SPATIAL AND TEMPORAL IMAGING OF EXCITON DYNAMICS
AND TRANSPORT IN TWO-DIMENSIONAL SEMICONDUCTORS
AND HETEROSTRUCTURES BY ULTRAFAST TRANSIENT
ABSORPTION MICROSCOPY

by
Long Yuan

A Dissertation
Submitted to the Faculty of Purdue University
In Partial Fulfillment of the Requirements for the degree of

Doctor of Philosophy

O€ G,
- L
S \— O
AN A

\

@‘)&

Department of Chemistry
West Lafayette, Indiana
May 2019



THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF COMMITTEE APPROVAL

Dr. Libai Huang, Chair
Department of Chemistry
Dr. Shelley A. Claridge
Department of Chemistry
Dr. Jianguo Mei
Department of Chemistry
Dr. Adam Wasserman

Department of Chemistry

Approved by:
Dr. Christine A. Hrycyna

Head of the Graduate Program



To my beloved family and friends.



ACKNOWLEDGMENTS

First and foremost, | would like to deliver my sincerest gratitude to my advisor, Prof.
Libai Huang. | appreciate her for taking me into her lab when she was at the University of
Notre Dame in 2014. Since | had a little background on ultrafast spectroscopy before
joining her group, she was very patient to guide me to start my project. During my graduate
study, | was deeply inspired by her dedication and enthusiasm in the research. She is very
supportive to provide various opportunity and valuable advice for my career development.
Beyond her professional development, she is also a life mentor and good friend. | am very
grateful to Libai for her outstanding mentoring that will benefit me all the time in the future.

| would like to thank my committee member, Prof. Shelley A. Claridge, Prof. Jianguo
Mei, and Prof. Adam Wasserman for their advice and interests. | appreciate their time to
discuss my research project. Their knowledge and research experiences in the different
field always enlighten me with new perspectives that greatly extend my scope and lead to
new ideas.

| want to express great gratitude to Dr. Zhi Guo and Dr. Yan Wan, two former
postdoctoral researchers in the lab. Zhi helped me a lot in learning how to operate and align
the transient absorption microscopy setup after | joined the group. He was always very
helpful in providing valuable experiences and resolving my questions. Yan taught me very
much on building new optical setup. When 1| start to build the new transient absorption
microscope, his guidance was extremely beneficial that greatly enhance my research skills.

I would like to thank other former group members such as Dr. Tong Zhu, Dr. Ti Wang,
Dr. Jordan Snaider, Mingwei Zhou. | was working with Tong together to study a new kind

of heterostructures and lead to significant results. Jordan and | were working together on



designing and building new setups such as PL microscope and transient absorption
microscope. Jordan is also a good friend of mine and we enjoy the graduate journey
together. Mingwei was an undergraduate student working in the lab. He was doing an
excellent job of measuring the optical properties of 2D semiconductors during the
undergraduate summer research program. | also want to thank a current postdoctoral
researcher in the group, Dr. Shibin Deng. Since we had similar research interests, we
always had excellent discussions. His suggestions were always very valuable and inspired
me very much. | would like to thank other current group members such as Daria Blach,
Sona Avetian, Linrui Jin, Wenging Zhang, Victoria Lumsargis, Thomas Wiles, and Sarath
Santhakumar. | am grateful for them to make an active and enjoyable lab environment.

| appreciate all my collaborators during my graduate research. Some of them are Prof.
Huili Xing, Prof. Debdeep Jena, Prof. Yong P. Chen, Prof. Jianguo Mei, Prof. Thomas
Heine, Prof. Anlian Pan, Dr. Ting-Fung Chung, Dr. Yang Xu, Dr. Agnieszka Kuc, Dr. Yan
Zhao, Biyuan Zheng, Dr. Suresh Vishwanath. I thank all your efforts on collaborating with
us to explore new physics on two-dimensional materials.

Finally, I owe my deepest gratitude to my family, my mother (Jun Hou), my father
(Xiuzhen Yuan). my sister (Yuan Yuan). All my family members always support my
decisions and encourage me to overcome various difficulties. During my study abroad, |
spent very little time with them. | would like to thank them again for their sacrifices they

have made and great love they have offered to me.



TABLE OF CONTENTS

LIST OF TABLES ..ottt et 10
LIST OF FIGURES ... .ottt ettt et e e e e eeannaeeas 11
N = S I A 3 SRS 21
CHAPTER 1. INTRODUCTION .....oiiiiiiiiicisesieesie et 25
1.1 Two-dimensional van der Waals materialS...........ccoooviiiiiiniiieie e 25
O R O 1Y = o 1= U P TSR 25
1.1.2 Excitons in two-dimensional SemicoNdUCTOrS ..........cccevverereeneeriesee e 26

1.2 2D van der Waals NeteroStrUCIUIES ........c.coveierieriiiiesiisieseeie et 28
1.2.1 Assemble of 2D van der Waals heteroStructures...........cccooeveerenenenneseenen. 28
1.2.2 Charge transfer in 2D heteroStrUCTUIES ..........cccoriiiiirieieee e 29
1.2.3 Charge transfer in mixed-dimensional heterostructures............c.ccccoevvevrnenns 31
CHAPTER 2.  OPTICAL MICROSCOPY FOR TWO-DIMENSIONAL
MATERIALS CHARACTERIZATION ..ot e 33
2.1 Ultrafast transient absorption MICIOSCOPY .......ccverververrerieresiieieeieriesiesie e sieseeneens 33
2.1.1 Description of ultrafast transient absorption MIiCroSCOPY ..........cccvrvrererennns 33
2.1.2  Transient abSOrption iMaging ........ccceveviereeieiiieie e 34
2.1.3 Imaging exciton transport by transient absorption microscopy............c.c....... 34
2.1.4 Factors that limit the spatial precision of exciton transport imaging.............. 35
2.1.5 NOISE @NAIYSIS ...ttt 36

2.2 Transient absorption SPECIIOSCOPY .....cueireeireeieiierieeieseesteete e sre e sreesre e srae e 37
2.3 Confocal photoluminescence MICrOSCOPY ....ccvveiveeireeiieeiieesieesieesieesreesee e esreeas 38
2.4 Confocal RAmMan MICTOSCOPY .....ccververuiriiriiaiieieiesie sttt 39
2.5 Differential reflection MICrOSCOPY ........uiiririiireieiire i 39
CHAPTER 3. EXCITON DYNAMICS AND ANNIHILATION IN TWO-
DIMENSIONAL SEMICONDUCTORS ..ottt e 41
TR0 111 - T PSP 41
3.2 BACKGIOUNG ... 41

3.2.1 Exciton in two-dimensional transition metal dichalcogenides....................... 41



3.2.2 Bright and dark exciton dynNamiCs ..........ccoeriririiinieiee e 42
3.2.3  Many-body eXCiton INtEraction............ccvevveiieiiiesireie e 43
3.3 Experiential Methods .........c.cov i s 44
3.3.1 Preparation of WSz monolayers and few-layer samples..........ccccceevvrieieennene 44
3.3.2 Determination of quantum yield of WSz monolayers and few-layers............ 44
3.3.3 Determination of eXCIiton denSity...........ccceiveiiiiieiieie e 44
3.4 ReSUItS and dISCUSSION .....ccueeuiiiiiiiieiicie et 45
3.4.1 Optical characterization of WSz with different thickness...........ccccccoeeivenene. 45
3.4.2 Exciton dynamics of WSz without the effect of exciton-exciton annihilation49
3.4.3 Bright and dark exciton fine structure and dynamics...........ccccevvvervrieeieennn, 52
3.4.4 Defect-assisted recombination in exciton dynamics...........c.cccoevvevveiireereennnn. 56
3.4.5 Exciton dynamics of WSz with the effect of exciton-exciton annihilation.....58
3.4.6 Origin of thickness-dependent exciton-exciton annihilation.......................... 62
3.5 CONCIUSION 1.ttt bbbt 67
CHAPTER 4. EXCITON TRANSPORT IN TWO-DIMENSIONAL
SEMICONDUCTORS ...ttt sttt se et eebe st et resbe st e e neans 68
Ot A 111 - Vo RS 68
o = - Yo (o | (0T U o SRS 68
4.2.1 Strong Coulomb interaction in 2D TMDCS.........cccccoiviieiiieii e 68
4.2.2 2D eXCItON trANSPOIT .....ooiiieiieciie ettt 69
4.3 Experiential MetNOUS .........coooiiiiii e 70
4.3.1 Preparation of WSz with different thickness ..........cccccoovvviiniiiiniiee 70
4.3.2 Determination of pump fluence and exciton density ............cccccevvveveiieiiennnnn 71
4.4  ReSUltS and diSCUSSION .....ccueeiuiiiiiiieiieie e 72

4.4.1 Optical Characterization of WSz with different thickness on a quartz

U (0] £ LS OSSPSR 72
4.4.2 Direct imaging of exciton transport using TAM ........ccccvieviiiieiieve e 74
4.4.3 Thickness-dependent eXCiton dyNamICS ........ccovevvveiiieiiieenie s 81
4.4.4 EXxtrinsic factors in 2D eXCIton transSport..........ccoceiveieierenenenese e 83
4.4.5 Intrinsic factors than control 2D exciton tranSport.........ccccoeveieveneniseeeene 84

A5 CONCIUSTION ettt e e e e e e e e e e e e e e e e eeeees 87



CHAPTER 5. ULTRAFAST CHARGE TRANSFER AND ENHANCED PHOTO-
CARRIER GENERATION IN TWO-DIMENSIONAL  WS2/GRAPHENE

HETEROSTRUCTURES ..ottt 88
T0 A o 11 1 - Tod USSP UPR PR 88
5.2 BACKGIOUNG .......oiiiiiiiiitieiieie ettt bbbt 89

5.2.1 Two-dimensional Van der Waals heteroStructures...........ocoeeveveninnneniennens 89
5.2.2 Charge transfer transSitioNS.........ccccvovieiiiiiiie s 89
5.3  ExXperiential MEthOaS...........ooiiiiiiiiiiiee s 90
5.3.1 WS2/Graphene heterostructures fabrication ............cccocvveveviiiieiiienn e, 90
5.3.2 Linear abSorption MICrOSCOPY .....ccvvveverreerieerueaiesieesiesseesseessesseesseessesseesseensenns 92
5.3.3  First-principles calculationsS...........cccceiiiiiiiiiiccc e 92
5.3.4 Spatial resolution Of TAM ......cooiiiii e 93
5.3.5 Determination of pump fluence and exciton density in the TAM measurements
94
5.4 ReSUItS and dISCUSSION ....cveiuiiiiiiiieiti sttt sttt nne s 94
5.4.1 Spatial heterogeneity in WSz/graphene heterostructure ............cccocveveieennene. 94
5.4.2 Interlayer coupling dependent charge transfer ............cccooevvvievivervnieneennn, 95
5.4.3 Signature of charge transfer in Raman imaging ..........cccccovvevviievieevesiennnn 100
5.4.4 Transient bandgap renormalization ............ccccocveveiieii s 103
5.4.5 Carrier generation by excitations below the WSz bandgap ............cccoeeeneee. 109
5.4.6 First-principles calculation of interlayer charge transfer transitions............. 116
5.4.7 Enhanced carrier generation by excitation above the bandgap .................... 120
5.4.8 Potential to extract carriers generated by the charge transfer states............. 122
5.5 CONCIUSION ...ttt 123

CHAPTER 6. CHARGE TRANSFER EXCITON FORMATION AND TRANSPORT

IN TWO-DIMENSIONAL WS2-TETRACENE HETEROSTRUCTURES.................... 124
B.1  ADSIIACE ... c.eiieiee et 124
T ¥ Tod (o ] {0 1U T [PPSR 124

6.2.1 Charge transfer in van der Waals heterostructures............cccceeveveriveresinnnns 124
6.2.2 Charge transfer eXciton tranSPOrt............cooeriierinieieee e 125

6.3  Experiential MethodsS ...........ccoeiviiiiiieie e 126



6.3.1  Sample Preparation .........c.ccoeiieieieieie e 126
6.3.2  AtOMIC fOrCe MICIOSCOPY .ovveiveeirerieiieeieeiestee e ereesreeseeseesreeeesreesseeeesneenreas 127

6.4  ReSUItS and JISCUSSION .....couviiiiiiiiieiiieisee ettt 128
6.4.1 Charge transfer excitons emission and dynamicCs..........cccoeererererenerennnnn. 128
6.4.2 Hole transfer from WS2 0 TC...cccvovveiieiiiie e 135
6.4.3 Electron versus energy transfer from TCt0 WSz.....cccccvevevviiiciciiccecien 137
6.4.4 Transport of the delocalized and localized CT excCitons...........cccccvevvernennn. 143

6.5 CONCIUSION ...ttt re e 153
CHAPTER 7. CHARGE TRANSFER EXCITON DYNAMICS AND TRANSPORT IN
TWO-DIMENSIONAL WS2-WSe2 HETEROSTRUCTURES .......ccoiiiiiii 154
7.1 ADSIIACE ... ittt bbbt a e b e 154
A A = - Te3 (o {011 o TSRS 155
7.2.1 Charge transfer in two-dimensional van der Waals heterostructures........... 155
7.2.2 MOIT€ SUPEIIAIICE ..o 155
7.2.3 Interlayer charge transfer excitons dynamics and transport ..............cc........ 156

7.3 Experiential MEthOaS...........coiiiiiiiiiiice e 157
7.3.1 Second-harmonic generation (SHG) MIiCroSCOPY .......coerverververerenerenennenn. 157
7.3.2 Determination of eXCiton denSity..........ccccceivieiiiiiiieie e 157

7.4 ResUlt and diSCUSSIONS ......c..overiiriiiiiiieisie et 158
7.4.1 Charge transfer exciton emission in CVD WS2-WSe: heterostructures....... 158

7.4.2 Stacking orientation dependent charge transfer exciton formation in CVD
WS2-WSE2 NELEIOSIIUCTUIES ......eviieeisee e 165
7.4.3 Stacking orientation dependent interlayer exciton recombination in CVD WS2-
W SE2 NELEIOSIIUCTUIES. ... .cueeiieiie ettt ettt nes 168
7.4.4 Moiré trapped interlayer exciton dynamics of CVD WS2-WSe2
NETEIOSIIUCTUIES ... ettt ettt e e s esteeneesreesteeneesneenreas 173

7.4.5 Stacking orientation dependent charge transfer exciton transport in CVD WS;-

MV S0 NETEIOSIIUCTUIES ... nnnnnnan 178
.5 CONCIUSION <. 184
REFERENGCES ...t sssesesnenenensnennnn 185

PUBLICATIONS ... 214



10

LIST OF TABLES

Table 7.1 Fitted decay constants of TA dynamics traces shown in Figure 7.11 (a). ....... 169
Table 7.2 Fitted decay constants of TA dynamics traces shown in Figure 7.15.............. 172

Table 7.3 First-principle calculations of the band gap, total energy, and interlayer distance
for different bilayer stacking registries shown in Figure 7.16. ..........ccccceevvvieiivecciiiennnn 174



11

LIST OF FIGURES

Figure 1.1 Schematic of two types of excitons: (a) Wannier exciton and (b) Frenkel exciton.

Figure 1.2 Schematic of excitons in the single layer WSz on a substrate. ...............ccoeeve. 27

Figure 1.3 (a) Schematic of charge transfer in type Il WS2-WSe:2 heterostructures after
photo-excitation; (b) Spatially indirect interlayer excitons in WS2-WSe2 heterostructures.
After charge separation, electrons and holes are residing in WSz and WSe: layers
TESPECLIVEIY. .ttt bbbt 29

Figure 1.4 (a) Schematic of 2D WS2-tetracene heterostructures. (b) Band alignment of the
1L-WSa/tetracene NeterOStIUCTUIE. ......c.iiuerieeiecieesieeie e ste et e et sreenee e nnes 31

Figure 2.1 Schematics of TAM setup. OPO: optical parametric oscillator; AOM: acoustic
optical modulator; BBO: beta barium borate. ...........ccccooveieeiiiiieiicce e 33

Figure 2.2 Schematics of transient absorption spectroscopy setup. OPA: optical parametric
amplifier; YAG: Yttrium aluminum garnet; CCD: charge-coupled device....................... 38

Figure 2.3 Schematic illustration of home-built confocal PL microscopy. DM: dichroic
mirror; BS: beam splitter; TCSPC: time-correlated single photon counting; CCD: charge-
(001U o] [=T0 [0 (=AY ot TSP PRPR 39

Figure 2.4 Schematic illustration of home-built differential reflection microscopy. DM:
dichroic mirror; TCSPC: time-correlated single photon counting; CCD: charge-coupled
ABVICR. ottt bbb R Rt R et bbb b bt n e nes 40

Figure 3.1 (a) Optical image of WSz monolayer, bilayer, and trilayer flakes on Si wafer
with 90 nm oxide thickness; (b) Raman spectra of WSz monolayer, bilayer, and trilayer
flakes. The scale bar represents 5 um. The dashed lines mark the position of the E2g1and
A1g positions fOr the MONOIAYET. .........cooiiiiiiie s 45

Figure 3.2 (a) Differential reflectance spectrum of 1L-WSz. (b) Schematic drawing of the
band structure of 1L-WS2 and multilayer WSz, with arrows indicating A, B, C, and |
23 (o] (0] T PSP 47

Figure 3.3 (a) PL spectra of WSz monolayer, bilayer, and trilayer. (b) PL spectrum at
different locations for MoNOIaYEr WS2. ... 48

Figure 3.4 PL decay without exciton-exciton annihilation for WSz monolayer, bilayer, and
trilayer at a pump intensity of 5 nJ cm™2, 0.1 uJ cm ™2, and 0.4 pJ cm™2, respectively. The
photoluminescence lifetime measurements integrate the entire PL spectra from 500 nm to
850 nm. The black line is the instrument response function (IRF). The red lines are the
fitting curves using a single exponential decay convoluted with a Gaussian response
FUNCTION. .ottt bbbt b et e ettt beereeneene e 49

Figure 3.5 PL dynamics for WSz monolayer at different locations at the pump intensity of
A0TSR 50



12

Figure 3.6 (a) Summary of literature reported bright-dark exciton energy splitting for
TMDC monolayers, including both experimental and theoretical values. (b) Schematic
illustration of the spin allowed bright exciton (As) and spin forbidden dark exciton (Ap) in
W-based TMDCs at the Kand K’ valley. Ac is the bright-dark exciton energy splitting. (b)
A Kkinetic model for the dynamics of the bright and dark excitons. (¢) Comparison of the
temperature dependence of the time-integrated PL intensity of WSe2 and MoS:z. (e)
Temperature-dependent PL lifetime from a suspended monolayer of WSe.. ................... 52

Figure 3.7 (a) TA dynamics of a suspended exfoliated 1L-MoS: flake. Redline is a fit using
a triexponential function convoluted with an experimental response function. Pump fluence
is 0.6 pJem. (b) TA dynamics of exfoliated 1L-WS2 on SiO2 substrate and CVD 1L-
WS: on sapphire. Red lines are fits using a biexponential function convoluted with an
experimental response function. Pump fluence is 1 LICM™2........c.coovvcveiiieeieieeecees 56

Figure 3.8 Integrated PL intensity for WS2 monolayer as a function of pump intensity. The
FEA 1IN IS 8 QUITE. ..ttt 58

Figure 3.9 PL decay at different excitation densities for (a) monolayer, (c) bilayer, and (e)
trilayer; linearized data using Equation (5) for the PL decay of (b) monolayer, (d) bilayer,
and (f) trilayer. The red lines are linear fits to the data. n(0) is the initial exciton density as
deSCriDEd 1N ThE TEXL. .....iiie et es 60

Figure 3.10 (a) Evolution of PL spectra in WSz monolayer with the pumping intensity. (b)
PL spectrum of WS2 monolayer at pump intensity great than 8.0*10*! cm. The black dot
is experimental data. The red solid line is a fit using a sum of two Lorentz functions as
shown in blue and green SOld HINES. ........oouv i 61

Figure 3.11 Schematic summary of the kinetic process of exciton-exciton annihilation. .63

Figure 3.12 Schematic summary of relaxation pathways for WSz monolayer and few-layer.
(1) Direct exciton recombination; (2) direct exciton-exciton annihilation; (3) indirect
exciton recombination; and (4) indirect exciton-exciton annihilation; (5) other nonradiative
PALNWWAYS. ...ttt bbbt 64

Figure 3.13 (a) Normalize the decay curves at the low pump intensity (without annihilation)
and high exciton density (1.6 x 10° cm) at the long delay time of 2 ns. (b) The subtracted
decay curve (green) at the low pump intensity from the high pump intensity which is fitted
with a single exponential decay (red). ......cccvovveiieiiiieceee e 67

Figure 4.1 Experimental design and optical characterizations. (a) optical image of an
exfoliated 1L-WS: on a fused silica substrate (scale bar represents 5 um). (b) Differential
reflection (black line) and PL spectra (red line) of 1L-WS2. (c) Schematic description of
exciton diffusion measurements. (d) Schematic drawing of band structure and excitonic
transitions in 1L-WS:2 along with pump and probe energies for transient absorption
IMEASUIEIMIEITS. ...ttt ettt etttk e et e be e e s bt e bt e e st e e sbeeembeeebeeenbeenbeeanneenreens 72

Figure 4.2 Raman spectra of 1L-WS: on a quartz substrate. The peak energy difference
between 2LA and Ay is 65 cm™ which indicates the number of layers to be the single
=T OO OTRPPRRRP 73



13

Figure 4.3 PL spectra of (a) 2L-WS2 and (b) 3L-WS: on a quartz substrate are taken under
excitation of 447 nm. We observed both A and | exciton emission. The emission energy of
| exciton could be used to identify the number of the layer which is 712 nm (1.74 eV) and

788 nm (1.57 eV) for 2L- and 3L-WS2 respectively. ... 74
Figure 4.4 Transient dynamics of (a) 1L-WSz and (b) 32L-WS: with different pump fluence.
............................................................................................................................................ 75

Figure 4.5 Transient absorption signal (AT) at 0 ps is plotted as a function of exciton density
for (a) 1L-WS2 and (b) 32L-WSz. Red lines are linear fitS.........ccccoovveneniiininiiisenen, 75

Figure 4.6 Normalized transient absorption spectra (395-nm pump) with different thickness.

Figure 4.7 TAM imaging of exciton propagation in 48L-WS; (pump at 395 nm and probe
at 626 nm) with an injected exciton density of 8.6 x 102 cm at different pump-probe time
delays. The color scale is normalized at the maximum AT. The normalization factors are
indicated on the images. The scale bar represents Tpm.........ccoovieiieieieieneneneee e 76

Figure 4.8 Spatial profiles of exciton distribution in 48L-WS: at different pump-probe
delays. Solid lines are fits with Gaussian fuNCtioN. ...........cccccevveviieii s 78

Figure 4.9 Exciton diffusion coefficient of WSz with different thickness extracted from
time-dependent distribution profiles. Spatial profiles of exciton distribution in (a) 1L-WS2
and (b) 100L-WS2 with different pump-probe time delays. Solid lines are fits with Gaussian
function. (c) The diffusion coefficient is obtained from the linear fitting of the variance of
Gaussian profiles. Red lines are linear fits. (d) Extracted diffusion coefficients plotted as a
function of the NUMDBEr Of [AYErS. ......ccvv i 80

Figure 4.10 (a) Transient dynamics of 1L-MoS:z with different pump fluence. (b) Spatial
profiles of exciton distribution in control 1L-MOS2. .....c.cooveiiiiiiiieeie e 81

Figure 4.11 Thickness-dependent exciton lifetime. (a) Thickness-dependent transient
dynamics are modeled by Equation (3). Fits are shown in red solid lines. (b) Extracted
decay constant is plotted as a function of thickness. ...........cccccovveiiiiiiiic i, 81

Figure 4.12 (a) Spatial profiles of excitons ina CVD 1L-WS: at different pump-probe delay
times. (b) Diffusion constants of both exfoliated 1L-WS2 and CVD 1L-WS: are obtained
from the linear fitting of the variance of Gaussian profiles using equation (6). Red lines are

TNE TINEAK TITS. ..ottt ettt ss e nneeneenres 83
Figure 4.13 Extracted decay constant and exciton mobility is plotted as a function of
EECKINIESS. ettt ettt bbb r e ens 84
Figure 5.1 Optical image of a 2L-WSz/graphene heterostructure.............ccccooevvvrvivennnnn. 91

Figure. 5.2 Determination of spatial resolution of TAM. () TAM image of a 2L-
WS2/graphene heterostructure. (b) Gaussian function fit of line profile shown in Figure 5.2
() ettt b bR bR R et et h b b h e 93



14

Figure 5.3 AFM measurement of the 2L-WS2/graphene heterostructure. (a) AFM image of
the 2L-WS2/graphene heterostructure. (b) Line profiles taken along the black and red
dashed lines indicated in (a). Scale bar represents 1 M. .........cccooveriiiiniininieneeeee 94

Figure 5.4 PL spectra (a) and normalized time-resolved PL dynamics (c) of individual 1L-
WS: and 1L-WS2/graphene, red lines are exponential fittings. ..........ccccovveveniiniinieniininennn, 95

Figure 5.5 TAM image of the 2L-WS2/graphene measured at 0 ps (pump at 395 nm and
probe at 624 nm, pump fluence ~ 2 uJ/cm2). (e) TAM image measured at 2 ps............... 97

Figure 5.6 TAM images of a control 2L-WS; flake at time delays of 0 ps (a) and 5 ps (b)
with 3.14 eV pump and 1.99 €V Probe. ... 98

Figure 5.7 Normalized transient dynamics of the heterostructure at area 1, 2 as marked, and
a control 2L-WSz. Solid lines are the fitting curves with exponential decays convoluted
with experimental response function. All scale bars represent 1 M. .......cccooevireiininenn, 98

Figure 5.8 Normalized transient dynamics of position 9 and 10 in 2L-WS: indicated in
Figure 5.5 with a pump fluence of 8.4 I CM™. ........coviiveiieceice e, 99

Figure 5.9 (a) Correlated TAM image of the 1L-WS2/G heterostructure measured at 0 ps
probing the A exciton resonance. Pump photon energy = 3.14 eV and probe photon energy
=1.99 eV (b) Normalized transient dynamics of the heterostructure at areas 1 and 2 as
marked, and the control 2L-WS: layer. Solid lines are the fitting curves with exponential
decays convoluted with the experimental response function. All scale bars represent 1 um.

Figure 5.10 (a) Raman mapping of the G band of graphene in 2L-WSz/graphene. Obvious
shift of the G band is due to surface charge transfer doping from underneath WS2; (b)
Comparison of the Raman spectrum of graphene while sitting on a 2L-WS: (position 9)
and a bare Si substrate (90 nm thick SiOz2). Curves are vertically shifted for clarity. The
rising background for the wavenumber above 2600 cm™ originates from the
photoluminescence of WSz; Raman mapping of the position of (c) the strong peak (2LA
and Elzg) and (d) the Ag peak in 2L-WS2/graphene heterostructure. All scale bars represent
T OSSPSR 101

Figure. 5.11 Raman spectra of 2L-WS2/G heterostructure (area 1 as shown in Figure 1 (d))
(red line) and control 2L-WS: (black line). The enhancement ratio of Raman intensity is
about 1.4 times in 2L-WSz/graphene than control 2L-WSaz.........cccoceveieiiieiinienieienns 103

Figure 5.12 (a) TA spectrum of A exciton resonance in 2L-WSz/graphene (0 ps delay) at
different positions as well as for a control 2L-WS,. Pump photon energy is 3.14 eV and
pump fluence of 2 uJ / cm?. (b) TA spectrum of A exciton resonance in 1L-WSz/graphene
and a control 1L-WS2 at 0 pS delay. .......ooveiiiieiiii e 103

Figure 5.13 TA image (a) and spectrum of A exciton resonance for a strong and a weak
coupling location of a 1L -WS2/graphene heterostructure on a sapphire substrate at 0 ps.
PUMPEA AL 3.14 BV . ottt e ettt e e e b e e e e e te e nne e 105

Figure 5.14 Summary of different processes following photoexcitation in WS2 layers (a)
and in 1L-WS2/graphene heterostructure (D). .......cocooeiiiiiininiecereee s 106



15

Figure 5.15 Pump intensity dependent TA spectra of a control 1L-WS: flake. Pump photon
ENEIGY = 3.14 BV . it bbb 108

Figure 5.16 TA signal at 0 ps probed at 1.99 eV (A exciton resonance) for the 1L-
WS2/graphene heterostructure when varying the pump photon energy from 1.2 eV to 1.8
eV, PUMP FIUBNCE ~ 2 LI CM2. e 109

Figure 5.17 TA spectrum of A exciton resonance in thellL-WS2/graphene, 2L-
WS2/graphene heterostructures, and the control 1L-WS: at 0 delay time with 1.57 eV pump
photon energy, pump FIUENCE ~ 17 I CM72....o.vvieieceeecececeeeeeeee e 110

Figure 5.18 TAM imaging of 2L-WS>/graphene at 0 ps, scale bar represents 1 um. 1.57 eV
pump and 1.99 eV probe, pump fluence ~ 17 I CM™Z. ..o 111

Figure 5.19 (a) Schematic showing two possible mechanisms. One possibility is that the
graphene layer is excited and hot carrier is subsequently transferred from graphene to WS:
(mechanism 1), and the other possibility is the direct excitation of interlayer CT transitions
(mechanism 2). (b) The amplitude of the TA signal at a 0-ps time delay versus pump
fluence for the 1L-WSz/graphene heterostructure at area 3 showing a linear dependence at
three different pump photon energies (probe, 1.99 €V)......ccccoviviiiiiincncieeceen 112

Figure 5.20 The amplitude of the TA signal at 0 ps time delay versus pump fluence for the
2L-WS2/graphene heterostructure at area 1. Pump = 1.57 eV, probe = 1.99 eV............. 113

Figure 5.21 Normalized transient dynamics of the 1L-WSz/graphene heterostructure at area
3 and the 2L-WSz/graphene heterostructure at area 1. Pump photon energy is 1.57 eV and
probe photon energy is 1.99 eV. Solid lines are fits with a single exponential decay function
convoluted with the experimental response fUNCLION............cccccveiciiiie i, 115

Figure 5.22 Band structure of the heterostructure. (A) Commensurate model of a 5 x 5
graphene/4 x 4 WS2 supercell (at the PBE level) and (B) incommensurate model of
corresponding perfect unit cells (as in a single layer) of each component (at the
HSE06/SOC level) along the I'-K direction. The red arrows indicate interlayer
EFANSITIONS. ..ttt bbbttt b et s e st e e b et be et b e r e neenes 116

Figure 5.23 Band structure of the incommensurate model of the perfect unit cells calculated
along the I'-M directions (at the HSEO06/SOC level). No additional transitions between
graphene and WS are expected in comparison with the I'-K directions shown in Figure

Figure. 5.24 Raman spectra of the 1L-WSz/graphene heterostructure and the Fermi level
shift of graphene. No obvious change in the position of G peak (~1586 cm™) in the two
regions, whereas there is a blue shift of the 2D peak (~15 cm™) for the graphene layer on
WSo:. By analyzing the correlation of the two peaks, we estimate a p-doping density of
2x10% cm in graphene on 1L-WS: corresponding to a Fermi level shift of 0.17 eV.
Spectra are shifted vertically for Clarity. ..., 119

Figure 5.25 Correlated (a) transmission and (b) reflection images of the same 1L-
WS2/graphene heterostructure on a transparent sapphire substrate. Scale bars: 200 nm.120



16

Figure 5.26 Zoomed-in linear absorption (a) and correlated TAM image (D) of the 1L-
WS2/G heterostructure on a transparent sapphire substrate. The TAM image is measured

at 0 ps (pump, 3.14 eV; probe, 1.99 eV). Scale bars, 200 NM. ........ccceecevveiiierrnieieenn, 122
Figure 6.1 Identification of numbers of WS: layers using photoluminescence spectroscopy.
PL spectrum of WSz from 1L to 7L is shown from bottom to top. ........cccceeervrivriininnns 127
Figure 6.2 AFM line profile of the Tc film thickness...........ccccceveviviii i 127

Figure 6.3 (a) Optical image of WS: flakes exfoliated on Si/SiO2 substrate. The 1L-WSz is
indicated by the dashed line. The dashed square shows the area imaged by AFM in (b).
Scale bar represents 10 um. (b) AFM image of the same 1L-WS: flake in (a) with a Tc thin
film deposited on top. Scale bar represents 5um. (¢) Schematic of the formation of CT
excitons and the band alignment of the 1L-WSa2/Tc heterostructure, showing the formation
Of @ type 11 REtErOJUNCLION. ......cveiiiie e e 129

Figure 6.4 Absorption and PL spectrum of Tc film and 1L-WSa.......c..ccceevvvevveincnne. 130

Figure 6.5 Steady-state PL spectra of a 1L-WSz, Tc thin film, and a 1L WS2/Tc
heterostructure. The new emission band at 1.7 eV indicates the formation of interlayer CT
23 (o] (0] TSR 131

Figure 6.6 Photoluminescence excitation (PLE) measurements monitoring CT exciton
EMISSION AL 1.7 BV .ttt et e e e e re e e rre e 132

Figure 6.7 (a) PL spectra of a 1L-WS2/Tc heterostructure, a 3L-WSz/Tc heterostructure,
and a Tc thin film with excitation energy of 2.1 eV and 700-nm long-pass filter selectively
exciting WSz in the heterostructures and detecting only interlayer CT exciton emission. (b)
Time-resolved PL measurements on the interlayer CT exciton in a 1L-WS2/Tc
heterostructure, a Tc film, and a 1L-WS: flake. The CT exciton PL decay is fitted with a
stretched exponential function, as described in the main text. ..........cccocevvvierinieiienens 133

Figure 6.8 Excitation intensity dependent measurements of PL dynamics of CT exciton
emission. Excitation photon energy: 2.1 €V. ..o 134

Figure 6.9 (a) Transient absorption dynamics probed at the A exciton bleach of the 1L-
WS before and after Tc deposition with pump energy of 2.1 eV (pump fluence: 50 pd/cm?).
Red solid lines are fittings with a bi-exponential function convoluted with an experimental
response function. Inset of band alignment shows the hole transfer process the 1L-WS2/Tc
heterostructure. (b) Transient absorption dynamics probed at the A exciton bleach of 2L-
WS before and after Tc deposition with pump energy of 2.1 eV, showing no hole transfer
IN the 2L-WS2/TC heterOStIUCTUIE. ........coeiiieeieeie e 135

Figure 6.10 TAM Dynamics of 4L, 5L, and 7L-WS: before and after Tc deposition. TAM
dynamics of 4L (a), 5L (b) and 7L-WS: (c) before (blue) and after (green) Tc deposition
showing no hole transfer in the heterostructures built by thick WS2 flakes and Tc film. (2.1
eV pump and 2.0 €V ProDE).....ccveui e 136

Figure 6.11 (a) 1L-WS:z dynamics before and after Tc deposition. (b) 2L-WSz dynamics
before and after Tc deposition. Pump = 3.1 eV (pump fluence: 2.2 pJecm2), probe = 2.0 eV.



