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Abstract

Two-dimensional (2D) semiconductor nanomaterials have recently gathered significant
attention due to their remarkable optical and electrical properties. Quantum confinement
as resultant of reduced dimensions results in exciting optoelectronic phenomenon, which
have never been reported before. This makes them promising candidates for future
optoelectronics and photonics device applications. Many body interactions between
fundamental particles in 2D semiconductors are strongly enhanced compared with those
in bulk semiconductors, because of the reduced dimensionality and thus reduced
dielectric screening. These enhanced many body interactions lead to the formation of
robust quasi-particles, such as excitons, trions and bi-excitons, which are extremely
important for the optoelectronics device applications of 2D semiconductors, such as light
emitting diodes, lasers and optical modulators, etc. This thesis focusses on experimentally
demonstrating properties of these many body interactions/quasi-particles and engineering
them for future device optoelectronic device applications.

After the discovery of graphene, similar other inorganic 2D materials such as
transition metal dichalcogenides (TMDCs) have been extensively researched. But the
research is still in its early stages and there have been few attempts to study and develop
organic 2D materials. First half of this thesis focusses on the interesting optical properties and

exciton dynamics from a new class of organic 2D materials grown through low-temperature vapor
deposition process. | observed an exciting phenomenon of superradiance/supertransport
experimentally from organic 2D materials which has several potential applications in ultrafast
excitonic circuits, OLEDs, high-efficiency solar cells, quantum circuits and exciton-polariton
devices such as Bose-Einstein condensates at room temperature. The thesis also explores the
dynamics and spatial transport mechanism of excitons and trions in inorganic TMDC materials

using near-field and time-resolved PL imaging. In the thesis, | have demonstrated an external
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engineering control for the exciton transport in monolayer TMDCs using back gate voltage,
substantiating their use for faster long-range exciton transport applications such as excitonic
transistors, quantum logic gates. The thesis further explores the dimensionality defect engineering
of excitons in inorganic 2D materials such as phosphorene to 1D and quasi-0D space to enhance
their properties for suitable optoelectronic device applications. This thesis demonstrates an
experimental approach to generate a 2D-1D-0D hybrid system of excitons. The properties
demonstrated have tremendous applications in future optoelectronic devices.

The thesis further demonstrates a 1D organic nanowire with exciting optical properties
that has potential applications in organic display screens, OFETs and lasers. The exciton
dynamics have been studied and reported at various temperatures to understand the nature of
excitons as the dimensionality changes from 2D to 1D. The thesis reports the first demonstration
of Shpol’ skii spectra and zero phonon lines from a solid state system. This was achieved through
high crystalline and an ordered growth of organic molecules over hBN adsorbent surfaces. The
thesis also demonstrates a functional FET device made incorporating organic 1D wire to
demonstrate external engineering control of the Shpol’ skii spectra valuable for future nanowire
based device applications.

Finally, the thesis demonstrates a first of its kind 2D organic-inorganic hybrid
semiconductor heterojunction, which has high efficiency for light to electricity conversion ratio.
The organic 2D material reported earlier in the thesis were used to form a heterojunction with
inorganic 2D TMDC material to report interesting optical properties. The organic and inorganic
part are both atomically thin and that resulted in exciting optical properties that have not been
demonstrated before.

In sum, this thesis is focused on exploring the fundamental excitonic dynamics and
properties in novel 2D/1D organic, inorganic atomically thin semiconductor materials for their

applications in next generation miniaturized optoelectronic, electronic and photonics devices.



Xiii



Publications

Journal Papers

[1] Sharma A, Zhang L, Zhu Y, Zhang Y, Wang B, Dong M, Nguyen HT, Wang
Z, Wen B, Cao Y, Liu B. et al. Efficient and Layer-Dependent Exciton Pumping across
Atomically Thin Organic—Inorganic Type-lI Heterostructures. Advanced Materials.
2018 Oct;30(40):1803986.

[2] Sharma A, Yan H, Zhang L, Sun X, Liu B, Lu Y. Highly enhanced many-body
interactions in anisotropic 2D semiconductors. Accounts of chemical research. 2018
Apr 19;51(5):1164-73.

[3] Sharma A, Wen B, Liu B, Myint YW, Zhang H, Lu Y. Defect Engineering in
Few-Layer Phosphorene. Small. 2018 Apr;14(16):1704556.

[4] Sharma A, Zhang L, Tollerud J., Dong M, Zhu Y, Halbich R, Vogl T, Nguyen
H, Wang F, Liang K, Sanwlani S, Earl S, MacDonald D, Lam PK, Davis J and Lu Y.
“Super-transport of Coherent Excitons in Atomically Thin Organic Semiconductors at
the 2D Quantum Limit”. (Under Round-2 Review at Nature Communications, 2019.

[5] Sharma A, Khan A, Zhu Y, Halbich R, Ma W and Lu Y. “Quasi-line spectral
emissions from high crystalline 1D Organic Nanowires.” Nano Letters 19.11 (2019):
7877-7886.

[6] Sharma A, Zhu Y, Halbich R, Zhang L, Wang B and Lu Y. “Engineering the
Exciton Dynamics and Transport in Monolayer WS,.” Under review in Nature
Communications, 2019.

[7] Vogl, T.; Sripathy, K.; Sharma, A.; Reddy, P.; Sullivan, J.; Machacek, J. R.;
Zhang, L.; Karouta, F.; Buchler, B. C.; Doherty, M. W.; Lu, Y.; Lam, P. K., Nature
Communications 2019, 10 (1), 1202. DOI 10.1038/s41467-019-09219-5.

[8] Zhang L, Yan H, Sun X, Dong M, Yildirim T, Wang B, Wen B, Neupane GP,
Sharma A, Zhu Y, Zhang J. Modulated interlayer charge transfer dynamics in a
monolayer TMD/metal junction. Nanoscale. 2019;11(2):418-25.

[9] Wang X, Yildirim T, Si KJ, Sharma A, Xue Y, Qin Q, Bao Q, Cheng W, Lu Y.
An Adaptive Soft Plasmonic Nanosheet Resonator. Laser & Photonics Reviews. 2019
Feb 15:1800302.

Oral Conference Presentations

[1] Ankur Sharma. Graphene 2017-7th edition of Europe’s Largest International
conference on Nanomaterials and 2D materials. “Dimensionality Engineering in
monolayer phosphorene.”

[2] Ankur Sharma. [1CON-2DMAT-4th International conference on 2D
Nanomaterials and Technology, Melbourne, Organized by Monash University,
December 2018.



XV

[3] Ankur Sharma. ICONN-2018- 2nd International Conference on Nanoscience and
Nanotechnology, Wollongong, Australia. “Defect Engineering in Few-layer
phosphorene.”, February 2018.

Publications not included in this thesis

[1] Sharma A, Varshney U, Lu Y. ‘Electronic applications of Graphene Mechanical
Resonators’ - IET Circuits Devices System, (2016).

[2] Sharma A et al. Extraction of Nickel Nanoparticles from Electroplating Waste &
their application in production of Bio-Diesel from Biowaste’- International Journal of
Chemical Engineering and Applications, Vol. 6, No.3, June 2015.

[3] Sharma A, Ahmad N, Khan W. Zinc Oxide Nanoparticle Fuel Additives for
Improved Efficiency and Emissions of Internal Combustion Engines. Advanced Science,
Engineering and Medicine. 2016 Feb 1;8(2):135-9.



XVi

Table of Contents
DBCIATALION ...ttt bbbt e et bbb iv
ACKNOWIEAGEMENT ... viii
ADSTFACT ...t b bbb Xi
0] o] L= 11 o] 1RSSR Xiv
JOUN@AL PAPETS ...ttt e te et e sreeneenee e Xiv
CONFEIENCE PAPELS ...cviviiceicie ettt sttt st se et st nenaenas XV
Table OF CONENIS .....ocviiiiiciciee bbbt XVi
List of Abbreviations and ACrONYMS. ........ouiiriiriit e XiX
CHAPTER 1: INTrOQUCTION .. cuiuiiernieierninerarnreeseseseesasnsessasnssssssnssssasnssssnns 1
1.1 Excitons in atomically thin inorganic 2D materials and their applications........... 4
1.1.1 Transition metal dichalcogenides (TMDC)...........covvviiiiiiiiiiniin o, 4
1.1.2 PROSPNOIENE ..ot 8
1.2 Excitons in atomically thin organic 2D materials.....................cooiiiiiiiii, 10
1.2.1 Organic 2D nanomaterialS...............oooiiiiiiiii e 11
1.2.2 Excitonsinorganic 2D materialS..............coooiiiiiiiiiii 12
1.3 VVan der Waals heterostructures and their applications........................coeeeee. 15
LATHESIS OULIING. ... e 19
1D RO O ONCES. ...ttt 23
CHAPTER 2: Experimental TeChNIQUES........c.cccveiieiiiicceece e 36
2.1 Chemical vapor deposition (CVD) .......ccccieiieiiiiie e 37
2.2 Atomic force microSCOPY (AFM) .....cviiiiiiiiiiiiisiesiee s 39
2.3 Phase-Shift INtErfErOMELIY ........coooviiiiiiee e 39
2.4 Raman and PL SPECLIOSCOPY......cciiueiieiiieieiteesieeieseeste e st ste e sreesre e sre e e 41
2.4.1 Low temperature Raman and PL SPECtroSCOPY .......cccevvevvvervesieseeivesieinean 42
2.4.2 Polarization resolved Raman and PL SPeCtroSCOPY ........cccevvvrvervrerveeennnn. 43
2.5 Time-Resolved PL SPECIIOSCOPY ....covvevrrieierienieiiesiesieeieeie et 43
2.6 Pump-probe transient reflectivity measurements for lifetime .............c.cccoe. 45
2.7 Near and Far-Field Scanning Optical MiCroSCOPE ........ccovvvvvveiieiiiienie e 46
2.7.1 Diffusion length MeasuremMents ..........coeverireiinieeere e 47

2.8 DeVICE FabriCatioN.....ccoe e 48



2.8.1 Plasma enhanced chemical vapor deposition (PECVD)..........cccccevvennne.
2.8.2 PhotolithOgraphny.......cccoi i
2.8.3 Electron-beam evaporation ...
2.8.4 Inorganic TMDC sample preparation ............ceceeererereneneseseseseeeenes
2.8.5 Scanning electron microscope equipped with focused ion beam ..............
2.9 SUMMIAIY ...ttt et e st e e e sab e e e sbb e e e be e e e bn e e snnes

210 RETEIENCES ..o,

CHAPTER 3: Highly enhanced many-body interactions in anisotropic

2D SEMUCONAUCTONS ...ttt e e e e e e e et e e e e e e e e e e neeeeeeeaeans

CHAPTER 4: Super-transport of Excitons in Atomically Thin

Organic Semiconductors at the 2D Quantum Limit..........ccccoceeoviiivieiviiieieenen,

CHAPTER 5: Quasi-line spectral emissions from high crystalline 1D
OrganiC NANOWITES .......coeiiieieiieite ettt ta et te e be e steeeesreenreenee s

CHAPTER 6: Engineering the Exciton/Trion Dynamics and
Transport in MoNOIAYEr WS2 ......cooiiiiiieiiceeeiee e

CHAPTER 7: Defect Engineering in Few-Layer Phosphorene............c.cc.cooue....

CHAPTER 8: Efficient and Layer-Dependent Exciton Pumping
across Atomically Thin Organic-Inorganic Type-l Heterostructures...............

CHAPTER 9: Conclusion and FULUIe WOIK ........ooooooiieeeeeeeeeeeeeeeeeeeee,
0.1 KEY OULCOIMES ...ttt ettt r e

9.1.1 Superradiance and Supertransport of Frenkel Excitons in an

0rganic 2D MALErial ..........ccveiiiiieie e

9.1.2 Quasi-line spectra from 1D Organic Nanowires and Shpol’ skii

SPECETA 1.ttt ettt ettt ettt ettt et r et e bt r e be st e s eneareras

9.1.3 Engineering Exciton Dynamics in inorganic 2D materials ....................
0.2 FULUIE PIOSPECES .....veeieiieeiitie ettt ettt e s a et et e e e nnneeannes

9.2.1 Exciton polaritons from organic 2D and 1D materials.............ccceevveennnns

9.2.2 High speed excitonic circuits and transiStors.........cccocveververesieesveseeaeenns

9.2.3 Highly efficient light emitting diodes, lasers and transistors....................

XVii



XViii



XiX

List of Abbreviations and Acronyms

PL

2D

TMD

hBN

1L

AFM

2L

NbSe,

MoS;

FET

MoSe2

WS,

DBR

photoluminescence

two-dimensional

transition metal dichalcogenide

hexagonal boron nitride

monolayer

atomic force microscope

bilayer

niobium diselenide

molybdenum disulphide

field-effect transistor

molybdenum diselenide

tungsten disulphide

distributed Bragg reflector



WSe;

SWG

SEM

CHQ

MoTe>

PSI

OPL

FIB

SiOy

AFM

TRPL

FTIR

SOM

tungsten diselenide

sub-wavelength reflector

scanning electron microscope

calix[4]hydroquinone

molybdenum ditelluride

phase-shifting interferometry

optical path length

focused ion beam

silica

atomic force microscopy

time-resolved PL

Fourier transform infrared

scanning optical microscope

XX



XXi

PECVD plasma-enhanced chemical vapour deposition

MOS metal-oxide-semiconductor
CCD charge-coupled device

LED light-emitting diode

OPD optical path difference
TCSPC time-correlated single photon counting
SPAD single photon avalanche diode
SiH4 silane

N20 nitrous oxide

N2 nitrogen

RF radio frequency

uv ultra-violet

4L four-layer



SL

15L

TEM

ST™M

3L

QW

PLE

Quasi-1D

FWHM

DFT

0D

9L

NA

five-layer

fifteen-layer

transmission electron microscope

scanning tunnelling microscope

tri-layer

quantum well

photoluminescence excitation

quasi-one-dimensional

full width at half maximum

density functional theory

zero-dimensional

nine-layer

numerical aperture

XXii



6L

8L

RCWA

CvD

3D

Al>O3

Zn0O

six-layer

eight-layer

rigorous coupled wave analysis

chemical vapour deposition

three-dimensional

aluminium oxide

zinc oxide

xxiii



CHAPTER 1

Introduction and Thesis Outline

ntroduction of the 2D materials® > > % 5 after the advent of graphene® opened up

opportunities in the domain of semiconductor nanomaterials to explore the light matter
interactions at the atomic limit. Recently, these 2D materials have gathered significant
research attention due to their outstanding optical, electrical and optoelectrical
properties® % 10: 11, 12,13, 14 making them ideal candidates for various device applications
such as lasers'™ 6:17:18 Jight emitting diodes (LEDs)*®* 2% 2!, photodetectors?? 23 24 and
photovoltaic devices and solar cells?® 2% 27, Optoelectronic devices are electronic devices

that can use electric charge to convert into electricity or vice versa.



Chapter 1: Introduction and Thesis Outline 2
2D materials are from the crystalline family of materials which have a single or few layers
which can have zero-wide energy band gap.® 2 This thesis restricts to study of 2D
materials with middle-bandgap or semiconducting materials in both inorganic and
organic categories. This thesis will focus exclusively on transition-metal dichalcogenides
(TMDCs), phosphorene?® 303132 and organic 2D materials which have band gap in the
visible and near infrared regimes. To maximize the conversion ratio of photons into
electrons/hole or electron hole pairs, absorbance and transmittance are the key
parameters.® The integration of 2D materials into photonic devices is critical due to their
ability to absorb significant number of photons per layer. Graphene for example, has a
broadband light absorption of 2.3% below 3 eV. This scales linearly with the number of
layers. The absorbance depends on the fine structure constant, given by equation (1) as
follows

eZ
~he 1)

(04
where, c is the speed of light, e is the charge of an electron and 7 is the Planck’s constant
divided by 2rt. Thus, the transmittance can be described by equation (2) as follows

T = (1+ 2nGy/c)™2 (2)
where, Go is the conductance of the material. The TMDC material show much higher
absorption in the visible and near infrared regimes and their optical band gap makes them
suitable for making thinnest photo-active materials.®* 3% The band structure of these
semiconducting materials dramatically changes from single to multi-layer samples
involving a direct band gap in monolayer to indirect band gap in multi-layer samples.t 2
% This makes them ideal candidates for next generation miniaturized and nano material
based semiconducting and optoelectronic applications.

Due to reduced dimensionality and atomically thin structure, excitonic effects are

especially relevant in these materials. The existence of neutral and charges excitons



Chapter 1: Introduction and Thesis Outline 3
makes them interesting for both experimental and theoretical studies. An exciton is a
quasi-particle which consists of one electron and one hole and a trion is a
negatively/positively charged exciton with an additional charge.*? %3¢ Due to optically
or laser excitation, electrons are inelastically excited from the valence band to the
conduction band in the 2D semiconducting materials. These quasiparticles are quite stable
due to the coulombic attraction between them and reduced dielectric screening in the 2D
state. Inelastic light matter interactions involve this energy transfer between photons and
electrons and phonons.?” Photon-electron and phonon-phonon interactions result in two
widely studied phenomenon known as photoluminescence (PL) and Raman shift. This
thesis aims to utilize PL and Raman spectroscopy to characterize organic and inorganic
classes of 2D materials.

Due to the reduced dimensionality and highly storing quantum confinement excitons in
these 2D semiconducting materials are quite stable and have much higher binding
energies, as explained in detail in chapter 3. Various optoelectronic applications based on
inorganic and organic semiconducting 2D materials including integrated circuits and
transistors depend on excitonic and trionic recombination. Thus, it is important to study
the dynamics and properties of excitons and other quasi-particles in these 2D
semiconducting materials at the atomic limit. This thesis aims to study the properties such
as carrier recombination mechanisms, optical and energy band gaps, thermal properties
and atomic bonds of the atomically thin semiconducting materials, especially under
external influences such as temperature, excitation methods, electric field and direct
optical injection intensities etc. Further, the thesis explores the possibility of using these
properties to fabricate devices based on the studied low dimensional semiconducting
materials. The thesis finally establishes organic and inorganic 2D materials for their
respective nano device applications based on experimentally demonstrated excitonic

properties and subsequent engineering modulations.
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1.1 Excitons in atomically thin inorganic 2D materials and

their applications

This thesis does not intend to include all 2D materials in the premise of discussion. It
intends to only discuss semiconducting 2D materials with band gaps in visible or near
infrared regime making them suitable for future optoelectronic and photonics device
applications. This section aims at introducing the inorganic 2D materials classes, namely
TMDCs and phosphorene, which have been recently discovered and are being researched
extensively in this field. The most widely studied semiconductor has been graphene since
its discovery in 2004 by Novoselov and Geim, et al.® % Recently, TMD semiconductors
rose up due to their intrinsic bandgap and the direct bandgap nature when thinned down
to a monolayer.” ** And recently, phosphorene has attracted attention due its highly
anisotropic nature and direct bandgap in the infrared range.®° In this section, we will
briefly introduce the excitonic and electrical properties of these classes of 2D

semiconductors.

1.1.1 Transition metal dichalcogenides (TMDC)

The TMDC are a group of 60 materials which have been realized in 2D states with
mechanical cleavage technique recently.®® ! Figure 1.1 shows the broad categories in
which inorganic 2D materials are classified.® They are stable at room temperature and
have an indirect band gap in few layer stages which changes in to direct band gap in the
monolayer regime.3* The Coulomb interaction in TMDC monolayers also determines
the valley polarization dynamics of excitons and determines spin character and orbital
selection rules.®® 3 The promotion of an electron from the filled valence band to the

empty conduction band leaves an empty electron state in the valence band.



Chapter 1: Introduction and Thesis Outline 5

p-Silicene Hexagonal Boron Nitride
p-Germanene Silicon Carbide
o-Transition Metal Chalcogenides

Graphene

Hydrogenated Derivatives Halogenated Derivatives B-Transition Metal Chalcogenides

¢ ¢ E E E E
v v v v v

Transition Metal Chalcogenides

h-MX, t-MX, MX

By

OO0, oge  §1TY

Transition Metal Halides

MY,

Figure 1.1 Structure of atomically thin 2D materials. Unit cells are depicted in red.

Adapted with permission from ref.®
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The demonstration of a many-body system like an exciton can be reduced to the two-
particle problem of the negatively charged conduction electron interacting with a
positively charged valence hole.*? The direct Coulomb interaction describes the
interaction of positive and negative charge distributions related to the electron and the
hole. The long-range part of the direct interaction is determined mainly by the envelope
function of the electron-hole pair being slightly sensitive to the form of the Bloch
functions, i.e., valley and spin states; It depends on the dimensionality (which is highly
reduced to 2D state here) and dielectric properties of the material.> 3 The long-range
direct interaction thus corresponds to attractive Coulomb forces between opposite
charges. Thus, an electron and a hole can form a bound state, the neutral exciton, with
strongly correlated relative positions of the two constituents in real space, as

schematically shown in Figure 1.2.
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Figure 1.2(a) Schematic representation of an exciton in real space. (b) A typical exciton

wavefunction calculated for monolayer MoS». (c) Exciton representation in reciprocal
space with conduction and valance bands. (d) lllustration of optical absorption of an ideal
2D semiconductor. Inset shows atomlike energy levels. Adapted from ref! with

permission.
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Graphene does not have a bandgap, making it difficult to study electronic properties.
Whereas TMDC materials own a bandgap of ~2 eV in the visible range and are ideal for
optoelectronic applications. They can be represented by MX; (M represents the transition
metal elements such as Mo and W and X represents the chalcogenide atoms such as S, Se
and Te). They are covalently bonded in a single layer or multiple layers which are stacked

over each other with weak van der Waals forces as shown in Figure 1.2.

6.5A

Figure 1.3 Schematic plot of MoS;, a typical member of TMD semiconductor. Adapted

with permission from ref’.

In 2010, Castellanos-Gomez et al.*® identified optically the thin TMDC crystals,
including NbSe; and MoS», which proved that monolayer MoS; is a direct band gap
semiconductor, supported by theoretically calculating the band diagram and PL
absorption and emission spectra. After that FET devices based on MoS,’ were also
demonstrated. The demonstrated carrier mobilities and high values of on/off ratio
catapulted these materials into device applications. Raman and PL spectroscopy is used
extensively to study the layer dependent electronic band structures and different lattice
vibrations. Polarization, temperature and time-resolved spectroscopy has been
subsequently used to study the excitons, trions and other high-order complexes in TMDC

materials. Exciton, trion and biexciton binding energy of 1L TMDCs were measured to
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be ~0.5 eV, ~30 meV and ~60 meV, respectively making them ideal for device
applications. This thesis explores the spatial and temporal diffusion of these high order

many body particles in TMDC materials using direct CCD imaging technique and time-

resolved PL spectroscopy in Chapter 7.

1.1.2 Phosphorene

Phosphorene** (black phosphorus) is a new addition to the family of inorganic 2D
materials and has shown highly anisotropic excitonic properties as compared to the
TMDCs.?% 30313245 The schematic is shown in Figure 1.4, demonstrating sits puckered
structure and alignment of excitons in quasi 1D space. Similar to TMDC materials, the
phosphorus atoms are bonded by covenant bonds to form a continuous single layer of
phosphorene and the different layers are stacked with weak van der Waals forces.**
Recently, it was demonstrated that the electron mobility is very high in phosphorene and
has layer dependent band gap, making it extremely useful for various optical and near

infrared device applications. 2% 3% 4546
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Figure 1.4: Side and top view of the crystal structure of monolayer phosphorene. Adapted

from ref** with permission.
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Owning a direct bandgap from visible to near-infrared range in 1L to few-layer
phosphorene, thin-layer phosphorene can bridge the zero-bandgap graphene and
comparatively large bandgap TMDs. Its direct bandgap varies with layer number, from
~2 eV for 1L phosphorene gradually down to ~0.3 eV for bulk black phosphorus.*” 48
With direct bandgap in the visible to near-infrared range, phosphorene can serve as the
foundation material for optical and optoelectronic applications in the infrared range as
shown in Figure 1.5. This thesis explores the defect excitonic emission from 1-3-layers
of phosphorene using external defect induction, which is discussed in detail in chapter 7
and is focussed on highly efficient excitonic emissions from phosphorene in the NIR

regime.
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Figure 1.5: The electromagnetic wave spectrum and the band gap ranges of various types
of 2D materials. The “electronics spectrum,” i.e., the mobility/on—off ratio spectrum, of
nanomaterials with corresponding performance regions. Adapted from ref.** with

permission.
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1.2 Excitons in atomically thin organic 2D materials

In inorganic elemental and crystalline semiconductors, the arrangement of elements in
the lattice results in delocalized electronic states and the band gaps. As a result, these
inorganic semiconducting materials hence can be susceptible to impurities, defect sites
and deformed crystalline boundaries which might affect their semiconducting electrical
and optical properties. Another approach to solve this challenge can be to use materials
which are intrinsic in nature, whose semiconducting properties are defined by each
molecule and its orientation rather than their arrangement in the crystal lattice. Organic
semiconductors are those intrinsic semiconductors which offer this distinct advantage.
The electronic properties of molecular semiconductors are largely ‘hard-wired’ into each
molecule, and do not rely on a crystal structure being formed. This renders them
significantly more tolerant to impurities, packing defects or grain boundary effects and
so allows far greater scope for low-cost processing. Decoupling electronic and physical
structure also casts bandgap engineering as a problem of molecular design, rather than
crystal composition. In particular, the tremendous flexibility of organic (carbon-based)
chemistry has led to the dominance of organic molecules within molecular semiconductor
technology. Figure 1.6 shows the broad classification of organic semiconductor materials.
This thesis focusses on development and testing excitonic properties of a new class of 2D

organic nanomaterials for various optoelectronic device applications.
1.2.1 Organic 2D nanomaterials

As discussed in the earlier sections atomically thin 2D layered materials have emerged as
promising candidates for future electronic and optoelectronic devices” 22" 4%, Compared
with bulk materials, those atomically thin layers provide an ideal platform to investigate
the strong many-body interactions arising from the highly enhanced quantum

confinement and reduced dielectric screening in atomic layers® *# 50.5%.52 Byt, most of
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those 2D materials studied so far—which include semi-metallic graphene®, insulating
hexagonal boron nitride (h-BN)®, semiconducting transition metal dichalcogenides
(TMDs)” 2% 4, and phosphorene® " 3—are inorganic crystals with strong in-plane
covalent chemical bonds. On the other hand, organic molecular crystals, which are bound
by the weak van der Waals cohesive forces between small molecules, are an important

class of materials for future electronic, optoelectronic, and photonic devices. 5 °6: 57
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1.2.2 Excitons in organic 2D materials

The excitonic nature of organic crystals plays an important role in determining their
optoelectronic properties®’. In organic semiconductors, there are typically two types of
excitons: Frenkel and charge-transfer (CT) excitons®” % (details mentioned in chapter 4).
The Frenkel exciton is a neutral excited state in which the electron and hole are placed on
the same molecule. Frenkel excitons show the characteristic of large short-range
Coulombic interactions and high radiative efficiencies, enabling potential applications in
organic light-emitting diode (OLED) and laser devices®” *°. Whereas, the CT exciton
consists of a pair of charge carriers localized at different molecules. CT excitons exhibit
long-range Coulombic interactions and low recombination rates, which makes them
suitable for organic solar cells and singlet exciton fission applications®” *°. As soon as the
energy difference between CT and Frenkel excitons becomes small, both excitons can
interact and form new Frenkel-CT mixed states®® €. The mixed states are observed in
most bulk and thin film organic semiconductors due to the lack of high crystallinity and
the presence of disorders and interfacial states®’ 2 . The strong Frenkel-CT coupling
results in the lack of feasibility of organic bulk thin film semiconductors to be potentially
used specifically either as highly efficient OLED/lasers or solar cells as mentioned above,
which has been a long-standing challenge for bulk thin film organic semiconductors. On
the other hand, the characterization of excitons in bulk organic crystals such as polymers
is particularly complicated and challenging because of the large amount of disorders and

interfacial states in bulk samples®® 62 63,

In order to reduce the Frenkel-CT mixing and study the complex excitonic
characters in organic semiconductors, we need to precisely control the crystallinity and
molecular aggregation into H- (CT exciton dominated aggregation) and J-type (Frenkel

exciton dominated molecular aggregation), as theoretically predicted by Spano et al.®*.
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However, very limited experimental evidence exists to identify the nature of intrinsic
excitons in organic semiconductors because a direct measurement of absorption is
challenging due to difficulties in growing high quality ordered optically transparent single
crystal samples®’. Fluorescence spectroscopic results from bulk thin film organic
semiconductors are distorted due to high self-absorption, wave guiding from total internal
reflection and depolarization due to crystal birefringence®’. It is therefore important to
study the nature of low lying excitonic states in organic 2D materials, in order to
understand the nature of excitonic transitions and the nature of their optical properties, to
enhance the isolated charge generation for enhanced efficiencies in solar cells®® ® and
several other similar applications. Several groups have attempted to understand the
excitonic nature of transitions in thin film organic materials. Initially they were predicted
to comprise mostly of tightly bound Frenkel excitons®” but Schuster et al®® predicted the
contribution of Charge transfer (CT)® excitons to explain the dispersion of the lowest
lying states in pentacene. CT excitons in oligoacenes crystals though have been shown in
the 80s by Sebastian et al’® * and very recently by Zhu et al®® 2. But none of these
included the contribution of vibronic coupling into their estimation. Recently, Spano et
al®* % 7 ysed Frenkel-Holstein Hamiltonian theoretical quantum-chemical calculations
to describe the contributions of CT states and vibronic coupling in low lying states of
anthracene and pentacene. They have discussed the effect of CT excitation on the shape,

sign and magnitude of Davydov Splitting”® in tetracene and pentacene.

