains a challenge to tune its electronic and optical
properties because opening or engineering the zero-bandgap structure of graphene
usually involve complicated processes to break the lattice symmetry [33, 142]. As a
kind of newly emerging 2D layered materials, transition metal dichalcogenides
(TMDs) are different from zero-bandgap graphene, offering a wide range of intrinsic
open bandgap structure and properties by changing different combination of
transition metal groups and chalcogen. The dependence of bandgap structure of
TMDs on the thickness results in its thickness-tunable bandgap properties, as well as
tunable optical, electrical and electrochemical property, arousing considerable
interest among researchers around the world because of their wide applications
including solar cells, photodetectors, transistors, water splitting, and so on [6, 14,
37,39, 143 -145].

WS> is a typical TMD material with large layer distance, making it easier to be
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separated from the bulk to few-layer through various physical and chemical methods.
In this research, ultrasonic exfoliation method was used because of its simplicity and
scalability. When WS is thinned from bulk to single layer, its bandgap changes from
1.3 eV indirect to 2.1 eV direct bandgap structure [146]. And the resulting
enhancement of UV-Vis absorption has significant implications for solar cell,
photodetector, photocatalysis, and other optical applications [6, 145]. Moreover,
these bandgap changes will improve the transition probability from the valance band
to the conduction band of the material, leading to the enhancement of the nonlinear
optical absorption (NOA) such as two photon absorption (TPA) [30].

Being able to control the nonlinear optical properties of nanoscale materials is
one of the most fundamental manipulations of light for the development of
micro-photonics [147]. Therefore, a cost effective method to tune the nonlinear
optical properties of the nanoscale TMDs have attracted enormous research interest
due to its wide potential applications including optical limiting, bioimaging, optical
communication, optical computer, data storage, drug delivery, and photodynamic
therapy [148 - 150].

In this study, WS flakes were exfoliated by an ultrasonic technique followed by
a gradient centrifugation separation as shown in Fig. 5.1. In brief, 0.05 g WS,
powder was dispersed in 50 ml N-methyl-pyrrolidone (NMP) and treated with
ultrasonic for 15 h at a power of 400 W. A simple gradient centrifugation was then
employed to select the size and thickness of WS: in a certain range. Subsequently,
the WS> sheets were incorporated in Polymethylmethacrylate (PMMA) to form a
solid composite for the NOA studies. The detail of this fabrication method is

discussed in the experimental section.
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5.2 Experimental procedures

WS, nanosheets are first prepared through ball milling and ultrasonic
exfoliation method followed by a gradient centrifugation process. In order to obtain
smaller WS, powder, the raw material tungsten sulfide (WS2) powder (~6 um,
99.99%) which were purchased from Aladdin in Shanghai were grinding through a
ball milling solvent thermal induced method. A detailed gradient centrifugation
process is shown in Fig. 5.1. In detail, 0.05 g WS, powder after ball milling was
dispersed in 50 ml NMP and treated with ultrasonic for 15 h at a power of 400 W.
The obtained exfoliated WS> sheets dispersion was then centrifuged at a successive
rate, o, equal to 7000, 5000, 1000 and 500 rpm for 30 min, respectively. The
concentrations of all these four dispersions were adjusted to the same 0.087 mg/ml.
Then, solid state WS2/PMMA composites were fabricated, 20 ml MMA and 2 ml
WS; sheets or quantum dots dispersions were first mixed and heated at 75°C for 10
mins, and then 0.023 g BPO was added and heated again at 75 °C for another 10
mins, followed by another heat treatment at 105 °C for 20 min. Finally, they were
kept at 75 °C for 30 hours and four different solid transparent WS2/PMMA samples

with a series of different size and thickness were obtained.

5.3 Structures and morphology of WS; nanosheet in NMP

WS, nanosheet with different size and thickness are prepared by gradient

centrifugation method and characterized by various methods shown below.
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Fig. 5.1 Experimental procedures for fabricating WS> nanosheets with different size

and thickness distribution.

5.3.1 Height profile of WS> nanosheet

Fig. 5.2a-2d show the atomic force microscopy (AFM) images of the WS,
sheets obtained after 15 hours of ultrasonic exfoliation and subsequent centrifugation
at 500, 1000, 5000, 7000 rpm, which were named after S500, S1000, S5000 and
S7000 samples, respectively. With the increasing centrifugation rate, smaller and
thinner WS, sheets can be obtained, which has also been confirmed by K. G. Zhou
et.al. [151], and smaller WS> sheets would be beneficial for the TPA process [152].

Fig.5.3a-3d is the corresponding three-dimensional AFM images of WS, sheet. All
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Fig. 5.2 (a-d) AFM images of WS, sheets exfoliated in NMP and subsequently
separated under different centrifugation rates of 500, 1000, 5000, and 7000 rpm,
respectively. For each WS, sample, about 50 sites were sampled for size and

thickness analysis.