17

Figure 6.12 Subtraction of 1L-WSz dynamics from 1L-WS2/Tc dynamics fitted with an
exponential growth function with a time constant of 2.1+ 0.2 ps and subtraction of 2L WS:
dynamics from 2L-WS2/Tc dynamics yielding a rise time constant of 44 £ 5 ps. .......... 139

Figure 6.13 Energy transfer from Tc to WS2 measured with TAM (3.1 eV pump and 2.0
eV probe). (a) Transient dynamics of 3L-7L WSz before (blue) and after (green) Tc
deposition. (b) Subtraction of WSz dynamics from WS2/Tc dynamics yielding rising curves
fitted with an exponential function for each WS thickness, indicating energy transfer time
(60 3151 o | £ PO P PR PPPPRP 141

Figure 6.14 Energy transfer rate dependence on numbers of WS2 layers fitted to the
electromagnetic model as described in the main text. .......c.ccccovcveveiienceiie s 142

Figure 6.15 Schematic illustration of electron and energy transfer processes. In the
heterostructures constructed from 2L-WS: or thicker, type I heterojunctions are formed and
only exciton energy transfer IS POSSIDIE. ..........coviiiiiiiii e 143

Figure 6.16 (a) Exciton population profiles fitted with Gaussian functions at different delay
times with the maximum AT signal normalized to unity for the control 1L-WS2. The pump
photon energy is 3.1 eV (pump fluence: 4.4 pJ/cm?) and the probe energy is 2.0 eV. (b)
ot2 — 002 as a function of pump-probe delay time, with a linear fit to equation 3 (line) for
the control 1L-WS2. Error bars of ot2 — 002 are the standard errors estimated from
Gaussian fitting to the spatial intensity distributions. .............cccccoiiiiiiiiic e, 145

Figure 6.17 TAM image of the same 1L-WS2/Tc heterostructure shown in Figure 1 taken
with spatially overlapped pump and probe beams at 0 ps. Scale bar represents 2 um. The
pump energy is 3.1 eV (pump fluence: 4.4 pJ/cm?) and the probe energy is 2.0 eV. .....146

Figure 6.18 Exciton population profile at 1 ns delay fitted with a single Gaussian function
(a) and a sum of two Gaussian functions (b) as described in the main text for the 1L-WS2/Tc
heterostructure. The pump photon energy is 3.1 eV (pump fluence: 4.4 pJ/cm2) and the
probe energy is 2.0 eV. (c) Exciton population profiles fitted with a sum of two Gaussian
functions as described in the text at different delay times with the maximum AR signal
normalized to unity for the 1L-WS2/Tc heterostructure along the line indicated in Figure

Figure 6.19 61,t2 — 602 and 62,t2 — 602 as a function of pump-probe delay time, with
a linear fit to equation 3 (line) for the 1L-WS2/Tc heterostructure...........ccccevvrieinennene. 149

Figure 6.20 Transient absorption dynamics of a 1L-WS2/Tc heterostructure measured at
different pump fluences. Pump = 3.1 eV, probe = 2.0 V. ...cccccveiviieveeie e 150

Figure 6.21 Power-dependence exciton population profiles (a) pump fluence: 10.0 pJ/cm?.
(b) pump fluence: 10.0 pl/cm?. 01,t2 — 602 and 62,t2 — 002 as a function of pump-
probe delay time, with linear fits to equation 3 (red lines) for the 1L-WS2/Tc heterostructure.

Figure 7.1 Optical image of CVD grown WS2-WSe: heterostructures with two twist angles
(0° and 60°). Scale bar repreSents 10 UM ......ccccoiiiiiirieie e 158



18

Figure 7.2 (a) Fundamental light with a photon energy of 1.55 eV used in SHG
measurements. (b) SHG signal (3.10 eV) from WS2-WSez heterostructures (6 = 0° and 60°)
Y0 I T SRS 159

Figure 7.3 (a) Schematic of band alignment in WS2-WSe: heterostructures. (b) PL image
of WS2-WSe: heterostructures (0° and 60°) as shown in Figure 7.1. Scale bar represents 2

] o PO T TP TPT PP RPPR 160
Figure 7.4 (a) PL spectrum of 1L-WS2 and WS2-WSe: heterostructure (60°). (b) Raman
spectrum of 1L-WS2 and WS2-WSe2 heterostructures (0° and 60°). ........c.ccoovvvviivrnene. 161
Figure 7.5 PL spectrum of WS2-WSe: heterostructures (0° and 60°), 1L-WSz, and 1L-WSe2
At 295 K (2) AN 78 K (). 1.veeuieieeieee s 162
Figure 7.6 Temperature dependent PL spectrum for (a) 1L-WSz, (b) 1L-WSe2, (c) WS2-
WSe2 (60°), and (d) WS2-WSE2 (0°). ...eiverieerieieeieieiesiese e sre et eneens 163

Figure 7.7 (a) PL image of interlayer exciton emission in WS2-WSe2 (60°) at 78 K with a
detection range between 1.30 and 1.55 eV. (b) PLE spectra of interlayer exciton emission
IN WS2-WSE2 (60°) Gt 78 K.ttt 164

Figure 7.8 (a) Temperature-dependent TRPL dynamics of interlayer excitons in WS2-WSe2
(60°). (Red lines are fits using a bi-exponential function convoluted with an IRF function).
(b) A plot of fitted decay constant of TRPL dynamics shown in Figure 7.8 (a). ............ 164

Figure 7.9 (a) Differential reflection spectrum of WS2-WSe: heterostructures (0° and 60°)
and 1L-WSa. (b) Transient reflection spectrum of WS2-WSe: heterostructures (0° and 60°)
Y0 I T SR 165

Figure 7.10 (a) Schematic of exciton broadening in WS2-WSe2 heterostructures. A exciton
bleach of 1L-WS2, WS2-WSe2 (0°), and WS2-WSe2 (60°). Red lines are fits using a
LOrentZian fUNCHION. .....cviiiieieee et bbb 166

Figure 7.11 (a) Schematic of electron transfer in WS2/WSe2 heterostructures when
selectively exciting WSe2 layer with a pump photon energy of 1.58 eV. (b) TAM imaging
of WS2-WSe: heterostructures (0° and 60°) at 0 ps. (pump photon energy is 1.58 eV; probe
POtON ENEIGY IS 1.94 V) ..ottt re e 168

Figure 7.12 (a) A representative result of charge transfer exciton dynamics of WS2-WSe2
heterostructures (0° and 60°). (pump photon energy is 1.58 eV; probe photon energy is
1.94 eV). Red lines are fits using a bi-exponential function convoluted with an IRF function.
(b) Charge transfer exciton dynamics of different WS2-WSe: heterostructures (0° and 60°).

Figure 7.13 Power dependent charge transfer exciton recombination dynamics of WS;-
WSe2 (60°) and WS2-WSez (0°). (pump photon energy is 1.58 eV; probe photon energy is



19

Figure 7.14 (a) Schematic of charge transfer in WS2/WSe2 heterostructures when exciting
both WS2 and WSe: layer with a pump photon energy of 3.14 eV. Here, electrons transfer
from WSe2 to WSz while holes transfer from WSz to WSez. (b) TAM imaging of WS»-
WSe: heterostructures (0° and 60°) at 0 ps. (pump photon energy is 3.14 eV; probe photon
ENEIQY IS 1.94 V) ittt re e 170

Figure 7.15 Charge transfer exciton dynamics of WS2-WSe: heterostructures (0° and 60°).
(pump photon energy is 3.14 eV; probe photon energy is 1.94 eV). Red lines are fits using

a bi-exponential function convoluted with an IRF function. ............ccccceveviveivieieenenn, 172
Figure 7.16 Long-period Moiré superlattice and three representative interlayer atomic
registries for (a) WS2-WSe2 (0°) and (b) WS2-WSe2 (60°)......cccvevrrvereiieiieriesiesieeneenn 173
Figure 7.17 Schematic of Moiré potential landscape for WS2-WSe2 (0°).....ccccvrevennees 175

Figure 7.18 Temperature-dependent exciton dynamics of 1L-WS2 (pump photon energy is
3.14 eV; probe photon energy is 1.94 eV). Solid lines are fits using a bi-exponential
function convoluted with an IRF fUNCHION. .......c.cooiiiiiiiii e 175

Figure 7.19 Temperature dependent charge transfer exciton recombination dynamics of
WS2-WSe2 (0°) and WS2-WSe2 (60°). (pump photon energy is 1.58 eV; probe photon
energy is 1.94 eV). Solid lines are fits using a bi-exponential function convoluted with an
IR TUNCHION. .ttt sttt b e sbe st sre e beeneesneenne s 176

Figure 7.20 Charge transfer exciton recombination constant extracted from Figure 7.16 as
a function of temperature for WS2-WSe2 (0°) and WS2-WSe2 (60°). ......cccevvvrvrvrvninnns 176

Figure 7.21 Exciton transport measurements of 1L-WSz and 1L-WSez. Spatial distribution
of the exciton population at different delay time for 1L-WS: (a) and 1L-WSe: (c). Diffusion
coefficient of 1L-WS2 (b) and 1L-WSe2 (d) is obtained from the linear fitting of the
variance of Gaussian profile. Red lines are linear fitS. .........cccccovveviviiiiieii s 178

Figure 7.22 Exciton transport measurements of 2L-WS2 and 2L-WSez. Spatial distribution
of the exciton population at different delay time for 2L-WS: (a) and 2L-WSe: (c). Diffusion
coefficient of 2L-WS2 (b) and 2L-WSe2 (d) is obtained from the linear fitting of the
variance of Gaussian profile. Red lines are linear fits. ...........cccooveviiviiicci i 180

Figure 7.23 Exciton population profiles at different time delays with different interlayer
exciton densities (a) 5.2x1011 cm-2 and (b) 1.7 X 1012 cm — 2 for WS2-WSe:2 (0°). The
diffusion profiles are fitted with Gaussian functions at different delay times with the
maximum AR signal NOrmalized to UNILY. ........ccoiiiiiiiiniieeee s 181

Figure 7.24 Exciton population profiles at different time delays with different interlayer
exciton densities (a) 5.2 X 1011 ¢cm — 2 and (b) 1.7 X 1012 cm — 2 for WS2-WSe2 (60°).
The diffusion profiles are fitted with Gaussian functions at different delay times with the
maximum AR signal normalized to UNILY. .......ccoviviiiiiiiiiiiee e 181

Figure 7.25 ot2 — 002 as a function of pump-probe delay time for both WS2-WSe2 (0°)
and WS2-WSe: (60°) at different interlayer exciton densities. Error bars of at2 — 02 are
the standard errors estimated from Gaussian fitting to the spatial intensity distributions.
Solid [iNes are QUIAES TOF BYES. .....ocuiiiiiiiiiiiieee e 182



20

Figure 7.26 Interlayer CT exciton transport in WS2-WSe: heterostructures with a pump
photon energy of 3.1 eV. (a) 2D image of transient reflection signal in WS2-WSe: (60°) as
it evolves with space and time. Exciton density is 1.6 X 1011 ¢m — 2 Exciton population
profiles at different delay time for (b) WS2-WSe2 (60°) and (c) WS2-WSe2 (0°). Exciton
density is 1.6 X 1011 cm — 2. The diffusion profiles are fitted with Gaussian functions at
different delay times with the maximum AR signal normalized to unity. (d) ot2 — 02 as
a function of pump-probe delay time for both WS2-WSe2 (0°) and WS2-WSe2 (60°). Error
bars of gt2 — 002 are the standard errors estimated from Gaussian fitting to the spatial
intensity distributions. Solid lines are HNear fitS...........ccocviiiiiiniiiiie e, 183



21

ABSTRACT

Author: Yuan, Long. PhD

Institution: Purdue University

Degree Received: May 2019

Title: Spatial and Temporal Imaging of Exciton Dynamics and Transport in Two-
Dimensional Semiconductors and Heterostructures by Ultrafast Transient
Absorption Microscopy

Committee Chair: Libai Huang

Recently, atomically thin two-dimensional (2D) layered materials such as graphene
and transition metal dichalcogenides (TMDCs) have emerged as a new class of materials
due to their unique electronic structures and optical properties at the nanoscale limit. 2D
materials also hold great promises as building blocks for creating new heterostructures for
optoelectronic applications such as atomically thin photovoltaics, light emitting diodes, and
photodetectors. Understanding the fundamental photo-physics process in 2D
semiconductors and heterostructures is critical for above-mentioned applications.

In Chapter 1, we briefly describe photo-generated charge carriers in two-
dimensional (2D) transition metal dichalcogenides (TMDCs) semiconductors and
heterostructures. Due to the reduced dielectric screening in the single-layer or few-layer of
TMDCs semiconductors, Columbo interaction between electron and hole in the exciton is
greatly enhanced that leads to extraordinary large exciton binding energy compared with
bulk semiconductors. The environmental robust 2D excitons provide an ideal platform to
study exciton properties in TMDCs semiconductors. Since layers in 2D materials are
holding by weak van de Waals interaction, different 2D layers could be assembled together
to make 2D heterostructures. The successful preparation of 2D heterostructures paves a

new path to explore intriguing optoelectronic properties.



22

In Chapter 2, we introduce various optical microscopy techniques used in our work
for the optical characterization of 2D semiconductors and heterostructures. These optical
imaging tools with high spatial and temporal resolution allow us to directly track charge
and energy flow at 2D interfaces.

Exciton recombination is a critical factor in determining the efficiency for
optoelectronic applications such as semiconductor lasers and light-emitting diodes.
Although exciton dynamics have been investigated in different 2D semiconductor, large
variations in sample qualities due to different preparation methods have prevented
obtaining intrinsic exciton lifetimes from being conclusively established. In Chapter 3, we
study exciton dynamics in 2D TMDCs semiconductors using ultrafast PL and transient
absorption microscopy. Here we employ 2D WS: semiconductor as a model system to
study exciton dynamics due to the low defect density and high quantum yield of WSz. We
mainly focus on how the exciton population affects exciton dynamics. At low exciton
density regime, we demonstrate how the interlayer between the bright and dark exciton
populations influence exciton recombination. At high exciton density regime, we exhibit
significant exciton-exciton annihilation in monolayer WSz. When comparing with the
bilayer and trilayer WS, the exciton-exciton annihilation rate in monolayer WSz increases
by two orders of magnitude due to enhanced many-body interactions at single layer limit.

Long-range transport of 2D excitons is desirable for optoelectronic applications
based on TMDCs semiconductors. However, there still lacks a comprehensive
understanding of the intrinsic limit for exciton transport in the TMDCs materials currently.
In Chapter 4, we employ ultrafast transient absorption microscopy that is capable of

imaging excitons transport with ~ 200 fs temporal resolution and ~ 50 nm spatial precision
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to track exciton motion in 2D WS2 with different thickness. Our results demonstrate that
exciton mobility in single layer WS: is largely limited by extrinsic factors such as charge
impurities and surface phonons of the substrate. The intrinsic phonon-limited exciton
transport is achieved in WS2 layers with a thickness greater than 20 layers.

Efficient photocarrier generation and separation at 2D interfaces remain a central
challenge for many optoelectronic applications based on 2D heterostructures. The
structural tunability of 2D nanostructures along with atomically thin and sharp 2D
interfaces provides new opportunities for controlling charge transfer (CT) interactions at
2D interfaces. A largely unexplored question is how interlayer CT interactions contribute

to interfacial photo-carrier generation and separation in 2D heterostructures. In Chapter 5,

we present a joint experimental and theoretical study to address carrier generation from
interlayer CT transitions in WSz-graphene heterostructures. We use spatially resolved
ultrafast transient absorption microscopy to elucidate the role of interlayer coupling on
charge transfer and photo-carrier generation in WSz2-graphene heterostructures. These
results demonstrate efficient broadband photo-carrier generation in WS2-graphene
heterostructures which is highly desirable for atomically thin photovoltaic and
photodetector applications based on graphene and 2D semiconductors.

CT exciton transport at heterointerfaces plays a critical role in light to electricity
conversion using 2D heterostructures. One of the challenges is that direct measurements of
CT exciton transport require quantitative information in both spatial and temporal domains.
In order to address this challenge, we employ transient absorption microscopy (TAM) with
high temporal and spatial resolution to image both bright and dark CT excitons in WS-

tetrance and CVD WS2-WSe: heterostructure. In Chapter 6, we study the formation and
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transport of interlayer CT excitons in 2D WS,-Tetracene vdW heterostructures. TAM
measurements of CT exciton transport at these 2D interfaces reveal coexistence of
delocalized and localized CT excitons. The highly mobile delocalized CT excitons could
be the key factor to overcome large CT exciton binding energy in achieving efficient charge
separation. In Chapter 7, we study stacking orientational dependent interlayer exciton
recombination and transport in CVD WS2-WSe2 heterostructures. Temperature-dependent
interlayer exciton dynamics measurements suggest the existence of moiré potential that
localizes interlayer excitons. TAM measurements of interlayer excitons transport reveal
that CT excitons at WS2-WSe2 heterointerface are much more mobile than intralayer
excitons of WSz. We attributed this to the dipole-dipole repulsion from bipolar interlayer
excitons that efficiently screen the moiré potential fluctuations and facilitate interlayer
exciton transport. Our results provide fundamental insights in understanding the influence
of moiré potential on interlayer exciton dynamics and transport in CVD WS2-WSe:
heterostructures which has important implications in optoelectronic applications such as

atomically thin photovoltaics and light harvesting devices.
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CHAPTER 1. INTRODUCTION

1.1 Two-dimensional van der Waals materials
1.1.1 Overview

Two dimensional (2D) van der Waals (vdW) materials including graphene,
hexagonal-boron nitride, and transition-metal dichalcogenides (TMDCs) have recently
emerged as a new class of materials due to unique optical and electronic propertiest*’
holding great promise for novel optoelectronic, spintronics, and plasmonic applications*®
32.

Graphene is a single layer of carbon atoms arranged in a hexagonal lattice that is first
isolated and studied by K.S. Novoselov and A.K. Geim!. Due to its unique structure,
graphene exhibits extraordinary electronic properties such as ultrahigh carrier mobility® 3%
%, superior thermal conductivity®’, and excellent mechanical properties®®. The rise of
graphene also triggers explosive research interests on other 2D vdW materials. Transition
metal dichalcogenides (TMDCs) such as MoSz, MoSe2, WS2, and WSe: are analog of
graphene with finite band gap. Atomically thin TMDCs exhibit unique electronic
properties such as indirect to direct bandgap transition” %0, large spin-orbit coupling®®-°,
and strong light-matter interaction*'. The atomically-thin nature of the monolayer TMDCs
also gives rise to a strong enhancement of the Coulomb interaction between the electron
and the hole*? which provides an exciting platform for both fundamental research and

device applications.
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1.1.2 Excitons in two-dimensional semiconductors

An exciton is a bounded electron and hole pair due to the Coulomb attraction®,
Excitons in solids are divided into two types which are Wannier (or Wannier-Mott) and
Frenkel excitons depending on the strength of Coulomb interaction. In semiconductors,
due to the large dielectric constant, Coulomb interaction is effectively screened by the
dielectric environment, resulting in a delocalized exciton with a radius much larger than
the lattice spacing. Such excitons are usually called Wannier excitons as shown in Figure
1.1 (a). The exciton binding energy of a typical Wannier exciton is on the order of 10 meV.
On the other hand, in solids with small dielectric constant, such as ionic crystals and
organic molecule semiconductors, electron and hole are tightly bounded with the exciton
binding energy on the order of a few hundred meV. Such localized excitons are usually
called Frenkel excitons. The size of a Frenkel exciton is usually the same order as the size

of the unit cell. The illustration of Wannier and Frenkel exciton is shown in Figure 1.1.
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Figure 1.1 Schematic of two types of excitons: (a) Wannier exciton and (b) Frenkel
exciton.

Besides the dielectric constant, exciton binding energy is also strongly dependent on

the dimensionality as displayed in the following equation**:
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1)

where n is the principle quantum number; « is the dimensionality; and E is the exciton
Rydberg.

Due to the reduced dimensionality, exciton binding energy is a factor of 4 larger in
2D excitons than 3D excitons without the effect of the dielectric environment. Since 2D
exciton is strongly confined in the plane of single layer®’, as shown in Figure 1.2, the
dielectric screening is significantly reduced due to that the electric field between electrons
and holes extend to the outside of the sample. The reduced dielectric screening further
enhances exciton binding energy in 2D semiconductors*?. Previous optical spectroscopy
measurements have determined exciton binding energy in monolayer TMDCs to be on the
order of several hundreds of meV*> %51, The corresponding ground-state Bohr radii of
excitons are on the order of nanometers and the wave function extends over several unit
cells suggesting that 2D excitons lie in the marginal case in between typical Wannier
excitons and Frenkel excitons*” %2, The remarkable large exciton binding energy implies
high thermal stability of 2D excitons even at room temperature that provides an ideal

platform to study exciton dynamics and transport.

Figure 1.2 Schematic of excitons in the single layer WSz on a substrate.
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1.2 2D van der Waals heterostructures
1.2.1 Assemble of 2D van der Waals heterostructures

Due to the weak van der Waals forces between layers in 2D materials, 2D
heterostructures can be assembled by artificially stacking layers of different 2D materials
without the restrict growth conditions in conventional bulk heterostructure such as lattice
matching and atom interdiffusion®°®. Fabrication of 2D heterostructures with atomically
sharp interfaces paves a new pathway for creating nanostructures with intriguing
optoelectronic, spintronic, and plasmonic properties?3 2% 57-68,

Typically, there are two protocols for preparing van der Waals heterostructures by
mechanical transfer (top-down) and direct-growth (bottom-up) approaches. The
mechanical transfer method is the most straightforward and widely used fabrication
technique to create 2D heterostructures? 873, The initial technique is based on exfoliating
a flake of 2D material on a sacrificial polymer, aligning and placing it on another flake,
and then removing the polymer. Thermal annealing is typically used to remove the
contaminants and improve the interfacial contact. Recently, a substitute dry transfer
method is developed to use the membrane to lift a 2D flake up and transfer on another 2D
flake. This technique leads to clean interfaces over large areas. Direct-growth technique
such as chemical vapor deposition (CVD) is a promising way for scalable production of
2D heterostructures. The growth process usually involves the vapor-phase reactions in

which the reactants are generated by thermal evaporation of specific source materials’™"’.
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1.2.2 Charge transfer in 2D heterostructures

Figure 1.3 (a) Schematic of charge transfer in type 11 WS2-WSe2 heterostructures after
photo-excitation; (b) Spatially indirect interlayer excitons in WS2-WSe2 heterostructures.
After charge separation, electrons and holes are residing in WSz and WSe: layers
respectively.

In TMDCs heterostructure with staggered type Il band alignment’®®, photo-
excited carriers could undergo efficient charge separation due to the built-in electric field
at the interface. Take a 2D WS2-WSe2 heterostructure as a model system for illustration,
after photo-excitation, electrons transfer from WSe2 to WSz while holes transfer from WS:
to WSe2 as shown in Figure 1.3 (a). Previous studies demonstrated robust ultrafast charge
transfer (< 50 fs) across the interface with arbitrary aligned hetero-bilayer8-*! independent
of stacking orientation. In hetero-bilayers with large momentum mismatch, charge

separation is expected to be accompanied by a significant momentum change. It is still a

puzzle to understand how parallel momentum is conserved during the charge transfer. A
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previous experiment suggests that excess electronic energy allows the sampling of a
broader range of momentum space to overcome the momentum conservation®.

After charge separation, electrons and holes are spatially separated into different
layers and result in the formation of a new bounded interlayer CT states as shown in Figure
1.3 (b). Due to the reduced dielectric screening, the interlayer exciton is tightly bounded
with binding energy on the order of 100 meV®> %2, The existence of interlayer CT exciton
has been confirmed using PL spectroscopy 5 62 73, 93-104

Understanding the interlayer exciton recombination and transport behavior provide
fundamental insights to explore 2D heterostructures for optoelectronics and light
harvesting applications. Time-resolved PL measurements present long-lived nature of
interlayer exciton that is over two orders of magnitude longer than intralayer exciton
lifetime at low temperature® °6-97.101.105 qye to the spatial separation of electrons and holes
in different layers. Previous experimental evidence displays that interlayer excitons in
MoS2-WS: heterostructure decay mostly via non-radiative recombination such as defect-
assisted recombination and exhibits no correlation with interfacial crystallographic
alignment®2, The large discrepancy in interlayer exciton lifetimes indicates that sample
quality is critical to study intrinsic interlayer exciton recombination. Monolayer TMDCs
semiconductors usually have short diffusion length due to fast exciton recombination and
enhanced exciton-impurities and exciton-phonon scattering at the single layer limit0¢-111,
The long-lived interlayer excitons in TMDCs heterostructures help overcome this
limitation and enable long-range interlayer exciton transport®> 101, A recent study by
Unuchek et al demonstrates room temperature electrical control of interlayer exciton

transport in MoSe2-WSe: heterostructure®?. The interlayer exciton diffusion is modulated
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by applying a vertical electric field to create confining and repulsive potentials for the
exciton flux®2. Although interlayer exciton diffusion length is obtained through spatially-
resolved PL imaging in the previous study®?, it is a puzzle on how interlayer exciton motion
evolves with time. Further investigation is necessary to elucidate this question by using

time-resolved imaging technique.

1.2.3 Charge transfer in mixed-dimensional heterostructures

N
(b) g/ O e
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T- -5.4¢eV
/
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()

Figure 1.4 (a) Schematic of 2D WS2-tetracene heterostructures. (b) Band alignment of the
1L-WSo:/tetracene heterostructure.

While the previous topic discusses the photo-physics process in 2D-2D
heterostructures, the concept of van der Waals heterostructures can be extended to integrate
any layered 2D materials with a class of materials with different dimensionality to form
mixed-dimensional heterostructures. An interesting combination is to use TMDCs
semiconductors and molecular semiconductors to build 2D-0D heterostructures®® 112119,
Here, we use WSa-tetrance (Tc) (Figure 1.4 (a)) as a model system to demonstrate charge

transfer across hetero-interface. As shown in Figure 1.4 (b), 1L-WS2 and Tc form a

staggered type 1l band alignment. The conduction band minimum (CBM, —3.4 eV)% of
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the 1L-WS: locates lower than the lowest unoccupied molecular orbital (LUMO, -2.4

eV)!2 of Tc molecules allowing electron transfer from Tc to WSz, whereas the valence

band maximum (VBM, -5.8 eV)'% of WS lies lower than the highest occupied molecular

orbital (HOMO, -5.4 eV)*! of Tc allowing hole transfer from WS to Tc. Although a

previous work presents ultrafast exciton dissociation in MoSz-pentacene heterostructure on
the time scale of 6.7 ps and the charge transfer states live as long as 5.1 ns'?, no direct
experimental evidence of interlayer CT exciton has been provided. In photovoltaic devices
based on 2D heterostructures, electrons and holes of CT excitons need to overcome large
interlayer exciton binding energy to generate free electrons and holes leading to efficient
photocurrent generation®. CT excitons diffusion is proposed to be essential for charge

separation that requires further measurements to resolve this process.



33

CHAPTER 2. OPTICAL MICROSCOPY FOR TWO-
DIMENSIONAL MATERIALS CHARACTERIZATION

This chapter is adapted with permission from Long Yuan, Ting-Fung Chung, Agnieszka Kuc, Yan Wan,
Yang Xu, Yong P. Chen, Thomas Heine, and Libai Huang, Science Advance, 2018, 4, e1700324; Long Yuan
and Libai Huang, Nanoscale, 2015, 7, 7402-7408; Tong Zhu, Long Yuan, Yan Zhao, Yan Wan, Jianguo Mei,
Libai Huang, Science Advance, 2018, 4, eaa03104.

2.1 Ultrafast transient absorption microscopy
2.1.1 Description of ultrafast transient absorption microscopy

Ti:sapphire Laser Beam Splitter OPO
—/_E_ \ Avalanche

photodiode

| {
Filter
EED
Lock-in Condenser
Amplifier

c y
U AOM 40X, N.A. = 0.60
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Figure 2.1 Schematics of TAM setup. OPO: optical parametric oscillator; AOM: acoustic
optical modulator; BBO: beta barium borate.

Figure 2.1 displays a schematic diagram of home-built transient absorption
microscopy (TAM) used in our work. Briefly, a Ti: Sapphire oscillator (Coherent Mira 900)
pumped by a Verdi diode laser (Verdi V18) is used as the light source (output at 790 nm,
80 MHz repetition rate). 70% of the pulse energy is fed into the optical parametric oscillator
(Coherent Mira OPO) to generate probe light between 610 and 640 nm, while the remaining
30% is doubled to 395 nm using a beta barium borate crystal. The pump beam is modulated
at 1 MHz using an acoustic optical modulator (Model R21080-1DM, Gooch&Housego).
An objective with high N.A. is used to focus both pump and probe beams onto the sample,

and the reflection light is then collected by the same objective and detected by an avalanche
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Si photodiode (Hamamatsu). The change in the probe reflection (AR) induced by the pump
is detected by a lock-in amplifier (HF2LI, Zurich Instrument). For transient dynamics scans,
pump beam and probe beam are overlapped spatially and a mechanical translation stage

(Thorlabs, LTS300) is used to delay the probe with respect to the pump.