This thesis in chapter 4 and 5, for the first time deterministically reports the effect of
molecular packing on optical properties of low-lying states in crystal and 2D and 1D
states or organic nanomaterials. We used few layers of pentacene grown using van der
wall epitaxy on hBN surface over a silicon substrate™ and observed strong

photoluminescence (PL) emission from the few layers, which behaved differently
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according to the orientation of stacking of the molecules in each layer and the incident
polarization angle of excitation light which was in coherence to the theoretical

calculations. 64 6

From our temperature-dependent and angle-resolved photoluminescence (PL)
measurements, wetting layer (WL) pentacene samples, which had H-type molecular
aggregation, showed in-plane isotropic emissions that were dominated by CT excitons.
In contrast, monolayer (1L) pentacene samples, which had J-type molecular aggregation,
showed one sharp and strongly anisotropic PL emission peak and four isotropic PL peaks.
The anisotropic and isotropic peaks were attributed to be dominated by Frenkel and CT
excitons, respectively. The observed dichroic ratio (DR) of the anisotropic PL peak from
Frenkel excitons in 1L pentacene was even slightly higher than that from the anisotropic
2D phosphorene® "2, The DR values of isotropic PL peaks from CT excitons in WL and
1L pentacene were close to 1, which is comparable with the DR values found for isotropic
TMD monolayers” 2> 4°, Our simulation results from time-dependent density functional
theory (TDDFT) quantum calculations matched very well with our experimental findings.
The strongly aggregation-sensitive intrinsic excitonic emissions (H and J-type)
discovered in 2D organic semiconductors in this work coupled with clear understanding
of nature of excitons (Frenkel and CT) will enable the exploration of novel optoelectronic
and excitonic devices that can be designed and fabricated for a specific application

ranging from OLEDs to solar cells.
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1.3 Van der Waals heterostructures and their applications

In the previous section this thesis has individually discussed inorganic and organic 2D
materials and their interesting properties, which makes them ideal candidates for various
electronic device applications. Combining two or more atomically thin materials to utilise
the weak interaction between the layers resulted in a new paradigm in 2D semiconductors
which are referred to as van der Waals heterostructures 2% /6, These vdW heterostructures
have in-plane covalently bonded atomic layers which facilitates the formation of well-
defined interfaces with absence of any dangling bonds’’. Figure 1.7 shows the schematic

representation of the Van der Walls heterostructures.

Mechanically-assembled stacks

Figure 1.7: Schematic representation of mechanically stacked and epitaxially grown van
der Waals heterostructures possible with 2D semiconductor nanomaterials. Adapted from

ref.”8 with permission.
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The constituent layers interact weakly with out of plane layers and this weak vdW
interaction enables the stacking of these atomically thin layers over each other with
precision. This results in interesting electronic and optical properties of these
heterostructures and has resulted in demonstration of opto-electronic devices based on
tuneable band gap such as photodiodes, light emitting diodes, resonant tunnelling diodes
and solar cells’ 80 81. 82,8384 geyeral combinations of 2D materials have been used to
synthesize vdW heterostructures recently, but it started with the use of specific materials
such as hBN and graphene to create functional interfaces between two different
materials®® . Since then various vdW heterostructures have been synthesized and
reported. Specifically, junctions of various TMDC (inorganic-inorganic) have been
demonstrated extensively to quantify ultra-fast charge transfer across the interacting

layers and long lived dissociated charges®”: 88 89. 90, 91, 92, 93,94

Most of these heterostructures were observed to be of Type-Il nature (excitonic pair
residing on different layers), based on theoretical band gap calculations and experimental
observations. They reported a quenched PL spectrum from heterojunction as compared
to a monolayer TMD attributing it to the fast charge movement across the layers and fast
exciton dissociation. Similar ultrafast charge transfer has been established in organic-
organic vdW coupled junctions®: %9798 byt they did not show sharp crystalline atomic
interfaces and comparatively slower charge transfer and dissociation. Conversely, Type-
I heterostructures have opposite behaviour with both hole and electron in an excitonic
pair existing in conduction/valence bands of same material. These type-I heterostructures
have been demonstrated in TDMs where photo-induced excitonic pairs are transferred

from one layer to other® 1. 101 with applications in light emitting devices.

Interestingly, Lee et al. ” predicted that organic-inorganic interfaces can also combine to

give such heterojunctions with epitaxially grown materials such as graphene or hBN%2,
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Recently, a combination of organic-inorganic (O-1) vdW heterostructure was reported
with deposition of thin layer pentacene (p-type) over MoS; (n-type)l®® %4 which
established that such O-I interface can also facilitate ultrafast charge transfer and long
lived excitons with exciton pair residing in different layers of the heterojunction. (type-
I1). This pentacene-MoS: interface hence showed PL quenching and was suited better for
p-n junction photovoltaics as it had long lived separated charges. This heterojunction
proved that TMDs (MoS; in this case'®*) can work as acceptors/donors with the organic
2D materials to facilitate fast and efficient (50%) charge transfer across the O-I interface.
But since they are type-11 in nature they cannot be used for selective broadband absorption
and light emitting device applications. Whereas, Type-I band alignments can be used in
various optical devices due to their ability to confine electrons and holes spatially so they
can combine radiatively and efficiently’®®. There are no studies available at present that
demonstrate the charge transfer across any type-l organic-inorganic heterojunctions.
Thus, the subsequent challenge obviously will be to design an O-I heterostructure with
Type-I band alignment and clean atomic interface grown using van der Waals epitaxy
which explains the fundamental charge transfer mechanism and once the band alignment
is re-engineered at the interface these junctions offer functionalities that are not

achievable using single layer alone.

This thesis demonstrates in chapter 8, epitaxially grown single crystal pentacene (various
thickness) over hBN surface stacked under a monolayer MoSe; to realize a hetero-
epitaxial organic-inorganic type-I vertical vdW heterostructure. Epitaxially grown single
crystal pentacene™ provides a atomically sharp and clean interface with no dangling
bonds and impurities over which a TMD MoSe, could be deposited to study the
fundamental charge transfer mechanisms across the O-I interface!?® 17, The thesis reports

three different heterostructures based on different thickness of pentacene layers used in
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the heterostructure and observe a three times PL enhancement from the MoSe2-PEN as
compared to the monolayer MoSe> suggesting a type-1 band alignment. This MoSe,-PEN
based heterostructure offers a distinct advantage of PL enhancement (type-1) opposite to
the previously demonstrated MoS;-pentacene heterostructure®® 94 (type-11) which
showed a quenched PL. In further contrast to that, we have used mono/bi layer single
crystal epitaxially grown pentacene (compared to thin layer polycrystalline pentacene)
which provides a much sharper atomic surface free of any dangling bonds to demonstrate
the fundamental charge transfer mechanism at this O-I interface. This chapter opens up
new avenues for material and heterostructure fabrication base don 2D materials, which

are designed specifically to achieve certain applications and objectives.
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1.4 Thesis outline

This thesis is classified in to 9 chapters. This chapter (#1) has introduced the fundamental
concepts about properties and structure of 2D atomically thin semiconducting materials
in both organic and inorganic classes and their heterostructures. The dissertation will
explore in detail the excitonic dynamics and engineer their properties to achieve
optoelectronic device applications. Chapter 2 will discuss all the related experimental
techniques, we have used to experimentally demonstrate the exciton properties and
engineering methods used to fabricate 2D materials and devices. Chapter 3-8 explore the

excitonic properties divided in to 5 segments as shown in Figure 1.8

Ankur Sharma - Thesis Overview
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In chapter 3, an overview of excitonic properties will be provided in the 2D materials

with focus on dimensionality of excitons and how it affects the binding energy and

stability of excitons and other higher order quasi particles. This chapter will talk about
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the role of reduced dielectric screening, reduced dimensionality and quantum
confinement in the 2D materials which gives them their interesting optical, electrical
properties and the direct band gap structure. The chapter than talks about phosphorane as
an example to explain anisotropic excitonic properties and how similar TMDC materials
and other 2D material can be explored for device applications. The chapter finally
describes various device applications based on excitonic properties such as tunable LEDs,
exciton-polariton devices and defect assisted excitonic emissions for single-photon
sources. This chapter was published as an article in the journal Accounts of Chemical

Research (Impact factor = 22).

Chapter 4 introduces the concept of organic 2D materials coupled with molecular
orientation dependent excitonic properties. The chapter reports a superradiant excitonic
emission from monolayer pentacene 2D material, which has never been reported before
form on organic solid state system. The chapter then further explores the spatial and
temporal diffusion of excitons in organic 2D system using a direct near-field imaging and
time-resolved PL spectroscopy. We report a very high value of exciton diffusion from
organic 2D material attributed as a phenomenon called supertransport of excitons. This
firmly establishes the 2D organic material as a suitable candidate for applications in fast
excitonic circuits and exciton polariton cavities. This chapter clearly differentiates the
layer dependent optical properties we observed in monolayer to multilayer organic 2D
material samples. The properties in 2D materials vary significantly as the layer number
changes. This chapter characteristically studies the layer dependent optical properties
from OL-2L samples and identifies the physics behind the varying optical properties
through a series of experiments. The band gap in this regime appears to be still direct as

opposed to TMDCs where it changes to indirect when the layer number increases. This
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chapter has been submitted as manuscript to Nature Photonics (Impact factor = 37) and

in under round 2 review.

Chapter 5 further explores the growth mechanism of organic material in to 1D crystalline
phase for high ordered and crystalline growth. Though the thesis focusses on 2D materials
and the study of their properties, but | have focused on studying these unique properties
form 1D organic nanowires for the following reasons. First, growth of low dimensional
organic 1D structures has been particularly challenging up to now. It is difficult to control
their morphology and maintain a defect free interface. Second, the optical propetrties in
a 1D (or a quasi 1D system) such a nanowire, can significantly enhance the quantum
confienemtn effects and result in enhanced binding energies of the quasi-particles such
as excitons leading to interesting optoelectronic properties not observed before. Thus, in
this chapter, I discuss the growth of first light-weight organic nanowire system made from
pentacene. We were able to grow them using the same CVD technique we used to grow
2D pentacene structures. Also, we observed a very clear vibronically resolved PL spectra
from these nanowires, which has interesting applications as discussed in Chapter 5. We
report the first highly ordered solid state growth of organic nanowires on hBN substrate.
The optical emission from organic nanowires is vibronically well resolved even at room
temperature as compared to the bulk and thin film pentacene. At low temperatures, due
to reduced phonon-charge coupling and reduced degrees of freedom we report a quasi-
line, zero phono line spectra with a width of only 2-3 nm, which has never been reported
from 1D organic nanowires. We attribute this to the Shpol’ skii effect. Polarization
resolved and time-resolved PL measurements have been used to characteristically
determine the molecular orientation in 1D organic nanowires and establish the high order
of crystallinity in the 1D state. The thesis further demonstrates a MOS device based on

1D nanowire to demonstrate the electrical tunability of Shpol” skii spectra for applications
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in Nano lasers, Tunable LEDs and chemical sensor applications. This chapter has been

published in Nano Letters.

Chapter 6 focusses on studying the exciton dynamics in inorganic TMDC materials which
have been discussed in detail in chapter 1. The chapter will talk about incorporating the
monolayer TMDC into a MOS device to manipulate the exciton recombination lifetime
and spatial diffusion, measured using TRPL and near-field imaging techniques. We report
external modulation of exciton diffusion coefficient suing back gate static electric field,
which has never been reported before. We further engineer the substrate by making a
suspended monolayer TMDC MOS device to demonstrate the highest value of diffusion
coefficient in an inorganic 2D system which is comparable to its organic counterparts.
This chapter has been submitted as a manuscript to Nature Communications (Impact

factor = 12.3) and is under review.

Chapter 7 further explores another inorganic 2Dmaterial-phosphorene. We use defect
engineering using a PECVD grown substrate to include external defects in the puckered
structure pf phosphorene. We observe a highly efficient excitonic emission form defect
states in phosphorene at 1430 nm, which is in the near infrared (NIR) regime. We use
power dependent and temperature dependent PL measurements to establish the defect
nature of these excitonic emissions. The chapter further experimentally determines the
activation energy of these defect emissions to be 77.2 meV, which makes them quite
stable even at room temperatures, which contrasts with what has been reported form other
TMDC materials. This chapter has been published as an article in the journal Small

(Impact factor = 8.2)
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Chapter 8 finally combines the organic and inorganic 2D material to demonstrate a first
of its kind 2D Van der Waals organic-inorganic (O-1) heterostructure. We report an ultra-
highly efficient exciton pumping form the organic interface (due to its higher quantum
efficiency) to the inorganic side which enhances the PL emission from monolayer TMDC
by a factor of 3 times. We attribute this to superfast exciton pumping across the O-I
interface supported by fast charge transfer as observed from TRPL measurements. We
confirmed it to be a Type-I heterostructure using PLE measurements, which has never
been reported before. We further demonstrate how the trion binding energies in the
TMDC material can be modulated by changing the thickness of the organic material
underneath by making a MOS device based on this heterostructure. This opens avenues
for 2D heterostructures based on organic-inorganic components to be designed for
specific purposes and device applications. The O-1 2D heterostructure demonstrated in
this chapter has key applications in tunable LEDs, high efficiency solar cells and

photodetectors.

Finally, chapter 9 summarizes all the key research findings of this dissertation and

comments on future research and device prototyping prospects.



Chapter 1: Introduction and Thesis Outline 24

References

1. Wang G, et al. Colloquium: Excitons in atomically thin transition metal
dichalcogenides. Reviews of Modern Physics 2018, 90(2): 021001.

2. Xiao J, Zhao M, Wang Y, Zhang X. Excitons in atomically thin 2D
semiconductors and their applications. Nanophotonics 2017, 6(6): 1309-1328.

3. Schneider C, et al. Two-dimensional semiconductors in the regime of strong light-

matter coupling. Nature Communications 2018, 9(1): 2695.

4. Yang J, et al. Self-organized growth and self-assembly of nanostructures on 2D
materials. FlatChem 2017, 5: 50-68.

5. Mir6 P, Audiffred M, Heine T. An atlas of two-dimensional materials. Chemical
Society Reviews 2014, 43(18): 6537-6554.

6. Yamada H, Okujima T, Ono N. Organic semiconductors based on small
molecules with thermally or photochemically removable groups. Chemical
Communications 2008(26): 2957-2974.

7. Radisavljevic B, et al. Single-layer MoS2 transistors. Nat Nano 2011, 6(3): 147-
150.

8. Geim AK, Novoselov KS. The rise of graphene. Nat Mater 2007, 6(3): 183-191.

9. Mak KF, et al. Tightly bound trions in monolayer MoS2. Nat Mater 2013, 12(3):
207-211.



Chapter 1: Introduction and Thesis Outline 25

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Mak KF, He K, Shan J, Heinz TF. Control of valley polarization in monolayer
MoS2 by optical helicity. Nat Nano 2012, 7(8): 494-498.

Novoselov KS, et al. Two-dimensional gas of massless Dirac fermions in
graphene. Nature 2005, 438(7065): 197-200.

Ramasubramaniam A. Large excitonic effects in monolayers of molybdenum and
tungsten dichalcogenides. Physical Review B 2012, 86(11): 115409.

Ross JS, et al. Electrical control of neutral and charged excitons in a monolayer

semiconductor. Nature Communications 2013, 4: 1474.

Shang J, et al. Observation of Excitonic Fine Structure in a 2D Transition-Metal
Dichalcogenide Semiconductor. ACS Nano 2015, 9(1): 647-655.

Bao Q, et al. Atomic-Layer Graphene as a Saturable Absorber for Ultrafast Pulsed
Lasers. Advanced Functional Materials 2009, 19(19): 3077-3083.

Lu J, Liu H, Tok ES, Sow C-H. Interactions between lasers and two-dimensional
transition metal dichalcogenides. Chemical Society Reviews 2016, 45(9): 2494-
2515.

Wu S, et al. Monolayer semiconductor nanocavity lasers with ultralow thresholds.
Nature 2015, 520(7545): 69-72.

YeY, et al. Monolayer excitonic laser. Nat Photon 2015, 9(11): 733-737.

Ross JS, et al. Electrically tunable excitonic light-emitting diodes based on
monolayer WSe2 p-n junctions. Nat Nano 2014, 9(4): 268-272.



Chapter 1: Introduction and Thesis Outline 26

20.

21.

22.

23.

24,

25.

26.

27.

28.

Salehzadeh O, et al. Exciton Kinetics, Quantum Efficiency, and Efficiency Droop
of Monolayer MoS2 Light-Emitting Devices. Nano Letters 2014, 14(7): 4125-
4130.

Zimmler MA, Voss T, Ronning C, Capasso F. Exciton-related
electroluminescence from ZnO nanowire light-emitting diodes. Applied Physics
Letters 2009, 94(24): 241120.

Liu C-H, Chang Y-C, Norris TB, Zhong Z. Graphene photodetectors with ultra-
broadband and high responsivity at room temperature. Nat Nano 2014, 9(4): 273-
278.

Lopez-Sanchez O, et al. Ultrasensitive photodetectors based on monolayer MoS2.
Nat Nano 2013, 8(7): 497-501.

Wang X, et al. High-responsivity graphene/silicon-heterostructure waveguide
photodetectors. Nat Photon 2013, 7(11): 888-891.

Gregg BA. Excitonic Solar Cells. The Journal of Physical Chemistry B 2003,
107(20): 4688-4698.

Pospischil A, Furchi MM, Mueller T. Solar-energy conversion and light emission

in an atomic monolayer p-n diode. Nat Nano 2014, 9(4): 257-261.

Tsai M-L, et al. Monolayer MoS2 Heterojunction Solar Cells. ACS Nano 2014,
8(8): 8317-8322.

Geim AK, Grigorieva IV. Van der Waals heterostructures. Nature 2013,
499(7459): 419-425.



Chapter 1: Introduction and Thesis Outline 27

29.

30.

31.

32.

33.

34.

35.

36.

37.

Liu H, et al. Phosphorene: An Unexplored 2D Semiconductor with a High Hole
Mobility. ACS Nano 2014, 8(4): 4033-4041.

Xu R, et al. Extraordinarily Bound Quasi-One-Dimensional Trions in Two-
Dimensional Phosphorene Atomic Semiconductors. ACS Nano 2016, 10(2):
2046-2053.

Yang J, et al. Optical tuning of exciton and trion emissions in monolayer
phosphorene. Light Sci Appl 2015, 4: e312.

Zhang S, et al. Extraordinary Photoluminescence and Strong Temperature/Angle-
Dependent Raman Responses in Few-Layer Phosphorene. ACS Nano 2014, 8(9):
9590-9596.

Bablich A, Kataria S, Lemme M. Graphene and two-dimensional materials for

optoelectronic applications. Electronics 2016, 5(1): 13.

Roldan R, et al. Electronic properties of single-layer and multilayer transition
metal dichalcogenides MX2 (M= Mo, W and X=S, Se). Annalen der Physik 2014,
526(9-10): 347-357.

Rodin AS, Carvalho A, Castro Neto AH. Excitons in anisotropic two-dimensional
semiconducting crystals. Physical Review B 2014, 90(7): 075429.

Thilagam A. Exciton complexes in low dimensional transition metal
dichalcogenides. Journal of Applied Physics 2014, 116(5): 053523.

Weiner J, Ho P-T. Light-matter interaction, Fundamentals and applications, vol.
1. John Wiley & Sons, 2008.



Chapter 1: Introduction and Thesis Outline 28

38.

39.

40.

41.

42.

43.

44,

45.

46.

Novoselov KS, et al. Two-dimensional atomic crystals. Proceedings of the
National Academy of Sciences of the United States of America 2005, 102(30):
10451-10453.

Mak KF, et al. Atomically Thin ${\mathrm{MoS}} {2}$: A New Direct-Gap
Semiconductor. Physical Review Letters 2010, 105(13): 136805.

Qiao J, et al. High-mobility transport anisotropy and linear dichroism in few-layer

black phosphorus. Nature Communications 2014, 5: 4475.

Tan C, Zhang H. Two-dimensional transition metal dichalcogenide nanosheet-
based composites. Chemical Society Reviews 2015, 44(9): 2713-2731.

Gupta A, Sakthivel T, Seal S. Recent development in 2D materials beyond
graphene. Progress in Materials Science 2015, 73: 44-126.

Castellanos-Gomez A, Agrait N, Rubio-Bollinger G. Optical identification of
atomically thin dichalcogenide crystals. Applied Physics Letters 2010, 96(21):
213116.

Ling X, et al. The renaissance of black phosphorus. Proceedings of the National
Academy of Sciences 2015, 112(15): 4523-4530.

Lu J, et al. Light-Matter Interactions in Phosphorene. Acc Chem Res 2016, 49(9):
1806-1815.

Kim J-S, et al. Toward air-stable multilayer phosphorene thin-films and
transistors. Scientific Reports 2015, 5: 89809.



Chapter 1: Introduction and Thesis Outline 29

47.

48.

49,

50.

51.

52.

53.

54,

55.

56.

Li L, et al. Direct observation of the layer-dependent electronic structure in
phosphorene. Nat Nano 2017, 12(1): 21-25.

Andres C-G, et al. Isolation and characterization of few-layer black phosphorus.
2D Materials 2014, 1(2): 025001.

Zeng H, et al. Valley polarization in MoS2 monolayers by optical pumping. Nat
Nano 2012, 7(8): 490-493.

Yang J, et al. Optical tuning of exciton and trion emissions in monolayer
phosphorene. Light: Science & Applications 2015, 4(7): e312.

Xu R, et al. Exciton Brightening in Monolayer Phosphorene via Dimensionality
Modification. Advanced Materials 2016: n/a-n/a.

Ugeda MM, et al. Giant bandgap renormalization and excitonic effects in a
monolayer transition metal dichalcogenide semiconductor. Nat Mater 2014,
13(12): 1091-1095.

Bonaccorso F, Sun Z, Hasan T, Ferrari AC. Graphene photonics and
optoelectronics. Nat Photon 2010, 4(9): 611-622.

Constantinescu G, Kuc A, Heine T. Stacking in Bulk and Bilayer Hexagonal
Boron Nitride. Physical Review Letters 2013, 111(3): 036104.

Sirringhaus H, Tessler N, Friend RH. Integrated Optoelectronic Devices Based
on Conjugated Polymers. Science 1998, 280(5370): 1741-1744.

Rogers JA. Toward paperlike displays. Science 2001, 291(5508): 1502-1503.



Chapter 1: Introduction and Thesis Outline 30

S57.

58.

59.

60.

61.

62.

63.

64.

65.

Bardeen CJ. Excitonic processes in molecular crystalline materials. MRS Bulletin
2013, 38(01): 65-71.

Hoffmann M, et al. The lowest energy Frenkel and charge-transfer excitons in
quasi-one-dimensional structures: application to MePTCDI and PTCDA crystals.
Chemical Physics 2000, 258(1): 73-96.

Yamagata H, et al. HJ-Aggregate Behavior of Crystalline 7,8,15,16-
Tetraazaterrylene: Introducing a New Design Paradigm for Organic Materials.
The Journal of Physical Chemistry C 2014, 118(49): 28842-28854.

Hestand N, et al. Polarized Absorption in Crystalline Pentacene: Theory vs
Experiment. The Journal of Physical Chemistry C 2015, 119(38): 22137-22147.

Lee K, et al. Interfacial Trap Density-of-States in Pentacene-and ZnO-Based
Thin-Film Transistors Measured via Novel Photo-excited Charge-Collection
Spectroscopy. Advanced Materials 2010, 22(30): 3260-3265.

Chua L-L, Zaumsell J, Chang J-F, Ou EC. General observation of n-type field-
effect behaviour in organic semiconductors. Nature 2005, 434(7030): 194.

Podzorov V, et al. Intrinsic charge transport on the surface of organic
semiconductors. Physical Review Letters 2004, 93(8): 086602.

Hestand NJ, et al. Polarized Absorption in Crystalline Pentacene: Theory vs
Experiment. The Journal of Physical Chemistry C 2015, 119(38): 22137-22147.

Bardeen CJ. Triplet excitons: Bringing dark states to light. Nat Mater 2014,
13(11): 1001-1003.



Chapter 1: Introduction and Thesis Outline 31

66.

67.

68.

69.

70.

71.

72.

73.

Beljonne D, et al. Charge-Transfer Excitations Steer the Davydov Splitting and
Mediate Singlet Exciton Fission in Pentacene. Physical Review Letters 2013,
110(22): 226402.

Frenkel J. On the Transformation of Light into Heat in Solids. Il. Physical Review
1931, 37(10): 1276-1294.

Schuster R, Knupfer M, Berger H. Exciton Band Structure of Pentacene
Molecular Solids: Breakdown of the Frenkel Exciton Model. Physical Review
Letters 2007, 98(3): 037402.

Zhu XY, Yang Q, Muntwiler M. Charge-Transfer Excitons at Organic
Semiconductor Surfaces and Interfaces. Accounts of Chemical Research 2009,
42(11): 1779-1787.

Sebastian L, Weiser G, Bassler H. Charge transfer transitions in solid tetracene
and pentacene studied by electroabsorption. Chemical Physics 1981, 61(1): 125-
135.

Sebastian L, Weiser G, Peter G, Béssler H. Charge-transfer transitions in
crystalline anthracene and their role in photoconductivity. Chemical Physics
1983, 75(1): 103-114.

Yang Q, Muntwiler M, Zhu XY. Charge transfer excitons and image potential
states on organic semiconductor surfaces. Physical Review B 2009, 80(11):
115214,

Yamagata H, et al. The nature of singlet excitons in oligoacene molecular crystals.
The Journal of Chemical Physics 2011, 134(20): 204703.



Chapter 1: Introduction and Thesis Outline 32

74,

75.

76.

77.

78.

79.

80.

81.

82.

Davydov A. Theory of molecular excitations. Plenum press, New York 1971, 7:
387-394.

Zhang Y, et al. Probing Carrier Transport and Structure-Property Relationship of
Highly Ordered Organic Semiconductors at the Two-Dimensional Limit. Physical
Review Letters 2016, 116(1): 016602.

Novoselov KS, Neto AHC. Two-dimensional crystals-based heterostructures:
materials with tailored properties. Physica Scripta 2012, 2012(T146): 014006.

Lee G-H, et al. Heterostructures based on inorganic and organic van der Waals
systems. APL Materials 2014, 2(9): 092511.

Novoselov KS, Mishchenko A, Carvalho A, Castro Neto AH. 2D materials and
van der Waals heterostructures. Science 2016, 353(6298): aac9439.

Lin Y-C, et al. Atomically thin resonant tunnel diodes built from synthetic van

der Waals heterostructures. Nature communications 2015, 6.

Lee C-H, et al. Atomically thin p—n junctions with van der Waals heterointerfaces.
Nat Nano 2014, 9(9): 676-681.

Wang QH, et al. Electronics and optoelectronics of two-dimensional transition
metal dichalcogenides. Nat Nano 2012, 7(11): 699-712.

Bernardi M, Palummo M, Grossman JC. Extraordinary Sunlight Absorption and
One Nanometer Thick Photovoltaics Using Two-Dimensional Monolayer
Materials. Nano Letters 2013, 13(8): 3664-3670.



Chapter 1: Introduction and Thesis Outline 33

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Yu WJ, et al. Highly efficient gate-tunable photocurrent generation in vertical
heterostructures of layered materials. Nat Nano 2013, 8(12): 952-958.

Furchi MM, et al. Photovoltaic Effect in an Electrically Tunable van der Waals
Heterojunction. Nano Letters 2014, 14(8): 4785-4791.

Wang L, et al. One-Dimensional Electrical Contact to a Two-Dimensional
Material. Science 2013, 342(6158): 614-617.

Dean CR, et al. Boron nitride substrates for high-quality graphene electronics.
Nat Nano 2010, 5(10): 722-726.

MassicotteM, et al. Picosecond photoresponse in van der Waals heterostructures.
Nat Nano 2016, 11(1): 42-46.

He J, et al. Electron transfer and coupling in graphene-tungsten disulfide van der

Waals heterostructures. Nature communications 2014, 5: 5622.

Rivera P, et al. Observation of long-lived interlayer excitons in monolayer
MoSe2-WSe2 heterostructures. Nature communications 2015, 6: 6242.

Ceballos F, Bellus MZ, Chiu H-Y, Zhao H. Probing charge transfer excitons in a
MoSe2-WS2 van der Waals heterostructure. Nanoscale 2015, 7(41): 17523-
17528.

Gong Y, et al. Vertical and in-plane heterostructures from WS2/MoS2
monolayers. Nat Mater 2014, 13(12): 1135-1142.

Kozawa D, et al. Evidence for fast interlayer energy transfer in MoSe2/WS2
heterostructures. arXiv preprint arXiv:150901875 2015.



Chapter 1: Introduction and Thesis Outline 34

93.

94.

95.

96.

97.

98.

99.

100.

101.

Shim GW, et al. Large-area single-layer MoSe2 and its van der Waals
heterostructures. ACS nano 2014, 8(7): 6655-6662.

Ceballos F, Bellus MZ, Chiu H-Y, Zhao H. Ultrafast Charge Separation and
Indirect Exciton Formation in a MoS2-MoSe2 van der Waals Heterostructure.
ACS nano 2014, 8(12): 12717-12724.

Grancini G. Hot exciton dissociation in polymer solar cells. Nature materials
2013, 12(1): 29-33.

Jailaubekov AE. Hot charge-transfer excitons set the time limit for charge
separation at donor/acceptor interfaces in organic photovoltaics. Nature materials
2013, 12(1): 66-73.

Kaake LG. Coherence and Uncertainty in Nanostructured Organic Photovoltaics.
The journal of physical chemistry letters 2013, 4(14): 2264-2268.

eacute, linas SS. Ultrafast long-range charge separation in organic semiconductor
photovoltaic diodes. Science (New York, NY) 2014, 343(6170): 512-516.

Tosun M, et al. Mos2 heterojunctions by thickness modulation. Scientific reports
2015, 5: 10990.

Bellus MZ, et al. Type-I van der Waals heterostructure formed by MoS 2 and ReS
2 monolayers. Nanoscale Horizons 2017, 2(1): 31-36.

Hui C, et al. Exciton pumping across type-1 gallium chalcogenide heterojunctions.
Nanotechnology 2016, 27(6): 065203.



Chapter 1: Introduction and Thesis Outline 35

102.

103.

104.

105.

106.

107.

Lee C-H, et al. Epitaxial Growth of Molecular Crystals on van der Waals
Substrates for High-Performance Organic Electronics. Advanced Materials 2014,
26(18): 2812-2817.

Bettis Homan S, et al. Ultrafast Exciton Dissociation and Long-Lived Charge
Separation in a Photovoltaic Pentacene—-MoS2 van der Waals Heterojunction.
Nano Letters 2017, 17(1): 164-169.

Jariwala D, et al. Hybrid, Gate-Tunable, van der Waals p—n Heterojunctions from
Pentacene and MoS2. Nano Letters 2016, 16(1): 497-503.

Nakamura S, Senoh M, Iwasa N, Nagahama S-i. High-brightness InGaN blue,
green and yellow light-emitting diodes with quantum well structures. Japanese
Journal of Applied Physics 1995, 34(7A): L797.

Lee G-H, et al. Flexible and Transparent MoS2 Field-Effect Transistors on
Hexagonal Boron Nitride-Graphene Heterostructures. ACS nano 2013, 7(9):
7931-7936.