“ 25um

Jum

Fig. 5.3 (a-d) AFM images of WS sheets exfoliated in NMP and subsequently
separated under different centrifugation rates of 500, 1000, 5000, and 7000 rpm,
respectively. For each WS, sample, about 50 sites were sampled for size and
thickness analysis.

the height coordinate is 200 nm, it can be seen the thickness of four different samples
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decrease gradually with the higher centrifugation rotation speed.
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Fig. 5.4 Randomly selected section height profiles of WS, sheets exfoliated in NMP

and subsequently separated under different centrifugation rates of a-500, b-1000,

¢-5000, and d-7000 rpm, respectively. The interlayer space of WS> is 0.62 nm.
Fig.5.4 (a-d) is the corresponding height profile of three randomly selected WS,

sheet from samples collected by various centrifugation rates. The average thickness
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of the three randomly selected nanosheet with different centrifugation rotation speed

is 24.48 nm, 12.56 nm, 7.83 nm and 3.02 nm, corresponding to the layer number of

39L,21L, 13 Land 4 L, respectively.

5.3.2 Thickness distribution of WS, nanosheet
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Fig. 5.5 Thickness distribution of WS> sheets exfoliated in NMP and subsequently
separated under different centrifugation rates of a-500, b-1000, c-5000, and d-7000

rpm, respectively. The interlayer space of WS> is 0.62 nm.

From the thickness distributions shown in Fig. 5.5, it is confirmed that WS,
sheets with different thickness (layer number) ranges from 40 layers to 4 layers. It

can be seen that the different layer WS, sheets can be separated effectively from bulk
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form through the simple ultrasonic exfoliation and centrifugation method.

5.3.3 Size distribution of WS, nanosheet
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Fig. 5.6 Size distribution of WS, sheets exfoliated in NMP and subsequently
separated under different centrifugation rates of a-500, b-1000, c-5000, and d-7000
rpm, respectively.

The size distributions of 4 different samples are shown in Fig. 5.6, it is

confirmed that WS> sheets with different size ranges from 740 nm to 81 nm. The
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Fig. 5.7 Most frequent size and thickness of the four samples, L - Estimated layer

number.
quantified changes agree well with the AFM images shown in Fig. 5.2 and Fig. 5.3.

The most frequent size and thickness of the four samples are presented in Fig.
5.7. The most frequent size decreases from about 1 to 0.1pm and the most frequent
thickness decreases from about 24.1 nm to 2.6 nm for the samples from S500 to

S7000.

5.3.4 Raman spectra of WS, nanosheet

The Raman spectra of WS, sheets suspensions in NMP collected at different
centrifugation rates were measured and given in Fig. 5.8. Two characteristic Raman
peaks, E%g and Aig of WS, are observed in Fig. 5.8a. E%g is hardened with the
decreasing layer number, which is due to increasing long range Coulombic

interaction of the in-plane vibrations of Mo atoms, resulting in the blue shift of E %g
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Fig. 5.8 (a) Raman spectra (b) The peak frequency of E%g, Ajg and their frequency

difference.

peak, as shown in Fig. 5.8a and 5.8b [153]. Az mode is related to the out-of-plane
vibration of S atoms which is also hardened and shows a blue shift with the
decreasing layer number as presented in Fig. 5.8a and 5.8b. The blue shift of the A1,
peak with decreasing layer number is different from the previous reported one [154]
[155]. This phenomenon may be explained by the size effect. With the decreasing
size of WS, sheets, the momentum conservation will be relaxed and the Raman
active modes will not be limited to be at the center of the Brillouin zone, causing the
blue shift of Aig peak which has been reported in the TiOz nanoparticles and Si

nanosolid [156, 157].

5.3.5 Absorption spectra of WS, nanosheet

The normalized UV-Vis-NIR absorption spectra of WS> sheets suspensions in
NMP collected at different centrifugation rates were measured and given in Fig. 5.9.
Fig. 5.9a presents the absorption intensity in the UV-Vis range showing a significant

increase for the smaller and thinner WS> sheets collected at higher
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Fig. 5.9 (a) Absorption spectra; (b) Peak positions of the characteristic peaks A and B,
and ratios of absorption intensity at 532 nm to 1064 nm (Is32/I1064) of WS> suspension
in NMP selected at 500 rpm, 1000 rpm, 5000 rpm and 7000 rpm centrifugation rate,
respectively.

centrifugation rate, consequently making it closer to direct bandgap semiconductor
with stronger bandgap absorption. The two characteristic excitonic absorption peaks
A and B of WS; are observed along with a higher energy density of states peak C.
The excitonic absorption peaks A and B are due to the direct transition from the
valance band to the conduction band involving a spin-orbit split valence band at the
K point of the Brillouin zone [155]. With increasing centrifugation rate, all the three
peaks show blue shifts, being consistent with the results reported by Coleman et al
[158]. As presented in Fig. 5.9b, the peak wavelength of A and B bands gives a
similar decline tendency (Aa and As) with the increase of collecting centrifugation
rate for obtaining smaller and thinner WS». Such behavior was observed in other
TMDs, such as MoS; and WSe;[57, 159]. The ratios of absorption intensity at 532
nm to 1064 nm is also plotted in Fig. 5.9b, showing a considerable Is32/1064 change
with a two fold increase from S500 to S7000. This result indicates the relative
absorption at 532 nm is stronger than that at 1064 nm for smaller and thinner WS,

sheets.
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5.4 Nonlinear optical absorption performance of WS:/PMMA

composites

Fig. 5.10 Digital photographs of prepared WS2/PMMA composites, they are S500,

S1000, S5000 and S7000 from the left to right, respectively.