2.1.2 Transient absorption imaging

Typically, there are two common transient absorption imaging configurations: (1)
morphological imaging; (2) exciton transport imaging. For morphological TAM imaging,
pump beam and probe beam are overlapped spatially and a piezo-electric stage (P-527.3Cl,
Physik Instrumente) is used to scan the sample. For exciton transport imaging, the pump
beam is fixed and a two-dimensional galvo mirror (GVS012, Thorlabs) is used to scan the

probe beam relative to the pump beam in space to obtain the carrier propagation images.

2.1.3 Imaging exciton transport by transient absorption microscopy

To quantify exciton transport, exciton population as a function of space and time is
described by a differential equation that includes both the transport out of the initial volume
and population decay, which is given by,

on(x,y,t)
at

2 2
-D [6 n(x,y,t) n d n(x,y,t)] _ nxyt) 1)

0x2 dy? T
where n(x, y, t) is the exciton population at time t, D is the exciton diffusion constant, and
7 is the exciton lifetime. The initial population n(x, y, 0) follows Gaussian distribution as

created by a Gaussian pump beam at position (x,, y,) and is given by:

_ (x_xo)z _ (y_xo)z (2)

202, 205,

n(x,y,0) = Nexp

Solution to Equation (1) indicates that exciton density at any later delay time (t) is also

Gaussian and is described as:
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_ _ (x—xo)z _ (y—YO)Z
n(x,y,t) = Nexp = 202, ] (3)
The diffusion constant D is then given by:
Tryt O
Dyy) = — 720 4)

The exciton transport length, L, at delay time, t, is related to the variance of the exciton

density profile and the exciton diffusion constant (D),
2 _ 2 2 —
Lx) = 9x)t ~ Tx0 = 2Dxt (5)

2.1.4 Factors that limit the spatial precision of exciton transport imaging

In the TAM imaging of exciton transport, the precision in determining the exciton
propagation distance L is dictated by the smallest measurable change in the population
profiles which is ~100 nm, and not directly by the diffraction limit. The measured carrier
distribution is convoluted with profiles of both pump and probe beam so that the measured

carrier distribution is written as:
Omeasurement)= Oexciton) T Tpump) + Tlorobe) (6)
The diffusion length of exciton propagation is written as:
L* = 0fy — 0y (7)

Since O'(Zpump) and ngrobe) don’t change during pump-probe delay, the diffusion length is

only determined by the change of carrier density profiles.

Here we perform a sensitivity analysis by differentiating equation 7 and obtain the

error of measured diffusion length written as:
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2

O'
AL j ©_(Ac (t)) + 9

oty =) ot "( 0)

From equation (8), we clearly see the error mainly comes from the uncertainty of Gaussian
profiles obtained at different time delays, which is determined by the signal-to-noise of the

TAM system.

2.1.5 Noise analysis

There are two main sources of noise contributing to TAM imaging: laser fluctuation
noise and electronic noise from the detection system (for example, detector and lock-in
amplifier). Noise due to laser intensity fluctuations can be effectively eliminated by using
heterodyne lock-in detection with MHz modulation!?2 where the intensity of the excitation
beam (or additional local oscillator) is modulated by an acoustic-optical modulator.

Subsequently, a lock-in amplifier referenced to this modulation frequency can sensitively

extract the induced signal. The fluctuation of laser intensity (% noise) usually occurs at low

frequency (< 10 kHz). When f is in the MHz range, the laser intensity noise becomes near
the quantum shot noise limit, which is always present because of the Poissonian
distribution of the photon counts at the detector. The pixel dwell time should be
significantly longer than the modulation period to allow for reliable demodulation for each
pixel. Such a modulation scheme has been successfully applied to transient absorption
microscopy to achieve single-molecule sensitivity. In our experiments, we use a

modulation frequency of 1 MHz. The TAM instrumentation described here is capable of
detecting a differential transmission AT/T of 1077, three orders of magnitude higher

sensitivity than conventional TA spectroscopy*?2,
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2.2 Transient absorption spectroscopy

The TA spectrum and dynamics are acquired by a home-built, femtosecond
transient absorption spectroscopy setup as shown in Figure 2.2. The output of a high
repetition rate amplifier (PHAROS Light Conversion Ltd., FWHM = 200 fs, 400 kHz
repetition rate, pulse energy of 100 uJ, 1030 nm fundamentals) is split into two parts. One
part is fed to an optical parametric amplifier (OPA, TOPAS-Twins, Light Conversion Ltd)
to generate a 400 nm pump beam. The white light continuum (450 nm — 850 nm) is obtained
by focusing the remaining part onto a Yttrium Aluminum Garnet (YAG) crystal. An optical
chopper (MC2000B, Thorlabs) is employed to modulate the pump beam with a frequency
of 195 Hz. Both pump and probe beams are focused on the sample and spatially overlapped.
The probe light is then collected by a lens and focused on a CCD spectrometer (Exemplar
LS, B&W Tek). For transient dynamics scans, the probe beam is delayed relative to the

pump beam by a linear stepper motor stage (ILS100PP, Newport).
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Figure 2.2 Schematics of transient absorption spectroscopy setup. OPA: optical
parametric amplifier; YAG: Yttrium aluminum garnet; CCD: charge-coupled device.

2.3 Confocal photoluminescence microscopy

Steady-state photoluminescence (PL) and time-resolved PL measurements are
performed by employing a home-built confocal micro-PL setup (Figure 2.3). A picosecond
pulsed diode laser (PicoQuant, LDH-P-C-450B) with an excitation wavelength of 447 nm
(Full width at half maxima (FWHM) = 50 ps) and a repetition rate of 40 MHz is used to
excite the sample, which is focused by a 100x (NA = 0.95) objective. The beam size in PL
measurements is less than 1 um. The PL emission is collected with the same objective,
dispersed with a monochromator (Andor Technology) and detected by a TE-cooled charge-
coupled device (Andor Technology). To construct a PL image, a two-dimensional galvo
mirror (GVS012, Thorlabs) is used to scan the beam. A single photon avalanche diode
(PicoQuant, PDM series) is used to collect the PL emission signal, the dynamics of PL are

measured using the single photon avalanche diode. The temporal resolution is about 100

ps.
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Figure 2.3 Schematic illustration of home-built confocal PL microscopy. DM: dichroic
mirror; BS: beam splitter; TCSPC: time-correlated single photon counting; CCD: charge-
coupled device.

2.4 Confocal Raman microscopy

Raman spectra are collected using a Renishaw Raman microscope (RM1000)
equipped with an argon-ion laser at 514 nm as an excitation source. The excitation beam
is focused using a 50x (NA = 0.75) objective, and the Raman scattered light is collected

with the same objective. The beam size in Raman measurements is about 1 pm.

2.5 Differential reflection microscopy

Differential reflection spectrum is obtained by using a home-built micro-reflection
setup (Figure 2.4). Briefly, the white light from a stabilized tungsten-halogen light source
(Thorlabs) is focused into a pinhole with 10 um diameter. It is then collimated and focused
on the sample with a 50 x /NA = 0.95 objective. The beam size is about 3 um. The reflected
light is collected with the same objective, dispersed with a monochromator (Andor
Technology) and detected by a TE-cooled charge-coupled device (CCD) (Andor

Technology).
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The differential reflectance is defined as:

(SR (A) — Rsample_Rsubstrate (9)

Rsubstrate

where Rsqmpie 1S the reflectance intensity of sample the with substrate and Ry pserqate 1S the
reflectance intensity of bare substrate. For the ultrathin film on a transparent substrate, the

differential reflection is directly related to the absorption by the following equation® 124;

SR(A) =

—A() (10)

n 1

sub™

where ng,;, is the refractive index of substrate and A(A) is the absorption coefficient.
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Figure 2.4 Schematic illustration of home-built differential reflection microscopy. DM:
dichroic mirror; TCSPC: time-correlated single photon counting; CCD: charge-coupled
device.
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CHAPTER 3. EXCITON DYNAMICS AND ANNIHILATION IN
TWO-DIMENSIONAL SEMICONDUCTORS

This chapter is adapted with permission from Long Yuan and Libai Huang, Nanoscale, 2015, 7, 7402-7408.

3.1 Abstract

In this chapter, we investigate exciton dynamics and many-body exciton
interactions in exfoliated WSz monolayer, bilayer, and trilayer. We choose WSz as a model
system because of the relatively low defect density in WS2 as manifested by the higher
photoluminescence (PL) quantum yield (QY) than other 2D semiconductors (~6% in WSg,
compared to ~0.1% of M0S:z). We measure exciton dynamics in both low and high exciton
density regimes. At low exciton density regime, we discuss how the equilibrium between
the bright and dark exciton populations affects exciton lifetimes. At high exciton density
regime, we demonstrate that exciton-exciton annihilation in the monolayer is significantly
enhanced compared with those in the bilayer and trilayer because of enhanced many-body

interactions and different annihilation mechanisms for direct and indirect excitons.

3.2 Background
3.2.1 Exciton in two-dimensional transition metal dichalcogenides

Recently, semiconducting atomically thin layers of transition metal
dichalcogenides (TMDs) such as MoS2, MoSe2, WS, and WSe2 have attracted much
research interest due to their unique electronic structures and optical properties.? 1> These
properties led to potential applications in optoelectronics and electronics'® %, including
field-effect transistors?® 30 126128 = atomically thin photovoltaic devices®*% 12 and

ultrasensitive photodetectors.? 1%
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One of the unique properties of these atomically-thin 2D semiconductors is indirect
to direct bandgap transition and the extraordinarily large exciton binding energy at the
monolayer limit.”® The atomically-thin nature of the monolayer also leads to a strong
enhancement of the Coulomb interaction between the electron and the hole. Recent
theoretical calculations and experimental measurements showed that the exciton binding
energy is around a few hundreds of meV for the TMD monolayers which is an order of
magnitude larger than other previously investigated 2D excitonic structures, such as
quantum wells. 4% 45 49 131133 Aq 3 result, excitons dominate the optical and electrical
properties of these materials.

Exciton fine structure in monolayers of TMDCs results from strong spin-orbit
coupling, broken inversion symmetry, and quantum confinement effects. As the number of
layers reduces to Valance band edge splits into two spin-polarized bands at inequivalent
valleys (K/K" in the Brillouin zone due to strong spin-orbit coupling effect'**, which has
an energy difference of a few hundred meV.3% 131135137 gpin-orbit coupling also leads to a
splitting in the conduction band, albeit much smaller, from several meV to tens of meV,

leading to close-lying spin-allowed bright and spin-forbidden dark exciton levels.38-143

3.2.2 Bright and dark exciton dynamics

Exciton dynamics in monolayers TMDCs have been extensively studied!#+1°2,
however, the interpretation of these measurements varies with exciton lifetime ranging
from a few picoseconds to nanoseconds.*® Dark and bright exciton states are expected to
play a key role in the dynamics of the 2D excitons!4% 153 however, how such exciton fine
structure affects dynamics is not fully addressed in current literature. Because the dark

states could lie either above or below the bright states depending on the materials!3® %3,
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the lack the understanding the dark states are likely one of the reasons for the wide-spread
of exciton lifetimes measured. For instance, time-resolved PL spectroscopy and TA
spectroscopy, the two most widely used tools to study exciton dynamics, are sensitive to
different exciton populations. Both experimental and theoretical efforts to address the
dynamics of dark and bright excitons will be necessary for realizing electronic and

optoelectronic applications of TMDCs.

3.2.3 Many-body exciton interaction

Due to the reduced dimensionality in the two-dimensional electronic system, many-
body interaction is greatly enhanced compared with the bulk phase. Upon the generation
of a high density of electrons and holes, many-body scattering processes such as Auger
recombination and exciton-exciton annihilation play an important role in nonradiative
relaxation. Exciton-exciton annihilation and Auger recombination have been intensively
investigated in quantum dots'® 1% carbon nanotubes!®®*>’, and semiconductor
nanowires. %816 While recent studies on MoSz, MoSez, and WSe2 monolayers have shown
the existence of exciton-exciton annihilation at high excitation density, how quantum
confinement of 2D excitons impacts the many-body exciton interaction is still elusive.%
145, 161-165

In this chapter, we investigate exciton dynamics and many-body exciton
interactions in monolayered, bilayered, and trilayered exfoliated WS2. We choose WS:2 as
a model system because of the relatively low defect density as manifested by the higher
photoluminescence (PL) quantum yield (QY) than other 2D semiconductors (~6% in WSz,
compared to ~0.1% of MoSz). We discuss the intrinsic and extrinsic factors that control

exciton dynamics in 2D TMDC:s. First, we present how the equilibrium between the bright
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and dark exciton populations affects exciton lifetimes. Second, we address how the
environmental factors, such as defects and charged impurities, impact the dynamics of the
excitons. Finally, we examine the exciton-exciton annihilation process at high exciton
density regime that plays an important role in determining the non-radiative recombination

rate in the high exciton density regime.

3.3 Experiential methods
3.3.1 Preparation of WSz monolayers and few-layer samples

We use a standard micromechanical cleavage method (commonly referred as
“scotch-tape technique”) to exfoliate WS2 monolayer and few-layer samples from bulk
WS: crystals (2D semiconductors) onto Si wafer with 90 nm oxide thickness (Graphene
Supermarket). The number of layers of WS; flakes is identified by optical contrast and

further confirmed by Raman and steady-state PL spectroscopy.'?

3.3.2 Determination of quantum yield of WSz monolayers and few-layers

We measured the QY of WSz monolayer, bilayer, and trilayer following the method
referring in a previous study.” We used a calibrated reference consisting of a thin film of
rhodamine-6G dye molecules. The films were prepared by spin coating a glass substrate
with a concentrated methanol solution of rhodamine-6G. We firstly calibrated the absolute
QY of our reference film using the methanol solution of rhodamine-6G, which has a

quantum yield of 100%. With this reference, we then determined the QY of WS: flakes.

3.3.3 Determination of exciton density

In our PL experiments, excitons in WS are generated by the absorption of the pump

laser. The peak fluence of pump pulse (Pr) could be calculated as:



45

P == (1)
where P is the pump pulse energy, A is the pump excitation effective area. Since pump
pulse is a Gaussian beam. To calculate the exciton density injected by the pump pluse, we
assume that every absorbed pump photon could create one exciton. Then, the injected

exciton density could be obtained as:

(ZPf

N = @)

hv

where a and hv are the absorption coefficient and photon energy of the puthe mp pulse.

3.4 Results and discussion

3.4.1 Optical characterization of WS, with different thickness
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Figure 3.1 (a) Optical image of WSz monolayer, bilayer, and trilayer flakes on Si wafer
with 90 nm oxide thickness; (b) Raman spectra of WSz monolayer, bilayer, and trilayer
flakes. The scale bar represents 5 pm. The dashed lines mark the position of the Ezlg and

A, 4 positions for the monolayer.



46

We first identified the number of layers in exfoliated WS2 samples by optical
contrast and then confirmed by Raman and PL microscopy.'?® Figure 3.1 (a) displays
optical images of WS monolayer, bilayer, and trilayer samples. There are two
characteristic Raman modes corresponding to the Ezlg (in-plane vibration) and A, ; (out-of-
plane vibration) in WSz as shown in Figure 3.1 (b). The frequency of these two modes is
around 352 cm™ and 418 cm™*, respectively. The frequency difference between E;, and
A, 4 is dependent on the thickness and is used to identify the number of layers. Here, we
obtain the frequency difference between Ezlg and A;, modes of 65.8 cm?,67.1cm™, and
68.1 cm* which are corresponding to the monolayer, bilayer, and trilayer, respectively.?

Figure 3.2 (a) displays the reflective spectrum of 1L-WS2 which clearly shows three
excitonic transitions labeled as A, B, and C.1° A and B excitons are located around 615 nm
and 515 nm that are originated from direct band transitions at the K-point as shown in
Figure 3.2 (b). The energy difference (0.38 eV) between A and B excitonic transitions is
originated from the large spin-orbit coupling in the valence band.!® C exciton emission is
located around 437 nm that is attributed to the optical transitions between the density of

states peaks in the valence and conduction bands also referred as band nesting effect.4°
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Figure 3.2 (a) Differential reflectance spectrum of 1L-WSo2. (b) Schematic drawing of the
band structure of 1L-WS2 and multilayer WSz, with arrows indicating A, B, C, and |
excitons.

The PL spectra of WSz monolayer, bilayer, and trilayer are shown in Fig. 3.3(a). In
the WS2 monolayer, we observed a single sharp peak locating around 615 nm which is
attributed to direct band transition between conduction band minimum (CBM) and valence
band maximum (VBM) at the K-point. We also performed PL measurements on different
WS2 monolayer flakes and didn’t observe significant peak energy difference as shown in
Figure 3.3 (b). In contrast, PL emission from WS bilayer and trilayer display an additional
broad with lower emission energies that are corresponding to the indirect exciton
recombination where VBM remains at the K-point but the CBM is between the K-and 7-
points as shown in Figure 3.2 (b). The QY of WSz monolayer, bilayer, and trilayer are
determined to be ~6 x 1072, 1 x 1073, and 4 x 10°%, respectively. The quantum yield of WS
bilayer and trilayer is over two orders of magnitude lower than the WSz monolayer which

is consistent with the indirect to direct exciton transition at the monolayer limit.”8 10166
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Figure 3.3 (a) PL spectra of WSz monolayer, bilayer, and trilayer. (b) PL spectrum at
different locations for monolayer WSa.

In WS2 monolayer, due to the strong Coulomb interaction, neutral exciton could
bound with excess electrons or holes to form a trion with binding energy around 20 meV.*
167-188 The trion binding energy is comparable with k, T at room temperature which implies
that trions can be dissociated by thermal energy. From the emission spectrum of WS:
monolayer as shown in Figure 3.3 (a), we didn’t observe a significant trion contribution

indicating PL emission is dominated by the neutral exciton recombination.
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3.4.2 Exciton dynamics of WSz without the effect of exciton-exciton annihilation
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Figure 3.4 PL decay without exciton-exciton annihilation for WSz monolayer, bilayer,
and trilayer at a pump intensity of 5nJ cm2, 0.1 uJ cm 2, and 0.4 uJ cm 2, respectively.
The photoluminescence lifetime measurements integrate the entire PL spectra from 500

nm to 850 nm. The black line is the instrument response function (IRF). The red lines are
the fitting curves using a single exponential decay convoluted with a Gaussian response
function.

To obtain the exciton dynamics without the effect of exciton-exciton annihilation,
we first measured the PL dynamics at low exciton density by using a home-built confocal
PL microscope with a time-resolved single-photon counting photodiode. The PL decay of
monolayer, bilayer, and trilayer are shown in Figure 3.4. We employ a single exponential

decay convoluted with a Gaussian instrument response function (IRF) to fit the PL

dynamics. The equation is described as:

t—t'

I(t) = [*_IRF(te = dt 3)
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We obtained PL lifetimes of 856 + 3 ps, 435 + 1 ps, and 305 + 2 ps for WSz monolayer,
bilayer, and trilayer respectively. We also measured PL dynamics at different locations as
shown in Figure 3.5. It displays a minor difference from position to position due to the
variance in the local environments. The average PL lifetimes for monolayer, bilayer, and

trilayer are measured to be 806 +37 ps, 401 £ 25 ps, and 332 = 19 ps.
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o
n
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Figure 3.5 PL dynamics for WSz monolayer at different locations at the pump intensity of
5 nd/cm?.

The single exponential of hundreds of ps PL decay is in direct contrast with the
complex multi-exponential decay observed for MoSz.144 163 189 Single exponential decay
behavior implies that PL originates from a single state, indicative that other energy levels

such as trap states induced by defects are not as significant in WSz in comparison with
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MoS2. Lower defect density is consistent with much higher PL quantum yield (~6%) of

monolayered WSz than that of monolayered MoSz (~10-3).

We could relate the observed PL lifetime, t,, to the radiative and non-radiative

lifetimes, t,- and t,,,., respectively, by the follow equation:
e (4)

7, is related to t,;, by the quantum yield (¢p;):

bpL = Zob (5)

Tr
For WSz monolayer, using the QY of ~6 x 1072 and a t,,, of ~806 ps, we could determine
the radiative and non-radiative lifetimes to be ~13 ns and ~900 ps respectively. For WS:
bilayer, the radiative and non-radiative lifetimes are determined to be ~400 ns and ~400
ps using the QY of ~6 x 102 and a t,,;, of ~401 ps. For WS trilayer, the radiative and non-
radiative lifetimes are determined to be ~830 ns and ~300 ps using the QY of ~4 x 10~
and a t,,;, of ~332 ps. We observe much longer radiative lifetimes in bilayer and trilayer
than monolayer due to the nature of indirect band transition. The low quantum yield of
bilayer and trilayer indicates that non-radiative recombination dominates the exciton
relaxation pathway. Interestingly, although the non-radiative lifetimes for both bilayer and
trilayer are the same order as the monolayer, it decreases with the number of layers. One
possible explanation is that nonradiative pathways are similar in nature for the monolayer,
bilayer and trilayer related to electron—phonon scattering. The thickness dependence of the

nonradiative lifetime is likely to be related to changes in dielectric environments.
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3.4.3 Bright and dark exciton fine structure and dynamics

Recent evidences for the existence of the spin-forbidden dark excitons*°14° suggest
that they will be critical in understanding exciton dynamics. For instance, the relaxation to
the dark exciton levels has found to be important for systems such as single-walled carbon
nanotubes.t’%1"2 In the following, we summarize current literatures on bright and dark
exciton dynamics and discuss how the population equilibrium between the bright and dark

states could affect exciton lifetime.
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Figure 3.6 (a) Summary of literature reported bright-dark exciton energy splitting for
TMDC monolayers, including both experimental and theoretical values. (b) Schematic
illustration of the spin allowed bright exciton (As) and spin forbidden dark exciton (Ap)
in W-based TMDC:s at the Kand K’ valley. Ac is the bright-dark exciton energy splitting.
(b) A kinetic model for the dynamics of the bright and dark excitons. (c) Comparison of
the temperature dependence of the time-integrated PL intensity of WSe2 and MoS:. (e)

Temperature-dependent PL lifetime from a suspended monolayer of WSez.

The conduction bands near the K and K’ points are mainly from the d,2 orbitals of

metal atoms and no splitting is expected when considering only the d,- orbitals.*
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However, the chalcogen orbitals and higher order couplings to other orbitals of metal atoms
also play a role, leading to a spin splitting of 10s meV in the conduction bands. Because
the competition between these two effects, the sign of this conduction band splitting differs
among the different TMDCs.3%140 For WXz (X = S, Se, Te), the lowest energy exciton is
a dark state. For MoSez and MoTez, on the other hand, electrons in the conduction band
minimum (CBM) are expected to have the same sign polarization with holes in the valence
band maximum (VBM), leading to a bright state as the lowest exciton energy level 142 173
The case for MoS: is currently under debate: some concluded the bright exciton being the
lowest level with a small splitting of a few meV,**° while other inferred a dark exciton with
energy as much as ~ 100 meV below the bright exciton.** The conduction band splitting
Ac for different TMDC materials is summarized in Figure 3.6 (a).13¢ 138140141 Because of
the splitting in the conduction band, there are two intravalley bright (singlet-like) excitons
(Ap) and two intravalley spin-forbidden (triplet-like) “dark™ excitons (4,) as schematically
depicted in Figure 3.6 (b), one of each at the K and K’ valleys. There are also additional 4
intervalley dark excitons.'4

Zhang et al. first verified experimentally the existence of the dark exciton states in
WSe> using temperature-dependent steady-state and time-resolved PL measurements.4°

The population of Az and A (Ny,and Ny ,) obey the Boltzmann distribution as given by

N ~Le . . e
Nﬂ = e *T. PL intensity for WSe2 decreases as temperature decreases, indicative of the
4Ap

lowest exciton level being a dark state (Figure 3.6 (c)). On the contrary, PL intensity for
MoS: increases as temperature decreases, implying the lowest exciton level being a bright
state. The splitting in the conduction band Ac is ~ 30 meV for 1L-WSe: determined

experimentally by Zhang et al.}*° More recently, Molas et al. demonstrated that the dark
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excitons indeed could be brightened by an in-plane magnetic field, futher validating the
existence of spin-forbidden dark excitons.!4

Bright excitons can relax to the dark state either by spin-conserving intervalley
electron scattering between the K and K’ valleys or by the spin-flip of the electron within
the same valley.** Intervalley scattering on time scale of ps has been indicated by time-
resolved spectroscopy measurements, suggesting the relaxation to the dark state via this
pathway could be very rapid.t”* While spin-flip should be slow in a perfect monolayer,
literature on carbon nanotube suggested that coupling to the environment, structural
distortions, and defects could enhance this process.'”

Taking into account the scattering of populations between the two states
(schematically shown in Figure 3.6 (d)), the dynamics of the bright and dark exciton states

can be described by the following two coupled rate equations:

dn

dI:B = _kBNAB - klNAB + k—lNAD (6)
Y

=L = —kpNa, = k_1Naj, + ki N, ©)

where kp (py is the relaxation rate of the bright (dark) state to the ground state, and k; _)

is the rate for converting from the bright (dark) to the dark (bright) state. k; and k_,are

_Abc
related by population equilibrium as given by% = xﬂ =e T, Whenky, k_; >> kg >>
1 AD

kp, the solution can be simplified to:

1

NAD ~ — e_(k1+k—1)t + e_(kD+ kq (9)
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Therefore, the population dynamics of the bright state should consist of two exponential
decays, while there are an exponential rise and an exponential decay for the dynamics of
the dark state. Recently, a similar rate equation model has been applied to explain the
variation in the observed degree of circular polarization of the PL emission in different
TMDCs monolayers, suggesting sub-picosecond relaxation from the bright to the dark
state.}#?

The fast relaxation from the bright to the dark exciton level in WSe2 can also be
inferred by the temperature-dependent PL lifetime measurements by Zhang et al., which
showed the fast decay component (< 10 ps) increased as temperature decreased (Figure 3.6
(e)) while the slow decay component (60 ps — 1 ns) decreased.'*® They attributed the fast

decay to hot PL emission from the bight A excitons.**® This observation is consistent with

equation (8) because kk—‘ll approaches 0 at very low temperature (e.g. kk—‘ll ~ 107 atT=
10 K) and the bright exciton dynamics can be approximated by e~*:t  suggesting
picosecond relaxation to the dark state.

These recent measurements suggest that the relaxation of the bright excitons to the
dark state could be very rapid, probably on the picosecond or faster time scale.!4 142
Because of the much longer lifetime, the dark exciton level could serve as a reservoir for
exciton population for W-based TMDCs at room temperature.**? The population dynamics
between the bright and dark states should be taken into account to correctly evaluate

exciton radiative and non-radiative rates, similar to what has been done for single-walled

carbon nanotubes.
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3.4.4 Defect-assisted recombination in exciton dynamics

Besides the intrinsic relaxation to the dark exciton state discussed in the last section,
extrinsic environmental factors such as defects also contribute significantly to the
nonradiative pathways.'”® As indicated by the relatively low QY in monolayer TMDCs,
nonradiative rather than radiative relaxation pathways dominate the dynamics. There are
recent successes in improving the PL quantum vyields by various surface passivation

techniques!’®1’® however, the detailed mechanisms are still under debate, further pointing

to the importance of the role of defects in exciton dynamics.
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Figure 3.7 (a) TA dynamics of a suspended exfoliated 1L-MoS: flake. Redline is a fit
using a triexponential function convoluted with an experimental response function. Pump
fluence is 0.6 pJem2. (b) TA dynamics of exfoliated 1L-WS2 on SiO2 substrate and
CVD 1L-WS: on sapphire. Red lines are fits using a biexponential function convoluted
with an experimental response function. Pump fluence is 1 pJem2.

We have measured the transient absorption decay of A exciton in a suspended MoS:
monolayer'®, which displays multi-exponential behavior implying more than one
relaxation process is involved (Figure 3.7 (a)). Since the initial fast decay (2 — 4 ps) do not

exhibit strong power dependence under pump fluences <1.3 pJem2 (pump wavelength =

400 nm) it is reasonable to rule out the effect of exciton-exciton annihilation in the results
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presented here.%® We attribute the fast ps decay to defect-assisted recombination.®® For
monolayer TMDCs, essentially all atoms are on the surface or at the interfaces, hence the
number of surfaces and interfacial defects per atom is greatly enhanced compared to the
thick crystal, thus increasing the probability of the defect scattering processes. More
recently, the role of defect-assisted non-radiative recombination in MoS: is further
investigated by Wang et al.**’ They have concluded that there are two stages of defect-
assisted recombination; a fast pathway within 1-2 ps and slow recombination on a 60—70
ps time scale. 14’

Defect-related relaxation pathways also lead to variations of exciton dynamics for
samples fabricated by different methods. Figure 3.7 (b) shows the TA dynamics measured
in a mechanical exfoliated and chemical vapor deposition (CVD) grown 1L-WS: flakes.
Initial exciton decay (< 5 ps) is similar for the exfoliated and the CVD grown 1L-WS,
indicating relaxation to the dark exciton level might dominate at this timescale. At
timescale > 5 ps, faster exciton decay for the CVD grown is observed with an additional
decay constant of ~ 10 ps, indicating that defect-related recombination pathways are more
prevalent for the CVD grown samples. This is consistent with that defect density in CVD
WS: (=3 x 10 cm2)1 is four orders of magnitude higher than exfoliated WSz (~2 x 10°

Cm_2)181.
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3.4.5 Exciton dynamics of WSz with the effect of exciton-exciton annihilation
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Figure 3.8 Integrated PL intensity for WSz monolayer as a function of pump intensity.
The red line is a guide.

We first look at the PL emission intensity of 1L-WS; at high excitation density. It
is obvious to see that the integrated PL intensity of 1L-WS: deviates from linear behavior
at high pump intensities, as shown in Figure 3.8. We also study the exciton dynamics in
the non-linear regime with high exciton density. As shown in Figure 3.9, in WS2 monolayer,
the PL dynamics is strongly dependent on exciton density. As the pump intensity increases,
a faster decay component appears. In contrast, for WSz bilayer and trilayer, such an
excitation density dependence is observed but not as significant as the monolayer. The fast
dynamics along with the saturation of PL intensity at high exciton densities can be
explained by Auger recombination or exciton-exciton annihilation. Typically, exciton-
exciton annihilation is a scattering mechanism in which two excitons interact with each

other, with one of them undergoing nonradiative recombination and transferring its energy
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to another exciton that is then excited to a high-energy continuum state. Subsequently, the
excited exciton undergoes thermal relaxation without emitting light. Another possible
mechanism is the formation of biexciton that could occur could occur at high exciton
density and lead to fast dynamics. However, biexciton emission energy is typically lower
than the exciton emission. As shown in Figure 3.10 (a), for the range of exciton density we
used in the experiments, the spectral shape did not change as a function of exciton density.
We only observed an obvious biexciton emission peak (~650 nm) at about 10 times higher
intensity than the highest pump intensity used in the dynamics measurements shown in

Figure 3.10 (b).
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Figure 3.9 PL decay at different excitation densities for (a) monolayer, (c) bilayer, and
(e) trilayer; linearized data using Equation (5) for the PL decay of (b) monolayer, (d)
bilayer, and (f) trilayer. The red lines are linear fits to the data. n(0) is the initial exciton
density as described in the text.
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Figure 3.10 (a) Evolution of PL spectra in WSz monolayer with the pumping intensity.
(b) PL spectrum of WSz monolayer at pump intensity great than 8.0*10%* cm™. The black
dot is experimental data. The red solid line is a fit using a sum of two Lorentz functions
as shown in blue and green solid lines.