Kang SJ, et al. Organic Field Effect Transistors Based on Graphene and
Hexagonal Boron Nitride Heterostructures. Advanced Functional Materials 2014,
24(32): 5157-5163.



CHAPTER 2

Experimental Techniques

This chapter describes all the key experimental techniques used in this thesis to probe

different electrical and opto-electronic properties of organic and inorganic 2D materials.

Section 2.1 will introduce the chemical vapor deposition (CVD) growth technique used
extensively for the growth of 2D organic materials (Chapter 4) and for 1D organic
nanowires (Chapter 5). Section 2.2 will introduce atomic force microscope imaging, used
to determine the thickness of 2D materials. Section 2.3 will discuss the Phase-shift
interferometry (PSI), which is a non-invasive method to profile the surface of the 2D
materials. Section 2.4 will talk about the optical characterization tools. Raman and
photoluminescence (PL) spectroscopy used to determine the chemical composition and
optical bandgap of the nanomaterials respectively will be discussed in this thesis. Section
2.5 will introduce the homemade setup for time-resolved PL imaging (TRPL) used

extensively in this thesis for determining the carrier lifetime of the excitons in the
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nanomaterials. Section 2.6 will talk about and also the pump-probe transient reflectivity
measurements used in chapter 4 to determine the lifetime from organic 2D materials.
Section 2.7 will introduce the near and far-field imaging using CCD detectors used to
determine the diffusion length of excitons in this thesis. Section 2.8 will talk about all the
techniques, | have used to make devices incorporating 2D materials in this thesis. In
addition, each chapter in this thesis has a methods section catering to individual
preparation and testing experimental methods that have been used to characterize samples

for that chapter.

2.1 Chemical vapor deposition (CVD)

Chemical vapor deposition is a well demonstrated process used extensively to grow
organic and epitaxial 2D materials in a wide temperature range. It is generally carried out
under vacuum to produce high quality thin films of solid materials.! Typically, the wafer
or the substrate in a CVD process will be exposed to volatile precursor materials which
further react or decompose at a higher temperature on the substrate or wafer. A gas is
generally used a carrier to transfer the volatile compounds to the desired positions. It is
categorized into various formats depending on how the chemical reaction is initiated,
operating conditions, type of substrate heating and cooling mechanism.? It is typically
used to deposit uniform and conformal thin films that are atomically thin.® This is the
reason this technique was used in this thesis for the deposition of atomically thin organic
material over hBN surface. However, in this thesis we did not use any precursor or
catalyst to obtain the organic material. Instead we used the material-pentacene purchased

from a commercial supplier in its powder form and used it to deposit over the hBN flakes.
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Hence the process in this thesis is also referred to as physical vapor deposition (PVD)

process.

Figure 2.1 shows a typical CVD setup which was used in this thesis to grow 2D and 1D
organic nanomaterials. hBN flakes were mechanically exfoliated onto a thermally grown
285 nm thick SiO2 layer deposited over silicon substrate. Before physical vapour
deposition (PVD), optical microscope was used to characterize the topological

information.

High Temperature Region Low Temperature Region

Temperature Controller

Fig 2.1: Schematic representation of the CVD furnace used for organic nanomaterial

growth.

The pentacene (purchased from Chem Supply: P0030-1G) was then deposited over the
h-BN flakes, kept centred in a vacuum tube in the furnace. h-BN sheet on SiO2/Si
substrate was placed around 15 cm downstream and a molecular pump was used to
evacuate the quartz tube to ~10* mbar. The furnace was heated up to 130~180°C for
15~30 mins to grow pentacene. Then, the whole system was naturally cooled down to
room temperature under vacuum. The number of layers were optimized by controlling

source temperature, growth time and substrate position. The length of the wires was
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controlled by the source temperature, the substrate position and growth time. When the
growth was finished, we turned off the furnace and let the sample cool down to room

temperature under vacuum.

2.2 Atomic Force Microscopy (AFM)

AFM is a type of scanning probe microscope.* ® It collects information by touching the
surface and hence the resolution can be of the order of a fraction of few nanometres much
better than the optical diffraction limit.® It consists of a small spring like cantilever beam
hanging from a support with the tip of few angstrom thickness. A piezoelectric element
generally oscillates the cantilever in combination with a laser to collect the feedback from
the tip surface as it moves over the topography of the sample. With sufficient sensitivity

in the spring deflection sensor, the tip can reveal surface profiles with atomic resolution.*

5

A Bruker MultiMode VI AFM in ScanAsyst mode was employed in this thesis to

determine the thickness of thin-layer 2D semiconductors. The cantilever used is NT-MDT
CSG30 with force constant of 0.6 Nm™ so that the cantilever is flexible enough and does

not damage the sample surface during the probe.

2.3 Phase shift interferometry (PSI)

PSI is an established measurement technique for surface characterization.” It uses
digitization of surface data acquired via a controlled phase shift. It acquires a sequence
of images using an objective lens and precisely controlled phase change between the

various images.® The phase shifting is generated by mechanical motion of the interference
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objective which allows non-contact mapping of the surface. This thesis uses the Vecco
NT9100 which operates with a green LED source centred around 535 nm and uses a 10

nm bypass filter. The schematic plot and working principle as obtained from Yang et al.’

is shown in Figure 2.2.

Detector
a N —

Field stop

Aperture stop
Light source

|
|
H ' : . I ¢ BEEM SPitET
Fi;ler

Microscope objective

Mirau interferometer

Sample

——

Figure 2.2: Schematic plot of the PSI system. a, Schematic plot of the PSI system. b,
Zoomed view of the Mirau interferometer. 1. Reference mirror; 2. First reflection of the

reference beam; 3. Third reflection of the reference beam; 4. Reflection of the
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test/objective beam; 5. Semi-transparent mirror. 2-1-3 represents the reference beam and

2-4-3 represents the test/objective beam. Adapted with permission from ref 7.

2.4 Raman and PL Spectroscopy

In this thesis, PL spectra are captured using a micro-PL spectroscopy system equipped
with confocal optics yielding an on-sample spot size of about 05 um in diameter. Samples
are excited with a laser light. The emitted PL signal is focused through a focusing mirror,
and then directed into a double-monochromator and captured by an InGaAs/CCD-Si
detector. A standard lock-in technique is employed in order to improve the signal-to-noise
ratio. This system allows us to capture the luminescence signal from silicon wafers with
a dynamic range of up to five orders of magnitude. However, due to the large illuminated
spot size, the spatial resolution of this system is limited and the properties of features
smaller than one micrometre are often confounded with those of surrounding regions.
Raman and PL measurements are conducted using a HORIBA Jobin Yvon T64000 micro-
Raman system equipped with both charge-coupled device (CCD) and InGaAs detectors,
along with a 532nm Nd:YAG laser and a SuperK EXTREME supercontinuum laser as
the excitation source. Also, another system was used to determine the optical response of
the 2D materials. PL measurements at room temperature and 77 K were conducted using
a Horiba LabRAM system equipped with a confocal microscope, a charge-coupled device
(CCD) Si detector, and a 532 nm diode-pumped solid-state (DPSS) laser as the excitation
source. For temperature-dependent (above 77 K) measurements, the sample was placed
into a microscope-compatible chamber with a low temperature controller (using liquid
nitrogen as the coolant). In the experiment, the incident polarization angle was controlled

by an angle-variable half-wave plate and was fixed, and the polarization angle of the
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emission (0) was determined by using an angle-variable polarizer located in front of the

detector.

The micro-Raman system is equipped with two gratings, with grating parameter of 150
gr/mm and 900 gr/mm, and another 2400 gr/mm grating can also be installed if necessary.
150 gr/mm grating is used for PL. measurements, and 900 gr/mm and 2400 gr/mm gratings

are used for Raman measurements.

2.4.1 Low-temperature Raman and PL spectroscopy

For low-temperature Raman and PL measurements, the sample is placed into a Linkam
THMS 600 chamber, which can fit into the sample stage of the HORIBA Jobin Yvon
T64000 micro-Raman system, and the sample is cooled down to cryogenic temperature
by liquid nitrogen circulated with the Linkam TP 94 liquid nitrogen controller. For Raman
and PL measurements of phosphorene, a slow flow of nitrogen gas is circulating in the

chamber to prevent sample degradation.
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2.4.2 Polarization-resolved Raman and PL spectroscopy
In the setup of the polarization-resolved Raman and PL spectroscopy, as shown in Figure

2.3, a linearly polarized Nd:YAG laser with a wavelength of 532 nm is used.

Half Wave Plate Polarizer

l l Polarized 6:

Light Source Polarized 6: l

— \E

Microscope
objective

Sample

Figure 2.3 Schematic plot of the setup for polarization-resolved Raman and

PL spectroscopy.

2.5 Time-Resolved PL Spectroscopy

TRPL spectroscopy can give important information of materials, which is the minority
carrier lifetime, t,,,..° Carrier lifetime measures the average time that carriers can stay in
excited state after the electron-hole generation and before the recombination. It can be

defined as:
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1 1 1
+ (2.1)

Tmc TTLT‘ TT
where t,,,- is the non-radiative carrier lifetime and z,. is the radiative carrier lifetime. ¢,,,.
can be obtained by fitting the TRPL decay curve.® Figure 2.4 shows the experimental

setup'® that incorporates micro-PL spectroscopy and a time-correlated single photon

counting (TCSPC) system. Time resolved PL measurements were conducted in a setup

L4
1

<— Filter

& »
43
1

ND Filter
Wheel
Objective
«—BS *P Lens

N2

2D Stage ‘Sample
—1 K

300fs Laser 1044nm

PicoHarp

Figure 2.4 Experimental setup of the time-resolved PL system.

which incorporates p-PL spectroscopy and a time-correlated single photon counting
TCSPC system. A linearly polarized pulse laser (frequency doubled to 522 nm, with 300
fs pulse width and 20.8 MHz repetition rate) was directed to a high numerical aperture
(NA= 0.7) objective (Nikon S Plan 603). PL signal was collected by a grating

spectrometer, thereby either recording the PL spectrum through a charge coupled device
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(CCD; Princeton Instruments, PIXIS) or detecting the PL intensity decay by a Si single-

photon avalanche diode (SPAD) and the TCSPC (PicoHarp 300) system.

2.6 Pump-probe transient reflectivity measurements for

lifetime

Transient reflectivity measurements were performed with a home-built pump-probe
setup. Degenerate, linearly polarized pump and probe pulses were produced by splitting
~200 fs pulses from a non-collinear optical parametric amplifier (Light Conversion
Orpheus-2N) tuned to 680 nm. A half-wave plate in the probe line rotated the polarization
to be orthogonal to that of the pump. The pump was delayed using a motorized delay
stage to control the pump-probe timing. Pump and probe pulses were recombined to be
nearly spatially overlapped and focussed onto the sample with a 25.4 mm focal length
lens. Telescopes in the pump and probe lines were used to tune the divergence/waist size
of the pump and probe beams. The focal spot size and fluence of the pump and probe

were 30 um, 90 pJ/cm? and 15 pum, 12 pl/cm? respectively.

The probe pulses were spectrally resolved across a fast CMOS array detector (Andor
Zyla) by an imaging spectrometer (Andor Kymera). The detector recorded spectra at 5.21
kHz, synced to the laser repetition rate of 20.83 kHz. A data analysis technique based on
lock-in detection was used to isolate only the component of the probe modulated at the
same frequency as the chopper in the pump beam, which was also synced to the laser
output. A polarizer was used to filter out the pump signal coupled with an iris. The
residual pump still appears minimally both as a background signal and as interference
fringes between the pump and the probe. The interferometric pump contributions were

removed using a Fourier filter with a width of 400 fs, and the static background was
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removed by subtracting the signal observed at negative pump-probe delays (i.e. probe

arriving before the pump).

2.7 Near and Far-Field Scanning Optical Microscope

The light path of the Horiba Jobin Yvon T64000 micro-Raman system is exploited to set
up a near and far-field SOM. The schematic plot of its working principle is shown in
Figure 2.5. The SOM uses a green laser at wavelength of 532 nm which is focused by an

Olympus 50X (NA = 0.25, depth of focus 18 um) objective lens.

Focusing Lens I

Beam Splitter

Microscope

Out-of-Focus Plane
Focal Plane (Sample)

Figure 2.5 Schematic plot of the scanning optical microscope.
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2.7.1 Diffusion Length Measurements Exciton diffusion measurements

were carried out using the same PIXIS CCD detector coupled with a X100 (NA= 1.49,
oil suspended) objective lens. The pulsed 522 nm laser was used for excitation with a
beam diameter ~500 nm (confirmed by CCD imaging) with collection time of 1s per
measurement. The diffusion mapping direction was well aligned with the polarization of
the excitation laser. The collected light was spectrally filtered to remove the pump laser
wavelength. Spectral measurements were made using a grating spectrometer (Acton,
SpectraPro 2750). The focal plane of the sample was imaged using the zeroth order of the
grating and the spectrometer CCD, giving a spatial resolution of about 200 x 200 nm in
space, corresponding to a pixel (20 um x 20 um) on the CCD. The PL intensity at a
particular excitonic emission energy was plotted as a function of the distance from the
excitation centre (x = 0). The spatial extent of exciton diffusion (diffusion length Lp) was
found by taking the square root of the difference between the variances of the emission

image and of the passive laser spot.

Cryostat

Pulsed
Laser

100X/0.5 NA L1 L2 Slit

Lt-..l (- | l

Figure 2.6 The schematic shows the basic representation of the CCD imaging setup
coupled with TRPL system use din this thesis to obtained exciton diffusion lengths at

cryogenic temperatures .
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2.8 Device Fabrication

2.8.1 Plasma-enhanced chemical vapour deposition

Plasmalab 100 Dual Frequency PECVD as used to prepare defect-rich silicon oxide
substrate, a 223 nm of silicon oxide layer is deposited on gold substrates (100 nm of gold
thin film on silicon substrate). The thickness of silicon oxide layer is calculated to
maximize the optical path length to maximise the interaction with PSI system to
determine the layer numbers of 2D material deposited on top. Inthe PECVD system, two
power generators (13.56 MHz and 50 kHz - 450 kHz) are connected through a matching
network to the top electrode of the reactor; the bottom electrode is grounded and acts as
asample holder.! The reacting gases silane (SiHa), nitrous oxide (N20) and nitrogen (N2)
are sent into the reactor and the plasma is created by radio frequency (RF) electronic
oscillations between the two electrodes. The chemical reaction occurs after the creation

of plasma of reacting gases, which can be expressed as:

SiH, + 4N,0 — SiO, + N, + H,0 (2.2)

The flow of SiHs, N2O and N2 are 9, 710 and 161 sccm, respectively. N2 is used to dilute
the pure SiH4 and improve the uniformity of the deposition performance. The deposition
processes are performed using 20 watts of RF power at 100 °C for 315 s. The total

pressure during the deposition process is maintained at a constant value of 650 mTorr.



Chapter 2: Experimental
Techniques
49

2.8.2 Photolithography

Photolithography is a commonly used technique in semiconductor research and
industry.*? It consists of substrate cleaning, photoresist spin-coating, mask alignment,
ultra-violet (UV) light exposure and development. In our experiment, the SiO./Si
substrate (275 nm thermal oxide on n*-Si) is firstly cleaned with acetone and isopropanol
and baked on a hotplate for 2 min at 100 °C. For photoresist spin-coating process, LOR
3A lift-off resist and AZ MIR 701 positive photoresist are spin-coated subsequently. LOR
3A is spin-coated onto the clean substrate at 500 rpm for 5 s and 5000 rpm for 45 s,
followed by prebake of 2 min at 180 °C with a UniTemp GmbH HPP-155-L hotplate;
and then AZ MIR 701 positive resist is spin-coated at 500 rpm for 5 s and 6000 rpm for

1 min, followed by prebake of 2 min at 85 °C with the same hotplate. Photolithography

‘_"_’

Mask Alignment

SiO:/Si Wafer Spin Coating
\\
< L j Exposure
Result Development ==

Figure 2.7 Schematic plot of the photolithography process.

mask is aligned with the substrate using a Karl Suss MA6/BA6 mask aligner and the gap

between mask and substrate is 20 um. After mask alignment, the substrate coated with
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LOR 3A and AZ MIR 701 is exposed for 35 s in soft contact mode with UV light in the
wavelength range of 280-350 nm. And finally, the exposed substrate is developed in AZ
726 MIF developer for 45-60 s, depending on the development results. After
development, the wafer is checked with an optical microscope for the outcome of the
photolithography process. The whole photolithography process can be illustrated as the

schematic plot in Figure 2.7.

2.8.3 Electron beam evaporation

After photolithography, SiO/Si substrates with photoresist patterns are loaded into a
Temescal BJD-2000 electron beam thermal evaporator to deposit 5 nm of Ti and 100 nm
of Au thin film. Ti thin film acts as an adhesion layer. Electron beam evaporation is a
high vacuum deposition technique where electron beam is used to bombard and heat the
target metal to above its melting point, resulting in its deposition as thin film on
substrates. In our experiment, the deposition rate for Ti and Au thin film is 0.5 A/s and 2
Als, respectively. The deposition happens at room temperature, and the filament current

is 30 A and the emission current is 338 mA. The schematic is shown in Figure 2.8.
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Figure 2.8 Schematic plot of the electron beam evaporation process.

2.8.4 Inorganic TMDC Sample preparation

51

We use mechanical exfoliation to prepare thin-layer TMDs and phosphorene, and we

drily transfer them onto other substrates using Gel-Pak gel films. For MOS device

fabrication, we will firstly pattern Au electrodes on SiO2/Si substrates (275 nm thermal

oxide on n"-doped silicon) by conventional photolithography, metal deposition and lift-

off processes, and then transfer thin-layer TMD samples onto the SiO./Si substrate near

a pre-patterned Au electrode. Another thick graphite flake can be similarly transferred to

electrically bridge the TMD flake and the Au electrode, forming a MOS device. The

schematic plot of a MOS device is shown in Figure 2.9.
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Figure 2.9 Schematic diagram of a MOS device using a monolayer 2D TMD

semiconductor.
2.8.5 Scanning electron microscope equipped with focused ion beam

Scanning electron microscopy uses electrons rather than photons to image objects.
Because of the small diffraction limit of an electron wave, electron microscopes will have
high resolution in imaging nanoscale materials. The 1D organic nanowires and other
samples were imaged using a FEI Helios 600 Nanolab dual beam FIB/SEM system with
Gallium ion source using pre-calibrated dosage, optimized beam voltage (30 kV) and
beam current (9.7 pA). This dual beam SEM/FIB system can reach atomic resolution in
the vertical direction and sub-20 nm resolution in lateral direction in ion milling, and we

can check the milled pattern instantly with the SEM.

2.9 Summary
In this chapter, | have established in brief all the measurement and experimental
techniques that | have used in this thesis to demonstrate various results and their physical

significance. CVD method was used to grow organic samples (both 2D and 1D), whereas
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PECVD and lithography were used in addition to mechanical exfoliation to make device
based on inorganic 2D materials. AFM and PSI were used to determine the layer
thickness and obtain topographical information from the prepared samples. Raman and
PL spectroscopy were used extensively to determine the optical and opto-electronic
properties of all the samples. Polarization and temperature dependent measurements were
carried out using external equipment with the PL setup. Time-resolved PL and transient
pump-probe reflectivity were used to extensively determine the carrier lifetime of various
quasi-particles in this thesis. Near and far field SOM were used to determine the diffusion
length of excitons in the 2D materials for both organic and inorganic 2D materials.
Finally, the device fabrication techniques used to make MOS and FET device

incorporating the 2D and 1D nanomaterials were discussed which utilized,

photolithography, electron-beam evaporation and dual beam SEM/FIB system.
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CHAPTER 3

Highly enhanced many-body interactions in

anisotropic 2D semiconductors

any body interactions in two-dimensional (2D) semiconductors are strongly

enhanced compared with bulk semiconductors, because of the reduced dielectric
screening. These many body interactions and subsequent bound quasi-particles like
excitons, trions and bi-excitons are extremely important for the optoelectronics
performance of 2D semiconductors. In particularly, anisotropic 2D semiconductors, such
as black phosphorus (or termed as phosphorene) and phosphorene-like 2D materials such
as GeSe and SnS etc., have shown even stronger many body interactions, because of the
lower dimensionality of the quasi-particles and further reduced dielectric screening. This

makes anisotropic 2D semiconductors extremely attractive for the fundamental science
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and technology development. This field is emerging rapidly and several anisotropic 2D
materials have been the center of attraction in the field of 2D semiconductor research in
the recent few years, due to their interesting optical and electrical anisotropic performance
in the 2D quantum limit. Many body interactions in conventional 2D materials have been
heavily investigated but it has not been reported in detail for anisotropic 2D materials.
The quasi-particles in anisotropic materials have fractional dimensionality which makes
them perfect candidates to serve as a platform to study fundamental particle interactions
in fractional dimensional space, enabling novel opto-electronic applications.

Fundamental many-body effects which mainly result from strong electron-hole,
electron-electron interactions in environments with reduces di-electric screening,
selectively facilitate the experimental study of these fundamental charge particles,
leading to their applications in optoelectronics. Stronger interaction within lower
dimensional systems leads to larger binding energies, which have already been
demonstrated in quasi-2D quantum wells, 1D carbon nanotubes and 0D quantum dots and
other 2D TMD materials. Observation and control of excitonic properties is possible due
to larger binding energies which has been a long pursued scientific goal. Study of many
body interactions in low-dimensional materials can lead to useful scientific information
that have great potential in opto-electronic device applications such as light emitters,
photodetectors. Phosphorene shows a much larger binding energy of trions in a 2D
system, which was only observed earlier in 1D systems like carbon nanotubes, as
compared to other 2D counterparts such as TMDs. Higher binding energy provides a
platform to study these quasi-particles at room temperature.

This chapter explores the experiments and theoretical simulations related to 2D
phosphorene, a 2D system with quasi-one-dimensional (quasi-1D) excitons and trions,
due to its unique anisotropic properties provides a unique 2D platform for investigating

the dynamics of excitons, trions and bi-excitons in reduced dimensions and fundamental
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many-body interactions. Higher binding energy in phosphorene has been experimentally
related to the reduced dimensionality, supported by theoretical calculations. High trion
binding energy is critical to observe and study these fundamental many-body interactions
at room temperature for further investigation into phenomenon such as exciton
condensation and Fermi-energy singularity.

This chapter provides a concise and targeted summary on the experimental
observation of these fundamental quasi particles (excitons, trions, bi-excitons, etc.) in
phosphorene and other anisotropic 2D systems, which are critical to understand excitonic
properties discussed subsequently in this thesis. Experimental methods and theoretical
models to calculate binding energies will be stressed upon in this chapter., which have
been used in successive chapters. The importance of these coulombic interactions and
their fundamental significance will be discussed in detail. Also, methods and models to
calculate binding energy of these many body particles will be addressed which is
consequential for their applications in optoelectronic devices at room temperature. This
chapter aims to demonstrate methods to improve fundamental charge interaction in
anisotropic 2D materials.

This chapter will provide detailed insights into fundamental behaviour of the
quasi-particles in 2D anisotropic materials and further investigation into experimental
techniques to study the many body effects and related parameters, critical for future
device applications and study of similar fundamental quasi-particles in other low
dimensional materials. Anisotropy is a critical phenomenon for optical properties of 2D
semiconductors. Chapter 4, 5, 7 and 8 will further explore anisotropic properties of
excitons and their applications in detail for both organic and inorganic semiconductor 2D
materials. Chapter 2 describes the methods through which I have studied the anisotropic

properties of various semiconductor materials using polarized resolved PL spectroscopy.
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ABSTRACT: Atomically thin two-dimensional (2D) semi-
conductors have presented a plethora of opportunities for
future optoelectronic devices and photonics applications, made
possible by the strong light matter interactions at the 2D
quantum limit. Many body interactions between fundamental
particles in 2D semiconductors are strongly enhanced
compared with those in bulk semiconductors because of the
reduced dimensionality and, thus, reduced dielectric screening.
These enhanced many body interactions lead to the formation
of robust quasi-particles, such as excitons, trions, and
biexcitons, which are extremely important for the optoelec-
tronics device applications of 2D semiconductors, such as light
emitting diodes, lasers, and optical modulators, etc. Recently, the emerging anisotropic 2D semiconductors, such as black
phosphorus (termed as phosphorene) and phosphorene-like 2D materials, such as ReSe,, 2D-perovskites, SnS, etc., show strong
anisotropic optical and electrical properties, which are different from conventional isotropic 2D semiconductors, such as
transition metal dichalcogenide (TMD) monolayers. This anisotropy leads to the formation of quasi-one-dimensional (quasi-1D)
excitons and trions in a 2D system, which results in even stronger many body interactions in anisotropic 2D materials, arising
from the further reduced dimensionality of the quasi-particles and thus reduced dielectric screening. Many body interactions have
been heavily investigated in TMD monolayers in past years, but not in anisotropic 2D materials yet. The quasi-particles in
anisotropic 2D materials have fractional dimensionality which makes them perfect candidates to serve as a platform to study
fundamental particle interactions in fractional dimensional space.

In this Account, we present our recent progress related to 2D phosphorene, a 2D system with quasi-1D excitons and trions.
Phosphorene, because of its unique anisotropic properties, provides a unique 2D platform for investigating the dynamics of
excitons, trions, and biexcitons in reduced dimensions and fundamental many body interactions. We begin by explaining the
fundamental reasons for the highly enhanced interactions in the 2D systems influenced by dielectric screening, resulting in high
binding energies of excitons and trions, which are supported by theoretical calculations and experimental observations.
Phosphorene has shown much higher binding energies of excitons and trions than TMD monolayers, which allows robust quasi-
particles in anisotropic materials at room temperature. We also discuss the role of extrinsic defects induced in phosphorene,
resulting in localized excitonic emissions in the near-infrared range, making it suitable for optical telecommunication applications.
Finally, we present our vision of the exciting device applications based on the highly enhanced many body interactions in
phosphorene, including exciton-polariton devices, polariton lasers, single-photon emitters, and tunable light emitting diodes
(LEDs).

1. INTRODUCTION

The discovery of graphene in 2004 opened avenues for a new

quasi-particle systems. High binding energies allow these many
body interactions between electrons and holes to be

generation of 2D materials. It was followed by exploration of
other 2D semiconductor materials such as transition metal
dichalcogenides (TMDs),"” phosphorene,® etc. Stronger
interaction within lower dimensional systems leads to existence
of robust many-body systems™* and quasi-particles™ in these
atomically thin layered materials. These quasi-particles have
been shown to exist in quasi-2D systems (quantum wells),”*
2D materials,”>” and 1D carbon nanotubes (CNTs).'® The
strong interaction is measured by “binding energy” of these

-4 ACS Publications  © 2018 American Chemical Society
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experimentally detected in various combined forms, such as
excitons (electron and hole pair),"" trions (charged excitons),"”
and biexciton (quantum combination of two-excitons: steady
state or a trion and free charge: excited state)."? Binding
energies of excitons (trions) have been theoretically and
experimentally demonstrated to be in the range of 5—35 (1-5)
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Table 1. Experimental and Theoretical Binding Energy Values (meV) for Various Quasi-Particles in Different Materials®

system quasi-2D 2D anisotropic 2D 1D
quantum 1L 1L 1L 1L 1L 1L 1L
material wells MoS, MoSe, WS, Wse,  phosphorene  ReSe, 1L ReS, 1L GeS  GeSe CNT
exciton exp 8.7-9.2 550 500'°  660° 380" 860°* 410
1000
theory 6.6—33.6 540" 470" 500 450" 830%* 870°*  1070°°  1200°"  400°'  210-1100
trion exp 1.1-5.5 18* 30% 367 30" 1627 140-170
100%°
theory 1.4-89 34%7 317 31 297 200** 36—200
biexciton  exp T+C  10-20 70% 60" 65> 52% 130
X +X
theory T+ C  2.13-224 69" 58" 67" 59" 40-56
X +X 2% 23" 24% 20% 41%

“Note: T is trion, C is charge, and X is exciton. This distinction has been made to identify excited state (T + C) and steady state (X + X) biexcitons.
This distinction has not been made for biexciton values from quantum wells and CNT. References for binding energies of CNTs and quantum wells
have been cited in-text because of the large number of references. “The value is from 3L phosphorene sample.

Reduced dielectric screening and dimensionality

3D bulk

/

. Quasi 2D 2D Anisotropic 1D
semiconductor system materials 2D materials materials
3 Bz D
5 oo Mo oo

Increasing bi

.-‘

Bulk material

Quantum wells TMDs(MoS, WSe, etc.) Phosphorene

CNT

Figure 1. From 3D state (left) to truly 1D state (right) as the dimensionality decreases the dielectric screening decreases while the binding energy or
the interaction of many body quasi-particles increases. In 3D state, electric field lines interacting between two fundamental particles are screened by
the material. This screening reduces as the particles are further confined dimensionally in quantum wells (quasi-2D systems). 2D materials allow
even stronger Coulombic interactions due to absence of any dielectric materials and results in even stronger in-plane many body systems spread
across a single plane. In phosphorene, due to puckered configuration of the molecules the many body systems are confined along a quasi-1D space
resulting in even higher interactions and binding energies, like a true 1D system, such as a CNT.

meV in quantum wells,"* 400—3550 (20—34) meV in TMD
monolayer,'>' and 210~1100 (36—200) meV in CNTs."”*°
Detailed values of exciton, trion, and biexciton binding energies
from various material systems from theoretical and exper-
imental work have been summarized in Table 1.

However, the relatively low values of binding energies in
quasi-2D and 2D systems only allow the exciton and trion
photoluminescence (PL) peaks to segregate at cryogenic
temperatures, barely resolvable at room temperature compared
to their emission bandwidth.”' On the other hand, excitons and
trions in 1D confined space (such as CNTs) exhibit much
higher binding energies and the complete separation of exciton
and trion PL peaks at room temperature because of further

1165

dimensionality reduction and reduced screening."'’ However,
the utilization of 1D CNTs for practical optoelectronic
applications is critically limited by their small cross-sectional
area.”” It is extremely difficult to assemble large-sized and
optically uniform films composed of CNTSs because of the
varied distribution of chirality and other issues such as
conversion of homogeneous templates in to long-chain CNTs
at low temperatures.””* It has been a long-standing scientific
challenge to optimize this trade-off between enhanced binding
energies at confined dimensionalities and reduced cross-
sectional areas, limiting the development of useful excitonic/
trionic devices.

DOI: 10.1021/acs.accounts.7b00504
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Figure 2. (a) Phosphorene provides high binding energies similar to a true 1D system with a large 2D cross-sectional area. (b) Schematic diagram of

an exciton-polariton interaction in a cavity with 2D material.