WS> nanosheet with same concentration of different size and thickness are
embedded into the PMMA. The digital images of WS2/PMMA composites are
presented in Fig. 5.10. Composites turn from colorless to bright yellow with smaller
and thinner WS; flakes embedded.

A standard open aperture Z-scan apparatus was used to measure the NOA
properties of WS> incorporated in PMMA. All experiments were performed by using
a 8-ns Nd:YAG pulsed Q-switched laser operating at a repetition of 10 Hz. The beam
was focused using a 5 cm focal length lens. Schematic diagram of the experimental
setup is shown in Fig. 2.9.

The output fluence (Fou) was measured with respect to various input fluence
(Fin) created by moving the sample along the z-direction around the focus. Fig. 5.11
presents the NOA performance of the WS2/PMMA composite samples. At both 532

and 1064 nm, the output fluence shows a linear dependence on input fluence for the
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Fig. 5.11 Nonlinear optical absorption performance of WS2/PMMA composites. (a)
and (b) are the output influence dependence on input fluence, the red lines are the
fitting curve according to the TPA model. (¢c) and (d) are the corresponding

normalized transmittance dependence on the input fluence at 532 nm and 1064 nm.

pure PMMA contrast to its nonlinear dependence after WS> sheets are
embedded, indicating the matrix PMMA has no contribution to the NOA property of
WS,/PMMA. Fig. S5.11a and 5.11b present plots of Fou versus Fin for the
WS2/PMMA composites at 532 and 1064 nm, respectively. The ratio Fou/Fin in the
limit of zero fluence gives the linear transmittance (Tr), All WS2/PMMA composites
exhibit a gradually reduced transmission with increasing incident energy for both
wavelengths 532 and 1064 nm, indicating clearly a broad NOA response. Here, only

the nonlinear optical reverse saturable absorption (RSA) property of WS> is observed
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but not saturable absorption (SA) reported by others [152]. It is believed that the
pumping laser intensity of these experiments is too high to observe the SA
phenomenon of WS> occurred under lower pumping intensity [45, 160]. Fig. 5.11c
and 5.11d show the variation of normalized transmittance as a function of the input
fluence for different WS2/PMMA samples under excitation wavelengths of 532 and
1064 nm, respectively. The NOA onset threshold (Fon) is defined as the input fluence
at which the normalized transmittance begins to deviate from linearity, and the
optical limiting threshold (For) is defined as the input fluence at which the
normalized transmittance dropped to 50%. The values of Fon and For obtained from
Fig. 5.11 are presented in Table 5-1. As two-photon absorption (TPA) is considered
as the major mechanism for the optical limiting effect of WS [133, 161], the TPA
coefficient (B) are also obtained by fitting the NOA data according to the TPA model
and shown in Table 5-1 [30]. The Ti, Fon, FoL show a remarkable decrease with
decreasing the size and thickness, indicating that smaller size and fewer layers of
WS, sheets hold more sensitive NOA property with greater two-photon absorption
(TPA) coefficient B. However, when comparing the sample S5000 to S7000, the most
frequent size only dropped slightly 28% but the most frequent thickness reduced in
67% that lead to significant drops in Fon and For by 31% and 91%, respectively.
These results indicate that the thickness plays a key role in tuning the NOA property.
Sample S7000 exhibits excellent nonlinear optical property at both wavelengths of
532 and 1064 nm. For instance, the values of Fon and For at 532 nm are measured to

be 0.011 J-cm™and 0.245 J-cm™, respectively.
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Table 5-1 Optical parameters of linear transmittance (Tr), two-photon absorption

(TPA) coefficient (), NOA onset thresholds (Fon) and optical limiting thresholds

(Fovr) for various WS2/PMMA composites.

532 nm 1064 nm
Samples

T B Fon FoL T B Fon FoL(J

(%)  (cm/GW) (J/cm?) (J/cm?) (%)  (cm/GW) (J/cm?) lcm?)

S500 79 3.91 0.035 — 80 2.29 0.05 —

S1000 54 6.52 0.026 — 78 6.26 0.044 —

S5000 52 21.51 0.016 2.6 67 11.35 0.039 4.32

S7000 44 44.46 0.011  0.245 65 21.87 0.036 0.48
96

LONG Hui



5.5 Discussion

The improved NOA property for the smaller and thinner WS, sheets can be
attributed to the following two possible reasons. On the one hand, with the thickness
of WS, sheet being reduced from around tens of layers (S500) to few layers (S7000),
its bandgap structure gradually changes from indirect to direct due to an interlayer
interaction, thus greatly enhancing the transition probability from the valence band to
conduction band and resulting in the enhanced absorption. Also, with considerable
quantum-confinement effect, smaller size will lead to stronger absorption. This has
been observed in MoS; as well [136] . Therefore, the absorption coefficient of WS, is
enhanced greatly as shown in Table 5-3. And the enhanced absorption of the thin
layer WS> can benefit TPA at both wavelengths of 532 and 1064 nm. With the
highest absorption coefficient of sample S7000, the transition probability of photon
from the valence band to conduction band would also be the highest, resulting in the
best NOA performance. Moreover, the ratio Is32/Ii0s4 of S7000 is about twice that of
S500, indicating the potential enhancement of the NOA property. On the other hand,
with the smallest size of WS> sheets, sample S7000 has the largest surface area to
volume ratio and more exposed free active edges, which also benefit to the TPA

process [158] .
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Table 5-2 The absorption coefficient a (L g cm™) of different samples at 532 and

1064 nm, respectively.