Due to the strongly enhanced Coulomb interaction in single layer WSz with a large
exciton binding energy of ~0.4 eV > kgT at room temperature, exciton—exciton
annihilation is bimolecular process involves two excitons.!®® %8 Note that biexciton
formation could also lead to bi-molecular dynamics; however, as discussed above,
biexciton formation is negligible for the exciton density used here. The rate equation of PL

decay could be described by including both exciton—exciton annihilation term and exciton

decay term?82;

&M T yn? (10)

dt T
where n is the exciton population, t is the exciton lifetime without annihilation, and y is
the annihilation rate constant. Assuming that the y is time-independent, the solution to the

above equation is:

n(0) exp(—%)
1+yrn(0)[1—exp(—%)]

n(t) = (11)

where n(0) is the initial exciton density. The above equation can be rewritten as a

linearized form:
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% = (ﬁ + yr) exp (E) -yt (12)

The initial exciton density n(0) is estimated using an absorption cross-section of 5
x 10° cm™* per layer of WS2'% and assuming that every pump photon absorbed creates one
exciton.

For the WSz monolayer, bilayer, and trilayer, exciton density-dependent PL
dynamics are shown in Figure 3.9 (a), (c), and (e) which are replotted in the linear form as
shown in 3.9 (b), (d), and (f), respectively. t is given by the PL lifetime when free of
exciton—exciton annihilation. We applied a global fit to the whole data set to equation (11)
to determine the exciton—exciton annihilation rate y. We obtain an exciton—exciton

annihilation rate y of 0.41 + 0.02, (6.0 + 1.1) x 1073, and (1.88 + 0.47) x 1073 cm?’s"

for the monolayer, bilayer, and trilayer, respectively.

3.4.6 Origin of thickness-dependent exciton-exciton annihilation

Surprisingly, the exciton-exciton annihilation rate is more than two orders
magnitude larger in the monolayer than in the bilayer and trilayer. For the monolayer,
exciton-exciton annihilation occurs at an exciton density as low as 10° excitons cm™ or 1
exciton per 10° nm?, corresponding to an average inter-exciton distance of > 600 nm. The
spatial extent of excitons for the monolayer has been estimated to be ~3 nm.*? This large
inter-exciton distance implies that exciton diffusion must precede exciton-exciton
annihilation.'® We could describe the Kinetic process of exciton-exciton annihilation using
two rate-determining steps as shown in Figure 3.11: (1) the diffusion of two excitons
toward each other; (2) the annihilation of the two excitons when they are sufficiently close

to each other.
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Exciton Diffusion

Exciton-Exciton Annihilation

Figure 3.11 Schematic summary of the kinetic process of exciton-exciton annihilation.

k kq
E+E k<__1’ (EE) = EE (higher energy) (13)
2
where E is an isolated exciton, (EE) denotes an exciton pair sufficiently close that
annihilation can take place, and ka is the annihilation rate proceeding from (EE). k; is

defined as the rate of change of the number of close pairs per unit area and k, is the rate

for the reverse process. The overall exciton-exciton annihilation rate becomes
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_ kikg
T ky+kg

(14)
The exciton diffusion rate is much higher in the bulk than the monolayer as demonstrated
by recent transient absorption microscopy measurements of WSz monolayer and bulk with
a diffusion constant D measured to be around 2.0 and 10.4 cm?s for the monolayer and
bulk, respectively.’® So, exciton diffusion is much faster than the exciton—exciton
annihilation rate, which implies that k,, k, > k,, and the annihilation rate k,, is the rate-
limited step. For the bilayer and trilayer, as the thickness increases, exciton binding energy
decreases, which also results in more delocalized excitons. The more delocalized nature of
the indirect exciton could lead to even faster exciton diffusion. Therefore, much reduced

exciton—exciton annihilation rate constants measured in the bilayer and trilayer are most

likely due to smaller values k, rather than k,; and k.
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Figure 3.12 Schematic summary of relaxation pathways for WSz monolayer and few-
layer. (1) Direct exciton recombination; (2) direct exciton-exciton annihilation; (3)
indirect exciton recombination; and (4) indirect exciton-exciton annihilation; (5) other
nonradiative pathways.
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We explain the thickness dependence of k, as follows. First, at the monolayer limit,
stronger Coulomb interactions between the electrons and holes lead to stronger many-body
interactions. Secondly, exciton—exciton annihilation requires conservation of both energy
and momentum.!8* For WS bilayer and trilayer, which are indirect semiconductors,
momentum conservation requires assistance from phonons.®*& In contrast, for the direct
bandgap monolayer, the involvement of phonons is not necessary. This is schematically
illustrated in Figure 3.12.

The additional requirement for phonon assistance makes exciton-exciton
annihilation a much less probable event leading to y at least two orders of magnitude
smaller in the bilayer and trilayer than in the monolayer which indicates that only a fraction
of exciton encounters results in annihilation in WS2 bilayer and trilayer. The exciton—
exciton annihilation is further reduced in the trilayer compared with the bilayer. Assuming
that the PL in the bilayer and trilayer involves similar phonon-assisted processes as shown
in Figure 3.10, the relative rate of k, should be similar to that of the radiative rate. The
radiative lifetimes for the bilayer and trilayer are ~400 ns and ~830 ns, respectively. The
relative radiative rate of bilayer and trilayer is ~2: 1. The annihilation rates of bilayer and
trilayer are (6.0 + 1.1) x 103 and (1.88 + 0.47) x 1073, leading to a ratio of exciton—exciton
annihilation of ~3: 1, which is similar to that of radiative rate.

The efficient exciton-exciton annihilation in WSz monolayer implies that the
inverse process, impact ionization (multiple exciton generation)!®, could also be efficient.
We could follow the method previously reported to obtain the Auger recombination time
in quantum dots.*>* Briefly, we first normalize the decay curves at the low exciton density

without annihilation) an 19 exciton enS|ty eg., 1.oX cm™) at a fixe elay time
(with ihilation) and high exciton density (e.g., 1.6 x 10°cm?) at a fixed delay ti
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(e.g., 2 ns) as shown in Figure 3.13(a). Then, we subtract the decay curve at the low exciton
density from the high exciton density. Finally, we fit the subtracted curve with a single
exponential decay and extract the exciton-exciton annihilation time to be ~400 ps in the
monolayer at an initial exciton density of 1.6 x 10° excitons cm as shown in Figure 3.13
(b). Such a slow exciton-exciton annihilation on the hundreds of ps time scale makes it
quite possible to extract the additional exciton generated.

For monolayered WSz, the extraordinarily large exciton binding energy and
significant correlation between electrons and holes compared to bulk semiconductors can
explain the enhanced many-body interaction. Here, we measured the exciton-exciton
annihilation rate of 0.41 + 0.02 cm? s™* for the monolayer, comparable to that of 0.33 +
0.06 cm? st measured for monolayered MoSe2'®" and that of and that of ~0.35 cm? s for
monolayered WSe2'%4. These values are about two orders of magnitude larger than that in
2D semiconducting quantum wells (102 cm? s71)! consistent with the increased
correlation between electrons and holes in 2D TMDs. Previous theoretical calculations
predicted that the Auger recombination rate could be enhanced by a factor of 50 for 2D

systems when compared with the bulk.8
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Figure 3.13 (a) Normalize the decay curves at the low pump intensity (without
annihilation) and high exciton density (1.6 x 10° cm™) at the long delay time of 2 ns. (b)
The subtracted decay curve (green) at the low pump intensity from the high pump
intensity which is fitted with a single exponential decay (red).

3.5 Conclusion

We have investigated exciton dynamics in WSz monolayer, bilayer, and trilayer
using time-resolved PL under conditions with and without exciton-exciton annihilation.
Exciton decays of the monolayer, bilayer, and trilayer all exhibit mono-exponential decay
behavior. The PL lifetime is measured to be 806 + 37 ps, 401 + 25 ps, and 332 + 19 ps for
WSz monolayer, bilayer, and trilayer, respectively, when free of exciton annihilation. The
radiative lifetime of excitons was determined to be ~13 ns, ~400 ns, and ~830 ns for the
monolayer, bilayer, and trilayer, respectively. Furthermore, two orders of magnitude
enhancement of the exciton-exciton annihilation rate have been observed in the monolayer
compared to the bilayer and trilayer. We attribute the strongly enhanced annihilation in
monolayered WS to enhanced electron-hole interactions and to the transition to the direct
semiconductor, which eliminates the need for phonon assistance in exciton-exciton

annihilation.
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CHAPTER 4. EXCITON TRANSPORT IN TWO-DIMENSIONAL
SEMICONDUCTORS

This chapter is adapted with permission from Long Yuan, Ti Wang, Tong Zhu, Mingwei Zhou, and Libai
Huang, Journal of Physical Chemistry Letters, 2017, 8, 3371-3379.

4.1 Abstract

In this chapter, we present a systematic study of 2D exciton transport in WSz from the
single layer to the bulk limit, employing spatially and temporally resolved transient
absorption microscopy. Exciton diffusion is imaged directly in space and time with ~ 200
fs temporal resolution and ~ 50 nm spatial resolution. Our results demonstrate that the
exciton diffusion coefficient of exfoliated single layer WS: is 2.8 +0.2 cm?s™®. Exciton
mobility for CVD grown single layer is more than an order of magnitude lower than the
exfoliated sample, demonstrating that exciton diffusion at the single layer can be greatly
influenced by extrinsic factors, such as impurities and surface optical phonon of the
substrate. However, intrinsic phonon-limited exciton transport can be achieved in WS>
layers thicker than 20 layers. Exciton diffusion coefficient as high as 10.4 +0.4 cm?s? is

measured for 100-layer thick WSz, which agrees well with theoretical prediction.

4.2 Background
4.2.1 Strong Coulomb interaction in 2D TMDCs

Transition metal dichalcogenides (TMDCs), such as MoSz, MoSe2, WSz, and WSez,
are layered structures where adjacent layers are held by van der Waals force. Because the
interlayer coupling is relatively week, the electrons and holes are confined in the layer
plane in TMDCs. One consequence of the Coulomb interaction between electrons and

holes in TMDCs is the formation of 2D excitons with hydrogen-like bound states.*? 48
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Exciton binding energy is substantial in the bulk TMCDs, ~ 60 meV for WS2.1% As
thickness decreases, exciton binding energy increases further due to the reduced dielectric
screening of the Coulomb interactions. For instance, exciton binding energy increases to
~ 400 meV in single layer WSz, more than an order of magnitude larger than other
previously investigated 2D excitonic structures such as semiconducting quantum wells.**
45,19 In addition to extraordinary large exciton binding energy, some TMDCs, such as
MoS2 and WSa, undergo an indirect- to direct-gap transition at the single layer limit.” 10
The strongly bound excitons at room temperature as well as unique excitonic properties

make the TMDCs an ideal platform to study exciton behaviors in 2D systems.

4.2.2 2D exciton transport

Long-range transport of the direct and indirect 2D excitons is desirable for electronic
and optoelectronic applications of TMDCs such as atomically thin photovoltaics.3? €0 63
125 Macroscopic motion of 2D excitons have been previously imaged in semiconducting
guantum wells by photoluminescence (PL) microscopy, for instance in GaAs/AlGaAs
coupled quantum wells.?%-1%3 However, the electron-hole interaction is rather weak in these
quantum wells, with exciton binding energy only on the order of a few meV leading to very
delocalized excitons and long-range transport on the order of 100s of um. Much larger
binding energy in TMDCs leads to more localized excitons with the size of <2 nm and the
range of exciton motion is expected to be shorter than previously investigated quantum
wells.

There still currently lacks a comprehensive understanding of the intrinsic limit for
exciton transport in the TMDCs materials. To address this challenge, quantitative

information on exciton transport length scale length and dynamics are highly desirable.
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Recently, temperature-dependent neutral exciton and trion diffusion in WSz on the pum
range have been imaged by PL microscopy®®; however, no dynamics information was
provided directly. Transient absorption imaging techniques have been applied to image
exciton transport dynamics in WSe2 and MoSe2 for both single layers and bulk®” 10,
however, these previous reports showed somewhat inconsistent results: exciton diffusion
coefficient is higher for single layer than for bulk WSe: but the opposite for MoSez.

In this chapter, we present a study of transport of spin-allowed bright and spin-
forbidden dark A excitons in WSz employing spatially and temporally resolved transient
absorption microscopy. The long-lived dark exciton is also quite mobile, with an exciton
diffusion constant of 2.8 +0.2 cm?s’*for the exfoliated single layer. Exciton mobility for
CVD grown single layer is more than an order of magnitude lower than the exfoliated
sample, demonstrating that exciton diffusion at the single layer can be greatly influenced
by extrinsic factors, such as impurities and surface optical phonon of the substrate. We
evaluate intrinsic phonon-limited exciton transport in WSz layers thicker than 20 layers
with exciton diffusion constant as high as 10.4 +0.4 cm?s™! is measured for 100 layers thick

WS,

4.3 Experiential Methods
4.3.1 Preparation of WSz with different thickness

Single layer and multi-layers WSz with different thickness were mechanically exfoliated
from commercial bulk WS crystals (2D Semiconductor) onto fused silica substrate using
a standard micromechanical cleavage method. We combined PL spectroscopy and atomic

force microscopy (AFM) to identify the thickness of WS: layers.!%
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4.3.2 Determination of pump fluence and exciton density

In our TAM experiments, excitons in WSz are generated by the absorption of the pump

laser. The peak fluence of pump pulse (Pr) could be calculated as:

=2 (1)
where P is the pump pulse energy, A is the pump excitation effective area. Since pump
pulse is a Gaussian beam. To calculate the exciton density injected by the pump pluse, we
assume that every absorbed pump photon could create one exciton. This assumption is
widely used in previous optical measurements and gives reasonable explanations to
experimental results. Then, the injected exciton density could be obtained as:

abys

N = hv (2)

where a and hv are the absorption coefficient and photon energy of the pump pulse.
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4.4 Results and discussion

4.4.1 Optical Characterization of WS2 with different thickness on a quartz substrate

PL Intensity (Norm)

\

0 . / N )

400 500 600 700 800
Wavelength (nm)

Figure 4.1 Experimental design and optical characterizations. (a) optical image of an
exfoliated 1L-WS: on a fused silica substrate (scale bar represents 5 um). (b) Differential
reflection (black line) and PL spectra (red line) of 1L-WSo. (c) Schematic description of
exciton diffusion measurements. (d) Schematic drawing of band structure and excitonic
transitions in 1L-WS; along with pump and probe energies for transient absorption
measurements.

To systematically investigate exciton transport, WSz layers with the thickness
ranging from 1 layer (1L) to 100 layers (100L) are exfoliated from bulk crystal onto a fused
silica substrate. The thickness of the WS: layers is determined by the combination of
Raman, PL, and atomic force microscopy. Figure 4.1(a) illustrates an optical image of a
typical exfoliated 1L-WS: flake on a quartz substrate. Figure 4.1(b) shows the reflective

spectrum exhibits three excitonic transitions (labeled as A, B, and C). Both A (613 nm)

and B (516 nm) excitons originate from direct band transition at K point between the
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valence band and the conduction band.'® The energy difference (380 meV) between A and
B transition is due to the spin-orbit splitting of the valence band. The highest absorption
peak (C, 437 nm) has been ascribed to band nesting effect.*® The excitonic structure is
schematically illustrated in Figure 4.1(c).1L-WS: (Figure 4.1(b)) shows a single PL emission
peak at 615 nm resulting from the direct interband recombination of A exciton.!® As thickness
increases to more than 2L, the conduction band maximum moves to A point while the valence
band maximum remaining at the K point, leading to the formation of indirect excitons (1).1°
Raman spectrum of the 1L is shown in Figure 4.2 and PL spectra of the 2L and 3L are shown
in Figure 4.3. For WS; flakes with the number of layers greater than 3, we employ AFM to

identify the thickness of WSz samples.
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Figure 4.2 Raman spectra of 1L-WS: on a quartz substrate. The peak energy difference

between 2LA and Aug is 65 cm™ which indicates the number of layers to be the single
layer.2°
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Figure 4.3 PL spectra of (a) 2L-WSz and (b) 3L-WS:2 on a quartz substrate are taken
under excitation of 447 nm. We observed both A and | exciton emission. The emission
energy of I exciton could be used to identify the number of the layer which is 712 nm

(1.74 eV) and 788 nm (1.57 eV) for 2L- and 3L-WS: respectively.

4.4.2 Direct imaging of exciton transport using TAM

In order to investigate exciton diffusion directly, we employed pump-probe
transient absorption microscopy (TAM) to directly image exciton population in both the
spatial and temporal domains. The pump wavelength is at 395 nm exciting C excitons with
a fluence of 1.1 pJ/cm? while the probe near the A exciton resonance to monitor exciton
dynamics as schematically shown in Figure 4.1(d). Using the absorption coefficient
deduced from differential reflection spectra®® %3, we calculate the corresponding injected
exciton density to be 3.2 x 10!* cm? for the 1L-WS2. Exciton dynamics with different
pump fluence are measured for both 1L- and 32L-WS:2 and no significant exciton-exciton
annihilation effects are observed in the transient absorption measurements (Figure 4.4) at
this pump fluence. The magnitude of AT is proportional to pump intensity as shown in

Figure 4.5.
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Figure 4.4 Transient dynamics of (a) 1L-WS2 and (b) 32L-WS:2 with different pump

fluence.
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Figure 4.5 Transient absorption signal (AT) at O ps is plotted as a function of exciton
density for (a) 1L-WS2 and (b) 32L-WS2. Red lines are linear fits.

The transient absorption spectra show the bleach of A exciton peak at 616 nm
(Figure 4.6) for 1L-WS: due to the combination of Pauli blocking and bandgap
renormalization effects.'*® 148 For the multilayers, while photoexcitation creates indirect
excitons, the A exciton transition is also modified by Pauli blocking of the holes. Therefore,
bleaching at the A exciton resonance is also observed in multilayers (Figure 4.6). The A
exciton bleach band redshifts as the thickness increases, which can be explained by

guantum confinement effects.
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Figure 4.6 Normalized transient absorption spectra (395-nm pump) with different
thickness.

Figure 4.7 TAM imaging of exciton propagation in 48L-WS: (pump at 395 nm and probe
at 626 nm) with an injected exciton density of 8.6 x 10'2 cm™ at different pump-probe
time delays. The color scale is normalized at the maximum AT. The normalization
factors are indicated on the images. The scale bar represents 1um.
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To image exciton transport, the pump beam is held at a fixed position while the
probe beam is scanned relatively to the pump with a pair of galvanometer scanners to form
an image. The pump-induced change in probe transmission AT = T,ymp—on — Tpump—off
is collected. The amplitude of the transient absorption signal is proportional to exciton
populatithe. At zero delay time the TAM images reflect the initial population created by
the pump beam, and at later delay time, the TAM images directly visualize how excitons
transport out of the initial volume. As an example, the exciton population imaged at
different pump-probe delay time for a 48L-WS: is illustrated in Figure 4.7. Clear exciton
motion can be observed in the time window of 250 ps. Because no apparent anisotropy in
2D exciton propagation is observed as shown in Figure 4.7 (i.e. exciton diffusion along x
and y directions is independent and with identical rates), exciton diffusion can be further
reduced to a one-dimensional problem. The exciton distribution along one dimension at

different delay times is obtained by taking the cross sections of the images (Figure 4.8).
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Figure 4.8 Spatial profiles of exciton distribution in 48L-WS: at different pump-probe
delays. Solid lines are fits with Gaussian function.
Exciton motion is expected to be diffusive after carriers equilibrate with the lattice,
which is on the order of ps.}*® Exciton population as a function of space and time can be
described by a differential equation that includes both the diffusion out of the initial volume

and population decay, which is given by,

on(xt) _  0%n(xt) _ n(xt)
at dx2 T (3)

where D is the exciton diffusion constant and t is the exciton lifetime. The initial
population n (x, 0) follows Gaussian distribution as created by a Gaussian pump beam at

position (xo) (the pump and beam profiles) and is given by:

n(x,0) = Nexp [— (x_xO)z] 4)

208
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Solution to Equation (3) dictates that exciton density at any later delay time (t) is also

Gaussian and can be described as:

n(x,t) = Nexp [— M] 5)

20}

The diffusion constant D is then given by:

2 2

— 0t—0¢
b=—= ©)

To determine the exciton diffusion constants, we plot the variance square
difference (o7 — o) of 1L- and 100L-WS:2 from Gaussian function fitting as a function of
time delays as shown in Figure 4.9(a) and (b). (62 — o) for all thicknesses can well be
described by Equation (6), as shown in Figure 4.9(c), which indicates that the exciton
motion in the WSz layers is indeed diffusive. The exciton diffusion constant of 1L-WS;
and 100L-WS is determined to be 2.8+0.2 and 10.4+0.4 cm?s™, respectively. The diffusion
constant as a function of the number of layers is plotted in Figure 4.9(d) which increases

monotonically with the number of layers.
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Figure 4.9 Exciton diffusion coefficient of WSz with different thickness extracted from

time-dependent distribution profiles. Spatial profiles of exciton distribution in (a) 1L-
WS: and (b) 100L-WS: with different pump-probe time delays. Solid lines are fits with
Gaussian function. (c) The diffusion coefficient is obtained from the linear fitting of the
variance of Gaussian profiles. Red lines are linear fits. (d) Extracted diffusion coefficients
plotted as a function of the number of layers.

In order to elucidate that the diffusion measurement is not limited by the system
resolution, we carried out a control experiment on 1L-MoS2. The pump wavelength is at
395 nm while the probe wavelength is at 670 nm to probe A exciton resonance. In 1L-
MoSz, the transient dynamics shows excitons decay very fast within several ps as shown

in Figure 4.10(a) which can be explained by the greater higher defect density. As shown in

Figure 4.10(b), no detectable diffusion is observed in 1L-MoSo.
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Figure 4.10 (a) Transient dynamics of 1L-MoS: with different pump fluence. (b) Spatial
profiles of exciton distribution in control 1L-MoSa.

4.4.3 Thickness-dependent exciton dynamics
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Figure 4.11 Thickness-dependent exciton lifetime. (a) Thickness-dependent transient
dynamics are modeled by Equation (3). Fits are shown in red solid lines. (b) Extracted
decay constant is plotted as a function of thickness.

TAM measurements also simultaneously provide information on exciton dynamics

(Figure 4). All exciton decays show an initial fast relaxation of ~ 1ps, which has been

assigned to nonradiative relaxation of hot carriers at the A/K valleys prior to exciton

formation.* Thus, we focus our discussion on exciton dynamics occurring on timescale

greater than 2 ps.

The dynamics are taken when both pump and probe beams are
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overlapped in the center, and the exciton population decays are fitted to Equation (3) to
extract exciton lifetime t by using D deduced by Equation (6). Exciton dynamics differs
significantly as thickness increases from 1L to 2L as expected for the transition from direct
to indirect exciton and it gradually converges in the thicker sample (N > 3).1° The slower
exciton decay in 2L than in 1L can be understood as the relaxation of indirect exciton that
requires intervalley and interband phonon scattering. Further discussion on phonon
scattering is presented in the next section. For the single layer, a bi-exponential decay is
found with time constants of 4 + 1ps and 150 £ 20 ps, respectively. The fast decay
component agrees well with the lifetime for the bright A exciton, and the short exciton
lifetime reflects the direct nature of the exciton.**® The slow decay component is assigned
to the spin-forbidden “dark” exciton level lying ~ 30 meV below the bright A exciton in
the 1L.1*% Exciton dynamics for the 2L and thicker can be well fitted with single-
exponential decay as shown in Figure 4b and Figure S8. The exciton lifetimes of 2L- and
100L-WS: are determined to be 65 + 2 ps and 300 * 30 ps, respectively. The extracted
exciton lifetimes for the 2L and thicker are plotted in Figure 4b as a function of the number

of layers.
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Figure 4.12 (a) Spatial profiles of excitons in a CVD 1L-WS; at different pump-probe
delay times. (b) Diffusion constants of both exfoliated 1L-WSz and CVD 1L-WS: are
obtained from the linear fitting of the variance of Gaussian profiles using equation (6).
Red lines are the linear fits.

Exciton motion in the CVD grown 1L-WS: is more than one order of magnitude

slower than exfoliated 1L-WS2, with a diffusion constant of 0.1+0.04 cm?s?! and no

discernable exciton transport within the 400 ps experimental window, as shown in Figure

4.12. Since defect density in CVD WSz (~3 x 102 cm2)!8 js greatly higher than exfoliated

WS (=2 x 10° cm?)!8! this drastically difference can be explained by the more prevalent

defect and/or impurity scattering for the CVD grown sample compared to the exfoliated

sample.
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4.4.5 Intrinsic factors than control 2D exciton transport
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Figure 4.13 Extracted decay constant and exciton mobility is plotted as a function of
thickness.

To compare our experimental results to previous measurements and theoretical

calculations on carrier mobility, we relate exciton diffusion constant D to mobility (x) by

Einstein relation, u = %, where e, ks, and T is the elementary charge, Boltzmann constant,
B

and temperature, respectively. For 1L-WS;, exciton mobility is determined to be 109 + 6
cm?V-1s, which is on the same order as electron mobility of 50 cm?V!s from electrical
measurements.'®® Exciton mobility for 2L and thick is plotted in Figure 4.13.

We relate exciton motion to electron and hole motions using the center of mass

MeTe+myry

coordination, R = , Where mg ) is electron (hole) effective mass, M is exciton

effective mass as given by M = (m} + my,), and R, r,,, and r, are exciton, electron, and
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hole coordinates, respectively.'®” Because diffusion constant and mobility is related to

ZukBTt

mean squared displacement, as expressed by < R — R, >2= 2Dt = . Therefore,
exciton mobility can be expressed as
_ me petmp uptmemy, Jeitn (5)

YD
Intrinsic phonon-limited room temperature electron and hole mobility has been calculated
to be 320 cm?V-1st and 540 cm?V-1s?, respectively for single layer WS2.1% By using m}, =
0.31 mgyand m;,, = 0.42 myat the K point, intrinsic exciton mobility is found to be 370
cm?V1s? for 1L-WS2!%, which is more than 3 folds higher than the experimental exciton
mobility of 109 + 6 cm?V-1st measured here.

Significantly lower exciton mobility in the 1L-WS; than the predicted intrinsic phonon
scattering limit indicates extrinsic factors dominate. For 2D layered semiconductors, three
types of lattice phonons contribute to the intrinsic scattering of carriers and excitons: (1)
in-plane polar optical phonons through Frolich interaction; (2) out-of-plane homopolar
(nonpolar) phonons via deformation potential; and (3) acoustic phonons via deformation
potential 1**-20* For the single layer and few layers, charge carriers and excitons are
subjected to interfacial Coulomb scattering by charge impurities and remote scattering
from surface phonons of the substrate in addition to intrinsic phonon scattering?°2%,
Charge impurities and surface optical phonons have found to dominate the electron
mobility in the single layer and few layers cases and become less significant for the thicker
layers.292-203 Previous electron mobility measurements showed a maximum of 240 cm?V-
151 at a thickness around 10 nm.*8%: 203 However, electrical measurements in the field effect
transistor (FET) geometry cannot fully evaluate thickness dependent mobility because, for

large layer thickness, FET mobility drops dramatically due to a resistor network model.2%*-
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295 For back gating in FETs, metal contacts only directly connect to the bottom layers. The
connection to the top layers requires additional interlayer resistors. Thus, the carrier
mobility decreases with layer thickness artificially because of the increased interlayer
resistance.204-205

The TAM measurements presented here, on the other hands, do not depend on any
contact and should reflect the true limit of exciton and carrier transport. As shown in Figure
4b, exciton mobility tracks exciton lifetime almost perfectly for thickness greater than 20L.
Because the indirect exciton lifetime for thickness greater than 2L directly reflects exciton-
phonon scattering time, Figure 4.13 implies that phonon-limited exciton transport is
achieved in layers thicker than 20L. For 20L or thinner, exciton mobility increases at a
slower rate than exciton decay constant, indicating that charge impurities and remote
phonon scattering still play a role. Interestingly, exciton mobility and decay constant
continue to increase until a thickness of ~ 100L and mobility of 411 + 16 cm?V-is?,
implying that intrinsic exciton-phonon scattering is thickness dependent even for thickness
greater than 20L. One possible mechanism is that out-of-plane homopolar phonons
scattering perpendicular to the layers reduces as thickness increases. This is consistent
with quenching of the homopolar mode in monolayer MoS2 when 30 nm thick top gate
with a high dielectric constant is deposited.20% 206

The results shown in Figure 4.13 show that phonon-limited intrinsic exciton
mobility is ~ 400 cm?V1s for multilayer WSz, which is similar to the value of phonon-

limited 370 cm?V1s! deduced for 1L WS2. We interpret the mobility using scattering

<T5>

theory u = e*M

where < t,>is the average scattering time of the excitons. A <t,> of ~

500 fs is calculated for 100 L-WS: by using an effective mass of the indirect exciton of
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1.02 m, (electron effective mass at A valley is 0.6 m,)'%, which agrees well with the

theoretical prediction of intrinsic phonon scattering.

4.5 Conclusion

In summary, we employed ultrafast microscopy to evaluate intrinsic and extrinsic
factors that control 2D exciton transport in WSz2. We successfully image the exciton
population and dynamics in space and in time. The exciton mobility in single layer WS:
is determined to be (109 + 6 cm?V-st) and is largely limited by extrinsic factors such as
charge impurities and surface phonons of the substrate. Therefore, one needs to effectively
screen the scattering by charge impurities and surface optical phonons via interface
engineering in order to achieve the phonon-limited exciton transport in single layers. Our
results demonstrated that the intrinsic phonon-limited exciton transport with mobility as
high as 411 + 16 cm?V-1s? is achievable for samples with the thickness greater than 20
layers. These results show that both direct and indirect excitons in TMDCs are intrinsically
quite mobile, with mobility on par with the 2D excitons in coupled GaAs quantum wells,

making them attractive for optoelectronic applications.



88

CHAPTER 5. ULTRAFAST CHARGE TRANSFER AND
ENHANCED PHOTO-CARRIER GENERATION IN TWO-
DIMENSIONAL WS2/GRAPHENE HETEROSTRUCTURES

This chapter is adapted with permission from Long Yuan, Ting-Fung Chung, Agnieszka Kuc, Yan Wan,
Yang Xu, Yong P. Chen, Thomas Heine, and Libai Huang, Science Advance, 2018, 4, e1700324.