The recently emerged anisotropic 2D materials, such as
phosphorene, provides an elegant way to solve this challenge.
Compared with other 2D materials, phosphorene shows
strongly anisotropic properties, which results in quasi-1D
excitons and trions in a 2D system.()’m’25 In this Account, we
use the example of phosphorene to demonstrate the role of
enhanced many body interactions in anisotropic 2D semi-
conductors, as compared to other 2D materials, such as TMDs.
This enables a system that addresses the above-mentioned
problem of the trade-off. High binding energies with large
cross-section grant opportunities to use phosphorene in future
optoelectronic devices, such as exciton-polariton devices,
polariton lasers, tunable LEDs, and other excitonic devices
based on exciton condensation.”® This Account is directed
toward highlighting the role of dimensional confinement and
emphasizes on various experimental techniques employed by us
and other groups to study these many body interactions and
quasi particles. At the end, we present our visions and prospect
on the potential optoelectronic applications of those aniso-
tropic 2D materials.

2. EFFECT OF DIMENSIONALITY AND DIELECTRIC
ENVIRONMENT ON FUNDAMENTAL
QUASI-PARTICLES

Many body eftects, which result from the Coulombic electron—
hole interactions, play a key role in determining their electronic
transport and optical properties.'’ The strength of electric fields
between charged particles in a semiconducting material is
determined by the level of Coulombic interaction between
charged particles, which are affected by the dimensionality of
the material and thus dielectric screening from the surrounding
environment.”” The effect of the dielectric environment on the
interaction of charges and the binding energy in various
dimensionalities of semiconductors have been represented
schematically in Figure 1. In a conventional bulk semi-
conductor, the electron—holes interact with each other with
electric field lines passing through the dielectric medium of the
material itself, causing significant dielectric screening, resulting
in weak interactions among the charges. Thus, the binding
energy of these quasiparticle/many-body systems originating
from the coulomb interaction is almost negligible. In quasi-2D
quantum wells, the interaction enhances as the charges are only
confined in a quasi-2D space and the dielectric screening is
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diminished to an extent. In truly 2D materials, such as TMD
monolayers, the dielectric screening to the interacting charges is
considerably reduced due to the high localization of interacting
charges within a single 2D plane®® (Figure 1). The weak
intrinsic screening results in enhanced many-body interactions
at the 2D quantum limit. This effect is called the ‘dielectric
confinement or “image-charge effect”. The stronger interaction
leads to formation of stable excitons, trions, and biexcitons with
higher binding energies as compared to quasi-2D systems.
These quasi-particles have been demonstrated in various TMD
materials, such as MoS,,”> WS,.*° MoSe,,"*** WSe,*”*" with
binding energies of excitons as high as ~0.6 eV and are stable at
room temperature. Simultaneously, existence of robust charge
interactions combined with dimensional confinement lead to
formation of higher order excitonic complexes, such as trions”
and biexcitons.'”> Compared with other 2D materials,
phosphorene shows strongly anisotropic properties, which
results in quasi-1D excitons and trions in the 2D phosphorene
(Figure 1). Because of the formation of quasi-1D trions and
excitons, 2D phosphorene has ultrahigh bindin§ energies of
excitons (~0.8 eV for monolayer phosphorene®) and trions
(~200 meV**), much higher than those values in TMDs. As the
dimensionality is further reduced to true 1D with advent of
CNTs, the reported binding energies of excitons (>1 ev'9?0)
and trions (~200 meV'”**) were even higher than 2D systems
due to further unidirectional confinement of charges.
However, high binding energies obtained from 1D CNTs are
not applicable for widespread photonics devices applications
due to the limited cross-section and difficulties in growing
optically uniform integrated CNT networks.”” Phosphorene,
due to its strong anisotropic optical and electrical proper-
ties, 2?5
challenge. (Figure 2a). Phosphorene is equivalent to a system
made from bundles of identical 1D semiconductors, allowing
quasi-1D excitonic and trionic behavior in a large 2D area. This

offers an alternative to solve aforementioned trade-off

allows phosphorene’s optoelectronic integration for various
unique applications in optoelectronics and quantum devices
harnessing both the high excitonic and trionic binding energies
and large cross-sectional area. For instance, phosphorene has
promising applications in cavity devices such as exciton
polariton devices (Figure 2b) operating at near-infrared
(NIR) range, useful for telecommunication applications and
integration with silicon photonics.

DOI: 10.1021/acs.accounts.7b00504
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3. TIGHTLY BOUND EXCITONS AND TRIONS IN
PHOSPHORENE

Binding energy is the key parameter that defines the extent of
interaction between fundamental particles.'"** Several theoreti-
cal and experimental techniques have calculated the binding
energy of excitons, trions and biexcitons. Table 1 summarizes
the values of binding energies for various systems.

We successfully measured the binding energy of trions in a
3L phosphorene sample, using a metal-oxide-semiconductor
(MOS) device to tune the PL emissions via controlling the
electrostatic doping with applied back gate voltage, as shown in
Figure 3a and b. The 3L phosphorene sample showed two
emission peaks at ~1100 and ~1300 nm (Figure 3c—e), which
were identified to be from excitons and trions, respectively. The
relative intensity ratio of exciton/trion is tuned by gate voltage.
When negative voltage is applied, positive charges are injected
in to the sample and hence the trionic emissions dominated
and vice versa. We also demonstrated that optical charge
injection can also be controlled with excitation power, to tune
the trion density in 1L phosphorene.”* Therefore, binding
energy of trions in 3L phosphorene was measured to be ~160
meV, which is much larger than those values in TMD
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monolayers and is comparable to that in truly 1D CNTs
(Table 1).

High-binding energy is attributed to anisotropic orientation
of charged many body complexes in phosphorene, which has
been theoretically predicted as well.”* We, confirmed this
anisotropic excitonic and trionic emission from phosphorene
using angle resolved PL spectroscopy.”** The PL intensity is
highly dependent on the polarization angle of the incident light
due to anisotropic absorption in phosphorene attributed to its
puckered structure. We also observed that emission of excitonic
emissions from phosphorene was also linearly polarized sharply.
Thus, the many body complexes are mostly aligned along the
armchair direction (as shown in Figure 1). This strong
anisotropy results in higher binding energies which can result
in several photonics device applications, which will be discussed
in the later section.

4. PRODUCING AIR-STABLE MONOLAYER
PHOSPHORENE

Degradation of phosphorene has been a long-standing
challenge for the scientific community. It is easily oxidized in
the presence of oxygen, moisture, and light.** Several different
passivation techniques have been demonstrated including,
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passivation through coating by ALO;* by atomic layer
deposition (ALD) technique’” and sandwiching between h-
BN layers™ (Figure 4a—c). But, these techniques have been
only partially successful in preserving fast degrading phosphor-
ene flakes in the ambient environment.’’ The h-BN
encapsulation requires very complicated technique and has a
low-throughput. Recently, we developed a novel technique
(Figure 4d) combining oxygen plasma etching with subsequent
AlL,O; deposition to preserve phosphorene flakes in pristine
condition in ambient environment. This method has 2-fold
advantages. It allows for controlling the thickness of
phosphorene very precisely and effective preservation of the
phosphorene samples. Oxygen plasma is used to etch through a
thick flake of phosphorene. During the treatment, top layers of
phosphorene are oxidized to become P,O,, which serve as
protecting layers for phosphorene underneath. Further plasma
etching allows oxygen plasma to penetrate this P,O, layer and
further oxidize the phosphorene layer underneath. After some
time, a dynamic equilibrium is established so that etching rate
and thickness of P,O, become constant. This allows precise
etching down to monolayer. Finally, an additional layer of
ALO; is deposited over the etched phosphene and P,O, to
protect it from oxidation. We found that mono- and bilayer
samples which were fabricated by O, plasma etching can be
coated with ALD Al,O; without any further damage to the
phosphorene samples under it due to the protective P,O, layer
on top of it. This technique allows forming a controlled air-
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stable few- to monolayered phosphorene samples, enabling its
practical applicability in various device applications (Figure 4e).

5. DEFECT ENGINEERING IN PHOSPHORENE

Defect engineering in 2D materials has emerged a sturdy
technique to modulate their optical properties for suitable
optoelectronic applications. Single-photon emitters have been
demonstrated from TMDs" and h-BN*' recently. The defect
states can be realized through oxidation, irradiation, and
physical absorption.*” Phosphorene and other similar structure
based anisotropic materials (ReS,, and ReSe,) offer a distinct
advantage for defect engineering due to their puckered sp>-like
configuration. Defect induction in phosphorene is critical for
triggering photon emission at new wavelengths, utilizing the
layer dependent band gap in phosphorene from future
optoelectronic devices point of view.

We induced defects in monolayer phosphorene using two
distinctive methods.>”** First, we used a plasma-enhanced
chemical vapor deposition (PECVD) oxide substrate and
deposited gold over it followed by phosphorene. PECVD oxide
contained a lot of impurities and surface states, which were
confirmed with FTIR spectroscopy. These surface states then
act as trapping centers for excitons.”' Second, we introduced
extrinsic oxygen defects in monolayer phosphorene using
external oxygen plasma etching.”” Extrinsic defects as dangling
“O” bonds are quite common in phosphorene and have been
discussed in literature.” Another form is the diagonal oxygen
bridge (Figure Sa), which acts as potential trap state and is
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quite stable. These surface defects can alter the optical
properties of phosphorene and result in defect levels being
created in the optical band gap of the materials (Figure Sb),
which causes excitonic emissions from these localized states at
lower energies than free exciton emission energies (Figure 5¢).
For defect engineering in monolayer phosphorene, we observed
a free exciton emission at ~720 nm attributed to the free
excitonic emission and low energy emission at ~920 nm
(Figure Sd). The defect peak shows a sublinear growth in the
integrated PL emission with increasing excitation laser power,
thus establishing its defect nature.’” The defect emission peaks
were observed at room temperature, which is in contrast with
defect emissions from TMDs that are only visible at cryogenic
temperatures.”’ The localized excitonic emissions at 920 nm
showed much higher PL emission efficiency as compared to the
free excitonic state. The overall quantum efficiency was
extracted to be ~33.6 times higher than free excitonic
emission.”” The enhanced PL emission yield could be
attributed to the longer lifetime-radiative recombination of
localized excitons in the trapping states. The defect states can
function as quasi-zero-dimensional (quasi-OD) luminescence
trapping centers with enhanced PL emission efficiencies. 2D
phosphorene, with quasi-1D free excitons and quasi-0D
localized excitons forms an interesting 2D—1D—0D hybrid
system, which provides us a unique platform to explore the
fundamental interactions at multidimensionalities.”” As sug-
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gested earlier, anisotropic materials due their specific molecular
orientation are ideal candidates for defect engineering using any
of the above-mentioned techniques. This is particularly
interesting for phosphorene due to its layer dependent band
gap, it could possibly lead to defect emissions in the infrared
range. Most defect emissions in other TMDs and 1L
phosphorene are >1 eV, which is in the visible range. Few-
layered phosphorene samples can trigger emissions at much
lower energies that are useful for telecommunication device
applications.**

6. OUR VISION: DEVICES BASED ON STRONG LIGHT
MATTER INTERACTIONS IN PHOSPHORENE

The enhanced binding energies of these quasi-particles as
discussed earlier is crucial for promising device applications. In
this section, we will present our vision for such optoelectronic
devices and their working principles based on phosphorene and
other similar anisotropic 2D materials. Figure 6a depicts the key
domains of device applications based on phosphorene directly
linked with the interesting properties we have discussed earlier
in this account. For example, high binding energy allows for its
integration into a microcavity for electronically pumped
exciton-polariton lasers.

In microcavities created by Bragg’s mirror on either side of
the 2D material (Figure 2b), a strong coupling of excitons and
optical fields can be generated. 2D excitons and 2D optical
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emissions from defect states in phosphorene.

modes in the strong coupling regime in these cavities gives rise
to new eigenmodes called excitons-polaritons.”” These can
enable study of quantum phenomenon such as Bose—Einstein
condensation, quantum vortices, and entangled photon pairs.*®
Earlier reported exciton-polaritons have been based on
quantum wells, where these quasi-particles were only visible
at cryogenic temperatures. Recently, they have been reported
with TMD based materials*’ in the microcavities owing to their
strong binding energy and direct band gap nature. Exciton-
polariton devices operating the infrared region are critical for
telecommunication applications and integration with conven-
tional silicon photonics. Recently, NIR exciton-polaritons were
reported using single walled CN'Ts.”* But, CNT-based devices
show large performance variation, since it is difficult to control
the position, alignment and chirality of the CNTs in the cavity
as discussed earlier. Phosphorene thus, provides a high binding
energy system, stable, perfectly controllable platform to
demonstrate such devices working the NIR region. Layer-

dependent band gap’ of phosphorene also allows flexibility of
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choosing the emission wavelength range. As shown in the
Figure 6b, the microcavity consists of atomically thin
phosphorene sandwiched between two SiO, layers, which is
placed between SiO,/TiO, distributed Bragg’s Reflector (DBR)
mirrors. The cavity resonance can be controlled to match well
with exciton energy emitting from phosphorene sample.
Polariton lasers*” can be made using the stimulated scattering
from exciton-polaritons that promises more energy efficient
generation of coherent light.** The threshold energy for
coherent emission from a phosphorene polariton laser will be
much smaller as compared to a conventional laser.
Simultaneously, light emitting junctions based on TMD
materials have been demonstrated including the lateral p—n
junctions, vertical heterojunction diodes® and vertical tunnel-
ling transistors.”’ But, their emission wavelength as stated
above remains confined in the visible region. Phosphorene
based LEDs (Figure 6c) can act as potential sources for NIR
and even middle infrared (MIR) region emission for tele-
communication applications. Also, as we have demonstrated
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earlier excitonic and trionic emissions from phosphorene can be
controlled using external back gate tuning.24 Thus, phosphor-
ene can enable tunable wavelength emissions from a single
device, by controlling the back-gate voltage as shown in the
schematic diagram Figure 6¢c. A vertically stacked hetero-
junction with graphene and phosphorene allows for electro-
luminescence (EL) from the whole device area, unlike Schottky
junction or split-gate p—n junction devices providing the
benefit of atomically precise interfaces and barrier thickness.

Defect engineering in phosphorene as discussed earlier can
lead to potential device applications.”” These defects act as
efficient trapping centers, which when isolated can act as
sources of single-photon emission. 2D materials have several
key advantages to host single-photon emitters as they can
negate the total internal reflection enabling high light extraction
efficiency, enabling integration with photonic waveguides and
plasmonic structures. They have been demonstrated recently
with h-BN and TMD materials*' in which quantum defects are
ascribed to localized excitons. But, for all single-photon emitters
demonstrated in TMDs and h-BN operate in the visible range,
limiting their application to quantum communication systems
based on NIR fiber transmission. As we have demonstrated in
our previous reports,””*> defects can be implanted in
phosphorene enabling low energy defect states by either
substrate engineering or external oxygen plasma etching. PL
emission from phosphorene can be tuned using defect
integration with few layer phosphorene. Thus, making
phosphorene few layers as an ideal host for single-photon
emitters in NIR wavelength (Figure 6d). These defect
emissions are in sharp contrast with defect emissions from
TMDs, which are only visible at cryogenic temperatures.”" The
defect emission from these defect/localized states is brighter
(higher quantum efficiency) as comparted to the free excitonic
emission making it more suitable for NIR and MIR single-
photon emission-based devices.

7. OTHER ANISOTROPIC MATERIALS

Apart from phosphorene, other anisotroPic materials like
GeSe/GeS,”" SnS,>* SnSe,>* ReSe,, ReSZ,‘4 and 2D perov-
skites™ have also shown strong anisotropic optical properties.
The theoretically calculated binding energies of the various
fundamental quasi-particles are similar to those in phosphorene
(Table 1), making them suitable for all the above-mentioned
applications. Also, they are made of earth abundant and
environmentally friendly elements making them suitable for
optoelectronic applications.

8. CONCLUSIONS AND PROSPECTS

The ability to fabricate materials that are atomically thin has led
us to explore stronger light-matter interaction that exist at that
level. While reflecting on the key reasons for such strong
interactions at the 2D limit, we highlighted the role of these
interactions in enabling us to study the properties and
applications of the quasi-particles such as excitons and trions
in this account. Using our recent experimental observations on
phosphorene, we highlight the importance of such anisotropic
2D semiconductors that provide a quasi-1D platform in a 2D
system enabling even higher binding energies of excitons and
trions. First, we calculated exciton and trion binding energies in
phosphorene, which is one-order higher as compared to other
TMD materials. Higher excitonic/trionic interactions in a
quasi-1D anisotropic material enable exciting device applica-
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tions, such as exciton-polariton lasers and tunable LEDs.
Degradation of phosphorene has been a major deterrent for its
broad application. We discussed one of our recently developed
technique to precisely thin down the thickness of phosphorene
few layers and passivate it using Al,O; simultaneously.
Simultaneously, we described the role of defect engineered
emissions from phosphorene, which can be used to
demonstrate single-photon emitters from phosphorene working
in the infrared range. Compared to other 2D materials, defect
emissions from anisotropic materials are more stable at room
temperature. We envision similar techniques that we have
described can be extended to other anisotropic materials, such
as ReSe,, ReS,, GeS, GeSe,, and 2D perovskites to explore
interesting and even stronger light matter interactions at the 2D
limit enabling various optoelectronic and photonics device
applications.
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CHAPTER 4

Super-transport of Excitons in Atomically Thin
Organic Semiconductors at the 2D Quantum
Limit

s discussed in Chapter 1, Organic 2D materials in recent times have been shown to exhibit
excellent semiconductor properties. Materials like anthracene, tetracene and pentacene
show high charge carrier mobilities in crystal phase making them excellent candidates for various
future optoelectronic applications. Organic molecular crystals, which are bound by the weak van
der Waals cohesive forces between small molecules, are an important class of materials for future
electronic, optoelectronic, and photonic devices. This chapter demonstrates the growth and

excellent excitonic properties observed from a 2D organic material-pentacene. | chose this



Chapter 4: Super-transport of Excitons in Atomically Thin Organic Semiconductors at the 2D
Quantum Limit 69

material to experimentally demonstrate excellent molecular orientation dependent excitonic
dynamics in organic semiconductors.

The excitonic nature of organic crystals plays an important role in determining their
optoelectronic properties. In organic semiconductors, there are typically two types of excitons:
Frenkel and charge-transfer (CT) excitons as explained in this chapter. The Frenkel exciton is a
neutral excited state in which the electron and hole are placed on the same molecule. Frenkel
excitons show the characteristic of large short-range Coulombic interactions and high radiative
efficiencies, enabling potential applications in organic light-emitting diode (OLED) and laser
devices. Whereas, the CT exciton consists of a pair of charge carriers localized at different
molecules. CT excitons exhibit long-range Coulombic interactions and low recombination rates,
which makes them suitable for organic solar cells and singlet exciton fission applications. As soon
as the energy difference between CT and Frenkel excitons becomes small, both excitons can
interact and form new Frenkel-CT mixed states. The mixed states are observed in most bulk and
thin film organic semiconductors due to the lack of high crystallinity and the presence of disorders
and interfacial states. The strong Frenkel-CT coupling results in the lack of feasibility of organic
bulk thin film semiconductors to be potentially used specifically either as highly efficient
OLED/lasers or solar cells as mentioned above, which has been a long-standing challenge for
bulk thin film organic semiconductors. On the other hand, the characterization of excitons in bulk
organic crystals such as polymers is particularly complicated and challenging because of the large

amount of disorders and interfacial states in bulk samples.

In order to reduce the Frenkel-CT mixing and study the complex excitonic characters in organic
semiconductors, we need to precisely control the crystallinity and molecular aggregation into H-
(CT exciton dominated aggregation) and J-type (Frenkel exciton dominated molecular
aggregation). However, very limited experimental evidence exists to identify the nature of
intrinsic excitons in organic semiconductors because a direct measurement of absorption is
challenging due to difficulties in growing high quality ordered optically transparent single crystal

samples. Fluorescence spectroscopic results from bulk thin film organic semiconductors are
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distorted due to high self-absorption, wave guiding from total internal reflection and

depolarization due to crystal birefringence.

In this chapter, the thesis explores the intrinsic excitonic nature of atomically thin single-
crystalline 2D pentacene layers that were epitaxially grown on h-BN substrates. The highly clean
and sharp crystalline system allowed us to first identify the strongly aggregation-sensitive
intrinsic excitonic emissions from the same type of organic materials at the atomic scale. From
our temperature-dependent and angle-resolved photoluminescence (PL) measurements, wetting
layer (WL) pentacene samples, which had H-type molecular aggregation, showed in-plane
isotropic emissions that were dominated by CT excitons. In contrast, monolayer (1L) pentacene
samples, which had J-type molecular aggregation, showed one sharp and strongly anisotropic PL
emission peak.

Also, in this chapter the thesis reports the coherent excitons at the 2D quantum limit. |
firstly observed molecular aggregation enabled ‘super-transport’ of excitons in atomically thin
two-dimensional (2D) organic semiconductors between coherent states, with a measured ultra-
high effective exciton diffusion coefficient of ~346.9 cm2/sec at room temperature. This value is
one to several orders of magnitude higher than the reported values from other organic molecular
aggregates and low-dimensional inorganic materials. Without coupling to any optical cavities,
the monolayer pentacene sample, an ultraclean 2D quantum system (~1.2 nm thick) with high
crystallinity (J-type aggregation) and minimal interfacial states, showed superradiant emissions
from the Frenkel excitons, which was experimentally confirmed by the temperature-dependent
photoluminescence (PL) emission, highly enhanced radiative decay rate, significantly narrowed
PL peak width and strongly directional in-plane emission. The coherence in monolayer pentacene
samples was observed to be delocalized over ~150 molecules, which is significantly larger than
the values (a few molecules) observed from other organic thin films. In addition, the super-
transport of excitons in monolayer pentacene samples showed highly anisotropic behaviour
reported in Chapter 3. These results pave the way for the development of future high-speed

excitonic circuits, quantum computing devices, fast OLEDSs, and other opto-electronic devices.
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Abstract:

Long-range and ultrafast transport of coherent excitons is important for
development of high-speed excitonic circuits and quantum computing applications.
However, most of these coherent excitons have only been observed in some low-
dimensional semiconductors when coupled with cavities, as there are large
inhomogeneous broadening and dephasing effects on the exciton transport in their
native states of the materials. Here, by confining coherent excitons at the 2D
quantum limit, we firstly observed molecular aggregation enabled ‘super-transport’
of excitons in atomically thin two-dimensional (2D) organic semiconductors between
coherent states, with a measured ultra-high effective exciton diffusion coefficient of
~346.9 cm?/sec at room temperature. This value is one to several orders of

magnitude higher than the reported values from other organic molecular aggregates
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and low-dimensional inorganic materials. Without coupling to any optical cavities,
the monolayer pentacene sample, an ultraclean 2D quantum system (~1.2 nm thick)
with high crystallinity (J-type aggregation) and minimal interfacial states, showed
superradiant emissions from the Frenkel excitons, which was experimentally
confirmed by the temperature-dependent photoluminescence (PL) emission, highly
enhanced radiative decay rate, significantly narrowed PL peak width and strongly
directional in-plane emission. The coherence in monolayer pentacene samples was
observed to be delocalized over ~150 molecules, which is significantly larger than
the values (a few molecules) observed from other organic thin films. In addition, the
super-transport of excitons in monolayer pentacene samples showed highly
anisotropic behaviour. Our results pave the way for the development of future high-
speed excitonic circuits, quantum computing devices, fast OLEDs, and other opto-

electronic devices.

There has been an increasing interest in recent times to harness the long-range and fast
transport of coherent excitons (electron-hole pair quasi-particles) in solid state inorganic
semiconductors and molecular systems with confined geometries for enhancing light-
matter interactions. I 2 3 Coherence is critical to engineer quantum electrodynamics
(QED)* in low-dimensional systems, such as quantum wells®, two-dimensional (2D)
materials® and quantum dots’, leading to various applications in realizing quantum
memories,® single-photon sources,® laser cooling,® narrow linewidth lasers,!! high
efficiency solar cells,'? and stable polaritons to achieve Bose Einstein condensates.®
Long-range and fast migration of coherent excitons also have tremendous applications in
schemes of high-speed excitonic circuits, >3 quantum computing,®*® and high

quantum yield light emitting diodes.®
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A spontaneous coherent emission from a system of several non-interacting dipole active
atoms (excitons) was defined as superradiance (SR) by Dicke.?’ In this phenomenon
interactions between transition dipoles of individual molecules allow coherent
delocalization across multiple sites. This leads to a net enhancement in the optical
transitional dipole moment (TDM) value and sharp enhancement of the excitonic
radiative decay rate of an ensemble of N¢ independent emitters as compared to the
radiation decay rate of a single emitter.>” The same principle of coherent delocalized
superradiant emission gives rise to an analogous phenomenon called cooperative energy
transfer or supertransfer (ST).?! The resulting enhanced oscillator strength from
delocalization over large molecular assemblies can lead to large scale exciton transport.
In a ST process, the molecular assemblies (consisting of Nc molecules) with comparable
net TDMs can play the role of acceptors like individual molecules in Forster resonance
energy transfer (FRET) mechanism.?? Thus, the excitation (exciton) can transfer to much
longer distances in a delocalized molecular assembly before annihilation, resulting in

large values of effective exciton diffusion coefficients.

Recently, coherent exciton transport with highly enhanced effective exciton diffusion
coefficients (3-70 cm?/s)>% was observed in quasi-one-dimensional (quasi-1D)
molecular assemblies (cylindrical bundles,?® nano-tubes?? and wires?4#%), which was
significantly higher than the migration speeds of incoherent excitons reported in other
materials, including conventional organic thin films and their heterostructures (0.001- 3
cm?/s)?27  11I-V semiconductor quantum wells (0.1-10 cm?/s)?®, atomically thin
transition metal dichalcogenides (TMDs) and phosphorene (0.01-14.5 cm?/s)®, etc.
(Table S1 in Supporting Information). However, the migration speeds of the coherent
excitons in these quasi-1D systems?%> were still hindered by the low overall exciton

oscillation strengths (low coherence length with small N¢ values), which were mainly
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limited by the low quantum confinement of excitons®® (diameter size > 12 nm) and
potential disorders and interfacial sites in the systems.®! Also, those quasi-1D systems
have very small cross-section area for light-matter interactions, limiting their applications
for future excitonic devices. >3 As predicted by theory, exciton oscillation strength, a
key parameter for coherent excitons, is very sensitive to the quantum confinement of the
system.*® Therefore, confining the coherent excitons at the 2D quantum limit will be a
very promising way to realize the long-range and ultrafast transport of excitons;
moreover, the 2D structure can also provide a large cross section area for light-matter

interactions, enabling tremendous applications in future excitonic devices.

In this work, from atomically thin organic molecular crystals without any optical cavities,
we observed a long-range and ultra-fast migration of Frenkel (FR) excitons between
coherent states at the 2D quantum limit. An ultra-high effective exciton diffusion
coefficient of ~346.9 cm?/sec at room temperature was reported, which is one to several
orders of magnitude higher than the reported values (Table S1 in Supporting Information)
from other materials.?>2°32 The sharp, strong emission from J-type (monolayer, short as
1L) aggregation in pentacene with its reduced radiative lifetime, peak width and a sharp
rise in PL intensity with decreasing temperature, in contrast to the emissions from H-type
(wetting layer, short as WL) aggregates, confirms the superradiant emission from the FR
excitons. The coherence in 1L pentacene samples was determined to be delocalized over
~150 molecules, which is more than one order of magnitude larger than the values (a few
molecules) observed from other organic thin films.®®* Our simulation results from time-
dependent density functional theory (TDDFT) quantum calculations attribute this to the
constructive dipole coupling in J-type aggregation in 1L pentacene to form an enhanced
net optical dipole moment, supporting our experimental observations. The super-

transport of excitons observed in the macroscopic scale regime will enable the realization
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of strongly enhanced light-matter interactions at the quantum limit using such 2D organic
materials, which has key applications in developing high-speed quantum computing
devices, ultra-fast response time OLEDs, excitonic transistors and other opto-electronic

devices.81518
Results
Sample growth and characterization

Single-crystal pentacene (Figure 1) was epitaxially grown layer by layer on a hexagonal
boron nitride (h-BN) surface with atomic smoothness and well-defined crystal facets. The
first pentacene layer on h-BN was named as the wetting layer (WL; ~0.6 nm thick) and
the next layer of pentacene grown on WL was designated as monolayer (1L; ~1.2 nm
thick)®* (Figure 1a-c). The layer-dependent arrangement of pentacene molecules over h-
BN and their electrical transport properties were described in recent report®*, Raman
spectroscopy was used to confirm the presence of pentacene on h-BN (Figure S1). PL
spectroscopy with a continuous-wave 532 nm excitation laser was used to characterize
the excitonic emissions from those atomically thin pentacene layers. The WL region
showed much stronger PL emissions than the 1L regions at room temperature (Figure 1d
and S2 and associated text). Compared with inorganic TMD 2D semiconductors, the WL
showed a much broader PL spectrum at room temperature, which is associated with
various band energy levels formed in pentacene due to vibronic couplings between FR
and charge-transfer (CT) excitons (Supporting Information note 1 and Figure S3)*>%, On
the other hand, 1L region showed a single peak centred around 680 nm that is
predominantly FR excitonic emission, which will be explained later. This region is a
heterostructure consisting of 1L on top of WL. However, in the PL spectrum from the 1L

region, we did not see the higher-energy emission (~550-650 nm) shown in WL sample
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(Figure 1d), because the photo-excited charges in WL underneath could be quickly
transferred to 1L before radiative emission occurred (Figure S2). Therefore, the PL
spectrum measured from 1L region is coming from 1L pentacene sample and reflects its

intrinsic nature.
Superradiance and excitonic characteristics

To explore the nature of excitonic transitions, we conducted temperature-dependent PL
measurements on the WL and 1L pentacene samples down to 77 K (Figure 2). With
decreasing temperature, the PL intensity from WL dropped significantly and the full-
width half maximum (FWHM) broadened (Figure 2a); in contrast, 1L pentacene showed
the sharp rise of the PL intensity and a significantly reduced FWHM with decreasing
temperature (Figures 2b and S4). The opposing temperature dependences were caused by
the completely different molecular packings in WL and 1L pentacene, which can be fully
understood from the theory of H and J molecular aggregation and their effects on optical
emissions®>®’ (Supporting Information note 2-3; Figures S3). Theoretical values of
coupling coefficients (J) and net TDM in each layer were extracted based on its molecular
aggregation pattern and coupling (Figure S3a). WL follows a parallel packing of TDMs,
and 1L follows a head-to-tail packing of TDMs because of the herringbone packing of
pentacene molecules in the unit cell (Figure 1c, and S3)®. J values for 1L and WL
pentacene are negative and positive, respectively, which suggest J- and H-type
aggregations for 1L and WL, respectively.®® The total TDM and oscillator strength for
the lowest excited states (S1) in WL are both zero, which lead to non-luminescent S; states
at a temperature of absolute zero. In contrast, the total TDM for Sz in 1L has a large value
(with direction along the b axis of its unit cell), and its corresponding oscillator strength
is high (Figure S3a). This resulted in luminescent S; states at absolute zero. The large

magnitude of net TDM corresponds the phase-locking and constructive coupling of
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TDMs in 1L pentacene cooperatively resulting in the sharp rise in PL intensity and

reduction in FWHM, which are characteristics of superradiant emission33352°,

The phenomenon of superradiance is the combined process of coherent emissions from a
cluster of Nc molecular aggregates/chromophores whose oscillator strength is enhanced
compared to a single emitter by a factor of Nc owing to the large TDM associated with
the molecular assembly**®’. To find which coherent size gives best agreement with
experimental temperature-dependence of PL intensity, we considered Boltzmann
distribution and introduced a thermal disorder for the on-site energy to mimic the
temperature effect for PL emission (Supporting Information note 2). With the derived
thermal disorder parameter, we simulated the PL intensities for various clusters with
different sizes. We found that a superlattice with Nc ~ 150 at absolute zero is in best
agreement with the T-dependence of the PL intensity in 1L pentacene from experiments
(Figure S5). This indicates that the exciton for measured PL emission in 1L is highly
possible to delocalize over ~150 molecules within a cluster of limited size. The Nc value
can also be estimated by the sharp reduction in FWHM of the PL emission as the
temperature decreases.® Based on this technique and our measurements in Figure 2¢ and
S4, we estimated this value to be over 100 molecules, which is in close agreement with
the above extracted value. The extracted N value from our 1L pentacene sample is more
than one order of magnitude larger than that observed from tetracene thin film (N¢ ~ a
few molecules).®® The N value signifies the extent of FR exciton delocalization over 100
consecutive dipoles in 1L pentacene. The enhanced oscillator strength is distributed over

these consecutive dipoles and results in a large net TDM as shown in Figure S3.