Samples S500 S1000 S5000 S7000
a(Lglem’) @532nm  13.98 21.84 27.92 32.21
o(Lg' cm™) @1064 nm  8.26 10.78 10.85 10.95

5.6 Summary

In summary, the WS> sheets in different size and thickness ranges have been
successfully fabricated using simple and effective liquid phase exfoliation technique.
The NOA property of WS> sheet incorporated in PMMA show a close dependence on
both size and thickness, and it has been confirmed that the smaller and thinner WS>
contributes to a remarkably enhanced NOA performance (lower Fon and For). The
widely tunable NOA properties have been achieved through a control of size and

thickness.
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CHAPTER 6

WS Quantum Dots: Preparation, Characterization And

Its Optical Limiting Effect In PMMA

6.1 Introduction

Two-dimensional (2D) layered materials, such as graphene and transition metal
dichalcogenides (TMDs), are very attractive materials for the next generation of
micro- or nano-structure electronic or optoelectronic devices development due to
their favorable electronic and optical properties and very compact layered structure.
In addition, those 2D materials open up enormous applications in the field of optics
and optoelectronics, such as conductors [169], transistors [170], photoluminescence
[74], and photodetectors [171, 172] etc. Studying the non-linear optical properties of
these 2D materials is a very important research topic as these novel materials can be
used to manipulate light intensity nonlinearly and leading to many important
optoelectronic applications including optical switching [173] and saturable absorbers
for short pulsed lasers generation [85, 174, 177], and optical limiters[30, 104, 178].
Usually optical limiting properties of these 2D materials can be observed under high

optical excitation intensity [30, 104, 178].

Layered structured WS; has a thickness depending on bandgap varying from 1.3
eV (indirect) to 2.1 eV (direct) as it changed from bulk to single layer structure
[178]. Recently we have demonstrated that non-linear optical limiting properties of
WS, can be further enhanced by engineering its size and layer structures. The

previous study shows the WS, quantum dot (WS, QD) also exhibits strong optical
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limiting properties[178]. However, its nonlinear optical property has not been
investigated systematically. When becoming O dimension - quantum dots, those two
dimensional materials exhibit high tunability of properties due to quantum
confinement and size effect and demonstrate various applications including
electroluminescent optical switches, solar cells, and biological imaging etc [179 -
181]. Therefore, increasing interest has been paid to study the optical properties of

the quantum dots and its related fabrication methods [182, 183].

The theoretical and experimental analysis show that the surface energies of the
selected solvents, N-methyl-2-pyrrolidone (NMP), match very well with that of WS,
resulting in a minimal energy needed for overcoming the van der Waals forces
between two WS, sheets, resulting in possible effective production of WS> quantum
dots through liquid phase exfoliation method in NMP [38]. This paper will discuss
the synthesis procedures of the WS, quantum dots via a facile liquid exfoliation
method and the results for characterization. Previous reports show that the nonlinear
optical properties of the 2D TMDs materials are more stable and stronger within
solid state matrix [184]. Therefore, the nonlinear optical absorption properties of this
fabricated WS> quantum dots incorporated into polymethylmethacrylate (PMMA)
matrix with respect to different concentrations was also characterized by Z-scan
technique. The WS, QD/PMMA with concentration of 0.027 mg cm™ shows the
onset threshold Fon and optical limiting threshold FoL comparable with the lowest
thresholds obtained by using graphene [34], much lower compared with other

nonlinear optical materials e.g. organics, fullerenes and carbon nanotube.

6.2 Experimental section
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Preparation of WS, quantum dots: WS, powder was bought from Aladdin. In
detail, 0.05 g WS, were dissolved in 50 ml NMP solution under ultrasonication for

15 h at the 29°C, and then the formed black suspension was centrifuged at 10000 rpm

and kept in bottles.

Preparation of WS, QD /PMMA: 3 ml MMA and 0.3 ml /0.6 ml /1 ml WS, QD
suspension was first mixed and heated at 75 °C for 10 min, and then 0.023 g BPO
was added and heated at 75 °C for another 10 min, followed by heat treatment at 105
°C for 20 min. Finally, it was kept at 75 °C for 30 h and solid transparent WS, QD

/PMMA was obtained.

6.3 Preparation and the structure of WS; quantum dots

According to the calculation of minimal entropy of mixture solution, by making
use of reported data [61], for 35% ethanol-water solution prepared at 30°C, fitting
parameters a and b were found to be -0.03985 and 0.9584. Therefore, the surface
tension for ethanol-water solution at 30°C was found to be about 26.18 mjm~2 .
Previous experimental data found that the NMP surface tension would be
40.38 mJm~2 at 30°C [62]. The surface entropy of ethanol-water solution was
reported as 0.078 mJm~2K~! around 0.3 mole fraction of ethanol [185]. Thus
surface energy of ethanol-water solution was estimated to be 49.8 mJm™2. As the
surface entropy of different pure liquids was reported to be about 0.1mJm~2K™!
[185 - 188], the surface energy of NMP was estimated to be 70 mJm~2 which is

consistent with the report [19].
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6.3.1 The structure and morphology of the WS, QD

Fig. 6.1 TEM images of WS> nanosheet in ethanol and water mixture (a) and NMP

suspension (b) sonicated by 15 h, respectively.