5.1 Abstract

Efficient interfacial carrier generation in van der Waals heterostructures is critical
for their electronic and optoelectronic applications. In this chapter, we present a joint
experimental and theoretical study to address charge generation from interlayer charge-
transfer (CT) transitions in WSz/graphene heterostructures by imaging interlayer-coupling
dependent charge generation using ultrafast transient absorption microscopy. CT
transitions allow for carrier generation by excitation well below the WSz bandgap, and the
experimentally determined transition energies agree with those predicted from the first-
principles band-structure calculations. Excitation of the CT transitions also leads to
additional carrier generation in the visible spectral range in the heterostructures compared
to that in single layer WS: alone. The lifetime of the charge-separated states is measured
to be ~ 1 ps. These results suggest that interlayer interactions make graphene/2D
semiconductor heterostructures very attractive for photovoltaic and photodetector
applications, because of the combined benefits of enhanced broadband photocarrier

generation due to the CT states and high carrier mobility.
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5.2 Background
5.2.1 Two-dimensional VVan der Waals heterostructures

Nanostructured materials hold great promises as building blocks for creating new
architectures for electronic and optoelectronic devices. Atomically thin van der Waals
layers® %3 represent a new two-dimensional (2D) material class with unusual optical and
electronic properties emerging at the single layer or few-layer limit® 58 12.28,42.207 "\yhjch
provide opportunities to design new functionalities. Specifically, heterostructures can be
formed by artificially stacking layers of different 2D materials, because traditional
restrictions in heterostructure-growth such as lattice matching conditions and atom
interdiffusion are no longer required.>*® In the past few years, heterostructures constructed
from graphene, boron nitride, and semiconducting transition metal dichalcogenides
(TMDCs) have established a remarkable platform for photoactive applications, including

photodetectors, light-emitting diodes, and atomically thin photovoltaics.?> 63 208-216

5.2.2 Charge transfer transitions

The structural tunability of 2D nanostructures along with atomically thin and sharp
2D interfaces provides new opportunities in controlling charge transfer interactions at the
interfaces.>> % Charge transfer at 2D interfaces has been demonstrated to be very rapid
occurring on timescales ranging from 50 fs to a few ps and interlayer charge-transfer (CT)
exciton transitions have been observed 8182 88-89, 9395, 217221 ¢ js still elusive that how
interlayer charge transfer interactions contribute to interfacial charge generation and
separation in 2D heterostructures. Charge separation could take place directly by exciting
CT transitions at the interface. Because the interlayer distance between the graphene and

the 2D semiconductor layer could be as small as 3 A, interlayer interactions beyond London
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dispersion are apparent, leading to modification of optical absorption and band structure.®
222225 |n addition, since practically every atom is on the surface, interfacial charge transfer
is expected to play a much more important role in 2D heterostructures than those formed
by bulk materials. Despite emission from interlayer CT excitons have been observed in 2D
heterostructures®” 93-95. 101-102.221 "o (irect excitation of such CT states has been reported,

partly due to relatively weak oscillator strengths.1%

In this chapter, we present a joint experimental and theoretical investigation to
address charge generation from interlayer CT transitions in TMDC/graphene
heterostructures. We use spatial ultrafast transient absorption microscopy (TAM) to
directly compare charge generation at different interlayer coupling strengths to elucidate
the role of CT transitions in WS2-graphene heterostructures. These results demonstrate
effective broadband carrier generation by excitations below the bandgap in

TMDC/graphene heterostructures.

5.3 Experiential Methods
5.3.1 WS2/Graphene heterostructures fabrication

Single layer and bilayer WSz were mechanically exfoliated form bulk WS crystals
(2D Semiconductors, Inc) onto Si wafer with a 90 nm-thick oxide. The number of layers
was confirmed by using a combination of photoluminescence and Raman spectroscopy. %
Monolayer graphene film was grown on copper (Cu) foils at atmospheric pressure using
chemical vapor deposition (CVD).??522 The CVD graphene used in this work is
polycrystalline with an average grain size of ~15 um. The heterostructures were assembled

by depositing CVD-grown graphene on top of single layer and bilayer WSz using an
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alternative poly (methyl methacrylate) (PMMA) transfer process to minimize aqueous
solution at the WSz/graphene interface.” 22° The CVD-grown graphene on Cu foil was
spin-coated (3000 r.p.m.) with 950PMMA-A4 (MicroChem). PMMA-coated graphene was
adhered to a polymer frame with a hole at the center and suspended by Cu etching. The
residual etchant was diluted with DI water. The PMMA/graphene membrane was gently
blown dry with nitrogen and then brought into contact with WS: layers followed by baking
at around 350 K for 5 minutes to promote adhesion between graphene and WS.. Finally,
the heterostructure was annealed at 420 K in the vacuum of 10 Torr for 2 hours followed
by natural cooling. Figure 1 displays the optical image of a 2L-WS./graphene
heterostructure. The orientation of WSz and graphene layers are not aligned in any

particular way in the momentum space.

Figure 5.1 Optical image of a 2L-WSaz/graphene heterostructure.
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5.3.2 Linear absorption microscopy

We doubled the fundamental light (1.57 eV) from a Ti: Sapphire oscillator (Coherent
Mira 900) to measure the linear absorption at 3.14 eV of a CVD-WSz/graphene on a transparent
sapphire substrate. A 40 x /NA = 0.60 objective was used to focus light onto the sample. Both
the transmission and reflection light were then collected and detected by avalanche Si
photodiodes (Hamamatsu). The absorption of WSz/graphene is calculated by using the
graphene only region on the same substrate as the reference and solving the following two

equations together:

I =T, + CR; + A, X1 (onthe reference graphene only region) 1)
I = Tws, + CRws, + Aws, X I (on the heterostructure region) (2)
G G G

where [ is the total incident light intensity; T, is the transmitted light intensity of graphene; R,

is the reflection light intensity of graphene; A, is the absorption of graphene; Tws, is the
G
transmitted light intensity of WS2/graphene; Rws, is the reflection light intensity of
G
WS2/graphene; Aws, is the absorption of WSz/graphene; C is the collection efficiency of the
G

reflection arm. We use a A,value of 0.0424 for graphene at 3.14 eV from a previous report.12*

230

5.3.3 First-principles calculations

All systems were fully optimized (atomic positions and lattice vectors) within the
density-functional theory (DFT). In the commensurate model, we have averaged the lattice
vectors of graphene and WS: using 5x5 and 4x4 unit cells, respectively. This results in the
lattice parameter a = 12.433 A, corresponding to 0.6% stretch of graphene and 1.7%

compression of WSz. In the incommensurate model, we superposed the band structure of



93

perfect monolayers of graphene and WS; for the presentation of the band structure and the
mismatch of the Brillouin zones of both materials. The models were fully optimized using
CRYSTALO09 with the following basis sets: C 6-21G***, S 86-311G*?%?, W large-core ECP?*,
and the PBE functional®** with the D3 dispersion correction proposed by Grimme?®. Band
structures were obtained from the VASP code®**2*® using projector-augmented waves (PAW)
with the energy cutoff of 500 eV for the commensurate model and 600 eV for the unit cells.
We have used the HSE06 functional®® together with the spin-orbit coupling for the
incommensurate band structure representation, while the commensurate system was treated
using PBE. The layered models were calculated with a 20 A vacuum, to ensure negligible
interactions with the neighboring cells in the 3D periodic boundary condition representation.
The dispersion corrections were treated at the D3 level. 3x3x1 and 6x6x1 k-point mesh were

used for the larger and smaller models, respectively.

5.3.4 Spatial resolution of TAM
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Figure. 5.2 Determination of spatial resolution of TAM. (a) TAM image of a 2L-
WS2/graphene heterostructure. (b) Gaussian function fit of line profile shown in Figure
5.2 (a).

We determine the spatial resolution of TAM to be ~ 400 nm by fitting a very small

feature (red dash line in a) in the TAM imaging with a Gaussian function (b).
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5.3.5 Determination of pump fluence and exciton density in the TAM measurements

In TAM experiments, excitons in WS are generated by the absorption of the pump

laser. The peak fluence of pump pulse (Pr) could be calculated as:

P == 3)
where P is the pump pulse energy, A is the pump excitation effective area. Since pump
pulse is a Gaussian beam. To calculate the exciton density injected by the pump, we assume
that every absorbed pump photon could create one exciton. This assumption is widely used
in previous optical measurements and gives reasonable explanations to experimental

results.107. 163,176,187 Then the injected exciton density could be obtained as:

lef

N= hv (4)

where a and hv are the absorption coefficient and photon energy of the pump pulse.

5.4 Results and discussion

5.4.1 Spatial heterogeneity in WS2/graphene heterostructure
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Figure 5.3 AFM measurement of the 2L-WS2/graphene heterostructure. (a) AFM image of
the 2L-WS2/graphene heterostructure. (b) Line profiles taken along the black and red
dashed lines indicated in (a). Scale bar represents 1 um.
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From the AFM image (Figure 5.3 (a)), significant spatial heterogeneity in the
contact between the 2L-WS: and the graphene layer can be observed, which is common
for heterostructures fabricated by transfer methods. Specifically, there is an area 1 with
very flat morphology while another area 2 has a lot of ripples, which indicates good contact
between the graphene and the WS layers in area 1 and poor contact in area 2. The
difference in contact can also be clearly seen by the AFM line scans from areas 1 and 2

shown in Figure 5.3 (b).

5.4.2 Interlayer coupling dependent charge transfer
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Figure 5.4 PL spectra (a) and normalized time-resolved PL dynamics (c) of individual
1L-WS2 and 1L-WSz/graphene, red lines are exponential fittings.

We applied photoluminescence microscopy to study charge transfer in 1L-
WS2/graphene. The integrated PL intensity of 1L-WS2/graphene is about 70 times weaker
than the individual 1L-WS: as shown in Figure 5.4 (a). The strong PL quenching in 1L-
WS2/graphene was also observed in previous optical measurements.?'”240-241 |n Figure 5.4
(b), we demonstrated how charge transfer affects the PL dynamics of 1L-WS2/graphene.

In the individual 1L-WSg, a single-exponential function convoluted with instrument
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response function (IRF) was used to fit the PL dynamics. We obtained a decay constant of
675 ps, which agrees well with previous time-resolved measurement.!®® In the
heterostructure, The PL decay is much faster and shows a two-component decay behavior
with a fast decay of 44 ps (76%) and slow decay of 229 ps (24 %). We attributed the fast
decay in 1L-WS>/graphene to the charge transfer between graphene and WS2. We noticed
the heterogeneity could strongly affect the measurements results. We measured the PL
signal at different locations. The data displayed here is a position where charge transfer

quenching dominates.

The inherent spatial heterogeneity as imaged in Figure 5.3 (a) presents a major
difficulty in elucidating interfacial charge transfer dynamics in relation to interlayer
coupling.'®® To circumvent this difficulty, we employ TAM with high spatial and temporal
resolutions to image how interlayer-coupling affects the dynamics of charge transfer from
WS to graphene. We first excite WSz at 3.14 eV and probing the A exciton bleach at 1.99
eV to investigate charge transfer from WSz to graphene. The pump fluence of ~ 2 uJem™
corresponds to an exciton density of ~ 3.6x10* cm™ in 1L-WS: (~ 7.2x10'! cm™ in 2L-
WS2). To construct an image, pump-induced change in probe reflection AR is plotted as a
function of the sample position. Note that the graphene-only regions of the samples have
no detectable signal under the experimental conditions due to a lower absorption

coefficient compared to WSo.
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Figure 5.5 TAM image of the 2L-WS2/graphene measured at 0 ps (pump at 395 nm and
probe at 624 nm, pump fluence ~ 2 uJ/cm2). (e) TAM image measured at 2 ps.

The TAM images at 0 ps and 2 ps pump-probe delay are shown in Figures 5.5 (a)
and (b), respectively. Most interestingly, TAM image at 0 ps exhibits significant
heterogeneity in transient absorption (TA) signal level that correlates with morphology
mapped by AFM (Figure 5.3 (a)), with higher TA signal observed for the stronger coupling
area 1. The graphene only region of the sample has no detectable signal under the same
pump intensity. In contrast, TAM image at 2 ps shows that area 2 has a higher signal than
area. The result indicates that area 1 has a much faster charge transfer from WS: to

graphene than area 2. As expected, better interlayer contact leads to faster charge transfer.
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A control 2L-WS; is also imaged as shown in Figure 5.6 (a) and (b). No spatial
heterogeneity is observed which also proves that the spatial heterogeneity in the TA signal

resulted from interlayer coupling between WSz and graphene.
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Figure 5.6 TAM images of a control 2L-WS; flake at time delays of 0 ps (a) and 5 ps (b)
with 3.14 eV pump and 1.99 eV probe.
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Figure 5.7 Normalized transient dynamics of the heterostructure at area 1, 2 as marked,
and a control 2L-WSa. Solid lines are the fitting curves with exponential decays
convoluted with experimental response function. All scale bars represent 1 um.
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The exciton decay at the strong-coupling area 1 can be fitted with a single
exponential function with a decay constant of 3.0 £ 0.1 ps (Figure. 5.7), similar to what has
been reported previously.?!” On the other hand, the weak-coupling area 2 shows a much
slower bi-exponential exciton decay, with a fast component of 3.8 + 0.3 ps (55%) and a
slow component of 71.3 £ 3.0 ps (45%) (Figure. 5.7). The slow decay component observed
for area 2 is very similar to that from a control 2L-WS: flake, consistent with poor contact
hampering charge transfer from WS: to graphene. The transient dynamics of control 2L-
WS: is also measured as shown in Figure.5.8 and no spatial heterogeneity is observed in

exciton dynamics.
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Figure 5.8 Normalized transient dynamics of position 9 and 10 in 2L-WS:2 indicated in
Figure 5.5 with a pump fluence of 8.4 uJ cm™.
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Similar spatial heterogeneity in TAM image is also observed in the 1L-
WS2/graphene heterostructure as shown in Figure 5.9 (a). Charge transfer at a strong-
coupling location of the 1L-WSz/graphene heterostructure has a characteristic time of 1.4
+ 0.1 ps (Figure 5.9 (b)), demonstrating even stronger coupling between graphene and the

1L-WS: layer than in the 2L-WS2/graphene heterostructure.
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Figure 5.9 (a) Correlated TAM image of the 1L-WS2/G heterostructure measured at 0 ps
probing the A exciton resonance. Pump photon energy = 3.14 eV and probe photon
energy =1.99 eV (b) Normalized transient dynamics of the heterostructure at areas 1 and
2 as marked, and the control 2L-WS: layer. Solid lines are the fitting curves with
exponential decays convoluted with the experimental response function. All scale bars
represent 1 pm.

5.4.3 Signature of charge transfer in Raman imaging

Here we employed Raman spectroscopy to characterize the quality of interfacial
contact and charge transfer doping between graphene and WS: layer. We found largely
increase of the position of G mode (wc),?*? at which directly associates with charge carrier
doping (n), in graphene in the heterostructures compared to another area without WS: layer
shown in Figure 5.10 (a). On the other hand, the 2D mode of graphene stiffens in the

heterostructure, suggesting that graphene is further p-doped (estimated n ~ 5 x 10* cm™
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from e ~ 1591 cm™ at region A) by the underneath 2L-WS: via surface charge transfer
(Figure 5.10 (b)). The background hole doping in graphene adjacent to the heterostructure

is estimated to be n ~ 2.5 x 102 cm™ (g ~ 1585 cm™). In the heterostructure,
353
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Figure 5.10 (a) Raman mapping of the G band of graphene in 2L-WS2/graphene. Obvious
shift of the G band is due to surface charge transfer doping from underneath WS2; (b)
Comparison of the Raman spectrum of graphene while sitting on a 2L-WS:2 (position 9)
and a bare Si substrate (90 nm thick SiOz). Curves are vertically shifted for clarity. The
rising background for the wavenumber above 2600 cm™ originates from the
photoluminescence of WS2; Raman mapping of the position of (c) the strong peak (2LA
and E'zg) and (d) the Axg peak in 2L-WSz/graphene heterostructure. All scale bars
represent 1 um.

the main peak (2LA and E'2g) shifts to a higher wavenumber while the A1g remains almost
unchanged (Figure 5.10 (c) and (d)). Furthermore, the full width at half-maximum (FWHM)
of these peaks broadens compared to normal individual 2L-WS;. These results can be

understood by a combination of mechanical strain and charge transfer doping. We ignore

the factor of temperature owing to the same measurement condition. It has been shown that
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the two Raman-active phonon modes E'zg and Aig in the case of a MoSz/graphene
heterostructure downshifts (due to in-plane tensile strain) and upshifts (due to van der
Waals interaction with adjacent layers), respectively.?® Since there are lattice mismatch
and different thermal expansion coefficient (TEC = 6.4 x 10° K for WS2%* and ~ -8 x
10 K for graphene?®), lattices of WSz and graphene are expected to suffer tensile and
compressive strains respectively when forming a heterostructure. We indeed observe a
compressive strain of ~ -0.3 % in graphene of the heterostructure by analyzing the
correlation between the two Raman modes (G and 2D) of graphene?*®, but do not find
tensile strain (downshift of the Elzg) in the 2L-WS: layer which is inconsistent with the
expectation due solely to lattice and TEC mismatch. Since notable p-doping is found in the
graphene of 2L-WS2/graphene, comparable effect of charge transfer (electron) doping must
be accounted for the interpretation of the Raman data measured in WSa. It has been reported
that chemical doping of WSz on typical Si substrate with lithium fluoride (n-type dopant)
yields downshifting and broadening of Aig peak®*’, which could compensate the upshift
(no position change of Aig) caused by van der Waals interaction at the interface of WS:
and graphene. On the other hand, the pre-dominant 2LA mode in the strongest peak at ~
350 cmt slightly upshifts upon electron doping, which could overcompensate the effect of
tensile strain, resulting in an upshift of the peak (Figure 5.11). Hence, our Raman result in
the WS is qualitatively consistent with the synergistic effect arising from interfacial charge

doping and mechanical strain.
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Figure. 5.11 Raman spectra of 2L-WS2/G heterostructure (area 1 as shown in Figure 1
(d)) (red line) and control 2L-WS: (black line). The enhancement ratio of Raman
intensity is about 1.4 times in 2L-WS2/graphene than control 2L-WSa.

5.4.4 Transient bandgap renormalization
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Figure 5.12 (a) TA spectrum of A exciton resonance in 2L-WSz/graphene (0 ps delay) at
different positions as well as for a control 2L-WS2. Pump photon energy is 3.14 eV and
pump fluence of 2 uJ / cm?. (b) TA spectrum of A exciton resonance in 1L-
WS2/graphene and a control 1L-WS: at 0 ps delay.
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Figure 5.12 (a) plots transient absorption spectra of 2L-WS2/graphene at areas 1
and 2 along with the control 2L-WS; taken with pump excitation energy of 3.14 eV pump.
The three spectra are taken under identical experimental conditions. Photoinduced
bleaching of the A exciton band (also known as saturation of absorption) ~ 2.0 eV is
observed for both the heterostructure and the control 2L-WS: flake, similar to previously
reported. The magnitude of the TA signal at strong-coupling position 1 is ~ 2 times higher
than the control 2L-WS: while the weak-coupling area 2 has similar TA amplitude as the
control. The enhanced TA signal at strong-coupling area 1 is greater than the simple
addition of signals from graphene and WS: because graphene only has no detectable signal
under the experimental condition. TA spectrum from a strong-coupling location of a 1L-
WS2/graphene heterostructure is shown in Figure 5.12 (b), along with a control 1L-WSo.
Notably, the TA signal is enhanced even more in 1L-WS2/graphene heterostructure, ~ 4
times over the control 1L-WS: flake, consistent with stronger graphene-WS:z coupling.
The TA spectrum of the 1L-WS>/graphene heterostructure is very different from the control:
it has a derivative shape with a new redshifted photoinduced absorption band.

The derivative shaped TA spectrum with the redshifted photoinduced band
observed for 1L-WS2/G heterostructure (Figure 5.12 (b)) is a signature of bandgap
renormalization due to the screening of photogenerated free carriers.46:148.248 The transient
reduction of Eopt is estimated to be ~ 30 meV at 0 ps from Figure 5.12 (b). Bandgap
renormalization occurs when the screening of Coulomb interaction by free electrons and
holes becomes more significant, which usually caused by exciton dissociation at high
density.1*® One consequence of screening by free carriers is the shrinkage of the single-

particle band gap (bandgap renormalization); the other consequence is the reduction of
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exciton binding energy Eb. The final Eopt reflects the balance of the two energy shifts. In
2D semiconductors the shrinking of the single particle bandgap is more significant than the
reduction of Ep and the combined effect is a redshifted Eopt at high free carrier
concentration, 133 146.148,249-250  The ghservation of bandgap renormalization effects in 1L-
WS2/graphene heterostructure is very surprising because the pump intensity we use here is
about an order of magnitude lower than the previous studies that reported bandgap
renormalization. The exciton density here corresponding to an inter-exciton distance of ~
6 nm, much greater than the radius of the A exciton of ~ 1.5 nm!®, thus many body
excitonic effects such as bandgap renormalization should be negligible. At such low
exciton density, Pauli blocking by excitons dominates, which could broaden absorption but
should not shift optical bandgap energy Eopt.?>* Similar transient bandgap renormalization
has also been observed for another 1L-WS2/graphene heterostructure on a sapphire

substrate (Figure 5.13).
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Figure 5.13 TA image (a) and spectrum of A exciton resonance for a strong and a weak
coupling location of a 1L -WS2/graphene heterostructure on a sapphire substrate at O ps.
Pumped at 3.14 eV.
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Figure 5.14 Summary of different processes following photoexcitation in WSz layers (a)
and in 1L-WSaz/graphene heterostructure (b).

Figure 5.14 schematically summarizes different processes following 395 nm
photoexcitation in the heterostructures and corresponding controls. As illustrated in Figure
5.12 (a), photoexcitation of the WS: layers forms excitons that decay by electron-hole
recombination and other nonradiative pathways (not shown). Photoexcitation of the
heterostructures creates two types of excited states: excitons through intralayer excitonic

transitions and free electron and holes (electrons in the WSz layer and the holes in the
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graphene) through interlayer transitions. The relaxation processes in the heterostructures
are more complex involving rapid electron and hole transfer from WS to graphene.
Screening from the free carriers leads to transient bandgap renormalization in the 1L-
WS2/graphene heterostructure. Note that the density of free carriers is not quite high
enough for the 2L-WSz/graphene heterostructure to observe bandgap renormalization
effects because the interlayer transitions are weaker than those in 1L-WSz/graphene
heterostructure (Figure 5.12).

The larger transient bandgap renormalization effects at the strong coupling
locations could be explained by the lower binding energy of the interfacial CT states than
that for the A excitons in WSz (~200 meV when it is covered by graphene). Because of the
spatially separated nature and the efficient screening of Coulomb interaction by graphene,
electrons and holes generated at the interface from the CT states are more “free” and can
potentially screen the Coulomb interaction more effectively than the A excitons, which

result in a larger shift in the exciton resonance.
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Figure 5.15 Pump intensity dependent TA spectra of a control 1L-WS; flake. Pump
photon energy = 3.14 eV.

To verify the transient bandgap renormalization effects observed is not just due to
higher exciton density, we have measured TA spectrum of 1L-WS: at exciton density from
7.2x10" cm to 2.9x10% cm (see Figure 5.15) Even at 8 times higher exciton density
than that in the measurements of Fig. 4A, no obvious transient bandgap renormalization
has been observed. We note that a previous study?®? reported the exciton redshift at exciton
density of as low as 10 cm under similar non-resonant excitation condition, which is

somewhat inconsistent with our results.
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5.4.5 Carrier generation by excitations below the WS2 bandgap
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Figure 5.16 TA signal at 0 ps probed at 1.99 eV (A exciton resonance) for the 1L-
WS2/graphene heterostructure when varying the pump photon energy from 1.2 eV to 1.8
eV, pump fluence ~ 2 pJ cm.

We perform measurements with pump photon energies below the WS2 bandgap
where only the interlayer CT transitions and graphene can be excited. Figure 5.16 plots the
TA signal intensity at 0 ps probed at the A exciton resonance (1.99 eV) in the 1L-
WS2/graphene heterostructure and a control 1L-WS2 when varying the pump photon
energy from 1.2 eV to 1.8 eV (bandgap of WS: is ~ 2 eV) with a pulse spectral width of ~
20 meV. No detectable TA signal above the noise level is observed for the control 1L-

WS layer with pump energy lower than 1.8 eV.
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Figure 5.17 TA spectrum of A exciton resonance in thelL-WSz/graphene, 2L-
WS2/graphene heterostructures, and the control 1L-WS: at 0 delay time with 1.57 eV
pump photon energy, pump fluence ~ 17 pJ cm.

In contrast, both heterostructures show TA spectra that track the WSz A exciton
resonance with pump energy of 1.57 eV (Figure 5.17). The TA signal intensity is strongly
dependent on the interlayer coupling. Figure 5.18 illustrates TAM images at 0 ps delay
with 1.57 eV pump photon energy for the same 2L-WS2/graphene heterostructure as shown
in Figure 5.1. TA signal intensity is higher at the strong-coupling area 1 than the weak-
coupling area 2. The overall patterns observed by TAM imaging with the 1.57 eV pump

(Figure 5.18) are similar to those with the 3.14 eV pump as shown in Figure 5.5 (a).



111

Figure 5.18 TAM imaging of 2L-WSz/graphene at 0 ps, scale bar represents 1 um. 1.57
eV pump and 1.99 eV probe, pump fluence ~ 17 puJ cm.

There are two possible mechanisms (illustrated in Figure 5.19) that could lead to
the bleaching of A exciton by excitation below the WS bandgap. One possibility is that
the photon is absorbed by the graphene layer and hot carriers are subsequently transferred
from graphene to WSz (mechanism 1, only electron pathway is shown).?3® Similar
mechanism has led to the generation of photocurrent with excitations below the bandgap
in graphene/WSe: heterostructures, as reported by Massicotte et al.?>® The absorption by

graphene is due to interband transitions, creating photoexcited electrons and holes with

photon

energy E = £ . Carrier-carrier scattering establishes a quasi-equilibrium distribution

in ~30 fs with an elevated effective electron temperature T, (41). For hot electron injection,
the Schottky barrier is equal ®5 = (Ec-gy — Ep) Where E ), is the conduction band
minimum (CBM) of WS2?%*2% and E[, is the Dirac point of the graphene layer. ® can
vary depending on the doping level of the two layers and the substrate. The hot electrons
with energy larger than the barrier height &5 can be injected into the WSz layer. The

number of electrons with sufficient energy is given by Boltzmann distribution and scales
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_%B
with e *»Te, where k, is the Boltzmann constant.?>® Similar process also exists for the

holes. The other possible mechanism is through direct excitation of interlayer CT
transitions (mechanism 2 in Figure 5.19), where electrons can be promoted from graphene
to WS2 (shown in Figure 5.19) or holes promoted from WSz to graphene (not shown). For
mechanism 2, the momentum of graphene and WS: needs to be taken into account and the

transition energies will be discussed in the following section.
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Figure 5.19 (a) Schematic showing two possible mechanisms. One possibility is that the
graphene layer is excited and hot carrier is subsequently transferred from graphene to
WS: (mechanism 1), and the other possibility is the direct excitation of interlayer CT

transitions (mechanism 2). (b) The amplitude of the TA signal at a 0-ps time delay versus
pump fluence for the 1L-WS>/graphene heterostructure at area 3 showing a linear
dependence at three different pump photon energies (probe, 1.99 eV).

Both mechanisms illustrated in Figure 5.19 could contribute to the TA signal,
however, it is highly challenging to separate these two contributions. In principle, although
linear absorption could directly measure the CT transitions from mechanism 2, this is a
difficult task because of the weak oscillator strengths.?>® For instance, the interlayer exciton

oscillator strength in MoSe2/WSe: heterostructures is at least 20 times weaker than that of

the intralayer exciton.’* To separate the contribution from the two mechanisms, we
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examined the pump fluence dependence when excited below the WSz bandgap. As
demonstrated by Massicotte et al?®3, the photocurrent exhibits a P% (a > 1) dependence
on the pump fluence due to the hot carrier injection contribution when excited below the

bandgap of WSe2, which can be explained by the fact that the number of electrons with

_ %8
sufficient energy scales with e *»Te, In contrast, direct absorption by WSe2 above the

bandgap leads to a linear power dependence (a = 1). As shown in Figure 5.19 (b), a linear
dependence (that is, AR o« P, = 1) is observed for excitations at 1.30, 1.60, and 1.80 eV
in the 1L-WSz/graphene heterostructure, which could not be explained by hot carrier
injection from graphene. A linear pump fluence dependence is also observed for the 2L-

WS2/graphene heterostructure when excited at 1.57 eV as shown in Figure 5.20.
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Figure 5.20 The amplitude of the TA signal at 0 ps time delay versus pump fluence for
the 2L-WS2/graphene heterostructure at area 1. Pump = 1.57 eV, probe = 1.99 eV.
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On the other hand, direct CT absorption (mechanism 2) should lead to the linear
power dependence similar to the absorption by WS: above the bandgap. Therefore, we
conclude that direct CT absorption also contributes to the observed TA signal in the 1L-
WS2/graphene and 2L-WS:/graphene heterostructures when excited below the bandgap.
We note that the WSe2 structures in the graphene/WSez heterostructures studied by
Massicotte et al’®® are multilayer (3 to more than 100 layers), and the contribution from
interlayer CT absorption to the photocurrent should be much weaker than in the
heterostructures based on the single-layer WSz investigated here. This is because the
oscillator strength of the CT transitions decreases as the thickness of the TMDC increases,
as the additional layers screen the electron-hole interaction in the CT states.?>”-?® The
decreased exciton oscillator strength as the dielectric constant increases has been observed

in single-walled carbon nanotubes.?’
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Figure 5.21 Normalized transient dynamics of the 1L-WS2/graphene heterostructure at
area 3 and the 2L-WSz/graphene heterostructure at area 1. Pump photon energy is 1.57
eV and probe photon energy is 1.99 eV. Solid lines are fits with a single exponential
decay function convoluted with the experimental response function.

Both hot carrier injection and direct CT absorption mechanisms can lead to a
charge-separated state, where the electron (hole) resides in the WS2 and the hole (electron)
remains on the graphene layer. Consequently, the bleaching of A-exciton transition results
from Pauli blocking and/or bandgap renormalization in WS2.1*8 The dynamics of charge
generation and recombination has been measured following the 1.57-eV pump excitation
(Figure 5.21). For mechanism 1, a rise time is expected corresponding to hot carrier transfer
from graphene. In contrast, direct excitation of the CT transitions should lead to an
instantaneous rise of the TA signal. The TA signal rise is instantaneous within a pulse
width of ~300 fs for both the 1L-WS2/graphene and 2L-WSz/graphene heterostructures

(Figure 5.21), probably due to the fact that the time resolution of our experiments is not

sufficient to resolve hot carrier injection from graphene. In the 1L-WS2/graphene
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heterostructure, the recombination of the electrons and holes at the interface is 0.78 + 0.04
ps, which is shorter than that of 1.30 + 0.03 ps in the 2L-WS2/graphene heterostructure.
The faster recombination in the 1L-WS2/graphene heterostructure suggests that the
interfacial charge-separated states are dependent on the detailed electronic coupling at
interfaces.® The interfacial electron-hole interaction strength decreases as the thickness of
TMDC increases because the additional layers screen the interaction.?>”2%8 For the charge-
separated states, the spatial indirect nature (that is, electrons and holes reside in different
layers) should dictate the recombination process. The indirect intralayer exciton band
structure of 2L-WS: probably does not play an important role in determining the lifetime

of interfacial charge recombination.

5.4.6 First-principles calculation of interlayer charge transfer transitions

Commensurate Model Incommensurate Model

A=1.04eV

Figure 5.22 Band structure of the heterostructure. (A) Commensurate model of a5 x 5
graphene/4 x 4 WS2 supercell (at the PBE level) and (B) incommensurate model of
corresponding perfect unit cells (as in a single layer) of each component (at the
HSEO06/SOC level) along the I'-K direction. The red arrows indicate interlayer transitions.

To identify possible interlayer CT transitions, we performed band structure

calculation for the 1L-WS2/graphene heterostructure from first principles using density

functional theory (DFT). We considered two models, the commensurate and
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incommensurate. In the first model, we take a 4 x 4 WSz and a 5 x 5 graphene supercell,
because the lattice vectors of these two cells have a mismatch of only 2.3%. We then
average both lattice vectors so that 4 x 4 WSz and 5 x 5 graphene supercell sizes match
exactly. This results in small stretching of the WSz monolayer and compression of the
graphene layer. The corresponding band structure (Figure 5.22(a)) is an almost perfect
superposition of the two individual band structures of graphene and WS, that is, the band
edges of both systems are kept almost unaffected by one another, and we can determine
the band shift of the WS2 with respect to graphene: Conduction band of WS is situated at
about 1 eV above the Dirac point of graphene. Note that the Dirac point might not be the
most precise in the present context, because there is a small band gap (~11 meV) opening
in the heterostructure.