Excitonic superradiance also leads to shortening of excitation radiative decay lifetime for
the emission?#711:33:39 by 4 factor of Nc. To confirm this coherent superradiance from 1L,

we measured the temperature-dependent lifetimes of two excitonic emissions from WL
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and 1L pentacene samples using time resolved photoluminescence (TRPL) measurements
with a resolution of 2.1 ps after deconvolution (Figure S6). The lifetime observed from
1L pentacene sample significantly dropped from ~12.7 + 0.8 ps at room temperature
downto~4.1%0.7 ps at 77 K (Figure 2c). To further confirm the measurement accuracy
of the lifetime, we performed time and spectrally resolved differential transient
reflectance (TR) measurements on WL and 1L pentacene samples at 77 K using a pump-
probe technique with a time resolution of 200 fs. 1L pentacene sample showed a clear dip
in the differential TR mapping centred at 677 nm; in contrast, the dip from WL sample
was not clear (Figure 2d-e). The relaxation of this feature in 1L sample follows a fast
decay (lifetime of ~4.2 £ 0.53 ps) (Figure 2f). The fitting of the decay curve was done
using a single exponential decay and a 95% confidence interval, giving an estimated
lifetime range of 3.6-4.7 ps (Figure S7). Further details about the measurements and the
fitting are explained in supporting information Figure S7 and associated text. The
consistency between the two complementary techniques confirms the accuracy of our
lifetime values measured from our TRPL system. With the decrease of temperature, the
significant reduction of emission lifetime was consistent with the observed sharp rise of
the PL intensity in 1L pentacene sample (Figure 2b), confirming the fast and radiative

nature the decay as expected for superradiance.

Further, the radiative lifetime of singlet FR excitonic emissions in bulk pentacene thin
films (which are the non-coherent monomer states) was experimentally established to be
~1200 ps.*® We also confirmed the lifetime from our bulk thin film pentacene grown on
the same h-BN substrate, which was measured to be 1241.1 ps at room temperature
(Figure S8 and associated text). The significantly reduced lifetime (~12.7 ps) in our 1L
pentacene sample as compared to the value (~1200 ps) from the non-coherent states in

thin film pentacene, coupled with the consistent temperature-dependent PL emission and
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lifetime, further substantiates superradiant emission from 1L pentacene. The value of N,
as extracted from this sharp reduction in lifetime is ~100 at room temperature, which is
again in close agreement with the aforementioned extracted values based the highly-
enhanced PL intensity and reduced FWHM with the decrease of temperature. In contrast,
the lifetimes from WL pentacene sample were measured to be 2.89 ns using TRPL at
room temperature and 2.64 ns at 77 K (Figure 2c), much larger than the values from 1L
pentacene samples, confirming the non-coherent nature of the CT excitons in WL

samples.

We further performed PL measurements with angle-resolved excitation and emission
polarizations (Figure 2g and S9) to confirm the anisotropic nature of superradiant FR
excitonic emissions from 1L. PL intensity from 1L strongly depended on the emission
polarization angle ¢ and showed a period of 180 degrees; on the contrary, the emission
from WL was isotropic (Figure 2g). The strongly directional total TDM in 1L pentacene
theoretically predicted (Figure S3a) is expected to lead to an in-plane anisotropic
emission of those FR excitons. Henceforth, the zero-degree reference in the polar plots
(Figure 2f) and subsequent figures can be identified as the b axis of the unit cell in 1L
pentacene (Figure 1c and S3a). The directional emission in 1L pentacene sample was in-
dependent of the excitation polarization angle of incident laser (Figure S9). Similar
anisotropy for PL emission from 1L pentacene was observed from 1L samples at room
temperature (Figure S10). Normally, the dichroic ratio (DR) is a term used to characterize
the in-plane anisotropy of optical transitions*.. Here, it is defined as DR = Iy /I, where I
and I. are the PL peak intensities measured at polarization angles of 0° and 90°,
respectively. The measured DR values of PL emission from 1L for emission (Figure 2g-
blue curve) polarizations at 77 K were high up at 10.3, which indicates the strongly

anisotropic nature of PL emission from 1L. At room temperature the DR value observed
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was close to 5.9 from 1L samples. In sharp contrast, the measured DR values from PL
emission in WL pentacene were isotropic both at room temperature and 77 K (Figure 2g-
red curve), which suggests that these peaks are dominated by the contribution of CT
excitons.*? Supporting Information Note 4 showed a further detailed discussion on the

different nature of excitonic states in WL and 1L.
Long-range and superfast exciton transport

The same principle of coherent delocalized superradiant emission gives rise to an
analogous phenomenon called cooperative energy transfer or supertransfer.?! The
resulting enhanced oscillator strength from delocalization over large molecular
assemblies can lead to large scale exciton transport. The near-field direct imaging
technique with a charge-coupled device (CCD) camera?*#®“was used to detect the
diffusion length of bright excitons from WL and 1L pentacene samples (Figure 3). Figure
3a (3b) shows the measured contour plots of PL intensity as a function of emission
wavelength and space of exciton diffusion from 1L (WL) pentacene sample at 77 K,
respectively. The spatial distribution of PL intensity can be extracted at the specific
energies (shown by dotted lines in Figure 3a and 3b). Figure 3c shows the extent of spatial
diffusion in a steady 1D diffusion model. A gaussian fitting routine?*#* was used to
quantitatively compare the reflected excitation beam to the emission profile emerging
from pentacene. Both emission and laser profiles were fitted using a bivariate normal
distribution and their FWHMs were extracted. The spatial extent of exciton diffusion
(diffusion length Lp) was extracted by taking the square root of the difference between
the variances of the emission image and of the passive laser spot. The exciton diffusion
lengths (Lp) in 1L and WL pentacene samples were measured to be 0.55 = 0.06 pm and
1.36 £ 0.16 um, respectively (Figure 3d). All the measurements were taken at low

excitation power of around 6 pW. We also did measurements with different power
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ranging from 6-215 uW and similar diffusion lengths and lifetimes were observed, which
shows the minimized and ignorable effect of exciton-exciton annihilation in our
measurements (Figure S11).224 Using the measured lifetimes of excitonic emissions (7),
the effective exciton diffusion coefficient (Der) could be extracted using the equation®44
Lp = \/Wffr. Using the lifetimes (Figure 2e), the extracted diffusion coefficients from
1L and WL pentacene samples at 77 K were 354.5 + 50.1. cm?/sec and 3.5 + 0.2 cm?/sec,
respectively (Figure 3d). The Desf value obtained from 1L is almost one to two orders of
magnitude higher than the reported values from other organic/inorganic systems with
coherent and delocalized excitonic emissions (3-70 cm?/sec, Table 1 in Supporting
Information).232° At the same time this value is around 3 orders of magnitude higher than
value of diffusion constant reported for non-coherent singlet excitons in bulk thin film

pentacene by Marciniak et al.*

We attribute this ultra-high value of exciton diffusion coefficient in 1L to as the
supertransport phenomenon. The reason we were able to achieve these large effective
exciton diffusion coefficients is three-fold. Firstly, in our 1L pentacene samples, the
strong intermolecular coupling (J-type aggregation) results in a strong net exciton
oscillator strength, and thus the delocalized and superradiant excitonic emissions. Within
each delocalized segment, the excitation energy propagates ballistically?*, compared to
the diffusive hopping described FRET. Delocalized excitons in principle accelerate
energy transfer as compared to incoherent molecular hopping transfer because
delocalization can define an effective hopping length that can be much larger than nearest
inter-molecular spacings (Supporting Information note 5).***#7 Secondly, because of the
high-quality epitaxial 2D growth, our pentacene samples have highly-ordered
crystallinity and minimized defects/disorders, resulting in long delocalization lengths and

large coherence lengths (Nc ~ 150 as shown in Figure S5 and extracted from temperature
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dependent PL and FWHM measurements), which significantly benefited the transport
speed of coherent excitons. The exciton delocalization length is defined by competition
between intermolecular coupling and disorders®?, which can be clearly seen from the
comparison between PL spectra from high-quality and low-quality samples. In some 1L
samples with low-quality growths, the FR exciton peak at ~680 nm was weak; instead,
the high energy CT peaks would show up in the PL spectra (Figure S12; Supporting
Information note 6). Compared with the high-quality 1L pentacene samples as shown in
Figure 2, those low-quality 1L samples showed broader peak and lower PL peak intensity
at 680 nm, and longer radiative lifetimes of the FR excitons (Figure S13), which is caused
by the reduced coherence length in the low-quality 1L samples. In experiment, we also
found that the disorders and interfacial states would increase as sample thickness
increases, which leads to the de-coherence and reduced exciton delocalization length in
thick samples, like 2L and bulk samples (both have J-aggregation). The 2L pentacene
sample also showed the sharp emission peak at 680 nm, but the peak has slightly wider
width and much lower PL intensity as compared to 1L (Figure S14). Whereas, bulk
pentacene showed a broad PL emission and the 680 nm emission peak is almost negligible
(Figure S8), due to the significantly reduced coherence length caused by the disorders
and interfacial states in the sample, similar to other bulk organic thin films.3® Of course,
our 1L samples are still not perfect. There is still lots of room to improve the sample
quality, which might give us higher coherence length and longer exciton diffusion length.
Thirdly, the quantum confinement of the system will be beneficial to the speed of exciton
transport, since the confinement can increase the exciton oscillation strength®
(Supporting Information Note 7). Our 1L pentacene samples (~1.2 nm thick) have the
intrinsic high confinement at the 2D quantum limit. Moreover, the excitons in 1L are

highly anisotropic and can be aligned in a quasi-1D space along the b axis, which further
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increases the confinement of exciton transport in 1L pentacene. In summary, structural
uniformity with defect free interface, highly confined excitons and excellent
intermolecular coupling (large oscillator strengths) results in the supertransport of
excitons in 1L pentacene. On the other hand, the diffusion coefficient (3.5 cm?/sec; Figure
3d) of the CT excitons in WL sample is also much larger than that of other similar CT
excitons reported recently?’. Even though there is no coherence observed in WL, the
strong spatial confinement of the excitons (~0.6 nm thick) and the almost defect-free
interfaces in WL samples, lead to the long and fast propagation of long-lived CT
excitons.?* In addition, the waveguiding effects can be excluded, as the thickness of the
thickness of 1L and WL pentacene samples were <1.5 nm and the h-BN layer underneath
was only around 4 nm (measured by AFM), thus making it insufficient for any light

trapping and waveguiding, similar to previous reports.?

It is important to remark here that the observed diffusion was from bright singlet excitons
in our 1L and WL pentacene samples and the long-lived triplet excitons via the singlet
fission in pentacene would not affect the diffusion measurements (Figure 3). The reasons
are two folds. Firstly, the triplet states are non-radiative dark states*®#® and cannot be
detected by the confocal photoluminescence setup we employed for our measurements.
Secondly, the regeneration of emissive singlets via subsequent triplet fusion is not
allowed in pentacene and singlet fission in pentacene is expected to be exothermic and
unidirectional®®®! because the relaxed triplet in pentacene has significantly less than half
the energy of the singlet. This is in contrast to the situation in tetracene, where the near-
degenerate singlet and triplet-pair energy levels permit both the singlet fission and the

triplet fusion to occur.

It is also important to remark here that the observed supertransport of excitons in 1L

pentacene should be related to the unique properties of single fission in pentacene. Firstly,
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singlet fission in pentacene, an ultrafast non-radiative decay, occurs within a time scale
of ~80 fs.>! On the picosecond time scale, the singlet fission in pentacene thin films has
a very small total yield of approximately 2%.%° In our 1L pentacene sample, both our
pump-probe (Figure 2d) and TRPL (Figure 2c inset) measurements showed a mono-
exponential radiative decay of ~4 ps, which indicates the minimal contribution of non-
radiative singlet fission mechanisms in the 1-10 ps regime, consistent with previous
report.*° Secondly, our 1L pentacene sample at 77 K showed much stronger PL intensity
than our 2L and bulk pentacene samples (Figure 2b, Figure S15 and S8), which suggests
a highly reduced singlet fission rate in our 1L sample. This could be attributed to the
minimized disorders in our 1L samples and the impact of the molecule packing on singlet
fission in organic molecules.>?> Of course, it would be a very interesting future topic to
further explore the aggregation and layer-dependent singlet fission in 2D pentacene

samples.
Superfast and angle-dependent transport of coherent excitons at room temperature

Semiconductors with the long-range and ultra-fast transport of excitons at room
temperature are critical for future high-speed excitonic circuits and quantum computing
devices 618 that can operate at room temperature. Here, we also observed the superfast
and angle-dependent transport of excitons from 1L pentacene samples at room
temperature (Figure 4). In our measurement system, the polarization angle of incident
laser was fixed to be parallel to the diffusion mapping direction. The exciton diffusion
lengths and effective diffusion coefficients along two axes (b and a, labelled as 0° and
90°, respectively) of pentacene unit cell were measured, by rotating the sample with
respect to the polarization of incident laser. The measured exciton diffusion length from
1L pentacene sample showed a maximum value of 0.93 &= 0.09 um along the b axis (0°),

and a minimum value of 0.37 + 0.02 pm along a axis (90°) (Figure 4a and 4c). In contrast,
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the measured exciton diffusion length from WL sample was not angle-dependent,
showing a constant value of ~1.31 + 0.2 um (Figure 4b and 4d). The exciton emission
lifetime measured from 1L pentacene sample changed from ~12.7 ps at polarization angle
of 0° to ~5.6 ps at polarization angle of 90° (Figure 4e). Whereas, the measured lifetime
from WL pentacene sample remained largely unchanged (~2.8 ns) with changing the
incident polarization angle (Figure 4e). The effective exciton diffusion coefficients were
thus extracted and shown in Figure 4f. 1L pentacene sample showed a clear anisotropic
exciton transport, with an ultra-high effective diffusion coefficient of 346.9 + 24.1
cm?/sec along b axis and 95.3 + 10.2 cm?/sec along a axis (Figure 4f). Whereas, the WL
shows a consistent effective diffusion coefficient of ~2.4 + 0.1 cm?/sec along different

axes of the sample, due to its isotropic excitonic emission behaviour.
Conclusion

In conclusion, from high-quality atomically thin organic 2D semiconductors, we
observed the supertransport of excitons between coherent excitonic states with an ultra-
high effective diffusion coefficient of 346.9 cm?/sec at room temperature, which is around
one to several orders of magnitude higher than the reported values from other organic
quasi-1D and thin film molecular aggregates?>?*. We successfully identified molecular
aggregation-sensitive PL emissions in atomically thin single-crystal organic
semiconductors with different types of aggregation (H- and J-type) at the 2D quantum
limit. The 1L pentacene samples with J-type aggregation (FR exciton dominated) showed
superradiant emission, which was experimentally confirmed by the temperature-
dependent PL emission, highly enhanced radiative decay rate, significantly narrowed PL
peak width and strongly directional in-plane emission. The excitons in 1L pentacene
samples were extracted to be delocalized over ~150 molecules. In addition, the super-

transport of excitons in monolayer pentacene samples showed highly anisotropic
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behaviour. On the other hand, the WL pentacene samples with H-type aggregation (CT
exciton dominated) showed a fast migration of isotropic CT excitons with a measured
diffusion coefficient of ~2.4 cm?/sec at room temperature, a few times larger than that of
other similar CT excitons reported?’. Even though there is no coherence observed in WL,
the strong spatial confinement of the excitons (~0.6 nm thick) and the almost defect-free
interfaces in WL samples, lead to the long and fast propagation of long-lived CT excitons
at the 2D quantum limit.2* Our results provided the important experimental demonstration
of the long-range and superfast transport of excitons between coherent states at the 2D
quantum limit, paving the way for promising applications for future high-speed excitonic

circuits, qguantum computing devices, fast OLEDs, and other opto-electronic devices.

Methods

Material growth: h-BN flakes were mechanically exfoliated onto a thermally grown 285
nm thick SiO- layer deposited over silicon substrate. Before physical vapour deposition
(PVD), optical microscope was used to characterize the topological information. The
pentacene (purchased from Chem Supply: P0030-1G) was then deposited over the h-BN
flakes, kept centred in a vacuum tube in the furnace. h-BN sheet on SiO>/Si substrate was
placed around 15 cm downstream and a molecular pump was used to evacuate the quartz
tube to ~10* mbar. The furnace was heated up to 130~150°C for 15~30 mins to grow
pentacene. Then, the whole system was naturally cooled down to room temperature under
vacuum. The number of layers were optimized by controlling source temperature, growth
time and substrate position. All the samples were characterized, and layer thickness were
identified using the standard AFM measurements, which were collected in ambient
atmosphere at room temperature with a Bruker Multi-Mode 1l AFM.
Optical Characterization: PL measurements at room temperature and 77 K were

conducted using a Horiba LabRAM system equipped with a confocal microscope, a
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charge-coupled device (CCD) Si detector, and a 532 nm diode-pumped solid-state
(DPSS) laser as the excitation source. For temperature-dependent (above 77 K)
measurements, the sample was placed into a microscope-compatible chamber with a low
temperature controller (using liquid nitrogen as the coolant). In the experiment, the
incident polarization angle was controlled by an angle-variable half-wave plate and was
fixed, and the polarization angle of the emission (0) was determined by using an angle-
variable polarizer located in front of the detector. Time resolved PL measurements were
conducted in a setup which incorporates u-PL spectroscopy and a time-correlated single
photon counting (TCSPC) system. A linearly polarized pulse laser (frequency doubled to
522 nm, with 300 fs pulse width and 20.8 MHz repetition rate) was directed to a high
numerical aperture (NA= 0.7) objective (Nikon S Plan 603). PL signal was collected by
a grating spectrometer, thereby either recording the PL spectrum through a charge
coupled device (CCD; Princeton Instruments, PIXIS) or detecting the PL intensity decay

by a Si single-photon avalanche diode (SPAD) and the TCSPC (PicoHarp 300) system.

Measurements of exciton diffusion lengths: Exciton diffusion measurements were carried
out using the same PIXIS CCD detector coupled with a X100 (NA= 1.49, oil suspended)
objective lens. The pulsed 522 nm laser was used for excitation with a beam diameter
~500 nm (confirmed by CCD imaging) with collection time of 1s per measurement. The
diffusion mapping direction was well aligned with the polarization of the excitation laser.
The collected light was spectrally filtered to remove the pump laser wavelength. Spectral
measurements were made using a grating spectrometer (Acton, SpectraPro 2750). The
focal plane of the sample was imaged using the zeroth order of the grating and the
spectrometer CCD, giving a spatial resolution of about 200 x 200 nm in space,
corresponding to a pixel (20 pum x 20 pm) on the CCD. The PL intensity at a particular

excitonic emission energy was plotted as a function of the distance from the excitation
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centre (x =0 in Figures 3-4). The spatial extent of exciton diffusion (diffusion length Lp)
was found by taking the square root of the difference between the variances of the

emission image and of the passive laser spot.

Pump-probe transient reflectivity measurements: Transient reflectivity measurements
were performed with a home-built pump-probe setup. Degenerate, linearly polarized
pump and probe pulses were produced by splitting ~200 fs pulses from a non-collinear
optical parametric amplifier (Light Conversion Orpheus-2N) tuned to 680 nm. A half-
wave plate in the probe line rotated the polarization to be orthogonal to that of the pump.
The pump was delayed using a motorized delay stage to control the pump-probe timing.
Pump and probe pulses were recombined to be nearly spatially overlapped and focussed
onto the sample with a 25.4 mm focal length lens. Telescopes in the pump and probe lines
were used to tune the divergence/waist size of the pump and probe beams. The focal spot
size and fluence of the pump and probe were 30 um, 90 pJ/cm? and 15 um, 12 pJ/cm?

respectively.

The probe pulses were spectrally resolved across a fast CMOS array detector (Andor
Zyla) by an imaging spectrometer (Andor Kymera). The detector recorded spectra at 5.21
kHz, synced to the laser repetition rate of 20.83 kHz. A data analysis technique based on
lock-in detection was used to isolate only the component of the probe modulated at the
same frequency as the chopper in the pump beam, which was also synced to the laser
output. A polarizer was used to filter out the pump signal coupled with an iris. The
residual pump still appears minimally both as a background signal and as interference
fringes between the pump and the probe. The interferometric pump contributions were
removed using a Fourier filter with a width of 400 fs, and the static background was
removed by subtracting the signal observed at negative pump-probe delays (i.e. probe

arriving before the pump). The data presented in Figure 2 is the result of 11 and 5 repeats
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of a 15 ps scan of the pump probe delay for 1L and WL respectively, with a step size of

100 fs and a 1 second dwell at each step.
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FIGURE CAPTIONS

Figure 1 | Characterization of atomically thin 2D layered pentacene samples. a,
Optical microscope image of the sample used for measurements. The scale is 80 um. b,
Zoomed in Atomic force microscope (AFM) image of the dashed square region in (a),
showing the actual measured thickness of WL and 1L pentacene. The scale is 2 pm. C,
Schematic diagram showing the orientation and alignment of pentacene molecules in WL
and 1L over h-BN and a SiO2/Si substrate. d, Measured PL spectra from WL and 1L

samples at room temperature.

Figure 2 | Temperature-dependent optical measurements. a-b, Measured PL spectra
at various temperatures for WL (a) and 1L (b), respectively. For 1L, a sharp peak at ~680
nm (designated as FR excitonic emission) rises sharply as temperature decreases. ¢, Time-
resolved PL emission (normalized) from WL and 1L pentacene samples at 77 and 298 K.
The orange/green balls represent the measured decay curve from WL, which is from CT
exciton emission. An effective long lifetime of 2.64 ns (2.89 ns) was extracted from the
orange (green) decay curve at 77 K (298 K), by a fitting with deconvolution using the
instrument response function (IRF) (green dots). The red/blue balls represent decay curve
from 1L, which is from FR exciton emission. The red (blue) decay curve was fitted (solid
line) with deconvolution using IRF, giving an effective short lifetime value of 4.1 ps (12.7
ps) for 1L at 77 K (298 K). The inset shows the deconvoluted curves obtained from 1L.
d-e, Time and spectrally resolved transient differential reflectance of 1L (c) and WL (d)
recorded using ~200 fs degenerate pump and probe with spectra centered at 680 nm. f,
Slices of the TR for the 1L (blue) and WL (red) at 677nm and 673nm, respectively. A
lifetime of 4.2 ps was extracted from the 1L decay, while the WL response was effectively
constant across this range. The feature at 3.5 ps is due to interference between the pump
pulse and a weak reflection of the probe pulse. g, Measured polar plot of PL intensity as
a function of emission polarization angle ¢ from 1L (blue) and WL (red) pentacene
samples at 77 K, revealing the anisotropic (isotropic) excitonic nature of emission from
the 1L (WL) pentacene. In experiment, the excitation polarization angle was fixed and
the polarization angle of the emission ¢ was determined by using an angle-variable
polarizer located in front of the detector. The solid lines are fitted curves using a cos?¢

function.
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Figure 3 | Exciton transport mapping using near-field imaging. a-b, Measured
contour plots of PL intensity as a function of emission wavelength and space of exciton
diffusion from 1L (a) and WL (b) pentacene samples at 77 K. The middle of laser
excitation spot is at x = 0. ¢, Spatial profile plotted along the dotted lines in a-b for
different types of excitonic peaks, showing the diffusion lengths of excitons in WL and
1L. d, Comparison plots of diffusion lengths (left; from Figure 3a-c), lifetime (middle;
from Figure 2e) and extracted diffusion coefficients, measured from WL and 1L samples,
at 77 K. The error bars represent the experimental variation observed from measurements

in multiple samples.

Figure 4 | Superfast and angle-dependent exciton transport at room temperature. a-
b, Measured contour plots of PL intensity as a function of emission wavelength and space
from 1L (a) and WL (b) pentacene samples at room temperature, with spatial mapping
direction parallel (top panel; marked as 0°) and perpendicular (bottom panel; marked as
90° to the b axis of molecular lattices as shown in Figure S3a. In our measurement
system, the mapping direction is parallel to the polarization angle of incident laser. The
polarization angles 0° and 90° have been marked according to the references set in Figure
2f inset. c-d, Spatial profile plots along the dotted lines in a-b at two perpendicular
mapping directions (0° and 90°), showing the angle-dependent exciton transport in 1L (c)
and WL (d) pentacene samples. e, Time-resolved PL emission (hormalized) from WL and
1L pentacene samples at room temperature. The black and red balls represent the
measured decay curve from WL pentacene samples with incident polarization angle of 0°
and 90°, respectively. Effective lifetimes of 2.8 and 2.8 ns were extracted from the black
and red decay curves, respectively, by fittings with deconvolution using the instrument
response function (IRF) (green dots). The orange and blue balls represent the measured
decay curve from 1L pentacene samples with incident polarization angle of 0% and 90°,
respectively. The orange and blue decay curves were fitted with deconvolution using IRF,
giving an effective short lifetime value of 12.7 and 5.6 ps, respectively. f, Comparison
plots of extracted diffusion coefficients measured from 1L (left panel) and WL (right

panel) samples under the designated mapping angles at room temperature.
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Supporting Information Note 1: Exciton types and theory

Excitons are defined as the quasi bound state of electron and hole pair, which are
attracted to each other by coulombic electrostatic forces. Based on the degree of charge
separation which in turn is determined by material dielectric, the excitons can be

broadly classified into the following categories®:

Wannier-Mott (W-MT) excitons are generally found in materials with large dielectrics,
thus electric field screening reduces the Coulomb interaction between e and h*. This
results in much larger size for this kind of excitons, which is sometimes larger than
space lattice. In W-MT excitons, smaller effective mass of e also favours the large radii
of excitons. Typical binding energies reported here are around 0.01 eV. They are found
mostly in inorganic semiconductors have been recently shown to exist in monolayer
TMDs as well.

Frenkel (FR) excitons, whereas are found in materials with low dielectric constants, the
Coulomb interaction between e and h* is much stronger, thus have smaller radii. They
are observed mostly in organic materials such as anthracene, pentacene and other
materials with low dielectric constants, thus enhancing the Coulomb interaction
between e and h* resulting in much smaller radii. The size is of the same order as a unit

cell and often reside on the same molecule. Binding energies range from 0.5-1.0 eV.

Charge transfer (CT) excitons are the intermediates between FR and W-MT excitons.
They occur when e and h* occupy adjacent molecules. They are considered as a
localized, structured version of W-MT exciton, where a higher dielectric constant
permits the radius to expand over many sites. Their excitonic wave function resembles

that of a hydrogen atom. Both CT and FR excitons can have localized wave functions.
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Supporting Information Note 2: Role of molecular packing and temperature on

optical properties

The effect of molecular packing on excitonic states was firstly reported by Kasha et al.?,
who extended the geometry-related FR exciton treatment by Davydov.® In our model,
we define J to be excitonic coupling between different local FR exciton states located at
nearest-neighbour molecules. The oscillator strength of an optical transition is a
function of the total TDMs in an aggregate of molecules as shown below theoretically.
If the Coulombic repulsion is stronger than the Coulombic attraction, their competition
will favour a positive J value (J > 0) and vanishingly small total TDM, which will lead
to an optically forbidden lowest excited state (S1) (Figure S3b)*. In contrast, if the
Coulombic attraction is stronger than the Coulombic repulsion, their competition will
favour a negative J value (J < 0) and large total TDM, which will result in an optically
allowed S: (Figure S3c). The result of this competition mainly depends on the
orientation rather than the distance between molecules.> Molecular aggregates are
usually considered to be H-type when J > 0 and J-type when J < 0.° Generally, side-by-

side molecular orientations lead to J > 0, whereas head-to-tail orientations lead to J < 0.

For a transition from state |¥,) to another state |¥},), its transition dipole moment
(TDM) is®

TDM(a - b) = (Yo |a|¥y) = (Welqr|¥p) = [ Wa(@q@r¥,(mdr (1)

where q(r) is the charge on the particle at an arbitrary position ‘r’. TDM is not the

oscillator strength (f), but it is the most crucial parameter for determining f ’.

2me(Ep—Eq)

2 —©TDM(a - b)? )

fla—b) =
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where, Ep and Ej are the energy levels associated with states ‘b’ and ‘@’ respectively.