Fig.6.1a shows the Transmission Electron Microscope (TEM) morphology of
WS; nanosheet in ethanol and water mixture after 15 h ultrasonic exfoliation. It
clearly shows the WS, powder becomes relatively large nanosheet with average size
around 20 nm with irregular shape and size. However, when WS, powder is
ultrasonicated within NMP solution for 15 h, WS; nanosheets becomes quantum dots
with much smaller average size around 2.4 nm and uniformly distributed within
NMP as illustrated in Fig. 6.1b. It demonstrated that WS, powder can be effectively
ultrasonicated into small quantum dots and uniformly dispersed within NMP solution
due to the matching surface energy. WS, quantum dots are prepared by liquid

exfoliation with centrifugation speed rate at 10000 rpm.
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Fig. 6.2 TEM images of the WS, quantum dots (a); (b, c) HRTEM images; and
corresponding selected area FFT image (d); diameter distribution of WS> quantum
dots (e); EDS spectrum of WS, quantum dots ().

In this study, the WS, QDs are successively obtained by ultrasonic WS> flakes
in NMP for 15 hours but with a much higher centrifugation rate up to 10000 rpm. Fig.
6.2a shows the transmission electron microscopy (TEM) images of the WS> QDs.

This agrees well with the HRTEM image of several typical WS, QDs (Fig. 6.2b). As
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presented in Fig. 6.2¢, a single WS, QD of diameter 3.12 nm with an in-plane lattice
spacing of 0.27 nm matches well with the (100) planes, in which the lattice fringes of
the WS> QDs is also clearly observed. The corresponding selected area Fast Fourier
Transform (FFT) image is shown in Fig. 6.2d, revealing the hexagonal crystalline
structure. It is clearly observed that the preparation of WS, QDs is successful within
the range of 1.8 to 3.2 nm with average diameter at 2.4 nm and FWHM of 0.65 nm as
shown in Fig. 6.2e, suggesting the prepared WS> quantum dots are ultra-small and
possess excellent uniformity. The elemental composition of the WS, quantum dots is

confirmed by the EDS results presented in Fig. 6.2 (f). The Cu peak is due to the

copper mesh support for the measurement.
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Fig. 6.3 (a) AFM topography image of WS> QDs. (b) height profile of the section

marked in (a). (c) Height distribution of the WS> QDs.

Fig. 6.3a gives the topography image of WS, QDs with the height profiles of the
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two randomly selected WS, QDs labeled as 1 and 2 shown in Fig. 6.3b. The average
height of these WS QDs is about 2.7 nm, corresponding to a few (~4) atomic layers
of WS, QDs. The height distribution of the WS, QDs obtained from the AFM image
is shown in Fig. 6.3c, indicating most of the WS, QDs are of 4 or 5 layers. From the
data statistics, WS, QDs have the similar diameter and height due to the random

orientation, then it can be regarded as sphere.

6.3.2 Absorption and Photoluminescence spectrum of WS, QD
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Fig.6.4 (a) Absorption spectrum of the WS; QD suspension in NMP; (b)

Photoluminescence spectrum of WS> QD.

The absorption spectrum of the WS, QD suspension in NMP is shown in Fig.
6.4a. It can be observed that one characteristic absorption peaks at 284 nm. As shown
in Fig. 6.4a inset, the suspension shows the characteristic bright yellow color of WS>
QD suspension in NMP, similar to other reports [181]. Fig. 6.4b shows the
photoluminescence spectrum of WS, QD suspension in NMP under 532 nm
excitation. The two emission peaks located at 625 nm and 660 nm are due to the B

and A direct excitonic transitions from the lowest conduction band to the highest
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spin-split valence band at the K-point of the Brillouin zone, respectively.

6.4 Z-scan measurement of WS; QD/PMMA composites
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Fig.6.5 Open aperture Z-scan measurement of WS> QD/PMMA composites obtained
by embedded different WS> QD concentration. (a), (b) are the output fluence
dependence on the input fluence, the red lines are the fitting curves generated by the
TPA calculation; (¢) and (d) are the normalized transmittance dependence on the
input fluence for 532 and 1064 nm, respectively. The concentrations of WS> QD in
WS, QD/PMMA-1, WS; QD/PMMA-2, and WS> QD/PMMA-3 are 0.008 mg cm™,

0.016 mg cm * and 0.027 mg cm™.

Nonlinear optical (NLO) characteristics were measured using an open-aperture
Z-scan technique and an 8 nanosecond pulsed Q-switched laser operating at 1064 nm

or 532 nm are used for the Z-scan experiments to measure the nonlinear absorption
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(NOA) properties of WS, quantum dots incorporated into PMMA. The experimental
details were described in our former report [178]. The transmittance of the samples
was characterized as a function of the incident laser fluence by moving the sample

through the focal plane along its propagation Z axis.