Because the lattices in the actual heterostructures are not aligned, we next consider
an incommensurate model to account for a large lattice mismatch of ~22% (lattice constant
of graphene is 2.46 A and that of WS: is 3.15 A). Although this first-principles calculation
is not computationally feasible at present, we calculated the separate perfect monolayers
and plotted their band structure as an overlap, with the shift of the band edges calculated
in the previous step. The result for the I'-K direction is shown in Figure 5.22(b). Because
of the lattice mismatch, the Brillouin zones are also shifted with respect to each other.
Therefore, the K points do not overlap in every cell, in contrast to the commensurate model.
As shown in Figure 5.22(b), additional interlayer excitations exist in the incommensurate
lattices, which allow the excited electrons from graphene to WS: or holes from WS to
graphene that could enhance carrier generation. However, the interlayer excitations are not

observed for the other direction along the I'-M path (see Figure 5.23).
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Figure 5.23 Band structure of the incommensurate model of the perfect unit cells
calculated along the I'-M directions (at the HSE06/SOC level). No additional transitions
between graphene and WS are expected in comparison with the I'-K directions shown in

Figure 5.22.

The interlayer CT transitions below the bandgap of WS: are identified in Figure
5.22(b). There is a transition of electron from the K point of graphene to the K point of
WS: at 1.04 eV, a transition from the K point of graphene to the conduction band of WS:
near the I" point with an energy of 1.22 eV, and a transition at 1.54 eV from the K point of
graphene to between the I" and K point of WS2. Note that inherent errors of DFT neglect
exciton binding energy and may introduce a constant energy shift of the conduction band.
According to high-level calculations on a single-layer WSz, the error in predicting the
transition energies should be no more than 0.5 eV.?*° In addition, the graphene layer is p-
doped with a Fermi level shifted by ~0.17 eV, as determined by Raman spectroscopy
(Figure. 5.24). Taking these two effects into account, the predicted transition energies are
consistent with the absorption band of 1.2 to 1.8 eV, as shown in Figure 5.16. On the basis

of the agreement, we assign the interlayer transitions observed to electrons from the

valence bands of graphene that are promoted to the conduction bands of WS2. We cannot
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entirely rule out the transitions prompting holes from WS: to graphene, and they probably
also contribute. Note that our model in Figure 5.22(b) is incomplete, and it reflects only
one WS2/graphene rotation angle (with matching lattice orientations). Therefore, the
intensities of the interlayer excitations may be dependent on the mutual rotation of the
layers. However, the CT transition energies should still fall within the same range of 1 to
2 eV regardless of the rotation angle, because the band structure of the heterostructure is
almost perfectly the superposition of that of graphene and WS.. Further, because of a large
lattice mismatch of ~22% and the polycrystalline nature of the CVD graphene, many
rotation angles likely coexist in the heterostructures measured experimentally. Therefore,

the measured CT transition energies are probably the average of many rotation angles.
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Figure. 5.24 Raman spectra of the 1L-WSz/graphene heterostructure and the Fermi level
shift of graphene. No obvious change in the position of G peak (~1586 cm™) in the two
regions, whereas there is a blue shift of the 2D peak (~15 cm™) for the graphene layer on
WS2. By analyzing the correlation of the two peaks, we estimate a p-doping density of
2x10'? cm in graphene on 1L-WS: corresponding to a Fermi level shift of 0.17 eV.
Spectra are shifted vertically for clarity.
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5.4.7 Enhanced carrier generation by excitation above the bandgap
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Figure 5.25 Correlated (a) transmission and (b) reflection images of the same 1L-
WS2/graphene heterostructure on a transparent sapphire substrate. Scale bars: 200 nm.

To directly measure the interlayer coupling—dependent absorption at 3.14 eV, we
imaged correlated transmission and reflection of 1L-WSz/graphene on a transparent
sapphire substrate as shown in Figure 5.25. The linear absorption is deduced using
approaches described in Experiential Methods. The linear absorption and correlated TAM
image are shown in Figure 5.26. Both linear absorption and transient absorption are
increased at a strong-coupling location. Having graphene on top leads to static bandgap

renormalization of WS and reduces the exciton binding energy®® 2%, It is possible that
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the increased linear absorption is due to static screening from graphene that modifies the
absorption of WS; instead of the absorption by the CT transitions. However, the absorption
at 3.14 eV is not near any exciton resonances, and therefore, the change in the absorption
due to static screening from graphene should not be significant. Although linear absorption
increased by ~25% at a strong-coupling location compared to a weak-coupling location
(Figure 5.26 (a)), the TA signal intensity at the same location is increased by ~70% (Figure
5.26 (b)), indicating that the increased absorption accounts partially for the increased TA
intensity. The linear absorption and the TA images do not look exactly the same, probably
due to the higher spatial resolution of TAM being a two-photon technique?® or interlayer

(WS2 and graphene) orientation.
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Figure 5.26 Zoomed-in linear absorption (a) and correlated TAM image (D) of the 1L-
WS>/G heterostructure on a transparent sapphire substrate. The TAM image is measured
at 0 ps (pump, 3.14 eV; probe, 1.99 eV). Scale bars, 200 nm.

5.4.8 Potential to extract carriers generated by the charge transfer states

The lifetime of the charge-separated states at the graphene-WS: interface has been
measured to be ~1 ps (Figure 5.21). Although the charge-separated states live relatively
short, the high carrier mobility of graphene on WSz makes it very promising to harvest
these charge carriers. For instance, electron mobility of 38,000 cm?V ! st at room
temperature has been measured for graphene on the WS> substrate?®!, similar to that of

graphene on hexagonal boron nitride. Ultrafast carrier extraction from graphene in as short
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as 50 fs has been demonstrated?®?; therefore, the 1-ps lifetime should be sufficiently long.
Although our measurements do not directly measure the electron-hole binding energy at
the interface, successful charge extraction has been confirmed in graphene/WS:
photodetector devices?®® 23, which is probably facilitated by a built-in field at the interface.
Therefore, the binding energy of these interlayer states can be overcome to achieve

extraction.

5.5 Conclusion

In summary, ultrafast microscopy in combination with first-principles calculation
provides a comprehensive picture of carrier generation resulting from interlayer coupling
iINWS2-graphene heterostructures. Interlayer CT transitions and hot carrier injection
promote electrons from graphene to WSz, allowing carrier generation by excitation of CT
transitions below the WS bandgap and leading to enhancement in photocarrier generation
by visible optical excitation. The CT transition energies predicted by first-principles
calculations have been verified by experimental measurements. Broadband enhancement
in carrier generation is highly attractive for photovoltaic applications of heterostructures

based on graphene and 2D semiconductors.
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CHAPTER 6. CHARGE TRANSFER EXCITON FORMATION
AND TRANSPORT IN TWO-DIMENSIONAL WS-TETRACENE
HETEROSTRUCTURES

This chapter is adapted with permission from Tong Zhu, Long Yuan, Yan Zhao, Yan Wan, Jianguo Mei,
Libai Huang, Science Advance, 2018, 4, eaa03104.

6.1 Abstract

Charge-transfer (CT) excitons at hetero-interfaces play a critical role in light to
electricity conversion using organic and nanostructured materials. However, how CT
excitons migrate at these interfaces is poorly understood. Here we investigate the formation
and transport of CT excitons in two-dimensional (2D) WS2-tetracene van der Waals (vdW)
heterostructures employing ultrafast spectroscopy and microscopy. Electron and hole
transfer occur on the timescale of a few picoseconds and emission of interlayer CT excitons
with a binding energy of ~ 0.3 eV has been observed. Transport of the CT excitons is
directly measured by transient absorption microscopy (TAM), revealing coexistence of
delocalized and localized states. Trapping-detrapping dynamics between the delocalized
and localized states leads to stretched-exponential PL decay with an average lifetime of ~
2 ns. The delocalized CT excitons are remarkably mobile with a diffusion constant of ~ 1
cm?s. These highly mobile CT excitons could have important implications in overcoming

large interfacial binding energy to achieve charge separation.

6.2 Background
6.2.1 Charge transfer in van der Waals heterostructures

Charge transfer and separation at hetero-interfaces play a key role in determining

the efficiency of light to electricity conversion using organic and nanostructured materials®>
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263266 In these systems, charge separation occurs as an exciton created in one material is
dissociated into a spatially separated electron-hole (e-h) pair across the material interface.
Semiconducting transition metal dichalcogenides (TMDCs) are versatile building blocks
for fabricating two-dimensional (2D) van der Waals (vdW) heterostructures with
atomically thin and sharp interfaces, allowing for applications such as photovoltaics and
photodetectors®-14: 53, 59-60. 67, 125, 210, 267-268 \jplecular and polymeric semiconductors can
also be integrated with 2D TMDCs to form vdW heterostructures®® 112-113,116-117,269-272 ‘g4
charge generation at organic-TMDC interfaces has been recently demonstrated*!6.

Charge transfer at the interface of TMDC heterostructures has been found to be
extremely rapid, as short as 50 fs’381-84.87.112 However, due to the inefficient screening of
the interfacial Coulomb potential, the spatially separated e-h pair are not free but bound
with energy on the order of 200 meV®, leading to the formation of charge-transfer (CT)
excitons also known as interlayer excitons in TMDC heterostructures (such as
Mo0S2/WS2)"3 93.99. 101, 221 ‘\wWhen incorporated with molecular semiconductors, the nature
of the interfacial CT states following charge transfer events remains elusive at the 2D
organic-TMDC interfaces. While CT excitons have been inferred in recent studies!!? 116,

no direct experimental evidence has been provided.

6.2.2 Charge transfer exciton transport

CT exciton diffusion has been proposed as a mechanism for the electrons and holes
to escape the large interfacial Coulomb potential (on the order of hundreds of meV) to
achieve charge separation®’3, However, the CT states so far have been mostly studied in
largely disordered systems such as organic solar cells?®3 273275 \where measurements are

averaged over many different kinds of interfaces making it difficult to obtain the upper
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limit of CT exciton transport. To overcome this difficulty, we use heterostructures that
integrate exfoliated WS layers with tetracene thin film as a model system with 2D
crystalline organic-inorganic interfaces?”. Another challenge is that direct measurements
of CT exciton transport require quantitative information in both spatial and temporal
domains. Recent photoluminescence (PL) microscopy measurements have revealed that
CT excitons move 5-10 nm in space at disordered organic-organic interfaces?’3. However,
a drawback for PL based techniques is that only emissive species are investigated while
many of the CT states are optically dark.

To address this challenge, we employ transient absorption microscopy (TAM) that
is capable of imaging both bright and dark excitons with ~ 200 fs temporal resolution and
~ 50 nm spatial precision?’®?"’, The measurements on WSa/tetracene heterostructures
presented here reveal highly mobile CT excitons at 2D organic-TMDC interfaces with a
diffusion constant of ~ 1 cm?s™, which could be an important factor in achieving efficient

charge separation

6.3 Experiential Methods
6.3.1 Sample preparation

WS: flakes of different thickness are obtained by mechanically exfoliating from
bulk WS2 onto Si/SiO2 substrate. Numbers of WS: layers are identified by
photoluminescence microscopy® 1%, Tetracene (Tc) thin film is deposited onto WS: flakes
by the physical vapor deposition method. Briefly, Tetracene thin film was deposited by
thermal evaporation in the glove box at a deposition rate of 2 nm/s under high vacuum (<
7 x 10 Pa). The substrate temperature was kept at 290 K. The Tc film thickness of ~20

nm is identified by Atomic Force Microscopy (AFM) measurements WS; flakes from 1 to
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7 layers have been exfoliated and integrated with Tc thin film to fabricate the

heterostructures.

Figure 6.1 Identification of numbers of WSz layers using photoluminescence
spectroscopy. PL spectrum of WS from 1L to 7L is shown from bottom to top.
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6.3.2 Atomic force microscopy
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Figure 6.2 AFM line profile of the Tc film thickness.
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AFM measurements were performed under ambient conditions using a Veeco

Dimension 3100 AFM instrument in the tapping mode

6.4 Results and discussion
6.4.1 Charge transfer excitons emission and dynamics

Figure 6.3 shows the construction of a heterostructure from a single-layer WSz (1L-
WS2) and a tetracene (Tc) thin film. The optical image of the exfoliated 1L-WS: flake
before the Tc deposition is shown in Figure 6.3 (a). Polycrystalline Tc thin film is deposited
onto the WSz flakes by physical vapor deposition, as detailed in the Experiential Methods.
A film thickness of ~20 nm is determined using atomic force microscopy (AFM) (Figure
6.3 (b) and Figure 6.2). The Tc molecules are likely to pack edge-on in the herringbone
structure on WS2%8, as schematically shown in Figure 6.3 (c) (29). The absorption and PL

spectrum of Tc film and 1L-WS: are shown in Figure 6.4.
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Figure 6.3 (a) Optical image of WS: flakes exfoliated on Si/SiOz substrate. The 1L-WS>
is indicated by the dashed line. The dashed square shows the area imaged by AFM in (b).
Scale bar represents 10 um. (b) AFM image of the same 1L-WS; flake in (a) witha Tc
thin film deposited on top. Scale bar represents 5um. (¢) Schematic of the formation of
CT excitons and the band alignment of the 1L-WS2/Tc heterostructure, showing the
formation of a type Il heterojunction.
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Figure 6.4 Absorption and PL spectrum of Tc film and 1L-WS..

Figure 6.5 compares the steady-state PL spectra from the 1L-WS2/Tc
heterostructure, a Tc-only region of the film, and the 1L-WS: before deposition of Tc, with
photoexcitation at 2.8 eV exciting both the 1LWS: and the Tc film. The 1L-WS2 shows an
emission peak near 2.0 eV corresponding to the direct interband recombination of the A
exciton'®. An additional low-energy emission peak at 1.7 eV from the heterostructure is
observed in addition to the emission of the A exciton of WS: and the singlet exciton of Tc.
We have confirmed this low-energy emission peak in all the 1L-WS2/Tc heterostructures
fabricated. The intensity of the low-energy emission could vary significantly from sample

to sample, probably due to the variations in morphology of different samples.
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Figure 6.5 Steady-state PL spectra of a 1L-WSz, Tc thin film, and a 1L WS2/Tc
heterostructure. The new emission band at 1.7 eV indicates the formation of interlayer
CT excitons.
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Figure 6.6 Photoluminescence excitation (PLE) measurements monitoring CT exciton
emission at 1.7 eV.

The 1L-WS:2 and the Tc molecules form a type Il heterojunction, as schematically
shown in Figure 6.3 (c). The conduction band minimum (—3.4 eV)!? of the 1L-WS: lies
lower than the lowest unoccupied molecular orbital level (2.4 eV)*?! of Tc molecules
allowing electron transfer from Tc to WSz, whereas the valence band maximum (VBM;
—5.8 eV)!?0 of WS is located lower than the highest occupied molecular orbital (HOMO)
level of Tc (—5.4 eV)*?, facilitating hole transfer from WSz to Tc. On the basis of the band
alignment, we attribute the emission band at 1.7 eV to interlayer CT excitons where the
electrons and the holes reside on the 1L-WS: and the Tc film, respectively (Figure 6.3 (c)).
We have also carried out PL excitation (PLE) measurements confirming the excitation of

the A exciton in WSz leads to CT exciton emission (Figure 6.6). From the energy level



133

alignment and 1.7-eV emission energy, the binding energy for the CT excitons is estimated
to be ~0.3 eV, assuming that the energy levels do not change significantly at the interfaces.
This binding energy is slightly larger than that of ~0.2 eV for the CT excitons in
MoSe2/WSe: heterostructures® 8, which can be explained by the lower dielectric constant
of the Tc thin film (e~5) in comparison to that for MoSe2 (e~15) and WSe2*?, leading to

less efficient screening of the Coulomb potential.
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Figure 6.7 (a) PL spectra of a 1L-WS2/Tc heterostructure, a 3L-WS2/Tc heterostructure,
and a Tc thin film with excitation energy of 2.1 eV and 700-nm long-pass filter
selectively exciting WSz in the heterostructures and detecting only interlayer CT exciton
emission. (b) Time-resolved PL measurements on the interlayer CT exciton ina 1L-
WS>/Tc heterostructure, a Tc film, and a 1L-WS: flake. The CT exciton PL decay is
fitted with a stretched exponential function, as described in the main text.

We monitor the CT exciton emission with photoexcitation energy below the Tc
bandgap at 2.1 eV exciting only WS: to eliminate the background emission from Tc at
energy similar to the CT excitons. As shown in Figure 6.7 (a), the emission from the

interlayer CT excitons is broad, indicative of a distribution in CT exciton energy levels.

The CT excitons exhibit overall much longer PL lifetime than the singlet exciton of the Tc
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(~100 ps) and the A exciton of WS (~500 ps), as expected from the spatial indirect nature

of the CT excitons (Figure 6.7 (b),).
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Figure 6.8 Excitation intensity dependent measurements of PL dynamics of CT exciton
emission. Excitation photon energy: 2.1 eV.

The PL decay of the CT excitons is not a single exponential but only can be fitted

with a stretched-exponential function:
1t) = Iye™@” (1)
where T =0.97 £ 0.1 ns and 8 = 0.48 + 0.01 is the stretching exponent. The
need for a stretched-exponential fit is due to a superposition of many exponentials with
different decay time constants zj that probably arises from multiple configurations of the
CT excitons?’®2°, The dispersion of the decay time constant is described by g (0 < 8 <

1), where the smaller the g value, the broader the distribution of z;. The average exciton
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lifetimeis (7;) given as (é) r (%) = 2.1 ns, where I" represents Gamma funtion . We have

carried out excitation intensity—dependent measurements that show negligible variations in
dynamics with fluences ranging from 1.25 to 125 pJem (Figure 6.8), indicating that

exciton-exciton annihilation processes do not play an important role here.

6.4.2 Hole transfer from WS> to Tc
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Figure 6.9 (a) Transient absorption dynamics probed at the A exciton bleach of the 1L-
WS: before and after Tc deposition with pump energy of 2.1 eV (pump fluence: 50
pJ/cm?). Red solid lines are fittings with a bi-exponential function convoluted with an
experimental response function. Inset of band alignment shows the hole transfer process
the 1L-WS2/Tc heterostructure. (b) Transient absorption dynamics probed at the A
exciton bleach of 2L-WS; before and after Tc deposition with pump energy of 2.1 eV,
showing no hole transfer in the 2L-WS2/Tc heterostructure.

We excite the 1L-WS>/Tc heterostructure with a pump photon energy of 2.1 eV that
is below the absorption edge of Tc (Figure 6.4) to selectively investigate hole transfer from
WS to Tc. The dynamics of the same 1L-WS: flake is probed at the A exciton bleach (2.0
eV) before and after Tc deposition (Figure 6.9 (a)). On the time scale of a few picoseconds,

the dynamics become faster after the deposition of Tc, which can be explained by the

additional hole-transfer pathway from WS: to Tc in the heterostructure. The dynamics
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before Tc deposition can be fitted with a biexponential decay function (Figure 6.9 (a)), and
hole transfer is competing with the fast decay component on the picosecond time scale. We
can extract the hole-transfer rate by subtracting the fast decay rate before Tc deposition
from that of after Tc deposition and obtain a hole transfer time constant of 3.2 = 0.5 ps.

This hole-transfer time is consistent with recent measurements at pentacene/MoS2

interfaces!2.
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Figure 6.10 TAM Dynamics of 4L, 5L, and 7L-WS: before and after Tc deposition. TAM
dynamics of 4L (a), 5L (b) and 7L-WS:2 (c) before (blue) and after (green) Tc deposition
showing no hole transfer in the heterostructures built by thick WSz flakes and Tc film.
(2.1 eV pump and 2.0 eV probe).

To investigate driving force for dissociating the A exciton in WSz, we perform
measurements on WS2/Tc heterostructures constructed with a different thickness ranging
from | layer to 7 layers (7L-WSz). The interlayer CT exciton emission disappears as the
thickness of the WS2 increases to two layers or thicker (Fig.2A). There is also no obvious
difference in the WS transient absorption dynamics after Tc deposition (Figure 6.9 (b) for
2L-WS: and Figure 6.10 for 4L-WSz, 5L-WS2, and 7L-WS), implying that hole transfer
does not occur, which explains the absence of the CT exciton in these heterostructures.

This thickness dependence confirms that the below-bandgap emission is from CT excitons

and not from defects or other origins.
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In order for hole transfer to occur, the offset between the VBM of WSz and the
HOMO of the Tc molecules that provides the driving force?®! for A exciton dissociation
has to be greater or similar to the A exciton binding energy of ~0.4 eV*2. This requirement
is satisfied in 1L-WSa2/Tc heterostructures. However, as thickness increases to 2L-WSz, the
VBM energy level increases*?, and energy offset decreases to ~0.2 eV. The fact that hole
transfer is not observed in the heterostructures constructed with 2L-WS:2 or thicker
indicates that the energy offset between the VBM of WS: and the HOMO of Tc is not large
enough to drive the dissociation of the A exciton in WSz, and hence, the CT excitons do

not form.

6.4.3 Electron versus energy transfer from Tc to WS:
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Figure 6.11 (a) 1L-WS2 dynamics before and after Tc deposition. (b) 2L-WS2 dynamics
before and after Tc deposition. Pump = 3.1 eV (pump fluence: 2.2 pJcm2), probe = 2.0
eVv.

Next, we use a pump photon energy of 3.1 eV to investigate electron and energy
transfer dynamics from Tc to WSz. Under this condition, excitons are generated in both

WS: and Tc. Because the singlet exciton emission of Tc overlaps with the absorption

spectrum of WSz (Figure 6.4), Forster-type resonance energy transfer from Tc to WSz is
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also possible. Dynamics probed at the A exciton resonance (2.0 eV) in WS: before and
after Tc deposition are shown in Figure 6.11. (a and b) for the 1L-WS2/Tc and 2L-WS2/Tc
heterostructures, respectively. Note that measurements on Tc-only regions under the same
experimental conditions show no detectable transient absorption signal when probing at
2.0 eV. Dynamics probed at the A exciton resonance become slower in the 1L-WS2/Tc
heterostructure than in the control 1L-WS: (Figure 6.11. (a)), which is the opposite from
when only 1L-WS; is excited (Figure 6.9 (a))). The slower decay in the heterostructure
could be due to either energy transfer or electron transfer from Tc to WS2. We follow the
procedure of Rowland et al.?®? to subtract the dynamics of the control 1L-WS2 from that of
the 1L-WS2/Tc heterostructure (Figure 6.12), and a rise time of 2.1 = 0.2 ps is obtained,

which might contain contributions from both electron and energy transfer.
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Figure 6.12 Subtraction of 1L-WS: dynamics from 1L-WS2/Tc dynamics fitted with an
exponential growth function with a time constant of 2.1+ 0.2 ps and subtraction of 2L
WS: dynamics from 2L-WS2/Tc dynamics yielding a rise time constant of 44 + 5 ps.

To separate the contribution from energy transfer, we examine dynamics in
heterostructures constructed with 2L-WS: (Figure 6.12) and thicker (Figure 6.13). In these
heterostructures, type | instead of type Il heterojunctions are formed because hole transfer
from WS is blocked, and only exciton energy transfer is possible. After the deposition of
Tc, the dynamics probed at the A exciton resonance become slower in these
heterostructures when the Tc molecules are excited because of energy transfer. By
subtracting the dynamics of the control 2L-WS: from that of the 2L-WSa/Tc

heterostructure, we obtain a rise time constant of 44 + 5 ps corresponding to the energy

transfer time from Tc to 2L-WS; (Figure 6.12). Energy transfer rates have been measured
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as a function of the thickness of WSz, ranging from 2L to 7L, as plotted in Figure 6.14.
Energy transfer rate decreases as the thickness of WSz increases, which is consistent with
the recent reports on energy transfer between quantum dots and MoS2?%8 283284 Thjs
thickness dependence arises from the decreased electric field strength of the top layer WS:
as thickness increases due to enhanced dielectric screening?® 283,

We fit the WS: thickness—dependent energy transfer rate by using the
electromagnetic model developed by Raja et al>8. Briefly, the energy transfer rate I'z; as

a function of the number of layers of WS2 (d) is written as:

1+|T]|26_2Cd
[er = An” 2
ET n 1-2Re|n2|e-2Cdt|p|4e—4Cd (2

where A and C are constants and are obtained from fitting, n, n" and n'"are related to

le|2—1+2ig"

———— and e =
le|24+2&"+1 '

dielectric constant of WSz (¢), and are given as, n =n'+in",n =

e' +ie". By using values of the real part (¢' = 16.2) and the imaginary part (¢" = 6.4) of
WS: dielectric constant?®, the dependence of energy transfer rate on WSz thickness from

2L to 7L was fitted to extrapolate energy transfer rate from Tc to 1L-WSo.
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Figure 6.13 Energy transfer from Tc to WSz measured with TAM (3.1 eV pump and 2.0
eV probe). (a) Transient dynamics of 3L-7L WS2 before (blue) and after (green) Tc
deposition. (b) Subtraction of WSz dynamics from WSz/Tc dynamics yielding rising
curves fitted with an exponential function for each WS: thickness, indicating energy

transfer time constants.

Using this model, a time constant of 37 ps is extrapolated for energy transfer from
Tc to 1L-WS>. Because this energy transfer time is more than one order of magnitude

slower than the 2.1 + 0.2 ps rise-time, we conclude that electron transfer instead of energy

transfer dominates the dynamics in the 1L-WSa2/Tc heterostructure. The electron transfer
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time can be obtained by subtracting the energy transfer contribution from the rise-time,

T ! — = 2.2 ps. Transient absorption dynamics of the 1L-WS2/Tc heterostructure

2.1ps 37ps

probed at the A exciton resonance show an additional slow decay with a characteristic time
> 1 ns (limited by the time window of the measurements) as shown in Figure 6.11 (a),

which is attributed to the recombination of the interlayer CT excitons.
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Figure 6.14 Energy transfer rate dependence on numbers of WS: layers fitted to the
electromagnetic model as described in the main text.
Figure 6.15 summarizes the charge and energy transfer in WSz/Tc heterostructures.
For 1L-WS2/Tc, due to type Il band alignment, both electron and energy transfer are

allowed after photo-excitation. In heterostructures constructed with 2L and thicker WSa,
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only exciton energy transfer is possible due to the type | band alignment. The energy

transfer rate is reduced as thickness increases.
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Figure 6.15 Schematic illustration of electron and energy transfer processes. In the
heterostructures constructed from 2L-WS; or thicker, type | heterojunctions are formed
and only exciton energy transfer is possible.

6.4.4 Transport of the delocalized and localized CT excitons

A possible mechanism leading to the stretched-exponential behavior of the CT
exciton PL decay as shown in Figure 6.7 (b) is trapping and detrapping dynamics between
delocalized and localized states®””. This mechanism known as multiple trapping-detrapping

has successfully explained the stretched-exponential PL decay observed in porous
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silicon?®. In WSa/tetracene heterostructure, since CT exciton binding energy Ej is
inversely proportional to the e-h distance, delocalized CT excitons with large e-h distance
have smaller Ep and higher energy. When the e-h distance is reduced, the more localized
CT excitons with lower energies can serve as traps®®’. There could be certain sites to
accommodate the lower-energy and more localized states where emission is more likely to
occur?’®, PL dynamics of the CT excitons are controlled by the competition between the
diffusion to these sites and the detrapping of the exciton from these sites?¢. The density
and spatial distribution of the low-energy sites determine the dispersion of CT exciton
lifetime and hence the value of § in Equation. 127,

To validate the mechanism proposed, we image the transport of CT excitons
directly with TAM by mapping population in both the spatial and temporal domains®’®. The
pump beam is held at a fixed position, whereas the probe beam is scanned relative to the
pump with a pair of galvanometer scanners to obtain the exciton distribution at a given
pump-probe delay time. The pump-induced change in probe reflectance AR =
Rpump—on — Rpump—oyy 18 collected. The pump energy is 3.1 eV exciting both WSz and Te,
and the probe energy is 2.0 eV probing WSz. At zero delay time, the TAM results reflect
the initial population created by the pump beam, and at later delay time, the TAM images
directly visualize how excitons transport out of the initial volume. We have also carried out

exciton transport experiments on a control 1L-WS: flake.
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Figure 6.16 (a) Exciton population profiles fitted with Gaussian functions at different
delay times with the maximum AT signal normalized to unity for the control 1L-WSa.
The pump photon energy is 3.1 eV (pump fluence: 4.4 pl/cm?) and the probe energy is
2.0eV. (b) 62 — o¢ as a function of pump-probe delay time, with a linear fit to equation
3 (line) for the control 1L-WSs. Error bars of 62 — ¢ are the standard errors estimated
from Gaussian fitting to the spatial intensity distributions.

In one dimension (1D), the initial population z (x, 0) follows Gaussian distribution

as created by a Gaussian pump beam of 3.1 eV at position (xo) with a variance of 6% and is

(

_ 2
given by, n(x,0) = Nexp [— %] Population as a function of space and time can be
0
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described by a differential equation that includes both the diffusion out of the initial volume

and population decay, which is given by:

an(xt) _ . 0%n(xt) _ n(xt)
ac D 0x2 T (3)

where D is the exciton diffusion constant and 7 is the exciton lifetime. Solution to equation

(3) dictates that exciton distribution at any later delay time (7) is also Gaussian and can be

_ 2
described as n(x, t) = Nexp [— %] with a variance of 6Z. The solution also gives the
t

diffusion constant D as,

2

D = "tz;"ﬂ 4)

2t

Using this analysis, the population of the A excitons in the control 1L-WS: flake at different
delay times are fitted to Gaussian functions and the diffusion constant is determined to be

1.7 £ 0.1 cm?s! (Figures 6.16 (a) and 6.16 (b)).

AR(uV)

Figure 6.17 TAM image of the same 1L-WS2/Tc heterostructure shown in Figure 1 taken
with spatially overlapped pump and probe beams at 0 ps. Scale bar represents 2 um. The
pump energy is 3.1 eV (pump fluence: 4.4 pJ/cm?) and the probe energy is 2.0 eV.



147

For the 1L-WS2/Tc heterostructure, population profiles at different delay times have
been taken along the line indicated in Figure 6.17 with a pump fluence 4.4 pJ/cm?. Sums

of at least two Gaussian functions are required to fit the population profile at a given pump-

_ 2
probe delay time (Figures 6.18 and 6.19 ), as given by n(x,t) = N;exp [— u] +

2
201,t

_ 2
N,exp [— (XZ:ZO) ], implying there are at least two populations migrating with different

2,t

diffusion constants. The extracted of;and o3, are plotted as a function of pump-probe
delay time in Fig. 4E. Very rapid diffusion is observed before 100 ps, possibly due to the
transport of the free electrons in the 1L-WS: dissociated from the hot CT exciton states

created by the 3.1 eV pump that has 1.4 eV excess energy?®’.
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Figure 6.18 Exciton population profile at 1 ns delay fitted with a single Gaussian function
(a) and a sum of two Gaussian functions (b) as described in the main text for the 1L-
WS2/Tc heterostructure. The pump photon energy is 3.1 eV (pump fluence: 4.4 pJ/cm2)
and the probe energy is 2.0 eV. (c) Exciton population profiles fitted with a sum of two
Gaussian functions as described in the text at different delay times with the maximum AR
signal normalized to unity for the 1L-WS>/Tc heterostructure along the line indicated in
Figure 6.17.

We focus on timescale > 100 ps where the intralayer A excitons in the 1L-WS: have
mostly decayed (Figure. 6.11 (a)). The long-lived transient absorption signal in the
heterostructures reflects the CT exciton population because the formation of CT excitons
leaves the electronic states occupied in WSz and results in the long-lived bleaching of A exciton

transition. A diffusion constant D1=1.0 + 0.1 cm?s™ is obtained in the heterostructure for delay
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time > 100 ps by fitting the time dependence of ¢, corresponding to the fast moving
population with N; = 0.4. The diffusion constant for the slow moving population (N, = 0.6)

is more than one order of magnitude slower, D>=0.04 = 0.01 cm?’s™'.
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Figure 6.19 0% — 0§ and o5 — o§ as a function of pump-probe delay time, with a linear
fit to equation 3 (line) for the 1L-WS2/Tc heterostructure.
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Figure 6.20 Transient absorption dynamics of a 1L-WS2/Tc heterostructure measured at
different pump fluences. Pump = 3.1 eV, probe = 2.0 eV.