In short, the magnitude of TDM determines the strength of the optical transition to a
large extent. Additionally, its a (= X, y, z or a, b, ¢) component determines the incident

light polarized absorption (or transition) along « direction.

Temperature dependence of PL intensity of 1L pentacene

In order to find which coherent size gives best agreement with experimental temperature-
dependence of PL intensity, we consider Boltzmann distribution and introduce a thermal
disorder for the on-site energy to mimic the temperature effect for PL emission. The

thermal disorder is modelled by a Gaussian distribution function with the standard
deviation o = vakT, where k is the Boltzmann constant, a is a system dependent

parameter, and in this work is derived through a linear fitting of ¢ over VT with
computational statics of on-site energy fluctuation of T = 100, 200 and 300 K. For this,
we perform 1 ns molecular dynamics (MD) simulation for pentacene crystals at each
temperature (T=100, 200 and 300 K) with COMPASS (Version 2.8) force field by using
Material Studio 8.0. With this simulated trajectory of 1 ns, we extract 1000 snapshots to
calculate on-site energy fluctuation by statistics on single molecule time-dependent

density functional theory (TDDFT) calculations.

However, thermal disorder will cause fluctuations for both onsite energies and excitonic
couplings and accordingly break the symmetry in the aggregation model. This will lead
to thermal deactivation and activation for PL emissions in J- and H-type aggregations in
1L and WL pentacene, respectively. The DFT calculations further support the fact that
the sharp PL observed in 1L pentacene at low temperature can mainly be caused by the
super-radiance of FR excitons in their J-type aggregates.* & ® 10 With the derived thermal
disorder parameter, we simulate the PL intensities for various monolayer clusters with
different sizes. We find a lattice with N ~150 gives the best fitting for the T-dependence
of PL intensity in 1L pentacene with experiments (Figure 2d). This indicates that the
exciton for experimentally measured PL emission in 1L is highly possible to delocalize
over ~150 molecules within a cluster of limited size.

Supporting Information Note 3: Electronic Hamiltonian and its basis set
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In order to simulate the PL spectrum in molecular aggregates, in this work we adopt the

widely used electronic model for molecular excitonic systems,

H = Hpg + Her + Hpg—cr (3)

The total Hamiltonian includes three parts and A = 1 was taken. The first part represents

FR exciton Hamiltonian.

Heg = ) (@00 + Bo_0)lm)nl + ) Jalm)nl @

{m,n}

The first summation in equation 4 is the energy of excitons, where w,_, is the molecular
excitation energy (So—S1) of an individual molecule in gas phase and 4,_, is the gas-to-
crystal shift. State |n) is a pure electronic state in which the nth site is excited, whereas
all other molecules remain in their ground state. The second term, J,,,, represents
excitonic coupling between nearest neighbor sites m and n.

Her = Z wer|nygnoWng;no| + Z "te{Ing;n_Yng;n_ + 1|+ h.c.

ny,n_ ny,n_

+ Z ‘th{ilngn_Yn, + L;n_| +h.c.}
©)

The second part in equation 3 for the CT Hamiltonian can be described by equation 5.
The first term accounts for the energy of all CT pairs, |n,;n_) (with n, # n_) with a
cation on site n, and an anion on site n_, whereas all other chromophores in the stack
are in their electronic ground states. The last two terms represent electron and hole
hopping with transfer integral te and th.

Hpg_cr = z D {|m)n;n + 1| + [n)(n;n — 1] + h.c.}
n

+ZDh{|n)(n+ Lin|+ [n)n— 11| + hoc.} (6)
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The last part in equation 3 for the coupling of FR exciton states and CT states is described
by equation 6. Here De and Dn are exciton dissociation integrals. For simplicity, one can

take t, = D, and t, = Dj,.

The parameters in the above model are derived from DFT and TDDFT calculations of
molecular monomers or dimers at M06-2X/6-31G level by using GAUSSIAN 09 program.
], t. and t;, represent the nearest-neighbour excitonic coupling, electron hopping and hole

hopping integrals respectively.

In our calculation, we consider one-particle FR exciton states and two-particle CT states
as the basis set for the Hamiltonian. Thus, the wave function can be written as a linear
combination of these FR and CT states.

W)= calm)+ ) npn [nin )

n ngn_

We extracted the number of coherent molecules N¢ by calculating participation ration
(PR) for the o™ eigenstate

Zn cn(a)?
PR(®) = 3 e ®

(")
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Supporting Information Note 4: Excitonic character in WL and 1L governed by
molecular packing

The excitonic nature of organic crystals plays an important role in determining their
optoelectronic properties.* ° 1% In organic semiconductors FR and CT excitons are most
commonly observed.® ! (See Supporting Information Note 1). As soon as the energy
difference between CT and FR excitons becomes small, both excitons can interact and
form new FR—CT mixed states.!! Intermolecular coupling also influences the complex
excitonic character in organic molecules. The mixed states are observed in most bulk
and thin film organic semiconductors due to the lack of high crystallinity, scattering and
the presence of disorders and interfacial states.'> 1> 14 Precise and controlled growth of
organic molecular crystals in atomically thin 2D states provides an ideal platform for
isolating the smaller and tightly bound FR*® excitons as they have closer packing of
molecules within a unit cell.*> %17 In order to reduce the FR-CT mixing and to observe
the aggregation-controlled coherence phase locking and subsequent superradiant
emission, the crystallinity and molecular aggregation into H- (CT exciton dominated
aggregation) and J-type (FR exciton dominated molecular aggregation) has to be

controlled, as theoretically predicted by Spano et al.°

In our case, the highly clean and sharp crystalline system allowed us to observe long-
range coherent super-transport from FR excitons which are de-localized over hundreds
of pentacene molecules, due to of the minimized defect, disorders and interfacial states
in the monolayer regime. WL pentacene samples, which had H-type molecular
aggregation, showed in-plane isotropic emissions that were dominated by CT excitons.
In contrast, 1L pentacene samples, which had J-type molecular aggregation, showed one
sharp and strongly anisotropic PL emission peak (See Supporting Information Note 2
for theoretical simulation details). The WL region showed much stronger PL emissions
than the 1L regions at room temperature (Figure 1d). Compared with inorganic TMD
2D semiconductors, the WL shows a much broader PL spectra at room temperature,
which is due to the strong couplings between FR and CT excitons in organic
materials.'® 18 The broad PL spectrum is associated with various band energy levels
formed in pentacene due to vibronic coupling between FR and CT states’. 1L on the
other hand shows a single peak centred around 680 nm which is predominantly FR

excitonic emission as explained by our polarization dependent measurements in Figure
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2g and also explained below. We grew several samples of pentacene in various growth
conditions, giving us different optical properties from 1L depending on growth
conditions (Figure S3). The poorly grown 1L samples also gave us broad high energy
CT excitonic peaks in addition to the narrow FR excitonic peak at 680 nm overlapping
with the emission energies from WL in certain samples, showing the mixed FR and CT
emissions from 1L. Whereas, some 1L samples gave us only the CT emission with little
FR emission. This clearly highlights the role of well-defined molecular arrangements in
de-coupling the intermixing of FR and CT excitons. We have chosen the 1L sample
which gave us only FR emission for further analysis to independently study the
behaviour of CT and FR excitons in WL and 1L viz.

We also performed PL measurements with an angle-resolved emission polarization
(Figure 2f) to confirm the anisotropic nature of superradiant FR excitonic emissions
from 1L. In the experiment, the incident polarization angle was controlled by an angle-
variable half-wave plate and was fixed, and the polarization angle of the emission (0)
was determined by using an angle-variable polarizer located in front of the detector. In
polarization-dependent PL measurement at 77 K, we found that intensity of PL
emission from 1L strongly depended on the emission polarization angle 6 and shows a
period of 90 degrees. On the contrary the emission from WL was completely
anisotropic (Figure 2f). The strongly directional total TDM in 1L pentacene predicted
by our simulation (Figure S3a) was expected to lead to an in-plane anisotropic emission
of those FR excitons. The observed strong anisotropy of PL emission from 1L
pentacene further confirms the strong optical alignment of molecules in a specific
orientation and agrees very well with the prediction from our simulations, which
confirms that the superradiant emission from 1L pentacene observed in 1L and 2L
pentacene at low temperature is dominated by FR excitons.
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Supporting Information Note 5: Coherent exciton transport and supertransport

The diffusion of FR excitons that are commonly found in organic semiconductors
migrate much slower as compared to their Wannier counterparts in inorganic materials.
This is because of lower dielectric constant in organic materials and results in lower
diffusion lengths in organic materials.*®?° The energy transfer is dominated by
incoherent Forster resonant energy transfer mechanism (FRET)?!, which involved
hopping of charges from one chromophore to the other via dipole moment interactions.
This mechanism is based on dipole-dipole electromagnetic interaction and occurs when
emission spectrum of donor molecule has significant overlap with absorption of the
acceptor molecule. It is a non-radiative transfer and relies on long-range Columbic
coupling between the nearby molecules.?’ Due to this incoherent hopping, the diffusion
of FR excitons is limited. Incoherent energy transfer is generally determined my inter-
molecular spacing, defect states, excitonic lifetime and range of columbic coupling also
referred to as Forster radius.t® 22 All these factors lead to smaller diffusion of FR

excitons inorganic molecules and molecular assemblies.

However, in organic molecules the inter-molecular coupling can become very strong if
the crystallinity is strong.?> 2* If the coupling between organic molecules is strong, the
FR excitons can be delocalized over multiple molecules forming a delocalized coherent
state for the exciton, which eventually leads to superradiant emissions.?® In this
phenomenon interactions between transition dipoles of individual molecules allow
coherent delocalization across multiple sites. The corelated states lead to a macroscopic
optical polarization proportional to the number of atoms or molecules comprising the
coherent domain.?® 2" This leads to a net enhancement in the optical transitional dipole
moment (TDM) value and sharp enhancement of the excitonic radiative decay rate of an
ensemble of N¢ independent emitters as compared to the radiation decay rate of a single
emitter.?® 2° The same principle of coherent delocalized superradiant emission gives rise
to an analogous phenomenon called cooperative energy transfer or supertransfer (ST).%°
The resulting enhanced oscillator strength from delocalization over large molecular

assemblies can lead to large scale exciton transport. Here, the molecular assemblies
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(consisting of Nc molecules) with comparable net TDMs can play the role of acceptors
like individual molecules in FRET mechanism.?! Thus, the excitation (exciton) can
transfer to much longer distances in a coherent delocalized molecular assembly before
annihilation, resulting in large values of diffusion coefficients. This strong
intermolecular coupling plays an important role in developing coherent effects and
determines long-range coherent exciton transport, which has been demonstrated in some
quasi 1D systems recently. Delocalized excitons principally accelerate energy transfer
as compared to incoherent hopping transfer because delocalization allows for a hopping

length that is much larger as compared to intermolecular spacing.?
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Supporting Information Note 6: Relationship between crystalline order and

diffusion length

As discussed above the charge or energy transfer mechanism in organic molecules
requires hopping of excitation from one molecule to other (incoherent) or from one
delocalized state to other (coherent). In either case, the distance between interacting
molecules or states is critical. This intermolecular distance is a function of degree of
crystallinity in the molecule.®! Hence, the diffusion of excitons in organic system is a
direct function of crystallinity. Lunt et al.3? and Sim et al.®* recently experimentally
demonstrated that exciton transport diffusion length is a monotonic function of the
extent of crystalline order. The reduction in diffusion lengths with decreasing
crystallinity is due to increase in non-radiative losses in highly disorders systems, as
determined by fluorescence quantum yield measurements as a function of grain size in
Perylenetetracarboxylic dianhydride (PTCDA).*

We observed a similar trend during the growth optimization process of our pentacene
samples. The samples which used h-BN surfaces that were exposed to air for a long
time or had uneven morphology (detected optically) gave us low crystalline growth, as
characterized by AFM measurements. In contrast the samples grown on homogenous
and unexposed h-BN substrates gave a much stronger crystallinity and smooth
pentacene growth, confirmed by surface roughness measurements. All the samples were
characterized by AFM right after their growth. During the growth of pentacene samples
in our case, we observed that the optical performance was also critically affected by the
order of crystallinity in our growth as shown in Figure S5. The samples that had lower
crystallinity showed a PL spectrum similar to earlier reports.3* The broad PL spectrum
obtained even from 1L samples is due to vibronic mixing of CT and FR states (Samples
2-4 in Figure S5). After several rounds of optimization, we could precisely control the
growth conditions and orientation of molecules in 1L (Sample 1 in Figure S5). There
were no CT peaks reported from highly crystalline samples, demonstrating only a sharp
FR excitonic emission at 680 nm. Due to reduced defects, lack of interfacial sites and
high crystallinity in our samples we could observe higher diffusion coefficients even for

short-lived FR excitonic emissions from 1L pentacene samples.
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Supporting Information Note 7: Dimensionality and oscillator strength

Apart from coherent delocalization and high order crystallinity, the exciton diffusion
process in organic molecules is also a function of the oscillator strength of the
excitons.? 232436 The oscillator strength in return is strongly influenced by the
effective dimensionality of the solid-state system as theoretically demonstrated by Wu
et al.*” The oscillator strength can be highly enhanced by reducing the effective
dimensionality of the system. Thus, it is critical for us to develop a true 2D system that
can confine the excitons in 2D quantum limit to further enhance the diffusion of the FR

excitons.

The quantum confinement effect plays a key role in determining the spatial diffusion of
excitons.?* For the same reason, several recent attempts to achieve higher diffusion
coefficients with molecular aggregates have used quasi-1D structures like tubes?? or
wires?* to enhance the diffusion using J-type aggregation. In our pentacene WL and 1L
system, the excitons were spatially confined in a 2D space, which increases the
possibility of directed excitonic energy transfer within the 2D plane with limited out of
plane losses and hopping. Further, in 1L as we have established the excitons were found
to be anisotropic and aligned along the ‘b’ axis of the unit cell of pentacene (Figure 2f
in main text and associated text). This led to further confinement and transport if
excitons are in a quasi-1D system, which eventually led to observation of ultra-high

exciton diffusion coefficients in our samples.
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Figure S1 | Measured Raman spectrum from a 2D pentacene sample grown on a h-BN

flake. Peaks at 1150 cm™ and 1170 cm™ are for pentacene and peak at 1390 cm™ is for

h-BN.
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Figure S2 | Schematic diagram showing the interlayer charge transfer and different
intra-layer charge transport mechanism in WL (a) and 1L+WL (b). As shown in a
previous report*, WL pentacene is not conducting due to the absence of intralayer n-n
stacking. The charges interact by long range coulombic coupling in WL; in contrast 1L
shows 2D hopping transport. The purple arrows represent interlayer charge transfer.
The red curved arrows represent the hopping of charges in 1L. Here, we only show the

photo-excited charges generated in WL, not in 1L.

The charges interacted by long-range Coulombic coupling in WL (Figure S2a); in
contrast, 1L showed 2D hopping transport. The photo-excited charges in the 1L layers
had much higher in-plane diffusion than those in WL, which led to lower PL
efficiencies in 1L pentacene. For the 1L+WL hetero-structure (1L region), the photo-
excited charges in WL underneath could be quickly transferred to 1L and diffused
laterally in 1L before radiative emission occurred (Figure S2b). This led to quenching of
the PL intensity. This type of ultrafast interlayer charge transfer phenomena has been

observed for both inorganic 2D hetero-structures®® and organic—inorganic interfaces.*
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Figure S3 | Molecular packing and the FR exciton model. a, The TDMs at each
molecule (red arrows) follow a head-to-tail packing in 1L as shown, while in WL
TDMs are packed side-by-side to each other. The pink arrows represent the Coulombic
interaction force between neighboring molecules. J is the excitonic coupling between
different local FR exciton states located at nearest-neighbor molecules. Based on our
simulation, J is negative in 1L (corresponding to J-type aggregation) and hence there is
a net positive total TDM value along the “b” axis (as shown by purple arrow) allowing
for emission from 1L, while J is positive in WL (corresponding to H-type aggregation)
and hence a close to null total TDM, resulting in very little emission from WL. b, ¢

Schematics showing the excited states in an ideal H- (a) and J-type (b) monomer.
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Optical transitions from and to ground state are only allowed for excited state band with
k =0, where k is the quantum number of the wave vector, representing the excitonic
states. Orange arrows indicate the spin of electrons in each state. In J-type the 0-0
transition results in enhanced coherent emission due to coupling of TDMs, eventually

causing super radiant emissions.

Reason for blue-shifted WL PL spectra: The WL is blue-shifted because it is an H-
aggregate as compared with the spectra from 1L/2L. This can be understood by looking
at the schematic in Figure S3b (See below), where the optically allowed bands are
always at much higher energies as compared to the J-type aggregates. This blue-shift

from H-aggregates was also predicted by Kasha et al.2 and Spano et al.®
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Figure S4 | Measured FWHM with decreasing temperature. a, PL spectra and
respective FWHM at 298 K from WL and 1L. b, Measured Full-width half maximum
(FWHM) as a function of temperature from 1L PEN.

The FWHM from WL overall is much higher at 298 K as compared with narrow
linewidth from 1L, suggesting a dominant coherent component in the emission. As

shown in the figure above the WL spectra is very board with FWHM ~110 nm, which



Chapter 4: Super-transport of Excitons in Atomically Thin Organic Semiconductors at the 2D
Quantum Limit 115

arises due to CT and FR mixing in the WL. The FWHM from 1L has been plotted as a
comparison show the extent of reduction in 1L as compared to broad WL PL spectra.
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Figure S5 | PL intensity as a function of temperature from 1L as simulated by solving

the Boltzmann distribution, in comparison with experimental data from Figure 2b.
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Figure S6 | Instrument response functions. a, as measured from different reflective
surfaces. The IRF is very stable from different surfaces. B, Deconvoluting of one IRF

over other gives a system resolution of 2.1 ps as shown by the deconvoluted graph.
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Figure S7 | Fitting and error analysis. The figure shows the fitting of the decay curve
from pump-probe measurements with a 95% confidence interval fiving a lifetime range
of 3.55-4.6 ps and the best fit with a value of 4.2 ps.
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Figure S8 | PL emission from bulk thin-film pentacene, a, AFM image of the bulk
thin film pentacene grown over h-BN with a thickness of around 37.7 nm. b, PL
emission at 77 K from the bulk pentacene, which is dark as compared to WL. c, the
decay curve from bulk pentacene at 298/77 K, giving an effective lifetime of
1.241/1.014 ns.

The emission from bulk pentacene layers is a broad PL spectrum, which changes
negligibly with lowering of the temperature. The sharp peak emission at 680 nm is
missing from the bulk pentacene. The broad PL spectra can be attributed to the coupling
of CT and FR states, arising from the disorders and interfacial states, which has been
reported in literature previously as well.% 1° The lifetime from the bulk pentacene peak
at 600 nm emission is 1.241 ns at 298 K, which changes to 1.014 ns at 77 K. The
linewidth of the spectra is one order of magnitude higher (>100 nm as compared to 8

nm from 1L pentacene) from bulk pentacene, suggesting a non-coherent emission.
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Figure S9 | Emission polarization measurements from 1L PEN at different laser
polarizations. The polarization dependent PL measurements from 1L at 77 K. In
experiment, the excitation polarization angle 01 was fixed at 0° and the polarization
angle of the emission (62) was determined by using an angle-variable polarizer located
in front of the detector. We also changed 01 and repeated the measurements. We
observed that PL emission from 1L always shows the maximum PL intensity at 62 = 0°
and the minimum PL intensity at 62 = 90°, regardless of the excitation polarization
angle 01 used 0° (grey), 45° (magenta) and 90° (blue).
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PL intensity

Figure S10 | Measured angle-resolved PL for excitation polarization from the 1L at
room temperature. a, Measured angle-resolved PL spectra for emission polarization
from 1L pentacene. The LDR is around 5.9 at room temperature. The incident
polarization angle (8) was controlled by an angle-variable polarizer. The excitation laser

power remained constant. The solid balls represent the measured experimental values

and solid lines are fitted curves using a cos?é function.
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Figure S11 | Power dependent time-resolved PL at 77 K. Power dependent
measurements at 77 K were carried out on 1L pentacene samples, to confirm the
exciton-exciton annihilation effects. We observed an almost constant lifetime (4.7 -5.1
ps) ranging from a very low lase power to a high laser power ranging from 6 uW to 215
uW. The consistent lifetime suggest that the EEA does not play a key role in defining

the exciton diffusion characteristics in our sample as shown in the figure below.
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Figure S12 | Measured PL spectra from various quality of 1L pentacene samples at
77 K, fabricated under different growth conditions by CVD method.
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Figure S13 | Temperature dependent time-resolved PL for low-quality 1L
pentacene (sample 3). a, Time-resolved PL emission (normalized) from 1L pentacene
(680 nm, superradiant peak) sample 3 (See Figure S4) at 77 K (blue balls) and 298 K
(orange balls). The solid lines represent the fitting curves for both the temperatures. An
effective long lifetime of 51.2 ps was extracted from the orange decay curve (298 K) by
a fitting with deconvolution using the instrument response function (IRF) (green dots).
The lifetime extracted from blue curve (77 K) was 7.6 ps. The drastic reduction in
lifetime with decreasing temperature, further supports the superradiance emission from
1L. The effective lifetime at 77 K is slightly higher than what we have reported in
Figure 4 (4.1 ps), which may be due to the low crystallinity of the sample 3 as
compared to sample 1. b, Time-resolved PL emission from the CT excitonic emission at
~580 nm from 1L pentacene sample. The lifetime extracted from the CT peaks is ~2.1
nsand 2.3 ns at 77 K and 298 K respectively. The lifetime is significantly higher as
compared to the coherent FR emission peak at 680 nm, due to non-coherent emission
from CT excitonic states, which do not show superradiant emission, further supporting
the coherent emission visible at 680 nm even from low crystalline samples. c,
Deconvoluted lifetime curves showing a drastic reduction in lifetime with decreasing

temperature.
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Figure S14 | Temperature dependent PL measurements from 2L PEN. PL spectra
from 2L regime of PEN samples. The sharp PL emission at 680 nm is visible from 2L
but coupled with high-energy CT emissions. The FWHM at 298 K from 2L is ~49 nm

and at 77 K is ~30 nm, which is much broader as compared to 1L.
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Table S1: Diffusion coefficients from various organic/in-organic materials:

experimental values

GaAs Quantum wells*!

1L MoS>* 0.05-0.1 298

1L WSe;* 145 298

1L WSy* 0.41 298

1L MoTe,* 0.1 70

Phosphorene *® 5E-3 4
Ws;-tetracene heterostructure®’ 1 298
Wse»-thin film/bulk*® 15/9 298
C8S3-J aggregates* 70 298
Light harvesting nanotubes 55 298

(LHNs-amphiphilic cyanine
dyes)?
Carbon Nanotubes* 44 298
Meso-tetra(4-sulfonatophenyl) 3-6 298
porphyrin*?

Tetracene thin film> 2.8 298
Poly-3 hexylthiophene®! 1.8 E-3 298
C7o thin film>? 3.5E-3 77
Pentacene thin films>3 2.5E-2 298
2D Pentacene-WL 24 298

3.5 77
2D Pentacene-1L 346.9 298

354.5 77
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CHAPTER 5

Quasi-line spectral emissions from high

crystalline 1D Organic Nanowires

The advantages of low dimensional materials for various optoelectronic applications have

been described in detail in Chapter 1. Apart from 2D materials, there have been attempts to
make one dimensional (1D) nanomaterials such as nanowires, nanobelts and nanoribbons for
various electronic applications. The most common examples are the carbon nanotubes (CNTSs) as
described in chapter 3. But, most of these attempts to make 1D systems have been with inorganic
materials and polymers. There is extensive research literature available on various inorganic
nanowires. But, very few of them talk about 1D organic nanowires. As discussed in Chapter 1
and 4, the organic materials especially light molecular weight molecules like pentacene can prove
to be effective candidates for 1D systems that can generate and propagate light effectively for

optoelectronic device applications. The organic nanowires that have been reported in literature
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have mostly been grown in liquid phase or through liquid exfoliation processes. Thus, their
suitability for applications in solid state electronic applications was very limited. In solid state it
is always difficult to achieve right dimensionality and proper molecular adsorption of the
substrate as reported in literature. The growth of 1D organic nanowires on substrates has been
hindered by lack of dimensionality control, defect states and low crystalline growth resulting in
their limited applications.

This chapter demonstrate a high crystalline and ordered 1D organic nanowire of pentacene (PEN)
grown by physical vapor deposition on hBN using the same CVD technique as in Chapter 4. We
observe a well resolved vibronic photoluminescence (PL) spectra from the wires at room
temperature. Attributed to specific molecular configuration and higher degree of orientation of
molecules as compared to bulk thin film of pentacene. At low temperature, this chapter reports
the first experimental demonstration of Shpol’ skii effect in an organic solid-state system. |
observed a quasi-line spectrum with width ~2-3 nm and a very high value of Debye-Waller factor
from our 1D wires. The results in this chapter pave the way for organic 1D wires (with quasi-line
spectra) for applications in lasing, nanosensors and interconnects/functional units in next
generation miniaturized optoelectronics.

This chapter focusses on a new 1D system grown using same organic material-pentacene as in
chapter 4. 1D nanomaterials are especially critical for their applications in light emitting displays,
lasing applications and serve as functional or connecting units of various devices. While working
with organic nanomaterials for 2D growth, | encountered some 1D growth during some of my
growth iterations which got my interest. The optical properties which I observed form these 1D
organic nanowires were exciting and some of which have never been reported before from solid
state systems before. This chapter aims to utilize the excitonic expertise reported in chapter 4 and
use it to explain the intriguing optical emissions from the 1D organic nanowire. The observation
of quasi-line spectra (referred to as Shpol’ skii effect) is critical for applications of these organic
nanowires in tunable wavelength emission displays, optically driven lasers, bio-chemical sensors

and high quantum yield LEDs.
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ABSTRACT: Zero phonon line (ZPL) emissions have key applications in single
photon emission sources, quantum information processing and single molecule
spectroscopy. All recent attempts to realize ZPL emissions are based on the
techniques of confining and doping molecules in matrices or solutions at low
temperature-Shpol’ skii systems. The requirement of two-component systems
reduces the light emission efficiency from the molecules and limits their applications
in solid state electronic applications and quantum computing devices. Here, we
report the first experimental demonstration of Shpol’ skii effect in a one-component
organic solid-state system at low temperature. We observe a ZPL emission with
width of ~1-2 nm and a high value of Debye-Waller factor (0.72) from our epitaxial
grown high-crystalline and ordered 1D organic nanowire, which is attributed to
specific molecular configuration and higher degree of orientation of molecules as
compared to bulk thin film counterpart. Our results pave the way for organic 1D
wires (with quasi-line spectra) for applications in lasing, nanosensors and

interconnects/functional units in next generation miniaturized optoelectronics.
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Introduction

Zero phonon lines (ZPL)(/) are narrow sharp peak emission at low temperature which
are purely electronic in nature. They have characteristic vibrational structure and hence
can be used for determining photophysical, photochemical and physicochemical
properties of complex compounds.(2) Hence, there has been a tremendous revival of
interest in narrow line-width emissions due to their fundamental applications in single
photon emission sources, which have key applications in linear optics quantum
information processing.(3) ZPLs have also been established to be applied for nano
lasers,(4, 5) optical waveguides,(4, 6) flexible/cost-effective optical devices(7, §) and
tunable-wavelength emission displays.(9, /0), optical data storage(//) and processing in
the space-frequency domain and single impurity molecule spectroscopy.(/2) Zero-
phonon or quasi-line spectral emissions were reported by Shpol’ skii(/3) in 1962 at low
temperature by inducing the molecules in a matrix or solution at low temperatures, thus
confirming the phonon less nature of these emissions.