Fig. 6.5 shows the NOA response of the three different WS, QD embedded in
PMMA samples with concentration ranged from 0.008 mg cm=2to 0.027 mg cm=. At
lower input fluence (Fin), the output fluence (Fout) of pure PMMA and WS;
QD/PMMA composites exhibit linear transmittance (T.), the exact values are
presented in Table 6-1. However, T, shows a decreasing tendency for both 532 and
1064 nm with the increase in the concentration of WS, quantum dots. Higher WS,
quantum dot concentration leads to more sensitive NLO response for both excitation
wavelengths. Then Fout decreases with the increasing input fluence for all WS>
QD/PMMA composites. However, for pure PMMA, it exhibits linear transmittance
at any input fluence revealing the PMMA matrix has no contribution to the observed
NOA properties. These results demonstrated strong and broadband optical limiting

property of the WS,QD.

Fig. 6.5a and 6.5b present plots of Fout versus Fin for the WS, QD/PMMA
composites at 532 and 1064 nm, respectively. The ratio Fou/Fin in the limit of zero
fluence gives the linear transmittance (T.). Fig. 6.5¢ and 6.5d show the variation of
normalized transmittance as a function of input fluence for different WS,
QD/PMMA samples under excitation wavelengths of 532 and 1064 nm. Two
important parameters, named NLO onset threshold (Fon) - the turning point of the
transmittance from linear to nonlinear and the optical threshold (FoL) - the input

fluence at which the normalized transmittance drops to 50% are generally used to
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quantify the optical limiting performance of a material. Herein Fon and For values
are presented in Table 6-1. Fon and For exhibit the similar tendency with Ty,
decreasing with the increasing concentration of embedded WS, QD. For a specific
material, the lower Fon and FoL values predict the more sensitive optical limiting
effects, with the sample WS, QD/PMMA-3 with highest concentration of 0.027 mg
cm3, Fon are 0.011 J cm and 0.07 J cm™, FoLare 0.04 J cm™ and 0.14 J cm™ at
532 nm and 1064 nm as excitation wavelength, respectively. These thresholds are
comparable to the single-layer graphene dispersion and much lower when compared
with metal nanostructure, carbon nanotubes, graphene oxide, etc [34]. Therefore,
those results suggest the WS, QD/PMMA composite also possesses superior optical

limiting property.

Two dominant mechanisms are used to explain the NLO properties, nonlinear
scattering (NLS) and two photo absorption (TPA), resulting from the bubbles
formation within the solution based nonlinear materials. Therefore, we can assume
that TPA process makes the main contribution to the NLO performance of solid-state
WS; QD/PMMA composite bulk and the TPA coefficient () can be obtained by

equation 6-1 [112] :

I _ IiefaL

D 1+(1e ) Bl [22a

(6-1)

Where Ii and |, are the input and output laser power respectively, L is the path
length, and a is the linear absorption coefficient. The B values given in Table 6-1 are
larger than or compatible to the other carbon materials, indicating efficient TPA

process in such WS, QD/PMMA composite bulk at both wavelength of 532 and 1064
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nm and resulting in excellent NLO properties for optical limiting application.

Table 6-1 Optical parameters of linear transmittance (77), two-photon absorption

coefficient (f), NOL onset thresholds (Fon) and optical limiting thresholds (For) for

WS, QD/PMMA composites
532 nm 1064 nm
Samples
TL Brea Fon FoL TL Brea Fon FoL
WS, QD/PMMA-1  72.51 7.93 0.018 — 8596 0.833 0.12 —

WS QD/PMMA-2  62.55 43.41 0.013  0.117 82.71 5.11 0.05 1.2
WS, QD/PMMA-3  49.85 1455 0.01 0.062 65.22 73.80 0.03 0.1

S7000 44 44.46 0.011  0.245 65 21.87 0.036 0.48

Note: The units of T., TPA, Fon and FoL are %, cm GW?, J cm? and J cm?,
respectively. The concentration of WS,QD in WS,QD/PMMA-1, WS,QD /PMMA-2
and WS,QD/PMMA-3 are 0.008 mg/cm®, 0.016 mg/cm® and 0.027 mg/cm?,

respectively.

These fabricated WS> QDs are also incorporated in PMMA for NOA response
measurement, and the results are shown in Fig. 6.6. Compared with S7000, WS, QDs
exhibits much lower Fon and For at 532 nm and 1064 nm as shown in Table 6-1.
These threshold values are comparable to the lowest demonstrated record of
single-layer graphene which is considered as one of the best NOA materials, [34] and
lower than all the demonstrated records of the traditional metal nanoparticles, carbon
nanotube, graphene oxide. We attribute the excellent NOA performance of WS> QDs

to the edge and quantum confinement effects. Assuming the WS, sheet of S7000 as
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Fig.6.6 The comparison of NOA response of S7000 and WS> QDs at (a) 532 nm and
(b) 1064 nm, respectively. Insets are the corresponding normalized transmittance

dependence on the input fluence.