To correctly measure exciton transport, it is important to account for exciton-
exciton annihilation processes. Because the exciton density at the center of the spot is
higher than the edge, exciton-exciton annihilation could lead to artificially broadening of
o. We have carried out pump intensity dependent dynamics and transport measurements to
rule out the interference from exciton-exciton annihilation. Transient absorption dynamics
measured at pump fluences from 2.2 to 20.6 pJem™? exhibit essentially the same decay
(Figure 6.20). TAM measurements at two higher pump fluences of 10.0 uJem? and 20.6
uJem show similar bi-population diffusion behavior (Figure 6.21). These measurements
yield almost identical diffusion constants as those measured at 4.4 pJem™, with D1=1.0 +
0.1 cm?s™! and D>=0.04 = 0.01 cm?s™! for pump fluence at 10.0 uJem™ (Figure 6.20 (a))
and Di= 0.9 £ 0.1 cm?s! and D>= 0.03 + 0.02 cm?s™! for pump fluence at 20.6 pJem™

(Figure 6.20 (b)), respectively. The lack of pump intensity dependence implies that exciton-
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exciton annihilation processes do not contribute to the two diffusion constants measured.
It has been established that exciton-exciton annihilation!’® 1% threshold in single layer
TMDCs is as low as nJ cm? However, the key difference in the 1L-WS2/Tc
heterostructures is that charge transfer processes occur at 2-3 ps timescale, much shorter
than exciton-exciton annihilation time of hundreds of ps in monolayer WS2'%3. Therefore,
the formation of CT excitons outcompetes exciton-exciton annihilation, leading to much

less pronounced annihilation.

The fact that there exist at least two CT exciton populations with different diffusion
constants directly supports the delocalized and localized states proposed to explain the
stretched exponential PL decay behavior. We attribute the fast-moving population to the
CT excitons with a large e-h distance. It is likely that the fast-moving population also leads
to the dissociated free electrons. The slow-moving population is the more localized CT

excitons trapped at low-energy sites. The energy difference D between the delocalized and

A
. ) N1 - :
localized states can be estimated by =€ kBT where kg is the Boltzmann constant and

T is temperature. A has a value of ~ 10 meV < kgT at room temperature, allowing for
detrapping of exciton from the localized states and resulting in the stretched-exponential decay

behavior.

A diffusion constant as high as 1 cm?s™ for CT excitons is remarkable, which indicates

that the diffusion length, L = /D, is up to ~ 450 nm when using an average lifetime of 2 ns.
A possible explanation for the extremely mobile CT excitons is that the electron mobility in
WS of ~ 50 cm?s™tV is more than one order of magnitude higher than and hole mobility in
Tc (~ 1 cm?stv )8 CT exciton transport has been proposed to occur via asynchronous

electron and hole motion. Because the mobile electrons in the WS: layer can sample a much
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larger distance than the holes in Tc, large e-h distances can be achieved. Dimensionality could
also play an important role in increasing e-h distances as suggested by recent theoretical
simulations where 2D electron transport increases the dissociation yield of CT excitons by an
order of magnitude over 1D case?”®. CT exciton mobility of ~ 10 cm?s has also been reported

in MoSe2/WSe: interfaces®.
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Figure 6.21 Power-dependence exciton population profiles (a) pump fluence: 10.0
pd/em?. (b) pump fluence: 10.0 pJ/cm?. o, — ¢ and o7, — o¢ as a function of pump-
probe delay time, with linear fits to equation 3 (red lines) for the 1L-WS2/Tc
heterostructure.

The highly mobile CT excitons at the crystalline 2D organic-inorganic interfaces
can lead to large e-h distances and facilitate exciton dissociation at interfaces, which could

have important implications for charge separation in excitonic solar cells. For instance, the

interfaces between conjugated polymer donors and fullerene acceptors are highly
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crystalline at the length scale of a few nanometers in organic solar cells, despite overall the
system is highly disordered?®. The mobile CT excitons at the crystalline nanoscale
interfaces could sample large distance in short time (10 nm in 1 ps assuming D = 1 cm?s”
1, which could be the key factor for overcoming large CT exciton binding energy to

achieve efficient charge separation.

6.5 Conclusion

In summary, the formation and transport of interlayer CT excitons have been
elucidated in 2D organic-inorganic vdW heterostructures constructed from WS: layers and
tetracene thin films. PL measurements confirm the formation of interlayer excitons with a
binding energy of ~ 0.3 eV. Electron and hole transfer processes at the interface between
monolayer WS2 and tetracene thin film are very rapid, with time constants of ~ 2 ps and ~
3 ps, respectively. TAM measurements of exciton transport at these 2D interfaces reveal
coexistence of delocalized and localized CT excitons, with diffusion constant of ~ 1 cm?s”
Land ~ 0.04 cm?s, respectively. The trapping-detrapping dynamics of the delocalized and
localized states leads to stretch-exponential PL decay. The high mobility of the delocalized
CT excitons could be the key factor to overcome large CT exciton binding energy in

achieving efficient charge separation.
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CHAPTER 7. CHARGE TRANSFER EXCITON DYNAMICS AND
TRANSPORT IN TWO-DIMENSIONAL WS2-WSe;
HETEROSTRUCTURES

7.1 Abstract

Interlayer charge-transfer (CT) excitons at hetero-interfaces play a critical role in
light to electricity conversion using two-dimensional heterostructures. However, how CT
excitons recombine and migrate at these interfaces is poorly understood. Here we
investigate the formation, dynamics, and transport of interlayer excitons in CVD grown
two-dimensional (2D) WS2-WSe:2 van der Waals (vdW) heterostructures with different
stacking orientation (0° and 60°) by combining PL microscopy, ultrafast transient
absorption microscopy, and first-principle calculations. Our results present that interlayer
exciton dynamics and transport exhibit stacking orientation dependent behavior.
Temperature-dependent interlayer exciton dynamics suggests the existence of moiré
potential which localizes interlayer excitons. Interlayer exciton transport in WS2-WSe2
heterostructures is much more mobile than intralayer excitons in 1L-WS2 or WSez. The
dipole repulsion from interlayer excitons could efficiently screen moiré potential
fluctuations and facilitates CT exciton transport. We also demonstrate that excess excitation
energy promotes charge transfer exciton transport by overcoming the moiré potential. Our
results provide fundamental insights in understanding charge transfer exciton dynamics
and transport in CVD WS2-WSe: heterostructures which has important implications in

optoelectronic applications at the nanoscale limit.



155

7.2 Background
7.2.1 Charge transfer in two-dimensional van der Waals heterostructures

Transition metal dichalcogenides (TMDCs) are two-dimensional layered

semiconductors which hold unique optoelectronic and spintronic properties at the

7-8, 289-292

nanoscale limit such as indirect to direct band transition , extraordinary large

42, 45, 80, 132, 270, 293-294 40, 120, 134, 173,

exciton binding energy , and strong spin-orbit interaction

295297 Due to the week van der Waals interactions, different TMDCs semiconductors could
be assembled into two-dimensional heterostructures in which lattice matching and atom
inter-diffusion conditions are longer required>*3* %%, 2D Van der Waals heterostructures
with type II band alignment’3-8%-2%_ particularly bilayers of TMDCs (MX2, where M = Mo,
W; X =S8, Se, Te) have open new avenue in exploring emerging exciton physics properties

4, 14, 26, 60-61, 63, 298-299 23, 101, 105, 300-304

and optoelectronic , valleytronic , and spintronic

305307 4t the nanoscale limit.

applications

In a type II van der Waals heterostructure, photo-excited carriers could undergo
efficient charge separation due to the built-in electric field at the interface. Previous studies
demonstrated ultrafast charge transfer (< 50 fs) across the interface with arbitrary aligned

orientation®!-82 84-87. 91

. After charge separation, electrons and holes are residing into
different layers to form interlayer charge transfer excitons>> %% 9899 221.3%8 ' Qwing to the
spatially indirect nature, interlayer excitons hold a much longer lifetime than intralayer

excitons in monolayer TMDCs?3-7: 100. 309-311,

7.2.2 Moiré superlattice

In 2D van der Waals heterostructures, lattice mismatch or rotational misalignment

lead to the formation of in-plane moiré superlattice®'?*!3. The moiré pattern has been
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displayed to have a remarkable effect on the impact on the electronic, optical, and magnetic
properties of van der Waals heterostructures®'432°. According to a recent theoretical study,
interlayer excitons are modulated by periodically potential in the moiré superlattice and
form perfect arrays of nanodots that act as uniform quantum emitters®'*. The predicted
moiré potential is about 100 meV which can be tuned by applying electrical filed and
strain®'* 321322 Such a deep potential is expected to localize interlayer excitons even at
room temperature. Although recent studies demonstrated that multiple exciton states are
58,323-325

confined within the moiré potential by detecting interlayer exciton emission , 1t 1s

still elusive on how moir¢ potential modifies interlayer exciton recombination and transport.

7.2.3 Interlayer charge transfer excitons dynamics and transport

Understanding the interlayer exciton dynamics and transport of moiré excitons in van
der Waals heterostructures is critical for fundamental research and optoelectronic
applications. Recent optical measurements on moiré excitons are mostly studying how
moiré potential affects interlayer exciton emission in van der Waals heterostructures®®.
However, a drawback for PL based techniques is that only emissive species are investigated
while many of the interlayer CT states are optically dark. To address this challenge, we
employ transient absorption microscopy (TAM) that is capable of imaging both bright and
dark interlayer excitons and track the interlayer excitons recombination and transport

modulated by moiré potential.



157

7.3 Experiential Methods
7.3.1 Second-harmonic generation (SHG) microscopy

SHG measurements were taken using the confocal PL microscope as described
previously. Briefly, the fundamental light from an optical parametric amplifier (OPA,
TOPAS-Twins, Light Conversion Ltd) with a photon energy of 1.55 ¢V was focused on
the sample using a 50X (N.A. = 0.95) objective. The reflected SHG light with a photon
energy of 3.10 eV was collected using the same objective, dispersed with a monochromator
(Andor Technology) and detected by a TE-cooled charge-coupled device (Andor

Technology). The reflected fundamental light was removed using a short-pass filter.

7.3.2 Determination of exciton density

In our PL experiments, excitons in WS: are generated by the absorption of the pump

laser. The peak fluence of pump pulse (Pr) could be calculated as:
P
where P is the pump pulse energy, A is the pump excitation effective area. Since pump
pulse is a Gaussian beam. To calculate the exciton density injected by the pump, we assume

that every absorbed pump photon could create one exciton. Then, the injected exciton

density could be obtained as:

an

N = hv (2)

where a and hv are the absorption coefficient and photon energy of the pump pulse.
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7.4 Result and discussions

7.4.1 Charge transfer exciton emission in CVD WS2-WSe: heterostructures

Figure 7.1 Optical image of CVD grown WS2-WSe: heterostructures with two twist
angles (0° and 60°). Scale bar represents 10 um.

In our experiment, we grow WS2-WSe: heterostructures with different stacking
orientation by chemical vapor deposition (CVD)7* 326327 Figure 7.1 shows an optical
reflection image of WS2-WSe:z heterostructures with twist angles of § = 0° and 60°. We first
grow single layer WS: on the SiO2/Si substrate shown as a single crystalline triangular with

lateral size around 100 micrometers. Then, we directly grow single layer WSe2 on top of

WS2 with a lateral size around 10 micrometers.
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Figure 7.2 (a) Fundamental light with a photon energy of 1.55 eV used in SHG
measurements. (b) SHG signal (3.10 eV) from WS2-WSe: heterostructures (6 = 0° and
60°) and 1L-WSa.

CVD grown WS2-WSe: heterostructures typically have two twist angles (0° and 60°)
which can be readily determined by the relative stacking orientation of top and bottom
triangular shapes due to that the orientation of each triangle is directly correlated with its
microscopic crystal orientation®* 328, We further confirm the stacking orientation using
SHG microscopy. Previous studies have displayed that the SHG signal is very sensitive to
the crystalline symmetry and orientation®* 32833 The SHG from the twisted bilayers is a
coherent superposition of the SH fields from the individual layers, with a phase difference
depending on the stacking angle. A full description of the model for SHG in twisted bilayer

with an arbitrary stacking angle was reported before’?°. Briefly, if the laser electric field
El (w) has an angle of ¢, (¢,) with armchair direction of monolayer flake 1 (flake 2), the

generated SH electric field El Lw) [EZ (Zw)] from flake 1 (flake 2) is then 3¢, (3¢,)

away from the laser polarization. The total SH electric field Etotal(Za)) in the stacking

bilayer is equal to the vector superposition of SH field in monolayer flakes 1 and 2:
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Erora(20) = E;(2w) + E,(2w) . The total SHG intensity in the stacking region is
proportional to |Etotal(2 w) |2 which can be described as

Liota1(8) = I, + I, + 2,/ 1,1, cos 30 (1)
where I;y:q1, 11, and I, represent SH intensity of stacking bilayer, flake 1, and flake 2,
respectively, and 8 = ¢, — @, is the stacking angle which is defined as the angle between
two nearest perpendicular bisectors of the two triangular flakes. In WS2-WSe:
heterostructures, 8 = 0° yields a completely constructive interference while 8 = 60°
yields a completely destructive interference of SH fields. This model is well agreed with
SHG measurement results shown in Figure 7.2. The SHG intensity of WS2-WSe2 ( 8 = 0°)

is strongly enhanced compared with single-layer WSz while it is greatly suppressed in WSa-

WSe2 (8 = 60°).
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Figure 7.3 (a) Schematic of band alignment in WS2-WSe: heterostructures. (b) PL image
of WS2-WSe: heterostructures (0° and 60°) as shown in Figure 7.1. Scale bar represents 2
um.

Previous DFT band structure calculations’® have displayed that WS2-WSe: bilayer

has a type II band alignment as shown schematically in Figure 7.3 (a). After photo-

excitation, electrons transfer from WSe2 to WSz while holes transfer from WSz to WSe:.
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Previous reports display that charge transfer occurs in tens of femtosecond which is much
faster than the exciton recombination of single-layer WSz or WSez. As a result, the ultrafast
charge separation would greatly reduce the radiative recombination for both WSz and WSe:
in the heterostructure region. Figure 7.3 (b) displays a PL image of WS2-WSe2
heterostructures (0° and 60°) which clearly shows significant PL quench on the
heterostructures region. Figure 7.4 (a) displays that PL intensity decreased by a factor of

30 in WS2-WSe2 (60°) bilayer which indicates efficient charge separation®! . Raman
measurement (Figure 7.4 (b)) shows two characteristic Raman peaks (Ezlg and A, 4) which

are corresponding to in-plane and out-of-plane vibration modes.
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Figure 7.4 (a) PL spectrum of 1L-WS2 and WS2-WSe2 heterostructure (60°). (b) Raman
spectrum of 1L-WS2 and WS2-WSe:2 heterostructures (0° and 60°).
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Figure 7.5 PL spectrum of WS2-WSe: heterostructures (0° and 60°), 1L-WS, and 1L-
WSe:2 at 295 K (a) and 78 K (b).

The efficient charge separation in WS2-WSe: bilayer leads to the formation of
spatially indirect interlayer exciton which is likely emitting photons by radiative
recombination with lower energy than the band gap of WSz or WSe:. Here, we observe a
new emission peak at ~1.4 eV (Figure 7.5 (a)) in WS2-WSe: (60°) which doesn’t exist in
either 1L-WS2 or WSe2 layers. We attribute this new emission to the radiative
recombination of interlayer excitons. PL emission from interlayer excitons is greatly
enhanced at 78 K for both WS2-WSe: heterostructures (0° and 60°) as shown in Figure 7.5
(b) which is due to the suppressed non-radiative recombination at low temperature. It is
also interesting to see that interlayer exciton emission displays stacking orientation
dependence behavior. The interlayer exciton emission in WS2-WSe> (60°) is about one
order magnitude higher than WS2-WSe: (0°) at 78 K. We also carried out temperature-
dependent PL measurements for 1L-WSz, 1L-WSe2, WS2-WSe:2 (0°), and WS2-WSe: (60°)
as shown in Figure 7.6. Interlayer exciton emission intensity in both WS2-WSe:2 (0°) and

WS2-WSe: (60°) increases with temperature decreases.
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Figure 7.6 Temperature dependent PL spectrum for (a) 1L-WSz, (b) 1L-WSez, (c) WS2-
WSe: (60°), and (d) WS2-WSe2 (0°).

Figure 7.7 (a) displays a PL image of interlayer exciton emission from a WS2-WSe2

(60°) bilayer by detecting the emitting photon energy between 1.30 and 1.55 eV. It clearly

shows that interlayer exciton emission only exists in the heterostructure region. The

existence of interlayer exciton emission is further confirmed by the photoluminescence

excitation (PLE) spectroscopy presented in Figure 7.6 (b). Briefly, we monitor the

interlayer emission intensity by scanning the excitation energies at 78 K. It displays that

interlayer emission could track A exciton resonance (~2.03 eV) of 1L-WS2, which vanishes

when excitation energies are below the optical band gap of 1L-WSa.
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Figure 7.7 (a) PL image of interlayer exciton emission in WS2-WSe2 (60°) at 78 K with a
detection range between 1.30 and 1.55 eV. (b) PLE spectra of interlayer exciton
emission in WS2-WSe2 (60°) at 78 K.
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Figure 7.8 (a) Temperature-dependent TRPL dynamics of interlayer excitons in WS2-
WSe:2 (60°). (Red lines are fits using a bi-exponential function convoluted with an IRF
function). (b) A plot of fitted decay constant of TRPL dynamics shown in Figure 7.8 (a).

Figure 7.8 (a) presents temperature dependent interlayer exciton PL dynamics of
WS2-WSe: (60°). Interlayer exciton recombination rate decreases as temperature decreases.

Here we employ a bi-exponential function convoluted with an IRF function to fit the PL

dynamics shown in Figure 7.8 (b). We observe two decay components in the nanosecond
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range which increases with temperature decreases. The longer interlayer exciton
recombination lifetime at low temperature is probably due to the suppressed non-radiative

recombination.’®

7.4.2 Stacking orientation dependent charge transfer exciton formation in CVD WS-
WSe: heterostructures
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Figure 7.9 (a) Differential reflection spectrum of WS2-WSe: heterostructures (0° and 60°)
and 1L-WSa. (b) Transient reflection spectrum of WS2-WSe: heterostructures (0° and
60°) and 1L-WSo.

Figure 7.9 (a) displays the differential reflectance spectrum (%R) of WS2-WSe:

heterostructures (0° and 60°) and 1L-WS:2 at room temperature. Here, —

Rsample_Rsubstrate

, Where Rggmpie is the reflectance of the sample on the SiO2/Si substrate
Rsubstrate

and Rgypstrate 18 the reflectance of bare SiO2/Si substrate. In 1L-WS2, A exciton resonance
associated with band edge absorption has a notable absorption peak around 1.96 eV.
However, in WS2-WSe: heterostructures (0° and 60°), A exciton absorption peak displays
a significant red shift (~20 meV) compared with 1L-WSa. Since the optical band gap (E,¢)
of WS2 is related to single-particle band gap (Eing1e) and exciton binding energy (Eexciton)s

Eopt = Esingte — Eexciton» the reduction of E,;, in WS2 is attributed to the reduction of
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both Eipngie and Eexciton by the enhanced dielectric screening due the presence of WSe:
and weakly bounded interlayer excitons. Eyciton 18 further reduced than Eg;p, g to cause
the downshift of E,,;. Similar behavior is also observed in the downshift of A exciton

bleach energies in the transient reflection spectrum shown in Figure 7.9 (b).
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Figure 7.10 (a) Schematic of exciton broadening in WS2-WSez heterostructures. A
exciton bleach of 1L-WSz, WS2-WSe: (0°), and WS2-WSe2 (60°). Red lines are fits using
a Lorentzian function.

The broadening of A exciton resonance in WS2-WSe: heterostructures is also shown
in the transient reflection spectrum (Figure 7.9 (b)). By fitting the exciton bleach with a
Lorentzian function, A exciton linewidth of 1L-WS2, WS2-WSe: (0°), and WS2-WSe2 (60°)
are determined to be 47.6, 67.4, and 116.6 meV, respectively. By using the uncertain

principle, T = %, the timescale of population time (T) is determined to be 34.6 and 9.1 fs

for WS2-WSez (0°) and WS2-WSe2 (60°). Here, we consider three typical physical



167

processes underlying the observed line width increase: enhanced phonon scattering in the
heterostructure, energy transfer, and charge transfer between layers®’.

In 1L-WS2, the measured exciton line width of A exciton resonance is about 50 meV.
Previous temperature dependent measurements determined the contribution to the line
width from thermal phonon is about 20-30 meV. However, enhancement of photon
scattering rate by a factor of 2 and 3 for WS2-WSe: (0°) and WS2-WSe2 (60°) is very
unlikely due to the scattering of carriers in one layer with the phonons in the adjacent layer
should be much less efficient than in the same layer. In addition, this mechanism could not
explain the difference in the exciton broadening between WS2-WSe: (0°) and WS2-WSe2
(60°).

Next, we consider the effect of energy transfer. If energy transfer dominates, we could
expect it causes the quench of PL intensity in WSz and enhancement of PL intensity in
WSez. However, PL measurements present a significant reduction of PL intensity of both
WS:2 and WSe2 in the heterostructure. Furtherly, a recent experiment has determined the
low bound of the energy transfer rate in WS2/MoSe: heterostructure to be in picosecond to
subpicosecond time scales which is much slower than tens of femtosecond inferred from
the measured peak broadening. We conclude that energy transfer is not dominated in the
exciton broadening.

Finally, we consider charge transfer as the dominated factor. PL measurements have
indicated extremely efficient charge transfer between WS2 and WSe>. Due to the temporary
limitation of femtosecond pump-probe spectroscopy (~ 300 fs) used in this measurement,
it is very difficult to directly resolve charge transfer time scales with different twist angle.

We could only provide an upper bound limit of charge transfer which has a lower bound
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limit for charge transfer (9-35 fs) in WS2-WSe: heterostructures. The stacking orientation
dependent charge transfer is surprising because a recent study displays ultrafast (< 40 fs)
charge transfer in MoS2/WSe: heterostructures which is independent of twist angle. A
recent ab initio time-dependent density functional theory (TDDFT) molecular dynamics
simulation on MoS2/WS: heterostructures revealed that the minor change of interlayer
geometry can significantly modulate the charge transfer time from 100 fs to 1 ps scale

which is governed by the electronic coupling between specific interlayer states®.

7.4.3 Stacking orientation dependent interlayer exciton recombination in CVD WS-
WSe: heterostructures
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Figure 7.11 (a) Schematic of electron transfer in WS2/WSe2 heterostructures when
selectively exciting WSe2 layer with a pump photon energy of 1.58 eV. (b) TAM imaging
of WS2-WSe2 heterostructures (0° and 60°) at 0 ps. (pump photon energy is 1.58 eV;
probe photon energy is 1.94 eV)

In order to study interlayer exciton recombination dynamics, we selectively excite the
WSe: layer in the WS2-WSe:2 heterostructure using a photon energy of 1.58 eV shown in
Figure 7.11 (a). After photo-excitation, electrons could transfer from WSe: layers to WS>
layers and induce bleach signal of WSz due to Pauli blocking principle. By probing at the

A exciton resonance of WSz (1.94 eV), we could directly measure interlayer exciton
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dynamics. Figure 7.11 (b) displays a TAM image of WS2-WSe: heterostructures (0° and
60°) with pump photon energy of 1.58 eV and probe photon energy of 1.94 eV. Here we
only observe bleach signal from the heterostructure region with no detectable signal from

the WS: only area.
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Figure 7.12 (a) A representative result of charge transfer exciton dynamics of WS2-WSe2
heterostructures (0° and 60°). (pump photon energy is 1.58 eV; probe photon energy is
1.94 eV). Red lines are fits using a bi-exponential function convoluted with an IRF
function. (b) Charge transfer exciton dynamics of different WS2-WSe: heterostructures
(0° and 60°).

Table 7.1 Fitted decay constants of TA dynamics traces shown in Figure 7.11 (a).

71 (ps) 7, (ps)
0° 25.3 358.6
60° 45.0 1456.0

Figure 7.12 (a) presents charge transfer exciton dynamics of WS2-WSe:
heterostructures (0° and 60°) at room temperature which displays significant stacking
configuration dependent recombination dynamics. WS2-WSe: heterostructures (0°) lives

much longer than WS2-WSe: heterostructures 60°. By fitting the dynamics with a bi-
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exponential function convoluted with an IRF function, we obtain recombination constant
of WS2-WSe: heterostructures (0° and 60°) shown in table 1. The decay constant of WS2-
WSe: heterostructure (60°) lives four times longer than WS2-WSe: heterostructure (0°).

The stacking dependent recombination dynamics display insignificant power dependence

shown in Figure 7.13.
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Figure 7.13 Power dependent charge transfer exciton recombination dynamics of WS2-
WSe2 (60°) and WS2-WSe2 (0°). (pump photon energy is 1.58 eV; probe photon energy is

1.94 eV).
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Figure 7.14 (a) Schematic of charge transfer in WS2/WSe2 heterostructures when exciting
both WS2 and WSe2 layer with a pump photon energy of 3.14 eV. Here, electrons transfer
from WSe2 to WSz while holes transfer from WSz to WSe2. (b) TAM imaging of WS;-
WSe: heterostructures (0° and 60°) at 0 ps. (pump photon energy is 3.14 eV; probe
photon energy is 1.94 eV)
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We also carried out transient absorption measurements at a pump photon energy of
3.14 eV which could excite both WSz and WSez. Under this experiment condition, we
expect electrons and holes transfer could occur simultaneously. Electrons could transfer
from WSe2 to WSz while holes could transfer from WS> to WSe2 as shown in Figure 7.14
(a). Figure 7.14 (b) displays a TAM image at 0 ps with a probe photon energy of 1.94 eV.
Here, we observe TA signal in WS2-WSez (0°) is around 2 times of magnitude higher than
WS2-WSe: (60°) which agrees well with the transient absorption spectroscopy
measurements in Figure 7.10.

Figure 7.15 compares transient absorption dynamics of WS2-WSe2 (0°), WS2-WSe2
(60°), 1L-WS2, and 2L-WSa. By fitting the dynamics traces using a bi-exponential function
convoluted with an IRF function (Table 2), It clearly displays the contrast of lifetime
between charge transfer exciton in WS2-WSe: heterostructures and intralayer exciton in
1L-WS2 or 2L-WSz. Charge transfer exciton in the heterostructures could live up to
hundreds of picoseconds to several nanoseconds depending on stacking orientation while
intralayer exciton in either 1L-WS2 or 2L-WS: could only display short lifetimes up to tens

of picosecond.
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Figure 7.15 Charge transfer exciton dynamics of WS2-WSe: heterostructures (0° and
60°). (pump photon energy is 3.14 eV; probe photon energy is 1.94 eV). Red lines are fits
using a bi-exponential function convoluted with an IRF function.

Table 7.2 Fitted decay constants of TA dynamics traces shown in Figure 7.15.

60°

1L-WS,

2L-WS,

71 (ps)

7.4

53.1

1.0

7, (ps)

316.6

744.7

35.0

53.3
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7.4.4 Moiré trapped interlayer exciton dynamics of CVD WS2-WSe: heterostructures

(@)

AA 2R 2R"
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Figure 7.16 Long-period Moiré superlattice and three representative interlayer atomic
registries for (a) WS2-WSe2 (0°) and (b) WS2-WSe2 (60°).
Due to lattice constants of WSz (a = 0.315 nm) and WSe2 (a = 0.328 nm) is slight
different, lattice mismatch (4%) leads to the formation of Moiré superlattice in WS2-WSe2

heterostructures. The Moiré superlattice constant (b) is calculated as*':

a

b —— (2)

692+(%’—1)2
where a(a') is the lattice constant of WSz (WSe2) and 66 is the small deviation angle
between the zigzag crystalline axes of the two layers. The Moiré superlattice constants for
both WS2-WSe: (0°) and WS2-WSe: (60°) are about 6.7 nm. From first-principle
calculation, we obtatin three representative interlayer atomic registries and the
corresponding interlayer distance in the Moiré superlattices for WS2-WSe:z (0°) and WS-

WSe: (60°) shown in Figure 7.16.
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Table 7.3 First-principle calculations of the band gap, total energy, and interlayer
distance for different bilayer stacking registries shown in Figure 7.16.

Gap@K{  DE@ dine
[eVIn | [mev]a| [AJm

Gap@Kf DEE | dinw

System [eV]B | [mev]E| [A]E

System@

ABE | 0.681H 0.08 | 2.911d AAH 0.597@| 109.3@| 3.512F

2R'B | 0.648@| 27.8@ | 2.9170 2R0A 0.7550@ 0.0@ | 2.8580

2R”E| 0.587@| 103.58| 3.463" 2R"M@ 0.542@( 14.9@ | 2.8620

. Since interlayer distance varies in different interlayer atomic registries in the Moiré
superlattices, the band gap should also vary with different atomic registries as shown in
Table 3. For example, 2R" in WS2-WSe2 (0°) has the smallest bandgap which indicates the
lowest potential energy in all three stacking geometries. DFT calculations indicate that the
Moiré potential in WS2-WSe2 (0°) is about 213 meV which is over two times magnitude
higher than in WS2-WSe2 (60°) (94 meV). Although it is still changeling to obtain accurate
bandgap through DFT calculations, it suggests that Moiré potential in WS2-WSe2 (0°) is
significantly larger than in WS2-WSe:> (60°). We plot a schematic of potential energies in
different atomic registries in Figure 7.17. The large Moiré potential is expected to trap and
promote the recombination of interlayer excitons. Particularly, at low temperature, due to
the reduction of thermal energy for thermal activation, interlayer excitons are localized in

these potential wells and recombine through radiative and non-radiative pathways.
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Moiré Potential
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Figure 7.17 Schematic of Moiré potential landscape for WS2-WSe2 (0°).
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Figure 7.18 Temperature-dependent exciton dynamics of 1L-WS2 (pump photon energy

is 3.14 eV; probe photon energy is 1.94 eV). Solid lines are fits using a bi-exponential
function convoluted with an IRF function.
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Figure 7.19 Temperature dependent charge transfer exciton recombination dynamics of
WS2-WSe2 (0°) and WS2-WSe2 (60°). (pump photon energy is 1.58 eV; probe photon
energy is 1.94 eV). Solid lines are fits using a bi-exponential function convoluted with an

IRF function.
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Figure 7.20 Charge transfer exciton recombination constant extracted from Figure 7.16 as
a function of temperature for WS2-WSe2 (0°) and WS2-WSe2 (60°).

To study how Moiré potential modifies interlayer exciton recombination, we measure

transient absorption dynamics by varying lattice temperature for WS2-WSe:z (0°), WS:-

WSe: (60°), and control 1L-WS2 samples. Figure 7.18 exhibits temperature-dependent
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exciton dynamics of 1L-WSa. The recombination constants are increased from 35 ps at 290
K to 122 ps at 78 K. The increase of lifetime in 1L-WS2 at 78 K is attributed to the reduced
exciton-photon scattering due to the reduced phonon population at low temperature.
However, for both WS2-WSe2 (0°) and WS2-WSe2 (60°), interlayer exciton dynamics show
a contrasting behavior with 1L-WS2 which becomes significantly faster with the decrease
of lattice temperature as shown in Figure 7.19. This behavior can’t be explained by the
reduced exciton-phonon scattering. The fitted recombination constants for both WS2-W Se2
(0°) and WS2-WSe: (60°) are plotted in Figure 7.20. Here, we also observe a significantly
different behavior for different stacking orientation. For WS2-WSe2 (60°), the increase of
charge transfer exciton recombination is very rapid compared in WS2-WSe2 (60°) than
WS2-WSe:2 (0°) as increasing lattice temperature. The recombination constant starts to
increase at 160 K in WS2-WSe2 (0°) while it already becomes steady in WS2-WSe2 (60°).
A reasonable explanation is that the amplitude of Moiré potential is much smaller in WS:-
WSe: (60°) than WS2-WSe2 (0°). We estimate the Moiré potential depth to be on the order
of tenth meV WS2-WSe:z (60°) which is much smaller than the value from DFT calculation.
The deviation may arise from the strain in CVD grown WS2-WSe: heterostructures which
originate from strain induced from the mismatch of the thermal expansion coefficient (TEC)
between that of TMDs layers and substrate. During the thermal annealing, a large tensile
strain is expected to form in the heterostructures'®**!, By comparing the emission energies
between exfoliated'” and CVD grown WS: samples, we observe a redshift of emission
energy (~ 50 meV) in CVD WSz with exfoliated 1L-WS2, which is corresponding to ~ 0.6%
tensile strain according to a previous report. Such large tensile strain significantly modifies

Moir¢ potential amplitude.
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7.4.5 Stacking orientation dependent charge transfer exciton transport in CVD WS-
WSe:2 heterostructures
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Figure 7.21 Exciton transport measurements of 1L-WS2 and 1L-WSe2. Spatial
distribution of the exciton population at different delay time for 1L-WS: (a) and 1L-WSe2
(c). Diffusion coefficient of 1L-WS; (b) and 1L-WSe:2 (d) is obtained from the linear
fitting of the variance of Gaussian profile. Red lines are linear fits.