There have been several attempts to generate similar quasi-line or Shpol” skii spectra
emissions. Recently, self-assembled InAs quantum dots(3) and trapped atoms have been
demonstrated as such sources for highly indistinguishable single photons and quasi-line
emissions. Several complex polyatomic organic molecules embedded in molecular
crystals or solutions have been demonstrated in the past to obtain ZPL emissions (See
Table S1). But, all of them have been two-component systems which require the desired
chromophore to be in a frozen solution or matrices in order to reduce the phonon sideband
emissions. This dilutes the light emitting molecule concentration in the matrix and hence
the light generation efficiency is considerably reduced.(2, 6, 7) There have been no
reports so far which show a single component and single-crystal molecule solid-state

system generating Shpol’ skii spectra. Broad phonon sideband emission arises due to
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different energy level of molecules in a system(/4) and that is why they need to be put in
matrices or solutions as discussed above, to confine their degree of freedom and achieve
narrow quasi-line spectral emissions. In a single-crystal molecule system, high
crystallinity is the key to observe Shpol’ skii effect but until now it has been a challenge
to grow highly crystalline solid states systems that generate ZPL emissions. One-
dimensional (1D) nanostructures such as nanowires, nanoribbons/belts and nanotubes
have gathered significant attention due to their two dimensional quantum confinement.(7,
15) This makes them promising candidates for achieving quasi-line spectral emissions.
But most those nanomaterials have been mostly externally doped conjugated
polymers(/6-18) or large two dimensional non-linear extended aromatic systems like
hexabenzocoronene.(/5, /9) That makes it difficult to achieve large scale high order
crystalline and defect free growth of 1D structures, especially with molecules that show
n—n face stacking necessary to make 1D structures.(/9, 20) Most of the reported 1D
organic structures have been demonstrated in liquid phase(2/, 22) grown by using self-
assembly in liquid phase solutions, restricting their applications in solid state electronic
devices.(23) Low molecular weight organic materials on the other hand offer a distinct
advantage as compared to their inorganic counterparts in terms of their good
processability,(24) large-scale/low-cost synthesis,(7, 19) high photoluminescence (PL)
efficiency(25) and molecular tunability of electronic properties.(26, 27)

But, in solid state growth of organic molecules over a substrate, it is difficult to achieve
dimensionality control and effectively control the width and length of the 1D
nanostructure.(7, 19) Moreover, it is well known that in organic crystalline structures the
opto-electronic and electronic properties are a direct function of the molecular
orientation, degree of crystallinity and defect states in the lattice.(28, 29) For ensemble
organic molecular systems in solution, the local arrangement of the molecules in the

solution affects their ability to absorb light and hence affects their optoelectronic
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properties.(30) There have been recent reports on using physical vapor deposition
(PVD)(9, 10, 14, 31) techniques to grow solid states 1D crystalline organic structures.
However, they still have not been able to control monodispersity of the organic molecules,
especially with low-molecular weight organic molecules as deposition sources.(7, 19)

Here, we present a single component, high crystalline organic 1D nanowire made from
single-crystal low molecular weight oligoacene- pentacene (PEN) molecule deposited on
hexagonal boron nitride (hBN) using a low temperature PVD process. We report
interesting optical properties form the 1D nanowires at room and low temperature. The
PL spectra from the nanowires is clearly resolvable into three vibronic peaks at room
temperature as compared to the broad sideband emission from bulk thin film pentacene.
We attribute this PL spectra to a high degree of crystallinity and reduced degrees of
translational and rotational freedom(32) of molecules in 1D PEN wire. Hence, resulting
in clearly resolvable vibronic energy levels and reduced charge-phonon coupling in the
lattice. At cryogenic temperatures, due to further freezing of molecular degrees of
freedom and reduction of thermal phononic coupling results in quasi-line spectra(33)
from PEN wires- the Shpol’ skii effect.(2, /3) The reported quasi-line spectra have a
linewidth of ~1-2 nm and are a resultant of the reduced phononic coupling with the
excitons in the lattice(2). The linewidth reported in our case is much lower as compared
to the linewidth reported from similar organic 1D nanostructures(/4) grown using similar
PVD methods. These quasi line spectra arising at low temperatures are ZPLs(2) attributed
to zero-phonon transitions between the electronic energy levels of the organic molecules,
confirmed by a high value of the Debye-Waller factor (DW).(2, 33) We further establish
the high crystallinity and higher degree of molecular orientation of the PEN molecules in
the 1D nanowire structure using polarization-resolved PL emission spectra and time-
resolved PL emission. We also demonstrate a metal oxide semiconductor (MOS) device

incorporating the 1D PEN wire to effectively demonstrate an external electric control of
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the quasi line spectral emission at low temperatures. Our results effectively demonstrate
the use of PEN 1D organic nanowires for future optoelectronic devices such as
nanolasers(34), OFETs(35), multi-colored light emitting diodes (LEDs)(/0), optically
driven lasers(36), photodetectors, logic gates and construction of interconnects and

functional units of next generation miniaturized optoelectronics.(7)

Results and Discussion

Among light-weight oligoacenes, pentacene and its derivates have shown best
performances in thin-film devices(37). Thus, we chose pentacene for our 1D growth.
Figure 1a shows the optical image of the PEN wires grown on hBN substrate. hBN
provides a defect free and dangling bond free flat area for molecular deposition with high
degree of molecular orientation(38). Mechanically exfoliated few-layer hBN sheets were
transferred onto a 285 nm Si102/Si substrate. The PEN was then deposited using a thermal
vapor deposition process using a tube furnace (Figure S1). (See Methods and
Supplementary information Note 1). The grown PEN wires were characterized using
Raman spectroscopy (Figure S2). The growth of the PEN wires was optimized at various
growth temperatures (Figure S3a) and time durations (Figure S3b) to achieve long length
and high crystalline 1D nanowires. High resolution AFM imaging was used to
characterize the physical thickness and diameter of the PEN wires (Figure 1b). Most of
the PEN wires had a circular cross-section with an average width of ~300-400 nm and an
average thickness of ~250-300 nm. The average length of the wires was ~14 pm, which
is much higher than previously reported PVD grown 1D nanowires on substrates(7, /0,
14). Figure 1c shows the schematic growth mechanism of 1D PEN nanowires on hBN
substrates. First, the smaller PEN molecules are connected linearly by H-bonds forming
long chains and depositing over hBN surface utilizing o—=n interaction with the

substrate(38). The vertical deposition then is a result of van der Waals interaction between
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pentacene molecules. At this juncture, as the deposition rate increases, m—m interactions
between PEN molecules cause the molecules to bend inwards facing each other(7)
leading to the formation of wire like 1D structures. We confirmed the same using high
resolution SEM imaging (Figure 1d).

The prepared samples were then excited using a 532 nm CW laser. The resultant PL
emission spectra is shown in Figure 1e. The PL spectra from the 1D PEN wire is clearly
resolved in to three peaks at 600 nm, 660 nm and 730 nm. The origin of the peaks is
explained later. The spectrum from 1D PEN wires is in sharp contrast to the broad and
much weaker PL emission from thin film pentacene grown on the same substrate and bulk
pentacene samples. The optical absorption and emission from organic molecular
assemblies is a direct function of the molecular crystallinity and degree of orientation(29).
Hence, well resolved and high-intensity PL emission from 1D wires is a resultant of the
highly crystalline an ordered growth of PEN wires on a clean defect free flat hBN
adsorption surface. To further confirm the role of hBN in achieving ordered growth, we
re-ran the growth of PEN wires using the same methods and conditions on a SiO»/Si
substrate. We observed tiny needle like 1D structures protruding out of micelle like
nucleation sites (Figure S4). The growth of those 1D PEN structures on SiO> was highly
disordered and the PL emission (Figure S4c) were much weaker and less resolved as
compared to the wires grown on hBN. Thus, establishing the role of hBN as a template
or adsorbent surface for the ordered high crystalline and dimensionality controlled growth

of 1D PEN wires.

Shpol’ skii effect and quasi-line spectra
To further understand the optical properties of crystalline 1D PEN wires and substantiate
their role for various optoelectronic applications, we performed temperature dependent

PL spectroscopy down to 77 K. Figure 2a shows the PL spectra from 1D PEN wires at
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various temperatures. The spectra start to resolve into various sharp and narrow linewidth
peaks as the temperature decreases. The first emergence of narrow peaks is spotted at 213
K (Figure S5). At 77 K, the spectrum is clearly resolved into sharp quasi-line emission
peaks with an average line width of 2-3 nm (See Table S2 for fitted peak positions). In
some optimal growth cases, we observed the line-width to be ~ Inm (Figure S6).
Whereas, we did not observe such narrow linewidth PL peaks from 1D needles grown on
SiO> (Figure 2b). The emergence of quasi-line spectra from 1D PEN wires is very
different from the broad sideband PL emission from think film PEN grown on similar
hBN substrate (Figure S7).

The origin of quasi-line spectra from 1D PEN wires and the difference with thin film PEN
be explained using the energy level band diagram in Figure 2c. In bulk thin films of
organic molecules such as pentacene, the emission band broadening/dispersion results
mainly from the fact that various molecules have different energy levels(39). As a result,
multiple vibronic band are formed (also called Davydov splitting(40)). The energy levels
(in both ground and excited states) are roughly divided in vibronic sub-bands, defined by
the number of quanta v (=1,2...). Each vibronic band has further vibrational sub-bands
induced due phononic coupling of charges (indicated by ¥=1,2...) The width of each
vibronic band incorporating molecular interaction and vibrational frequency of molecules
has been theoretically calculated by Spano et al.(47) Due to low crystallinity, the charges
couple with phonons (vibrations) in the crystal lattice plane to form diffused
vibronic/vibrational bands (as shown Figure 2c). Each vibrational band is spread due to
this strong phononic coupling of rotational translational states of charges(2). The
interaction of molecules with lattice phonons is represented by spread of vibrational
sublevels. Multiplicity of characteristic vibrational and vibronic bands of these molecules
results in further diffusiveness of electronic-vibrational bands and causes a quasi-

continuum spectrum as obtained from bulk thin films. The inhomogeneous spectral
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broadening arises from electronic transitions involving lattice phonons, giving rise to a
comparatively broad phonon sideband emission (PSB)(2, 32).

In our single crystalline, 1D PEN wires due to flat h-BN substrate, the molecules are
confined distinctly in the lattice with a specific geometric configuration and higher degree
of orientation(4, 6, 7, 14) as compared to bulk organic thin films, with less defect and
interfacial states. This limits the large rotational and translational degrees of freedom of
molecules and this ordered environment drastically reduces the phonon coupling resulting
in narrower optical transitions(2). Even at room temperature (Figure2c), narrowing of
vibrational level occurs, simplifying the optical spectra into discrete narrower emissions
(Figure 1le). The emergence and enhancement of vibrational structures can be attributed
the increases of long-range order and higher degree of molecular orientation in PEN
wires.

At low temperature all vibronic transitions can be further resolved (with FWHM ~ 2-3
nm), resulting in an almost quasi-line spectrum. This emergence of these atomic-like
quasi-line spectra is called Shpol’ skii effect(/3, 42) and was reported in frozen organic
solutions at low temperatures by Shpol’ skii in 1952. At low temperatures, the degrees of
freedom for the molecules are further frozen resulting in further educed electron-phonon
coupling. This causes the PL spectra to be resolved in to quasi-line peaks or the narrow
zero-phonon lines(43) (ZPL) emissions from the vibronic/vibrational sub bands to ground
state (as shown in Figure 1c). Such line-spectra only appears upon specific transitions in
the band structure, which do not involve lattice phononic vibrations (analogous of
Mossbauer(44) lines). The reduction in spread of vibronic/vibrational sub bands occurs
due to high ordered growth of PEN molecules over hBN and further reduction in phonon-
electron coupling at low temperature. It has been shown in the literature that Shpol” skii
effect is affected by guest-host molecular interactions(3/, 32). Hence, the emergence of

Shpol ‘skii spectrum can be attributed to these two factors: highly ordered molecular
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orientation (high crystallinity) and low temperature. The non-visibility of these ZPLs
from PEN needles on SiO» (Figure 2b) further substantiates this.

It has been shown theoretically that the electron-phonon coupling and change of
temperature influences the FWHM and integrated PL emission from organic matrices(33,
37). To further confirm the Shpol’ skii effect and the role of ZPLs in the spectra obtained
from 1D PEN wire, we performed temperature dependent FWHM and Integrated PL
intensity analysis. The relation between the integrated intensity of the ZPL and total
intensity of the (ZPL+PSB) band is determined by linear-electron phonon coupling and

is called Debye-Waller factor (DW)(2, 45) and is defined by the following equation (1).

1
DW= —2PL
Izpy, + Ipsp

where, Izp; is the integrated PL intensity from the sharp zero-phonon line peak and Ipsz
is the total integrated area of the remaining broad sideband emissions.

The variation of extracted DWW factor from 1D PEN wire as a function of temperature is
shown in Figure 2d. The high value of DW factor (0.72) at 77 K confirms the limited
phonon coupling with the charges resulting in quasi-line spectra. As a comparison we
have also shown calculated DW factor for an excitonic emission from 1L WSe>
monolayer. The linewidth of PL emission peak is also a direct function of phonon
coupling. Figure 2e (Figure S8) shows the variation in full-width half maximum (FWHM)
from peak I(peak 2,3) emissions from 1D PEN wire and 1L WSe; monolayer. The
FWHM from 1D PEN wire is much lower as compared to the excitonic peak width at 77
K from 1L WSe>. The sharp reduction in FWHM (~ 2-3 nm at 77 K) from the PEN wire
PL peak 1, confirms the reduced phonon coupling in the PEN crystal lattice(46) resulting
in quasi-line spectral emissions, which is consistent with previously reported ZPL
emissions from low dimensional organic materials(2) and other Shpol’ skii matrices (See

table S1). We further performed pumping power dependent PL. measurements at 77 K
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(Figure S9), which confirmed the mission to be below lasing threshold.

High order crystallinity and molecular orientation

To further understand the crystalline structure and orientation of pentacene molecule unit
cells inside the 1D PEN wire, we performed polarization angle resolved PL emission
spectroscopy at both room temperature and 77 K. Figure 3a shows the PL spectra at
various emission polarization angles at room temperature. PL intensity from 1D PEN
wires strongly depended on the emission polarization angle # and showed a period of 180
degrees. Peak 1 (600 nm) showed opposite polarization dependence as compared to peaks
2 (660 nm) and 3 (730 nm). Based on the polarization data and theoretically predicted
n—m(47) molecular packing in pentacene(37), we can identify the crystal faces in PEN
wire as shown in Figure 3b. The wires grow along the 100 face(/9, 31) (see inset SEM
image in Figure 3b). Figure 3c shows the polar plot of PL intensities as a function of
polarization angles. Peak 1 is clearly polarized along the short ‘b’ axis of PEN unit cell,
while peak 2 and 3 are aligned along the ‘a’ axis(37). This clearly highlights anisotropy
in 1D PEN wires originating due to high crystalline and ordered growth in the 1D wires.
We performed similar polarization resolved measurements at 77 K (Figure 3d) to
understand the anisotropic behaviour of the Shpol’ skii spectra observed at 77 K. We
observed the same trend as at room temperature. The quasi-line spectra peaks 1 and 2
(See Table S2) are aligned along the ‘b’ axis (Figure 3e). The remaining quasi-linear peaks
were aligned along the ‘a’ axis of PEN unit cell as shown in Figure 3f and Figure S10.
Increased crystallinity and order can also lead to enhanced lifetime of PL emission peaks
in crystalline materials(48, 49). To substantiate the high crystallinity in our 1D nanowires,
we also performed time-resolved PL (TRPL) measurements at room temperature and 77
K. Figure 4a shoes the decay curve obtained from peaks 1,2 and 3 from PEN 1D wire at

room temperature and the bulk thin film. The decay trace curves were deconvoluted with
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respect to the instrument response function (IRF) and then were fitted using the equation:

I = Aexp(— TL) + C, where [ is the PL intensity, 4 and C are constants, ‘¢’ is time, and
1

77 1s decay rate indicating emission lifetime. The long single exponential lifetime
represents radiative recombination time at room temperature.(50) An effective lifetime
of m=3.36+0.6ns,3.07=*0.3 ns and 2.74 + 0.4 ns (Figure 4c) was extracted for peaks
1, 2 and 3 respectively at room temperature, which is about three times higher than the
extracted radiative lifetime form thin film pentacene of 1.24 ns. Similarly, at 77 K,
effective radiative lifetime for 5 major peaks was extracted as shown in Figures 4b, d.
The effective lifetime from 1D PEN wire increased to an average ~ 4.5 ns (Figure 4d)
while the thin film lifetime was reported to be around 1.01 ns. Thus, establishing the high

order crystallinity and high degree of molecular orientation in our 1D PEN nanowires.

MOS device based on 1D PEN nanowires

We further incorporated the 1D PEN nanowire into a metal-oxide semiconductor (MOS)
device to use external static back gate voltage to manipulate the quasi-line spectra for
various optoelectronic device applications. Figure 5a shows the schematic diagram of the
MOS device used for back gate voltage dependent PL modulation. During the
measurements, the gold electrode was grounded, and the p+ doped Si substrate was used
as a back gate providing a uniform electrostatic doping for the 1D PEN in this MOS
device. The measured PL spectrum was very sensitive to the electrostatic doping and can
be significantly modulated by the gate voltage. The PL intensity decreases when we inject
negative charge into the samples, indicating that the 1D PEN has an initial n-type doping,
Figure 5b(c) shows the variation in PL spectra at different back gate voltages at 298 K
(77 K). The variation in PL intensities with back gate voltage is evident even for quasi-
line spectra peaks at low temperature. The variation in PL intensity of peaks 1, 4 and 12

(See Table S2) as a function of back gate voltage is shown in Figure 5d. Electrostatic
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control of the quasi-line spectra is further demonstrated through change in DW factor as
a function of back gate voltage (Figure S11). Thus, establishing the applications of 1D

PEN nanowires in future optoelectronic device applications.
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Conclusion

In conclusion, we have demonstrated a quasi-line spectrum from a single component,
solid state system of low-molecular weight single crystalline molecule organic material.
We experimentally observed zero-phono lines in the PL emission spectra from 1D PEN
nanowires originating due to Shpol’ skii effect at cryogenic temperatures, which have not
been reported before from single molecular crystalline solid-state systems. This was
achieved due to a highly crystalline and ordered growth of PEN molecules in a 1D
nanowire grown over an adsorbent defect free and flat hBN surface. Control of
dimensionality and order in PVD process has been a challenge to grow similar 1D organic
nanostructures for various optoelectronic applications. We demonstrated an optimized 1D
nanowire which has high crystallinity and subsequently exciting optical properties for
future optoelectronics. The restriction in degrees of freedom and reduced electron-phonon
coupling in 1D nanowires lead to vibronically well-resolved PL spectra. At low
temperatures, further thermal phonon coupling is reduced, and the PL spectra is resolved
in to quasi zero-phonon lines- the Shpol’ skii spectra, as evident through extracted FWHM
and DW factors form temperature dependent measurements. We further establish the high
crystallinity through angle and time-resolved PL measurements. We finally demonstrate
a MOS device based on 1D PEN nanowires, which shows an external control of quasi-
line spectra using back gate voltage. Our results pave the way for use of organic 1D
nanowires in nanolasers, OFETs, optical waveguides, chemical sensors, photodetectors

and functional/interconnecting units of future nano optoelectronic and photonic devices.
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Methods

Material growth: h-BN flakes were mechanically exfoliated onto a thermally grown 285
nm thick SiO; layer deposited over silicon substrate. Before physical vapor deposition
(PVD), optical microscope was used to characterize the topological information. The
pentacene (purchased from Chem Supply: P0030-1G) was then deposited over the h-BN
flakes, kept centered in a vacuum tube in the furnace. h-BN sheet on SiO»/Si substrate
was placed around 15 cm downstream and a molecular pump was used to evacuate the
quartz tube to ~10™ mbar. The furnace was heated up to 135-185°C for various time
intervals to grow PEN wires. (See S.I. Note 1). Then, the whole system was naturally
cooled down to room temperature under vacuum. All the samples were characterized, and
layer thickness were identified using the standard AFM measurements, which were
collected in ambient atmosphere at room temperature with a Bruker Multi-Mode 11 AFM.
For the MOS structure, used for back gate-dependent PL. measurements, we transferred
the 100 nm thick gold electrode to contact part of the 1D PEN nanowire as the probing

pad. The voltage was supplied using a Kiethly 4200 semiconductor analyzer.

Optical Characterization: PL measurements at room temperature and 77 K were
conducted using a Horiba LabRAM system equipped with a confocal microscope, a
charge-coupled device (CCD) Si detector, and a 532 nm diode-pumped solid-state
(DPSS) laser as the excitation source. For temperature-dependent (above 77 K)
measurements, the sample was placed into a microscope-compatible chamber with a low
temperature controller (using liquid nitrogen as the coolant). In the experiment, the
incident polarization angle was controlled by an angle-variable half-wave plate and was
fixed, and the polarization angle of the emission (0) was determined by using an angle-
variable polarizer located in front of the detector. Time resolved PL measurements were

conducted in a setup which incorporates p-PL spectroscopy and a time-correlated single
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photon counting (TCSPC) system. A linearly polarized pulse laser (frequency doubled to
522 nm, with 300 fs pulse width and 20.8 MHz repetition rate) was directed to a high
numerical aperture (NA= 0.7) objective (Nikon S Plan 603). PL signal was collected by
a grating spectrometer, thereby either recording the PL spectrum through a charge
coupled device (CCD; Princeton Instruments, PIXIS) or detecting the PL intensity decay
by a Si single-photon avalanche diode (SPAD) and the TCSPC (PicoHarp 300) system.
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Figure Captions

Figure 1 | Characterization of PEN wires a, Optical microscope image of the quasi 1D
PEN wires used for measurements. The scale bar is 5 um. Inset: PL mapping image of
the PEN wires showing the strong emission from wires. b, Zoomed Atomic force
microscope (AFM) image of the PEN wires confirming the diameter to be ~ 300 nm. c,
Schematic representation of the growth mechanism of the PEN wires during the vapor
deposition mechanism. See text for details. d, SEM image of the PVD grown PEN wires
on hBN substrate, showing the morphology of the wire. e, PL emission spectra (red curve)
from PEN wires at room temperature, showing three clear peaks at 600 nm, 660 nm and
730 nm. Broad sideband PL emission from bulk (green) and thin film crystalline

pentacene grown on hBN (blue) is also shown for comparison.

Figure 2 | Temperature dependent PL emission and Shpol’ skii effect. a, Measured
PL spectra at various temperatures from PEN wires. The vibronic levels are well
resolvable at cryogenic temperatures as evident from quasi-line spectral emissions. b, PL
emission spectra comparison between PEN wires grown on hBN with PEN needles grown
in SiO2 at 77 K. The PEN needles on SiO2 do not show the clearly resolvable vibronic
levels as shown from PEN wires grown on hBN. ¢, Schematic showing the energy level
diagram in pentacene. The exciton bands with vibrational coupling for pentacene thin
film (left) are shown. Only first three vibronic bands are shown. The vibronic bands (red)
are demonstrated by v =1, 2, 3... and the vibrational bands (grey) formed due to strong
coupling between the exciton and phonons are shown by Vv=1,2,3... The spread or
thickness of vibrational levels accounts for the level of phononic coupling and degree of
freedom in all cases. The molecules in bulk thin film case are at various energy levels
leading to an emission band broadening and the PL emission is a broad sideband phononic
emission as shown in Figureld. The vibronic levels in PEN wires at RT are further
resolved due to confinement of molecules distinctly in the lattice with specific geometric
configuration and high degree of orientation. In this case more neighboring molecules
have similar energy levels, leading to a degenerate PL emission spectrum as shown in
Figureld. At low temperature (right), the charge-phonon coupling, or vibrational
coupling is further reduced leading to even further reduced thickness of vibrational levels
at low temperature. As result the vibronic levels are well defined due to reduced degree

of freedom of molecules and minimal charge-phonon coupling. This effect of observing
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quasi-line spectra at low temperature is called Shpol’ skii effect as shown in Figure2a. d,
Debye-Waller (DW) factor obtained from PEN wire (peak =600 nm) and 1L WSe: (peak
=750nm) as a function of the temperature. At 77 K the DW factor is much higher in PEN
wires as compared to TMDC monolayers confirming an almost zero phonon emission or
a quasi-linear PL emission. e, Variation of full-width half maximum (FWHM) of
excitonic PL emission peaks from PEN wires(peak = 600nm) and WSe> (peak =750 nm).
The FWHM from PEN wire excitonic emission is much lower as compared to TMD
monolayer and the reduction in FWHM with temperature to ~ 3nm, confirms the zero-

phonon line emission from PEN wires.

Figure 3 | Polarization angle-dependent PL. measurements. a, Measured PL intensity
as a function of emission polarization angle 6 from PEN wire samples at room
temperature, revealing the anisotropic excitonic nature of emission from the PEN wires.
In experiment, the excitation polarization angle was fixed and the polarization angle of
the emission 6 was determined by using an angle-variable polarizer located in front of the
detector. b, Schematic diagram showing the growth morphology and crystalline structure
molecular arrangement in PEN wires grown on hBN. The molecular axis as in a
conventional triclinic pentacene crystal have been marked as a, b and c. The inset SEM
image shows the 001 and 100 face of as grown PEN wires. ¢, Measured polar plot of PL
emission spectra peaks as a function of emission polarization angle 6 from PEN wires at
room temperature revealing the opposite anisotropic excitonic nature of PL emission
peaks at 600 nm, 660 nm and 730 nm. d, Measured PL intensity as a function of emission
polarization angle 6 from PEN wire samples at 77 K. e-f, Measured polar plot of PL
emission spectra peaks as a function of emission polarization angle 6 from PEN wires at
77 K revealing the opposite anisotropic excitonic nature of PL emission peaks. For

remaining polar plots see Figure S10.

Figure 4 | Time-resolved PL emission from PEN wires. a-b, Time-resolved PL
emission (normalized) from PEN wires at 298 K (a) and 77 K (b). The orange curve
represents the decay curve from bulk thin film pentacene for comparison. An effective
long lifetime of 1.24 ns (1.01 ns) was extracted from the orange decay curve at 298 K (77
K), by a fitting with deconvolution using the instrument response function (IRF) (green
curve). The red/blue balls represent decay curve from 1L, which is from FR exciton

emission. The red (600 nm), blue (660 nm) and green (730 nm) decay curves are from
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PEN wires PL emission spectra. The deconvolution using IRF, gives an effective lifetime
value of 3.36 ns, 3.07 ns and 2.74 ns respectively at 298 K. Similarly, at 77 K,
deconvolution with IRF has been used to extract a long lifetime from various peaks at 77
K. See text for values. ¢-d, Graphical representation (with experimental errors bars)
showing the distribution of extracted lifetime from various peaks of PL emission spectra

from PEN wires. For peak positions refer to Table S2.

Figure 5 | Back gate dependent modulation of PL emission from PEN wire MOS
device. a, Schematic diagram of the MOS device used for static doping of charges into
the PEN wire. (See optical image in Figurela). b, Measured PL spectra from PEN wire
sample at room temperature under various back gate voltages, showing clear modulation
of all emission peaks. ¢, Measured PL spectra from PEN wire sample at 77 K under
various back gate voltages, showing similar modulation of all emission peaks as observed
at room temperature. d, Variation of peak =600 nm, 654 nm and 747 nm as a function of
sweeping back gate voltage at 77 K, demonstrating a clear n-type doping in the PEN wire.
The MOS device confirms the external control of the PL emission that can be achieved

by modulating back gate voltage.
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Pentacene powder Si/Si02 chips

Figure S1 | Schematic diagram of the furnace used for growth of 1D pentacene (PEN)
wires.

Supplementary Information Note 1:

1D Pentacene wires were realized on exfoliated h-BN over a Si/SiO2 substrate by thermal
evaporation of Pentacene source. The figure S1 depicts the schematic experimental setup
for physical vapor deposition (PVD) of 1D Pentacene. First, we used mechanically
exfoliated few-layer hBN sheet on 285nm-thick SiO2 on Si (SiO2/Si) as the growth
substrate without further annealing. Before growth, the hBN sheets were topographically
examined using an optical microscope. The epitaxial growth of pentacene was carried out
in a tube furnace. We put the pentacene powder at the centre of the furnace and the hBN
sheets a few inches downstream and used a turbo molecular pump to evacuate the quartz
tube to ~10* MPa. We then heated up the furnace to 135-180°C to grow pentacene wires.
The length of the wires was controlled by the source temperature, the substrate position
and growth time. When the growth was finished, we turned off the furnace and let the

sample cool down to room temperature under vacuum.
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We used 135-180°C temperature range in the growth process. We obtained pentacene
wires growth on hBN which grew bigger to achieve the maximum average length around
15 microns at 155°C. The average length followed a reduction in value at higher
temperature after 155 °C. (Figure S3). In order to find out the most optimized growth
time, we used 1 hr, 3hr, 4 hr and 24 hr growth time. 3 hrs growths were found to be the

growth with highest yield including large sized pentacene wires. (Figure S3).
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Figure S2 | Measured Raman spectrum from a 1D PEN wire sample grown on a h-BN
flake. Peaks at 1150 cm™ and 1172 cm™ are for pentacene and peak at 1390 cm™ is for h-

BN.
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Figure S3 | Growth optimization of PEN wires a, Length of PEN wires as a function
of growth temperature in the furnace. The maximum length of the wires was obtained at
155 °C. The error bars demonstrate the experimental deviation as obtained after several
optimization runs. b, The length of PEN wires as a function of growth time in the PVD

furnace. The longest wires with clear morphology were obtained at 3-hour growth mark.
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Figure S4 | Comparison between wires and needles a, SEM and optical (b)images of
PEN needle like structures grown under same growth conditions as discussed in FigureS1.
The PEN needles on SiO2 grow out of nucleation sites and diverge into needle-like
structures as shown in FigureS2b. Whereas, on hBN the PEN wires follows higher degree
of orientation and crystallinity and converge to form tube like wire structures (See
Figurelc). hBN serves as a stencil to help ordered growth of PEN H-bonded molecular
chains in to wire like cylindrical quasi 1D structures. ¢, PL spectra comparison from PEN
wires grown on hBN as compared to the PEN needles grown on SiO2 . The PL emission
from PEN wires is much stronger and vibronic levels are well resolved as compared to

the needles on SiO-.
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Figure S5 | Temperature dependent PL spectra from PEN wires. PL emission spectra

at various temperatures showing the clear resolvable vibronic levels as the temperature is

reduced and the emergence of quasi-line Shpol’ skii spectra t 77 K. The quasi line spectra

start to emerge at 213 K and are fully resolvable as the temperature is further reduced.
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Figure S6 | Narrow line width emission. PL emission from some of the optimal grown
PEN wires , where the FWHM = Inm. Lorentzian fitting function has been used to fit the

PL peaks.
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Figure S7 | PL emission from thin film PEN. PL emission peak from thin film bulk

crystalline PEN samples grown on hBN at room temperature and 77 K. The average

thickness of the films around 70-100 nm.
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text Figure 2e.
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Figure S9 | Pumping power dependent PL measurement. Variation of the 600 nm
peak at 77 K with increasing pumping power. The sub-linear slope confirms that it is not

lasing at this stage.
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Figure S10 | Polarization angle-dependent PL measurements. Measured polar plot of

PL emission spectra peaks (6-14) as a function of emission polarization angle 6 from PEN

wires at 77 K revealing the opposite anisotropic excitonic nature of PL emission peaks.

For polar plots of peaks 1-5, refer to main text Figure 3.
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Figure S11 | Debye-Waller factor as a function of back gate voltage. The DW factor
has been extracted as a function of back gate voltage. The DW factor shows a clear
modulation with change in back gate voltage which can be attributed to the change of
doping levels with change in back gate voltage affecting the PL emission efficiency at

different back gate voltages. This demonstrates the use of external voltage to control the

quasi line spectra or zero-phonon line (ZPL) emissions from 1D PEN wires.
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Table S1: Full-width half maximum (FWHM) from other nanowire and Shpol skii

matrix solutions

Temperature FWHM (nm)

(K)
GaN(1) 298 12
CdS single crystal(2) 298 18-24*
2 Zno(3) 10 1.4
‘fni InAsSh(4) 77 40-70
.E Rubrene(5) 298 50
% DPBT single crystal(6) 77 2.9
= DMHP(7) 298 82*
Organic-inorganic Perovskite(8) 298 10-32*
Single perylene molecules in n- 1.7 1-2
nonane(9)
2 Terrylene in hexadecane(10) 1.7 0.3
&
‘;:: DBATT in n-tetradecane(11) 1.2 1.1-1.3
>
:—i TDI in hexadecane(12, 13) 1.7 1
(_% Pentacene in n-tetradecane(14) 1.2 0.5-1

Single Crystal DCNP(15) 5 5
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Peak

Number

Peak 600 609 645 654 657 663 670 697 707 717 733 747 754 768
Position

nm

Table S2 | Peak positions at 77 K. PL emission spectra 77 K was fitted using a
Lorentzian function and the resultant 14 peak positions have been tabulated in table

above.
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CHAPTER 6

Engineering the Exciton/Trion Dynamics and

Transport in Monolayer WS,

he study of transport and diffusion dynamics of quasi particles such as excitons and
trions in two dimensional (2D) semiconductors has opened avenues for their
application in functional optoelectronic devices. But long-range transport and ultra-fast
diffusion of these quasi particles has not been reported for 2D inorganic materials such
as transition metal dichalcogenides (TMDCs), which is significantly lower than their
organic counterparts. The thesis discusses the exciton dynamics in detail in organic low

dimensional systems in chapter 4 and 5. The thesis focussed on developing a new technique to
measure the exciton diffusion using spectrally resolved CCD imaging and time-resolved PL

imaging for organic nanomaterials discussed in earlier chapters. While doing a comparison with
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inorganic counterparts in Chapter 4, such as monolayer TMDC materials, we observed that the
exciton diffusion coefficients in inorganic materials were low as compared to the organic
materials. This is a direct consequence of higher di-electric constant in the inorganic materials.
But, as described in chapter 3, the binding energies of excitons are very high in monolayer TMDC
materials such as WS, This motivated me to explore and engineer the exciton dynamics in
inorganic monolayer TMDC materials. Additionally, there have been key demonstration of other
quasi particles such as trions and biexcitons in these materials recently, which can lead to potential
device applications based on these quasi particles.