cylinder and QDs as sphere, the active surface area to volume ratio of WS, QDs
is about 25 times higher than that of sample S7000. Therefore, WS> QDs has much
more active surface and edges. The active edges of WS, lead to sub-bandgap
absorption and further enhance the NOA performance [132], SA or RSA, depending
on the value of the laser input fluence [34, 160]. Moreover, WS> QDs has stronger
quantum confinement effect because of their ultrasmall size. Active edges and
quantum confinement effect can further enhance NOA behavior due to the enhanced
two-photon and three-photon absorption, which is a commonly acknowledged theory

[189, 190]. Table 6-2 presents the onset thresholds (Fon) and optical limiting
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thresholds (For) of different materials for the nanosecond laser operating at 532 and
1064 nm. These thresholds of sample S7000 are close to the 2D single-layer
graphene embedded polycarbonate (PC) matrix [34], and much lower than other
existent nonlinear optical materials including metal nanostructures [106, 111], carbon

nanotubes [106], graphene oxide[104, 87], graphene nanosheet and nanoribbon [53].

Table 6-2 The nonlinear optical property onset thresholds (Foy) and optical limiting

thresholds (For) of different materials for the nanosecond laser operating at 532 and

1064 nm, respectively.

532 nm 1064 nm
Materials
Tu(%) Fon FoL Tu(%) Fon FoL
(J/em?)  (J/em?) (J/em?)  (J/em?)
PdNW [110] 80 0.09 0.90 80 0.30 8.00
Au NP [162] 70 0.07 0.60 77 0.60 7.50
MWCNTs [163] 70 0.04 0.68 70 0.13 9.69

CNTs-PTh-CdS[163] 70 0.03 0.47 70 0.09 6.66

GO [164] 70 0.19 1.19 75 1.36 10.32
GO NRs [165] 70 0.10 1.00 70 0.20 4.00
PNP'GO [166] 63 0.21 1.55 74 2.00 8.10

PEG-OPE-rGO[164] 70 0.07 0.31 75 0.54 3.50
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Graphene NSs [165] 70 0.10 0.50 70 0.20 6.30

Graphene NRs [165] 70 0.10 0.70 70 0.20 3.40

Graphene [167] 73 0.01 0.08 85 0.01 0.1

MoS./PMMA [168] 44 0.01 0.40 53 0.04 1.30

S7000* 44 0.011  0.245 65 0.036 0.48

WS2 QD 48 0.010 0.062 63 0.030 0.10

6.5 Summary

In conclusion, a simple and effective liquid phase exfoliation method has been
successfully employed to fabricate ultra-small WS, quantum dots with diameter of
2.4 nm. We have also found that it is better to fabricate the WS> quantum dots within
the NMP solution compared with water and alcohol mixture due to surface energy
matching. Excellent NLO property of the WS, quantum dots embedded into solid
state matrix PMMA have been reported for both 532 and 1064 nm. The z-scan results
of the WS, QD/PMMA confirmed that the lower onset thresholds (Fon), lower
optical limiting thresholds (Foz), and higher two-photon absorption coefficient (f)
are obtained for the higher concentration of embedded WS, quantum dots for both
excitation wavelengths 532 and 1064 nm. The demonstrated WS, QD/PMMA NLO
performance is excellent compared with some common NLO materials e.g. metal

nanostructure, carbon nanotubes, graphene oxide, etc.
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CHAPTER 7

Conclusions and Future Work

7.1 Conclusions

In this thesis, various types of novel two dimensional transition metal
dichalcogenide materials have been prepared through ultrasonication exfoliation
method. Then those two dimensional nanosheets are embedded into solid stat matrix
PMMA for nonlinear optical measurement. Their optical properties and related
mechanism are investigated. All key results and conclusions of these research works
are summarized in this thesis.

Two dimensional (2D) materials and laser interaction is a very important
research topic due to the unique properties of 2D materials, making them a promising
candidate for high power applications such as optical limiter and saturable absorber
for mode locking laser generation. Micron size MoS; are prepared using
hydrothermal method through chemical reaction between NaxMoO4 and CS(NH2)a.
Then, few-layer MoS, nanosheets are successfully prepared by further ultrasonic
exfoliation treatment in NMP solution due to the relatively weak van der Waals
(VDW) force between interlayers. The size, thickness and atomic structure of
MoS; nanosheets have been characterized by transmission electron microscopy
(TEM) and atomic force microscopy (AFM). The interesting dependence of

interlayer separation with respect to the layer number of MoS> has been successfully
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quantified. The average interlayer separation of the MoS> nanosheets increases and
deviates much from the theoretical value of 0.31 nm with reducing the layer number.
That is primarily due to the weaker van de Waals force and increased interlayer
repulsive force resulted from the active edge effect of the smaller nanosheets. Such
few-layer MoS» nanosheets have been homogeneously incorporated into solid-state
PMMA. The good nonlinear optical (NLO) property of the MoS2/PMMA composite
for the nanosecond pulsed laser at both 532 and 1064 nm has been reported. Z-scan
results of MoS/PMMA composite bulk further demonstrate the low NLO onset
threshold Fon, low optical limiting threshold For, low optical limiting differential
transmittance Tc, and high two-phonon absorption coefficient f at both 532 and 1064
nm, confirming the good NLO property of these fabricated materials. The
MoS2/PMMA composites show low optical limiting thresholds, 0.4 and 1.3 J/cm?,
low limiting differential transmittance (Tc), 2% and 3% for the nanosecond laser
operating at 532 nm and 1064 nm, respectively. Therefore, the few-layer MoS,
nanosheets incorporated PMMA bulk can be a kind of novel NLO material with great
potential for optical limiting applications.