Here, we study the transport properties of intralayer and CT exciton using TAM. We
fix the pump beam on the sample and scan the probe beam relative to the pump beam with
a pair of galvanometer scanners to obtain exciton propagation information at different time
delays. The pump-induced change in probe reflectance AR = Rpymp—on — Rpump—off 18
collected. The pump energy is 3.1 eV to excite 1L-WS2 and 1L-WSe2, and the probe
energies are 2.0 eV and 1.6 eV probing WSz and WSez. At zero delay time, the TAM results
reflect the initial population created by the pump beam, and at later delay time, the TAM

images directly visualize how excitons transport out of the initial volume. In one dimension
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(1D), the initial population n (x, 0) follows Gaussian distribution as created by a Gaussian

pump beam of 3.1 eV at position (xo) with a variance of ¢ and is given by, n(x,0) =
_ 2
Nexp [— %} Population as a function of space and time can be described by a
0

differential equation that includes both the diffusion out of the initial volume and
population decay, which is given by:

an(xt) _  0%n(xt) _n(xt)
at b 9x2 T 3)

where D is the exciton diffusion constant and t is the exciton lifetime. Solution to

equation (3) dictates that exciton distribution at any later delay time (7) is also Gaussian

_ 2
and can be described as n(x,t) = Nexp [—M

52 ] with a variance of . The solution
t

also gives the diffusion constant D as,

2

_ ot-ad
D= (4)

Using this analysis, the population of the A excitons in the 1L-WS2 and 1L-WSe: at
different delay times are fitted to Gaussian functions and the diffusion constants are
determined to be 0.14 £0.01 and 0.10 + 0.06 cm?s™!, respectively (Figures 7.21). By using
the same method, we also carry out diffusion measurement on 2L-WS:2 and 2L-WSe:. The
diffusion constants are slightly larger than single layers shown in Figure 7.22. Excitons
diffusion in CVD WS; are about one order magnitude lower than exfoliated 1L- and 2L-
WS:, which is attributed to the much higher defect and impurities density in CVD WSa. It

could significantly scatter excitons and impede exciton transport.
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Figure 7.22 Exciton transport measurements of 2L-WS2 and 2L-WSe2. Spatial
distribution of the exciton population at different delay time for 2L-WS: (a) and 2L-WSe2
(c). Diffusion coefficients of 2L-WS:2 (b) and 2L-WSe:2 (d) are obtained from the linear
fitting of the variance of Gaussian profile. Red lines are linear fits.

Next, we look at the CT exciton transport in WS2-WSe2 heterostructures. The pump
photon energy is 1.57 eV exciting 1L-WSe2 and probe energy is 1.95 eV probing A exciton
bleach of 1L-WSa. We carry out diffusion measurements at various exciton densities (5.2 X
101! cm™2 and 1.7 x 102 ¢m™2) for both WS2-WSe: (0°) and WS2-WSe2 (60°) shown in
Figure 7.23 and 7.24 respectively. The CT exciton transport displays exciton density and
stacking orientation dependent behavior which is clearly shown in Figure 7.25 by plotting

o? —

o¢ as a function of time delays. CT exciton transport in both WS2-WSez (0°) and
WS2-WSe: (60°) is much more mobile than intralayer excitons in 1L and 2L-WS2 or WSeo.

Unlike the time-independent exciton diffusion in 1L and 2L-WS2 or WSe2, CT exciton
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diffusion exhibits time dependent behavior. Initially, CT exciton diffusion expands very
fast in 100 ps and then reduces significantly at longer time delay. We also observe stacking-

dependent CT exciton transport in which WS2- WSe2 (60°) always moves a longer distance

than in WS2- WSe: (0°) at various exciton densities.
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Figure 7.23 Exciton population profiles at different time delays with different interlayer
exciton densities (a) 5.2x10! cm™2 and (b) 1.7 x 10'? cm™=2 for WS2-WSe2 (0°). The
diffusion profiles are fitted with Gaussian functions at different delay times with the
maximum AR signal normalized to unity.
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Figure 7.24 Exciton population profiles at different time delays with different interlayer
exciton densities (a) 5.2 x 101! cm™2 and (b) 1.7 x 102 cm~2 for WS2-WSe2 (60°). The
diffusion profiles are fitted with Gaussian functions at different delay times with the
maximum AR signal normalized to unity.
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WS2-WSe:> (60°) at different interlayer exciton densities. Error bars of 2 — o are the
standard errors estimated from Gaussian fitting to the spatial intensity distributions. Solid
lines are guides for eyes.

Typically, interlayer exciton diffusion coefficients are dominated by scattering at
potential fluctuations caused by defects or impurities. Due to the presence of large Moiré
potential (~100 meV) in WS2-WSe: heterostructure, interlayer excitons are localized at
such potential fluctuations. Because the dipolar interlayer excitons repel each other, at high
exciton density, such potential fluctuations are effectively screened by the excitons at the

energy bottom of the dipolar exciton gas*32-333,
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Figure 7.26 Interlayer CT exciton transport in WS2-WSe: heterostructures with a pump
photon energy of 3.1 eV. (a) 2D image of transient reflection signal in WS2-WSe2 (60°)
as it evolves with space and time. Exciton density is 1.6 x 10! cm™~2 Exciton population
profiles at different delay time for (b) WS2-WSe: (60°) and (c) WS2-WSe: (0°). Exciton
density is 1.6 x 101! cm™2. The diffusion profiles are fitted with Gaussian functions at
different delay times with the maximum AR signal normalized to unity. (d) 62 — o as a

function of pump-probe delay time for both WS2-WSe2 (0°) and WS2-WSe2 (60°). Error
bars of 62 — o are the standard errors estimated from Gaussian fitting to the spatial
intensity distributions. Solid lines are linear fits.

We also carry out interlayer exciton transport measurements at a pump photon energy
of 3.1 eV which is 1.7 eV higher than the band gap of the interlayer exciton (~1.4 eV). The
probe energy is 2.0 eV to probe A exciton bleach of 1L-WSz. The photo-excited exciton
density is 1.6 X 101! cm™2. Figure 7.26 (a) presents a 2D image of the transient reflection
signal in WS2-WSe: (60°) evolving with space and time. It clearly displays broadening of

exciton population profiles which indicates interlayer exciton diffusion. We fit exciton

population profiles at different delay time for both WS2-WSe2 (60°) and WS2-WSe: (0°)



184

using Gaussian functions shown in Figure 7.26 (b) and (c). By plotting 6 — 0¢ as a
function of pump-probe delay time shown in Figure 7.26 (d), it is surprising to see a time-
independent diffusion behavior which is directly contrast with the results measured at 1.57

eV-pump. By fitting with linear functions, we obtain the diffusion constants of 1.0 +

2
0.04 and 0.52 + 0.03% for WS2-WSez (60°) and WS2-WSe2 (0°), respectively. The

interlayer exciton diffusion constant of WS2-WSe2 (60°) is nearly two times higher than in
WS2-WSe2 (60°) which is consistent with the results measured at 1.57 eV-pump. Since the
interlayer exciton density at 3.14 eV-pump is much lower than that in the measurements
with 1.57 eV-pump, dipole-dipole repulsion from dipolar interlayer excitons can’t explain
such behavior. A possible reason is that the excess excitation energy promotes interlayer

excitons to escape the Moiré potential and leads to long range CT excitons transport>2.

7.5 Conclusion

In summary, we study interlayer exciton formation, recombination, and transport in
CVD WS2-WSe: heterostructures by combining PL microscopy, transient absorption
microscopy, and DFT calculations. Temperature-dependent interlayer exciton dynamics
suggests the existence of moiré potential that localizes interlayer excitons. The potential
depth is strongly dependent on the stacking orientation. The dipole-dipole repulsion from
bipolar interlayer excitons efficiently screen the moiré potential fluctuations and facilitates
interlayer exciton transport. Our results provide fundamental insights in understanding the
influence of moiré potential on interlayer exciton dynamics and transport in CVD WS»-
WSe: heterostructures which has important implications in optoelectronic applications at

the nanoscale limit.
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Exciton dynamics and annihilation in WS; 2D
semiconductorst

Long Yuan and Libai Huang*

We spiematcally mvestgaie the excibion dyramics m monolaysned, biayened, and irilapered WS, to-
dimensional {20) oystals by Sme -esoived photoluminescence [TRPL) spectoscopy. The exciton Betime
when free of exdton annihilsion was detenmined o be 806 + I7 ps, 400 + 25 px, and 332 + 19 ps for
W5, monolaer, bilager, and triayer, mspectively. By measuring the flucesscence quantum yelds, we also
establish the adiafve and nomradistive ifetimes of the direct and indirect exctons. The exditon decay n
monolayered WS, eshibis a srong enctabon densiy-dependence, which can be described wing an
exciton —enciton annihilstion (o -paricie Auger moombanation] model. The excibon—exciton anmhilation
exte fior mondapered, bisyemd, and tilsyered W5, wos determined 1o be 041 + 002, 46,00 + 108) x
ﬂ"nﬂ”lﬂt D.A-?Jx:l.ﬂ“’un’s"‘;rupcﬁnl; Hotably, the excton—excton annihilaton rate & wo
arders of magnitude fxster in the monolnyer than in the blayer and telayer. We attibute the much sower
encton—-encton annhdstion rae o fhe biayer and telayer o reduced many-body mberachon and

TS O TanO S

Introduction

Semiconducting atomically thin lavers of trangition metal
dichaleogenides (TMDg) such ag MoS,, MoSe;, WSy, and WSe,
have attracted much research inmterest due to their unigue elec-
tronie sthuctures and op tieal properties. ™ These properties led
to potential applications in optoelectronies and electronies, ™
including field-effect tmansistors™ atomdcally thin photo-
voltaie devices™ " and ultmsensitive photodete chors, ™+

One of the unigue properties of these atomically-thin 2D
sentloon ductors i the indirect to direct bandgap tmansiton
and the extmondimarly lagge exciton binding energy at the
mondayer limit. "7 The atomically-thin nature of the mono-
layer also leads to a srong enhancement of the Coulomb inter-
action between the electron and the hae. As a mesult, the
bound electon-hole pals, alko kmown at excitons, doflfate
the optical and electrical properties of these materials Recent
theoretical cakultions and experdimental meagurements
showed that the exciton hinding energy is in the mnge of
03-1.0 &V for the TMD monolyers, ™™ an onder of magni-
tude larger than other previmesly imestigated 2D excitonic
structures, such as quantum well. Suweh a hrge exciton
binding energy results in strongly bound excitons at msom
temperature, providing an ideal plaform to sudy exciton

Dieg af Chembiary, Purdios ik Wit Loy Indiams £, [EA
Eomal: Wbl teccmpifypmcr dhos. ed'se

X H— y lind (BST) avallable fee D00 30384
el i

FANR | Manoscale 2005, 7, Ral-7a04

phonon-asisted excibon—excion amihistion of indirect excibons

behaviom in 3D swtems. Although excion dynamies have
been imvestigated in these 2D semiconductor* large
variations in sample gualities due to differest prepastion
methods have prevented inrinsie mdiative and nonmd athve
lifetimes of excitons from being conchisively established.

Another hallmark of low-dimensiona] electoni Hetems iz
the enhanced many-body interaction due to a reduced dimen-
signality. Upon the generation of a high dengity of electrons
and holes, mam-body sattering provesses such as Auger
recombination and exciton-exciton annihibtion play an
important mwle in nonmadistive relaation. These Bontad bthe
recombination provesses define the upper limit of excitation
density and ultimately the efficiency for applications such ac
semiconductor lasers and lightemitiing diodes. Fxeiton—
exciton annihilaton amd Ausger moombination hawe been
intensiwely imestigated in quantum dots7 carbon fano-
tubes™** and semiconductor nanowires " While recent
studies on MoS,, MoSe, and WSe, monokyers have shown the
existence of exciton—exciton annihibton at high excitation
demsity, ™" how gquantum confinement of 2D excitons
impacts the many-body exciton intemetion iz still elusive.

In this paper, we imegtigate exciton dynamics and many-
body exciton intemetions in monolayered, bilayered, and tri-
layered exfolisted WS, We choose WS, as a model sstem
becasse of the mehthvely low defect dengty in WS, a8 mani-
fested by the higher photoluminesence (PL) gquantum yield
() than other 2D semiconductons (~6% in WS,, compared to
~01% of MoS,). We measure exciton dynamics in both low
and high exciton density megimes. Our msults denvonstmate

Thes jowmal is & The Royal Society of Chermising 2005

216



Perspectee

CAL CHEMISTRY
Letiers

pubsacs ong/ PO

Exciton Dynamics, Transport, and Annihilation in Atomically Thin

Two-Dimensional Semiconductors
Long Yuan, Ti Wang, Tucng'ﬂnl, h!l.ingwﬁﬂiuu,anﬂ hbmHuans*

Department of Chemistry, Purdue University, West Lafayette, Indiona 47907, United States

ABSTRACT: Large binding energy and exciton fine struchre make the
transition metal dichal cogenides (TMDCs) an idea] platform to study exdton behaviars
in two-dimensonal [20¥) sy While excitons in these systems have been extensively
researched, there cumently lacks a « on mech that control dynamicse
In this Perspedtive, we disoms extringic and intrinsic Bctors in exciton dynamics,
h:mpu't,andm}nﬁhnm:nm mﬂl.]ln'mn]}r dmianrlln:g}ltndonmﬂ:ﬁ
splitting is likely to play a key role in modulating the dynamice Extrinsicdly, defect

sattering is prevalent in singledayer TMIDNCs, which leads to mpid picosecond decay

aﬂhmmmThm—nﬁmmﬂﬂmmmnnnﬁ&h&

TMDCs is highly efficient, phying an important role in the I
mnﬂu}qhmdmtrmgmgﬁmmduﬂmﬁludwmm

Pump

Prote

exciton dynamics are discomsed

dichalcogenides (TMDMs) are layered structures whene
adj:unﬂtt]q!nmhd:llrymder“’uhfnmlﬂ-amu:ﬂu
interayer coupling s relatively weak, the electrons and holes
are confined in the hyer phne Bound dectron—hole pains, or
excitnns, dmun\ad:e'ﬂieu]:hﬂ]])mp-ﬂ'h:lo{ﬂﬂrnmh'1
Recent experimental messurement % showed that the exciton
binding energy i in the range of 03—07 £V for the TMDCs
mondayers, more then an order of magnitde brger than other
vamdquudzﬂm structures such a5 semi-
mﬂm-ngtpmmnnw:]h These 2[} excitons are neither
ttﬂy%wcrmFmﬂz]tﬂ:-e,h!t}uv!mm radii
(~2 nm)" in the intermediate regime. The stble excitons at
room temperature make the TMDCs an ideal phtivrm o study
excion behaviors in 2D systems.

Exciton fine structure in
monolayers of TMDCs results
from strong spin—orbit coupling,
broken inversion symmetry, ard
quantum confinement effects.

Exciton fine structre in monolyers of TMDCs results
and quantum confinement effects As the number of layer
reduces t single layer, the band structure of TMICs under-
goes indinect-to-direct band transition. ™" Valence band odge
spits inte two spin-polrized bands at inequivalent valleys
[KJKq}mﬂuﬂd]hmtm&uwmu'glpm—mlmmphrg
effect,” which has an energy difference of 2 few humdred
millicdectramvdts """ Spin—odbit coupling abo leak to 2
splitting in the conduction lond, albeit much smaller, from
severz] millidlectronvol & to tens of millid ectonvolts, leading to

Mo Publications @ an? Amicn chemical Sodety

am

i::—]}:r&lgm -allowed bright and spin-forbidden dark exciton
Exciton dynamics in monolayer TMDCs have been
extensively studied;’ ™ however, the interpretation of these
mezurements varies with exciton lifetime mnging from a few
]nnmmmﬂ mm“ﬂn}.uﬂlhns]ﬂEM|htl
are expected to play a key mole in the dynamics of the 2D
excitons; " however, how such exciton fine structure affects
dynamics s not fully addresed in the cwrent liteature.
Because the datk staies could e cither above or bedow the
bright states depending on the materialy, “" the lack of under
lhﬂhdinso&'ﬂwdﬂm:h]ﬂz}fuwofﬂumﬁmﬂu
widespread of exciton lfetimes messured. For instince, time-
abmu]:hmi['l'.ﬁ.}q:-acmm]:y the two most widely used tools
mmndymdqumﬂdb::muwmdaﬁmmt
exciton i Both ntl and theoretial efforts
to address the dynamics of drk and bright excitons will be
necessary for realizing dedronic and applica-
tions of TMDCs In addition, there cumently lacks a com-
ive undestanding of exciton tansport in the TMIMCs
materials. It will be useful & establish the intrinsic lmit of
exciton tmnspart, which is highly relevant for applications such
a])]'bn'bmu]hciu.l:‘m'imu reports on exciton transport have
shown results: the exciton diffusion coefficient is
}mg]ﬁﬁr:n'nsl:h}!rt}mﬁmrhﬁ%ﬂz ?bq.tﬂ'hen]:]:-nm
true for MoSe, ™
In this Perspective, we discusms the intrinsic and extrinsic
factrs that contrd excion dynamics and tmnsport i 2D
TMDCx This Perspective is not meant to be 2 comprehensive
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Photocarrier generation from interlayer charge-transfer
transitions in WS,-graphene heterostructures

Long Yuan,'® Ting-Fung Chung,*** Agniesrka Kuc,*** Yan Wan,' Yang Xu,>* Yong P. Chen,>**
Thomas Heine,** Libai Huang™

Efficient interfacial carrier generstion in van der Waals heterostructures is critical for their e ectron ic and opto-
dectronic applications. We demonstrate bro adband photocarrier generation in WSo-graphene hetenostructunes
Iy imaging interayer coupling-dependent generation using ultrafast transient absorption microscopy. In-
terlayer change-transfer (CT) transitions and hot carrier injection from graphene allow carrier g ener ation by excits-
tion & low &5 0.8 eV below the WS bandgap. The experimentally detenmined interlayer CT transition energ e are
oo nsistent with those predicted from the first-principles band strecture caleul ation. CT interactions also lead to ad-
ditional carrier generation in the visible spectral range in the heterostructures compared to that in the single-layer
W5, alone The lifetime of the charg e-separ sted statesis messuredto be ~1 pa These results suggest thaet inter layer
interactions make graphene—two-d imens onal semiconductor hebenostru dures very stiractive for photovaltaic and
photodetector applications. because of the combined benefits of high carrier mability and enhanced broadb and
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photocarrier gener stion.

INTRO DUCTION
Nmudmmhwﬁumpmmcahlumﬁhm:mm
ale new anchitedures o eledmaic and ic devices. Ame
ically thin van der Walks biyers { I) represent a new two-dimernsional
(20¥) material dass with umsual optical and electronic properties
emerging ai the single- or kw-byer limit (2-7), which provide oppor-
tunities i design new functionalities. Specificall y, hetenstruchimes can
be ormed by artificially stacking lavers of different 20} malerials, be-
e traditional restridions in heterstrudure growth such as bitice
ratchitig coddions and dbom i mendiffuton are po longer mqidred
(8=11) I the past few years, hetemstructures construcesd from gra-
dichakeogenides (TMDCs) have established a remarkable platform for
]ﬂiﬂ.ﬂﬂ:‘l.iw :Pp]id.ihn, :i:l'l'_]!lli:l'la P]'m'l.{l'l:‘l.uc‘l.m::\ ]?‘hi-ﬂ'n.i'l.'l:h'la
diodes, and aomically thin photowltaics (9, 12-200
Efficient phatocarrier generstion at the interfaes reming 3 central

challenge fer many of the abovementionsd applictions of 20 heten-
stnstures. The structiral tenahility of 200 nanmtrudenes aloeg with
atomically thin and sharp 200 interfacs provides mew opportunities for
mnitralling dargetrander (CT) intersctions at the interfsces (21, 23]
Clargetransfer at 200 inter faces has been demonsiraied to be very rapid,
oearrringen mescales ranging fom 50 f2 (o2 few peossaads (13-29],
::mln'l'l.crhrcrﬂ'l' exciton transitions have been observed (30, 31).
g}-ﬂuh:vmkmwmmmlpthMﬂ::bﬂmm ol

' ﬂn:icrm.ﬂli]t}- in combination with chemical inefdnes, ]1:*]1
thermal comductance, and extraord mry sthdlity. Heterostructiunes con-
stnpcted from graphene and TMDCs :Lapmm:d: oppofiities to
achieve booadbarnd charge separation belowthe
hmqﬂmmmme}m {32}.1']'.& hetenoatrie.

‘Degastment of Cham stry, Pundue u-.luug,r Wt Lafayars, IN 47907, USA. ‘Dar
parament of Physics and Az Menrsity, Whest L e, 1M 47907,
tu_‘uuhmtxrrdngyc- md-mmuﬁﬂglum
LS “iheim-OctaraicHinaiu f0r Prpdkaiide und Theomgocne Onemie, Unisestior
Lty 0u403 Ladiipenty, oy m‘s&;jm & Earth Soance; Racdhis Ui
i == B d Cowmg g
v, Purclue Unisardty, Wt Ladayaite, M 47507, LEA
*These auth o conteibuied o Hhis weori

#Come-gnon ding awthor. Emaill: liba-remoggipund ue sdu

Tuan o al, Scl Adv, J0ME; 41 TIE34 2 February DS

tures maintain the high mobdity of graphens, which suggests that eff-
dent extraction of e cn be achieved at the interfuces (20, 33, 34).

A hrﬂmphmdq.lﬂ'hm n]ww:muhy-u:ﬂ'l’nﬂmau
unm:lnumnﬂ.:d’an:]-’- :J_I:Il}n-:m-

transitions at the interfice. Because the interlayer distance between the
p:phuth}umﬂﬂtlﬂmh}'um]dha:mﬂaﬂﬂ,
o masdification of optical sheorption and band strudures (34-38). In
:dl!hmbaﬂmclr.-:‘hn]]}-mu}- akivim 18 odi the suface interbeial
charge tramsier is expeded to play 2 much maore impontant mole in 2D
heteroatructiones than in those Rmed by bulk matersls. Alhough emis-
sion o intedaryer CT excitons has been odwerved in 2D hatenmtnsdures
(30, 31), ot chiret exicitalionn of Soese CT slates hos been teporied partly
e tor refatively weak oscillior strengths (390 Here, we present a joint
experimentsl and theoretica investigation & address charge generation
from intedayer CT trnsitions in TMIN/ graphens hetemstructere.
W iese spaitial ultralfet tramsient shaorption mimoscopy (TAM) o drect-

by compare charge generation at different interdayer coupling strengths to
ducidate the mle of CT trnsitions in Wi-graphens helematrudums.

These resulis demonsirae efieaive brosdband carrier generation by exd-
tations below the bandgap in TMIDC graphens hetematnuetunes.

RESULTS AND DISCUSSON

interlayer coupling-dependent charge transfer from WS,
to grajph ene

The top and side views ofheterostructures fxmed by aWS; byerand a
Whuh}umﬂmﬂnﬂyﬁpmdmﬁf,lﬂ.ﬂ:a]ﬂaﬂ]m
graph of a heterostructure construcied from an exfoliated bilayer
W5, (2L- W5, ) flake annd a chemical vapor depaition { CVD)-grown
graphene (G) byer ona 5i/Si0, substrate is shown in Fig 1B. From
the stamic foree micmscopy (AFM) inege (Fig. 1C), & grificant spatial
hetempgeneity in the contact between the 2L-W35, byer and the gra-
phene byer can be observed, whidh is commaon for helerostrudunes
Bbricated by transfer methaods. Specifically, there is an anea with very flat
murphology (anea 1), wheness another ares hos many ripples (anea 2,

1af 9
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Highly mobile charge-transfer excitons in
two-dimensional WS5/tetracene heterostructures

Tong Thu,* Long Yuan,* Yan Zhao, Mingwei Zhou, Yan Wan, Jianguo Mei, Libai Huang*

Charge-transfer JCT) excitons at heterointerfaces play a critical role in light to dedricity anvers on wsing onganic and
ramostructuned materials. However, how CT excitons migrate st these interfaced is poorly undersiood. We investiga e
e forma tion and trand port of CT excitons in two-dim ensional WSy tetracene van der Waals heterosructunes. Electron
and hole transder oorurs on e time scale of a few picoseconds, and emisson of inerlayer CT ecitons with a binding
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enengy of ~03 eV hes been observed. Transport of the CT excitons is direcly measured by transient absonption micro-
scopy, revealing coexistence of delocalized and localized states Trapping-detea pping dynamics between the delocalized

and localived states leads to

nescence decay with an average lifetime of ~2 ns. The

phoinlumi
deloaiized CT exdtons are remarkably mobile with a difusion anstant of ~1 cm® 57", These highly mobile CT excitons
ol henee impoartant implicaSons in schieving efficient charge separation.

INTRO DUCTION

tramsier and separation 3t heterointer fees a ke rode in
mw&ﬁdmmm&chﬂymﬁnmﬂqﬁc
and nonostrictuned materials ( 1-5). In these amtems, charge separation
m:m“mmdhmmﬂhhﬂdimasp-
tially separasted electron-hole (e-h) pair across the interfuce. Semi-
conducting transi tion metal dchaloogenides (TMIDNs) are versstile
buil ding blodks for fhricating two-dimensional (20Y) van der Waals
{Mhmﬂnmﬂhmmﬂyﬂmndﬂmpnﬂmaﬂm
faappmmﬂaﬁwmﬂmmdp}mdﬂmm{ﬁ—m).

Mmuhrmﬂpd}-mm:mmﬂmmahlz
20 TMIDCs 0 form wdW heterstructues (11- Ej.mﬂdmpgm
o it organi e TMDC interfiees has been recently demornstrated (4]
Charge transfer at the nerfce of TMDC heterostructures has
been fournd ks be atremely rapid, & shont a8 50 & (15-19). However,
becse of the inefficient sreening of he inerbeial Coulomb poentia,
the spatially sepurated eh pair are fol free bt bound with energy on
the order of hundrads of millieledron volts (200, lading to the furma-
tion o charge-transfer (CT) excitons als known s intedayer excitons
mTM.DE]'remdrmwn (such as MabaWSs) (16-18, 21 -24). When
with mulecular semimaducton, the nature of the iner-
acial CT states Fol kowi g CT events nemains elusive o the 20 oganie-
TMDC interfsces. Although CT excitons hove been inferred in meeent

interfaces { 35). However, a drawback for PL-based techmiques is that
only emistive et e i i wheneas ofthe CT states
o e o e e e CT s
microscopy | TAM ) that is capable of inmeging both emistive and nomne
missive excilons with ~200 s 'I.HII.PCIZ] :Juﬂ:.l'l.ih'l:nd-ﬂ}:rms]ﬂ:h]
mlhd}bﬂ!mﬂ]]’l#‘l]}'ﬂ!ﬂiknm with a diffusion anstant
of ~1 an® s~ , which could be an important fador in achieving eficent
charge separation at 213 organic-TMIMC inderfaces.

RESUJLTS AND DISCUSSON
CT exxitons emilssion and dymamilcs
Figure 1 shows the comstruction of 2 heterstrudure from asingle-layer
W5 [ 1L-W5y) ﬂ:mﬁ:}ﬂinhﬂwﬂpﬁd :u'n:Fd-'IJ'be
axilisted 11 WS, flake befire the Te deposition is shown in Fig 14,
arnd the mmﬂnissm :in.l‘:g,.SCL Pb]}u}-.d:ﬂimTc thin
film is deposited onto the W flakes by physical vapor deposition, s
detailed in the Supplementiry Materials. A flm thicknes of ~20nm i
determined weing atmic force microscopy (A RM) (Rg. 16and fig 52).
The Te moleaules are likely to pack edge-on in the hertinghone st
ture an Wi, a8 schematially shown in Fig 1C(29)

Figure 1D compares the steady-stute PL spectra from the 1L-WS2/

studies (14, 15), no dred experi il ¢ has been provided
CT exciton diffusion has been propusad 23 2 mechaniem for the
dectrons and hoes to escape the large interfacial Coulomb i
i adhieve separation (25 However, the CT states so far have
been :nﬁdh]mﬁydﬁ)ﬂmﬂ:}mmﬂ\zw:&
wells (I-3, 25-27), where messurements ane over many &
hﬂﬂﬁﬁﬂﬁﬂﬂﬁnﬂm:ﬁiﬁﬂﬂmhﬁdﬂﬂﬂﬂuﬁ;ﬁrﬁnﬂﬁf
CT exciton transport. To overcome this diffaulty, we e hetenstrue
mﬂﬂimdﬂiaﬁd“’ﬁ,]qﬂwﬂ\mﬂinﬂmaa
el system with 20 erystalline orgarnic-inorganic interfacs. Another
hﬂﬂvhﬂﬂhdmﬂﬁmmmm
quantitative inkrmation in both spatial and temporal domaing Recent
phavisd ece (PL) i Py have revealed that
E'I'nl:il.{l'n:mwﬁ tor 10 o i spasce: ot dhisondened orgamic-organic

wdmmmw—rm-ﬂw UEA
*These auth o conteibuied o Wi e
#Come-gnon ding awthor. Emaill: liba-remoggipund ue sdu

T et a, 50 Adv. 20154 e2a03 104 T hmary 2018

Teh ructure, a Te-only region of the flm, and de 11-WS; bafor
depanition of Te, with phitoeseitation at 28 eV exciting both the 11
W5 and the Te flm. The 1L-W5; shows an emision ]ﬂkrﬂr}.ﬂd"

o thee direct interhand reavmbination of the A exciton
m.ﬂﬂﬂ'hﬂ'ﬂ]hw‘-ﬂ'ﬂﬂ'ﬂ'ﬂnm Pﬂka‘l L7 eV from the het-
erostructure is abserved in addition to the emission of the A exciton of
w&mﬂﬂuirﬁhﬁdeTLw:}n\Emﬁnmdﬂis]Muiﬂﬂ-
emission peak in all the 1L-W5,/Te hetemmtructunes fabricated. The
ﬁ'ﬂ.ﬂﬁl}'ﬁrﬂw hﬂ"-mﬂ' emisgion could \ury:wlﬂ‘mﬂ]}- Frovm
ample v smple, probably due to the variations in mophology of
dfmﬂsm‘qﬂﬂ.

The 1L-W5, and the Te maecules form a type I hdtemjunction,
z:ﬂm‘naliﬂ]]}- :]'Hhm'l:inF'g. 1C. The conduction band minimum
(=34 V) (31) of the 1L-W5; Lies lower than the kwest unocarpied
modecular orbital level (-2.4 V) (33) of Te maecules allywing elec.
o transder from Te bo WS, whereas the valence band maximum
(VEM; -58 &V) (31) of WS, is localed lower than the highest aceupied
mudecular gerbital (HOMOY) level of Te (—5.4 V) (32), Beilitating hole
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