The morphology and optical property changes of few layers MoS> nanosheet in
NMP solution under the illumination of Q-switched laser with operational
wavelength of 532 and 1064 nm with respect to various laser energy densities have
also been studied. MoS> suspension in NMP will reduce in size under laser excitation.
The experimental results show significant changes caused by the oxidization of
molybdenum disulfide (MoS>) into molybdenum oxide (MoO3). Due to its stronger
absorption in visible range, the illumination wavelength of 532 nm has relatively

stronger effect on MoS; suspension compared to 1064 nm because of its higher
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optical absorption at 532 nm. Thus, 532 nm laser can oxidize MoS> to MoOs easily
with even lower laser intensity compared with 1064 nm, which leads to the changes
in optical properties including absorption, photoluminescence and nonlinear optical
absorption properties after laser illumination. The nonlinear optical absorption
properties of the MoS; in liquid NMP and in solid PMMA have been studied by
using z-scan technique and their results are compared. It has been shown
experimentally that the nonlinear optical absorption properties of MoS; in NMP
disappeared but without changes in MoS2/PMMA composites after laser illumination.
It confirms that the MoS; is relatively much more stable within PMMA for
preserving nonlinear absorption properties under high intensity laser illumination.
Compared with the samples of MoS; in NMP, we have found that the initial
transmittance and nonlinear optical absorption property of MoS> nanosheet in
PMMA do not change much after laser illumination. Therefore, it can be concluded
that the stability of MoS, can be greatly enhanced when it is incorporated into
PMMA solid state matrix.

To control the optical properties of two-dimensional (2D) materials is a
long-standing goal, being of both fundamental and technological significance.
Tuning nonlinear optical absorption (NOA) properties of 2D transition metal
dichalcogenides in a cost effective way has emerged as an important research topic
because of its possibility to costume design NOA properties, implying enormous
applications including optical computer, communications, bioimaging, and so on.
In charpter 4, WS, with different size and thickness distribution have been
successfully fabricated using simple and effective liquid phase exfoliation technique.

The NOA property of WS, sheet incorporated in PMMA show a close dependence on
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both size and thickness. Results demonstrate that both NOA onset threshold, Fon,
and optical limiting threshold, For, of WS, under the excitation of nanosecond
pulsed laser can be tuned over a wide range by controlling its size and thickness. The
Fon and For show a rapid decline with the decrease of size and thickness. It has been
confirmed that the smaller and thinner WS, contributes to a remarkably enhanced
NOA performance (lower Fon and For). The tunable NOA properties have been
achieved through a control of size and thickness.

Due to the matching surface energy, a simple and effective method has been
successfully employed to fabricate ultra-small WS> quantum dots with diameter of
2.4 nm through the direct liquid exfoliation in NMP rather than ethanol and water
mixture. Ultra-small WS> quantum dots are fabricated by ultrasound method
followed by high speed centrifugation up to 10000 rpm. Excellent nonlinear optical
(NLO) property of the WS, QD/ PMMA composite for the nanosecond pulsed laser
at both 532 and 1064 nm has been measured. The z-scan results illustrate the lower
onset thresholds (Fon), lower optical limiting thresholds (For), and higher
two-photon absorption coefficient () with respect to higher concentration of
embedded WS; quantum dots into PMMA solid state matrix for both 532 and 1064
nm. The demonstrated WS> QD/PMMA NLO performance is excellent compared
with some common NLO materials e.g. metal nanostructure, carbon nanotubes,

graphene oxide, etc.

7.2 Future work
The present thesis focused on the preparation of two dimensional transition
metal dichalcogenide through the simple and effective ultrasonication exfoliation and

their nonlinear optical measurement in liquid NMP and solid state matrix PMMA.
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The future works suggested in this section will make these two dimensional
transition metal dichalcogenide embedded into solid state matrix a step forward for
their practical applications.

Since hydrothermal reaction have been used to prepare MoS: bulk in small size,
many other two dimensional materials can also be prepared through this simple
method. The future research work can be focused on the preparation of
two-dimensional materials, eg, WS>, SboTes, MoSez. Therefore, it is necessary to
improve the crystallinity and quality of the two dimensional transition metal
dichalcogenide bulk materials through composition optimization.

Ultrasolication exfoliation method can be used to exfoliate two dimensional
bulk materilas effectively and efficiently. More appropriate solution with similar
surface energy to various bulk 2D materials should be found. In order to tune the size
and thickness of two dimensional nanosheet effectively, ultrasonic power and time
can be further optimized.

Solid-state two dimensional nanosheets, e.g. MoS,, WS, homogeneously
incorporated PMMA organic glasses were fabricated and the good nonlinear optical
(NLO) response shown indicates its high potential to be the optical limiting material
for protecting detectors and human eyes from high power lasers. However, thermal
and mechanical properties are not as good as the glasses obtained by traditional
melt-quenching method. Therefore, it is necessary to improve the thermal and

mechanical quality of the organic glasses.
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