As discussed in Chapter 1 and 3, the quasi particles, excitons, trions and biexcitons play a key
role in determining the suitability of a 2D material for device applications. This chapter focusses
on engineering the exciton dynamics in monolayer WS, using external back gate voltage by
changing the doping in the semiconductor 2D material. This chapter reports the highest exciton
diffusion coefficient value in monolayer WS; achieved via engineering the radiative lifetime and
diffusion lengths using static back gate voltage and substrate engineering. Electrostatic doping is
observed to modulate the radiative lifetime of excitons by ~3 times, which in turn can tune the
diffusion coefficients to significantly high values, which have not been reported before in
TMDCs. At low temperatures, we further report the control of dynamic and spatial diffusion of
excitons, trions and biexcitons from WS,. The electrostatic control of dynamics and transport of
these quasi particles in monolayers opens avenues for high-speed excitonic circuits,
optoelectronic and photonic device applications. This approach is in contrast to other approaches
used to enhance long-range diffusion of excitons like supramolecular assemblies and nanofibers.
This technique allows the use of 2D materials and their large interface for enhanced long-range
exciton diffusion.

The chapter finally discusses the role of external modulation factors such as substrate
screening and doping which determine the overall exciton, trion and biexciton dynamics in
inorganic 2D materials, especially electrically tuneable TMDC materials. The approach discussed
in this chapter can be extended to their similar TMDC materials and is critical for engineering the
devices based on 2D inorganic materials for future optoelectronic and photonics device

applications.
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Engineering the Dynamics and Transport of Excitons, Trions,
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ABSTRACT: The study of transport and diffusion dynamics of quasi particles such
as excitons, trions and biexcitons in two dimensional (2D) semiconductors has
opened avenues for their application in high speed excitonic and optoelectronic
devices. But long-range transport and fast diffusion of these quasi particles has not
been reported for 2D systems such as transition metal dichalcogenides (TMDCs).
The reported diffusion coefficients from TMDCs are low, limiting their use in high
speed excitonic devices and other optoelectronic applications. Here, we report the
highest exciton diffusion coefficient value in monolayer WS: achieved via
engineering the radiative lifetime and diffusion lengths using static back gate voltage
and substrate engineering. Electrostatic doping is observed to modulate the
radiative lifetime and in turn the diffusion coefficient of excitons by ~3 times at room
temperature. By combining electrostatic doping and substrate engineering, we push
the diffusion coefficient to an extremely high value of 86.5 cm?/sec, which have not
been reported before in TMDCs and is even higher than the values in some 1D
systems. At low temperatures, we further report the control of dynamic and spatial
diffusion of excitons, trions and biexcitons from WSa. The electrostatic control of
dynamics and transport of these quasi particles in monolayers opens avenues for
high-speed excitonic circuits, optoelectronic and photonic device applications.

Keywords: Exciton diffusion, coefficient, electrostatic doping, suspended monolayer.
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Introduction

Atomically thin two-dimensional (2D) layered transition metal dichalcogenides
(TMDC)!M 21 semiconductors have been established recently as promising candidates for
various optoelectronic and photonic device applications.l®! In these 2D semiconductors,

(471 between charged

due to the reduced screening!® and enhanced coulombic coupling
particles, various quasi particles, such as excitons,*! trions® and biexcitons®], have been
reported. The binding energy of excitons in some cases has been reported to be >0.5 eV.[
191 This makes them stable even at room temperature and dominates the opto-electronic
properties of these semiconductors.!'!) Exciton transport is critical for the operation of the
majority of optoelectronic devices such as light emitting diodes,'?! excitonic lasers,!]
excitonic transistors,'#! exciton-polariton devices,!'” photodetectors!'®) and solar cells.['”]
Particularly, energy transport in 2D materials occurs through motion of these tightly
bound quasi-particles.!'®! Therefore, it is crucial to understand/control the dynamics and
transport mechanism of these quasi particles in 2D semiconductors.

The diffusion coefficient is a function of the diffusion length (Lp) and the effective
radiative lifetime (zf) of the excitons. The diffusion length and lifetime are further

(19, 201 quantum confinement of

dependent on three key parameters including doping,
charges!* due to reduced screening!!” and surface/thermal scattering of charges.!*!! The
doping affects the radiative lifetime of excitons, while the surface/thermal scattering
causes non-linear energy loss in energy dissipation of excitons.!'® 2223 The screening and
quantum confinement are a resultant of the dimensionality of the system and hence affect
the diffusion coefficient.?” As shown in Table S1 the values of diffusion coefficients
reported increases as the dimensionality decreases from quasi 2D systems down to 1D
systems. The value of diffusion coefficient in quasi 2D systems such as quantum wells

was reported to be around 0.1 cm?/sec!®® and around 3-15 cm?/sec in 2D TMDC

monolayers.[?*?] Subsequently, high values of exciton diffusion lengths and coefficients
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have been reported recently from quasi-1D systems?* 3! such as CNTs ~ 44 cm?/sec.[3%!
However, the application of 1D CNTs for practical optoelectronic applications is
intrinsically limited due to their small cross-sectional area. It is also difficult to assemble
a large-sized film of CNTs due to diverse distribution of chirality in CNTs.!*] The trade-
off between higher exciton diffusion coefficient and low cross-sectional area has hindered
their use for high speed excitonic applications.

Therefore, 2D TMDC materials provide the right alternative with higher cross-sectional
area and a defect free surface!®” to substantiate their applications in high-speed energy
transport applications, but their low diffusion coefficients remain a big challenge.
Diffusion coefficient has been used recently to quantify the extent of energy transport in
TMDC monolayers. The dynamics of excitons and trions have been studied in TMDCs
such as WS2,[?) WSe», /261 MoTe,*"! MoSe»?8) and MoS:!® 2! using high resolution pump-
probe*® and time-resolved photoluminescence (TRPL) studies.[** But, the values of the
diffusion coefficient in TMDC materials reported (See Table S1) has been low to
substantiate their applications for excitonic devices as mentioned above. There have been
no reports that demonstrate dynamic control of lifetime and spatial diffusion lengths of
excitons/trions in TMDC materials to realize long-range and ultra-fast energy transport.
The parameters that we can engineer to enhance the diffusion of excitons in 2D TMDC
materials are doping of charges and surface scattering of charges. Therefore, to achieve
higher diffusion coefficients we need to engineer the diffusion dynamics excitons and
trions in such 2D systems, to push the diffusion coefficient of excitons towards higher

values like reported from quasi 1D systems.

Here, we report the engineering of the radiative lifetime and spatial diffusion of the quasi
particles at room and cryogenic temperatures using static back gate modulation by

incorporating the monolayer in to a metal-oxide semiconductor (MOS) device. We study
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the exciton/trion equilibrium transport dynamics in both space and time-domain from a
1L WS using a direct near-field CCD imaging technique [** 3% 361 and picosecond
resolution time-resolved PL detector. The change in doping significantly affects the
diffusion dynamics in WS, allowing us to demonstrate a back-gate controlled diffusion
of neutral and charged quasi particles. In order to realize the ultra-high value of diffusion
coefficient in TMDCs comparable to quasi 1D systems as CNTs, we demonstrate the free-
standing monolayer combined with a MOS device. We report a value of 86.5 cm?/sec for
excitons from the suspended 1L WS> device with back gate voltage modulation, which is
much higher than previously reported values of exciton diffusion coefficients in TMDCs
and is comparable to quasi 1D systems. Our results establish the 2D TMDC materials as
robust contenders for various applications in high speed energy transport devices such as
excitonic circuits and high quantum yield LEDs utilizing their robustness, high

crystallinity, defect free surfaces and visible range band gaps.

Results and Discussion

Modulating the carrier lifetime in 1L WS2

The effective lifetime of various quasi-particles such as exciton and trions plays a key
role in determining the suitability of TMDCs for various optoelectronic applications.*”
381 Due to high binding energy, strong oscillation strength of excitons and trions in
TMDCs and presence intrinsic defect sites, it is difficult to externally control the carrier
lifetime and hence the diffusion dynamics.!'?: 3% 3] In order to manipulate the diffusion
dynamics and carrier lifetime of quasi particles in WS,, we incorporated the monolayer
WS in to a MOS device (Figure 1a) (See methods section). We chose WS, because it
has the maximum quantum efficiency across all TMDC materials and has almost a defect
free surface, allowing us a greater flexibility to manipulate the charge diffusion

dynamics.*”) The optical microscope image of the MOS structure is shown in Figure 1b.
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The photoluminescence (PL) spectra from 1L WS> at room temperature is shown in Figure
Ic, as the back gate voltage was wept from -60 V to +60 V. The intensity weight of the X
and X" peaks can be significantly modulated’! as the back gate voltage is swept from -
60 V to +60 V (Figure 1c and inset). The doping within the semiconductor affects the PL

40, 411 The measurements from a

emission and relative exciton to trion emission ratio.!
control monolayer sample with no externally applied voltage are shown in Figure S1 and
S2 (See supplementary information note 1).

Interestingly we found the lifetime decay curves to be significantly modulated as the back

gate voltage applied was changed, which has not been reported before.*” The decay trace

curves were deconvoluted with respect to the instrument response function (IRF) and then

were fitted using the following equation: [ = A exp(— i) + Bexp(— i) + C, where
1 2

1 is the PL intensity, 4, B, and C are constants, ‘¢’ is time, and 7; is faster decay rate and
72 is the slower decay rate, indicating emission lifetimes for different decay processes.[*
The short lifetime is effectively considered to represent non-radiative lifetime decay
while the longer component is indicative of the radiative recombination time at room
temperature.*®! The longer component (radiative) of the excitonic lifetime changed from
238 + 4 ps at -60 V to 690 + 6 ps at +60 V (Figure 1d), while the trion radiative lifetime
changed from 241 + 6 ps to 392 £+ 5 ps in the same modulation range (Figure le). Figure
1f shows the change in radiative lifetime as a function of back gate voltage. The shorter
lifetime components also follow the same trend (Figure S3). We measured several other
samples and we observed a similar trend (Figure S4). As the doping increases the PL
emission intensity is minimum at +60 V, but the lifetime is the longest and vice-versa. It
is important to note here that this trend is reversible and can be retraced if the voltage is
swept in opposite direction, thus establishing the reversible doping effect in modulating
the effective lifetimes. The change in radiative lifetime with change in doping level can

be attributed to the change in relative oscillator strength and kinetic energy of the
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excitons/trions as the doping changes due to back gate voltage being applied.!'* 2°! This
was theoretically predicted by Rana et al.l'”! who calculated the change in radiative
lifetime with decreasing oscillator strength of the excitons due to increase in doping
concentration. Band filling effects and Pauli blocking will cause the oscillator strength of
the exciton to reduce when the doping increases and hence the PL emission intensity will
reduce, and the effective radiative lifetime will increase.l'” 2°1 In case of bright trions
similar enhancement of lifetime due to reduction in oscillator strength is observed
because the phase space for the electron left behind after the trion has combined is either
not available or is reduced near the conduction band due to Pauli blocking."'”) Hence the
increase in radiative lifetime observed in these quasi particles due to increase in doping
concentration of charges can be explained by reduced oscillator strength and enhanced

kinetic energy of the quasi particles.

Engineering the exciton spatial transport

The enhanced lifetime is bound to affect the spatial diffusion of excitons and trions and
hence the transport of excitons and trions can be manipulated. Hence, we measured the
spatial diffusion profile under various back gate voltages at room temperature (Figure 2).
The near-field direct imaging technique with a charge-coupled device (CCD) camera was
used to detect the diffusion length of bright excitons from 1L WS; sample. Figure 2a-c
show the contour mapping plot of PL intensity as a function of emission wavelength and
space of exciton diffusion from 1L WS, at room temperature, at two extreme back gate
voltages applied and no voltage applied cases. The spatial distribution of PL intensity can
be extracted at the specific energies (shown by dotted lines in Figure 2a-c). Figure 2d
shows the extent of spatial diffusion in a steady 1D diffusion model. A gaussian fitting
routine was used to quantitatively compare the reflected excitation beam to the emission

profile emerging from WS,. Laser and emission profiles were fitted using a bivariate
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normal distribution and their full width half maximums (FWHMs) were recorded. The
spatial extent of exciton diffusion (diffusion length Lp) was obtained by taking the square
root of the difference between the variances of the emission image and of the passive
laser spot.*?! The Lp for excitons when no voltage is applied was measured to be 1.51 +
0.05 um (Figure S5a-b), which is consistent with the values reported from similar
measurements on WS,.[) Using the measured lifetimes of excitonic emissions (z), the
effective exciton diffusion coefficient (Dep) in a steady state equilibrium condition can be
extracted using the equation L = /2D, 71> *! Using the lifetimes (Figure S1d), the
extracted diffusion coefficients for excitons at room temperature from a monolayer WS»
sample on a Si0/Si substrate was obtained to be 23.98 £ 4.06 cm?/sec. Exciton-exciton
annihilation (EEA) effects while calculating the effective diffusion coefficient can be
neglected in our measurements as explained in the later section. Similar values of exciton

[9-34] The radiative lifetime

diffusion coefficients from WS, have been reported previously.
(72) has been used to determine the effective diffusion coefficient as it is the major
component affecting the diffusion dynamics in steady state equilibrium conditions. The
exciton (trion) diffusion length (Figure 2d-e) at room temperature can be modulated from
1.41 £0.04 pm (1.15 £ 0.02 um) at -60 V (minimum doping) to 1.69 + 0.05 pm (1.26 +
0.06 um) at +60 V (large doping). Exciton and trion diffusion coefficients can be obtained
after combining the variation in radiative lifetime (Figure 1f) and diffusion lengths
(Figure 2e). The diffusion coefficients as a function of back gate voltage is shown in
Figure 2f. A significant modulation (~ 2 times) in exciton and trion transport diffusion
coefficients using static back gate voltage can lead to significant use of TMD materials
like WS> in various optoelectronic device applications.

To further confirm the role of doping in affecting the radiative lifetime as explained

above, we introduced solution based chemical dopants onto the surface of WS>

monolayers. The surface of the monolayer was treated with 7,7,8,8-
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tetracyanoquinodimethane (TCNQ),[**! which is a p-type dopant. The PL intensity was
considerable reduced as expected because of the doping (Figure S6a), but the effective
lifetime was significantly enhanced to 1.02 ns (Figure S6b) as compared to 476 = 5 ps
(Figure S1d) from undoped sample. This confirms the role of external doping in

enhancing the radiative lifetime of excitons in WS,. (See Figure S6).

Engineering the dynamics of excitons, trions and bi-excitons in monolayer WS: at
Low Temperature

At low temperature, higher-order correlated excitonic states such as biexcitons are also
detected in TMDCs, which are crucial for quantum and optoelectronic applications at
low light intensities.[*! Hence, we performed the diffusion measurements at low
temperature to study the effect of back gate induced doping on transport dynamics of
other quasi particles such as trions and biexcitons in 1L WS,. Figure 3a shows the PL
spectrum obtained from the MOS device at various back gate voltages at 77 K. At +60 V
we can clearly distinguish three peaks. Based on previous literature,*! the peak at 590
nm (X peak) and 602 nm (X" peak) can be assigned to excitonic and trionic resonances in
WS,. The third peak at 609 nm has been reported as biexciton (XX) emission in

literature.[4"]

To confirm the biexciton emission, we performed power dependent
measurements at 77 K and plotted the integrated PL from XX peak as a function of X
peak (Ip vs Ix; Figure 3b). We obtained a slope of 1.93, which confirms it to be a biexciton
emission.l”) With change in back gate voltage we could easily modulate the spectral
weights of X, X~ and XX peaks. At -60 V, the PL emission was clearly dominated by XX
peak, with X and X" peaks almost quenched (Figure 3a). The lifetime (Figure 3¢ and S8)

modulated significantly at low temperature with the change in doping in the sample using

back gate voltage. The trend is gain reversible here with change in sweeping direction of
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the voltage. We obtained diffusion profiles at low temperature as shown in Figure 3d-e at
different back gate voltages. The extracted gaussian profiles have been shown in Figure
S7. The diffusion lengths (Figure 3f) from X, X" and XX peaks shows a clear modulation
with sweeping back gate voltage. EEA effects can be ignored in our diffusion
measurements. We confirmed the same by performing power dependent time-resolved PL
measurements at 77 K (Figure S9 and associated text). The absolute values of diffusion
lengths and modulation for excitons and trions at low temperature is smaller as compared
to the room temperature. This can be explained by the thermally activated acoustic
phonon scattering and ionized impurity scattering at this temperature range, as detailed
in this report.*®! The diffusion coefficients for X, X~ and XX peaks have been extracted
in the same way using the diffusion equation and have been plotted as a function of back
gate voltage in Figure 3g. Interestingly, the excitons diffuse the farthest followed by trions
and biexcitons (Figure 3g). This can be attributed to the net effective masses and radii of
these quasi particles.’®! The excitons have the smallest net effective mass and radii and
hence easily diffuse to longer distances as compared to trions and biexcitons. The
modulation of the dynamics and diffusion of these quasi particles using external static
electric field opens up avenues for designing optoelectronic devices based on these quasi

particles.

Substrate and doping engineering for enhanced exciton transport

Substrates have been reported to affect the diffusion of excitons in TMDCs by influencing
defect-assisted recombination and enhancing the EEA in supported TMD samples. ! 2]
To realize high values of diffusion coefficient in inorganic TMD materials which are
comparable to large diffusion coefficient values reported quasi 1D systems, we designed

a MOS device with free standing monolayer WS,. The suspended or free standing

monolayer was achieved by transferring an exfoliated 1L onto the trench on a patterned
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substrate (Figure 4a). The optical microscope image of the suspended monolayer is
shown in Figure 4b. The role of substrate affecting the diffusion dynamics was observed
without even application of external electric field (Figure S10). The intensity of the PL
emission from the suspended part was enhanced significantly as compared to the
supported part (Figure S10a). The lifetime from the free-standing monolayer excitonic
emission enhanced significantly to 805 + 6 ps as compared to supported monolayer ~ 476
+ 5 ps. (Figure S10b). It is important to note that supported monolayer measurements
were carried out on the same monolayer close to the suspended part as shown in the
optical microscope image. Near field imaging of the diffusion length form the suspended
monolayer revealed an enhanced diffusion length of excitons at room temperature of 3.09
+ 0.05 um (Figure S10c-d). The effective diffusion coefficient from the suspended
monolayer increased to 59.51 + 5.32 cm?/sec, which is much higher than what was
observed form the supported monolayer sample. A comparison of diffusion coefficients
from 1L WS under various conditions without application of any back gate voltage is
shown in Figure S10e.

The schematic shown in Figure 4a shows the MOS device with a suspended 1L WS.
With the sweeping of back gate voltage, the PL spectra form the suspended 1L modulated
significantly (Figure 4c). We observed the diffusion length could be further modulated in
the suspended sample with the application of back gate voltage (Figure 4d). The
maximum diffusion length (3.50 = 0.01 wm) was observed at -20 V back gate voltage
(Figure 4e, f). TRPL measurements were used to determine the lifetime of the exciton
emissions at various back gate voltages. The decay curve was again fitted with a double
exponential decay as reported earlier in Figure 1. The longer radiative lifetime ( z2) which
is already enhanced in the suspended sample could be further modulated to a value of 985
+ 8 ps with increase in doping of the sample (Figure 4g). The variation in lifetime of the

longer (shorter) exciton lifetime with change in back gate voltage is shown in Figure 4h
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(S11). It is interesting to note that the diffusion length after reaching a certain maximum
value (almost equal to radius of the suspended part) reduces with continuous increase in
doping. This effect can be attributed to the energy transfer to the quenching layer as the
excitons hit the interface between the suspended and supported monolayer part.!*¢! The
effect was theoretically predicted by Scully et al.[*) and explains as to when the exciton
diffusion length starts to reach the interface of the supported substrate, the exciton will
lose energy exponentially and hence the effective diffusion length will be reduced. Even
though, the effective radiative lifetime of excitons increases with increasing doping. ( See
Figure S12 and associated text for details). The study of trion diffusion parameters on
suspended samples is not the focus of this work and will be explored in upcoming
publications. The effective variation in diffusion coefficient with different back gate
voltage is shown in Figure 4i. The maximum effective diffusion coefficient from the
suspended 1L WS> device was observed to be 86.5 cm?/sec at -20 V back gate voltage.
This is the highest value of exciton diffusion reported from TMDC materials and is
comparable to values of diffusion coefficient reported from similar thin film organic
systems and quasi 1D systems*! 3% 3] (See Table S1). These results provide a
foundational method to engineer the spatial and temporal diffusion of excitons and other
quasi particles in TMDC materials to enhance their applications in excitonic

optoelectronic and photonic device applications.

Conclusion

In conclusion, we successfully engineered the energy carrying quasi-particle diffusion
dynamics in 1L WS, sample at both room and cryogenic temperatures. To achieve long
range energy transport and ultra-fast diffusion we use back gate static doping to
significantly modulate the effective diffusion coefficient of excitons and trions at room

temperature via control of their radiative lifetime and diffusion lengths. The doping in the
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semiconductor is reported to significantly change their oscillator strength and hence
leading to change in lifetime and diffusion dynamics. At low temperature we further
observe a modulation in diffusion parameters for different quasi particles incusing
excitons, trions and biexcitons. The change in diffusion coefficient is reported for exciton,
trion and biexciton dominated regions from a 1L WS, sample at 77 K. In addition, we
further enhanced the diffusion length and pushed the value of diffusion coefficient to the
highest reported value by engineering the substrate effects on diffusion. A very high value
of Dy~ 86.5 cm?/sec is reported for a suspended 1L WS, MOS device. This value is the
highest reported from all TMDC materials and is comparable to the values reported from
CNTs and other quasi 1D systems. Our results provide the important experimental
demonstration of engineering the diffusion dynamic in TMDC materials, paving the way
for optoelectronic device applications based on diffusion dynamics of excitons, trions and
biexcitons. The TMDCs provide a large cross-sectional are combined with high binding
energy of quasi-particles to realize optoelectronic devices based on the transport and
diffusion of these quasi particles. Our results provide an efficient way to enhance the low
diffusion coefficient in TMDCs to achieve long-range and ultra-fast exciton diffusion,

making them suitable choice for high speed excitonic circuit and device applications.
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Methods

Material growth: WS, flakes were mechanically exfoliated onto a thermally grown 290
nm thick SiO; layer deposited over silicon substrate. All the samples were characterized,
and layer thickness were identified using the standard AFM measurements, which were
collected in ambient atmosphere at room temperature with a Bruker Multi-Mode Il AFM.
The monolayer WS, was placed on a gold electrode that was prepatterned on the
substrate. Another gold electrode was then transferred to electrically bridge the WS, flake
and the gold electrode, forming a MOS device (Figure 1a). This fabrication procedure
kept the WS, free from chemical contaminations by minimizing the postprocesses after
the flake was transferred. In the measurement, the gold electrode is grounded, and the np-
doped Si substrate functions as a back gate, providing uniform electrostatic doping in the

WSo,.

Optical Characterization: PL measurements at room temperature and 77 K were
conducted using a Horiba LabRAM system equipped with a confocal microscope, a
charge-coupled device (CCD) Si detector, and a 532 nm diode-pumped solid-state
(DPSS) laser as the excitation source. For low temperature (upto 77 K) measurements,
the sample was placed into a microscope-compatible chamber with a low temperature
controller (using liquid nitrogen as the coolant). In the experiment, the incident
polarization angle was controlled by an angle-variable half-wave plate and was fixed, and
the polarization angle of the emission (8) was determined by using an angle-variable
polarizer located in front of the detector. Time resolved PL measurements were conducted
in a setup which incorporates p-PL spectroscopy and a time-correlated single photon
counting (TCSPC) system. A linearly polarized pulse laser (frequency doubled to 522 nm,
with 300 fs pulse width and 20.8 MHz repetition rate) was directed to a high numerical

aperture (NA= 0.7) objective (Nikon S Plan 603). PL signal was collected by a grating
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spectrometer, thereby either recording the PL spectrum through a charge coupled device
(CCD; Princeton Instruments, PIXIS) or detecting the PL intensity decay by a Si single-
photon avalanche diode (SPAD) and the TCSPC (PicoHarp 300) system. The double
exponential decay in the IRF is due to delay in response timings of the MPD SPAD®
photon detector and the PicoHarp 300 coupled with it. A similar system response has been
reported from an equivalent system.[*”] Similar bi-exponential decay is commonly
reported from such systems.[*®) All the measured decay curves have been deconvoluted

with the IRF using biexponential decay.

Measurements of exciton diffusion lengths: Exciton diffusion measurements were carried
out using the same PIXIS CCD detector coupled with a X100 (NA= 1.49, oil suspended)
objective lens. The pulsed 522 nm laser was used for excitation with a beam diameter
~500 nm (confirmed by CCD imaging) with collection time of 1s per measurement. The
diffusion mapping direction was well aligned with the polarization of the excitation laser.
The collected light was spectrally filtered to remove the pump laser wavelength. Spectral
measurements were made using a grating spectrometer (Acton, SpectraPro 2750). The
focal plane of the sample was imaged using the zeroth order of the grating and the
spectrometer CCD, giving a spatial resolution of about 200 x 200 nm in space,
corresponding to a pixel (20 um x 20 um) on the CCD. The PL intensity at a particular
excitonic emission energy was plotted as a function of the distance from the excitation
centre (x = 0 in Figures 1-4). The spatial extent of exciton diffusion (diffusion length Lp)
was found by taking the square root of the difference between the variances of the

emission image and of the passive laser spot.
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Figure Captions

Figure 1 |M0dulating the carrier lifetime in 1L WSz a, Schematic diagram of the
MOS device used for static doping of charges into the monolayer WS,. b, Optical
microscope image of the 1L WS; used for measurements, coupled into a MOS device
with gold electrodes ¢, Measured PL spectra from 1L WS> sample at room temperature
under various back gate voltages, showing clear modulation of excitonic (617 nm) trionic
(626 nm) emissions. Inset shows a zoomed in spectra from +60 V. d-e, Time-resolved PL
emission (normalized) obtained from exciton (d) and trion (e) emission from 1L WS at
various back gate voltages, showing a clear modulation of lifetime as the voltage sweeps
from -60 V to +60 V. The decay curves were fitted by two slopes using equation (1) after
deconvoluting the data from instrument function response (IRF) and the lifetimes were
classified as short (71) and long ( 2). f, The modulation of long lifetime 7 as a function of
back gate voltage for both exciton (red) and trionic emissions (blue). For 71 see Figure
S3.

Figure 2 | Engineering the exciton transport in 1L WS:. a-c, Exciton diffusion direct
measurements at 60V, 0 V and -60 V using near-field CCD imaging. The white dotted
line shows the exciton resonance peak where the diffusion profiles were extracted in 2d.
d, the spatial distribution of exciton diffusion from the two back gate biases and no
voltage case plotted along the with the laser diffusion profile. e, the variation in diffusion
length of exciton/trions as a function of back gate voltage applied obtained by direct near-
field imaging of excitonic PL emission on to a CCD detector. f, Exciton/Trion diffusion

coefficient variation as a function of back gate voltage at room temperature.

Figure 3 | Engineering the dynamics of excitons, trions and bi-excitons in
monolayer WS2 at Low Temperature. a, Measured PL spectra at 77 K from 1L WS,
showing a clear modulation of exciton (X), trion (X°) and biexciton (XX) peaks with
application of back gate voltage. b, Log-log plot showing the variation of integrated PL
intensity of peak B as a function of peak E. From the fitting curve (blue solid line) the PL
intensity of peak X grows super-linearly (a ~ 1.93), with the increase of the excitation
power, thus confirming it to be a biexciton emission. ¢, Variation in exciton, trion and
biexciton lifetimes as a function of back gate voltage at 77 K. d-e, Near field imaging of
diffusion at various back gate voltages; PL intensity as a function of emission wavelength
and space of exciton/trion and biexciton diffusion from 1L WS, at 77 K. The white lines
are exciton, trion and biexciton resonances where the spatial profiles were extracted. f,

Exciton, trion and biexciton diffusion length variation as a function of back gate voltage
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at 77 K. g, Variation of exciton/trion diffusion coefficient with sweeping back gate voltage

at 77 K.

Figure 4 | Substrate and doping engineering for enhanced exciton transport. a,
Schematic diagram showing the device used for modulating the doping in a free-standing
monolayer using back gate voltage. b, Microscope image of monolayer WS> suspended
on a circular cavity used for diffusion measurements. The scale is 10 pm. ¢, PL spectra
from the free-standing 1L WS, at different back gate voltages at room temperature. d,
Direct exciton diffusion measurements at -20 V and -60 V using near-field CCD imaging
from a suspended 1L WS> sample at room temperature. e, the spatial distribution from
the two extreme cases, plotted along the with the laser diffusion profile. f, the variation
in diffusion length as a function of back gate voltage applied from a suspended 1L WS>
sample at room temperature. g, Time-resolved PL measurements at -60 V and +60 V at
room temperature showing the huge variation in lifetime as a function of voltage at two
extreme cases of back gate voltage applied. h, Variation of exciton (617 nm) decay long
lifetime as a function of sweeping back gate voltage. i, Exciton diffusion coefficient

variation as a function of back gate voltage at room temperature.
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Figure S1 | Characterization of monolayer WS2 a, Optical microscope image of the
1L WS; used for measurements. The scale bar is 20 pm. Inset: Schematic diagram of a
1L WS> on top of SiO2/Si substrate showing exciton diffusion along the monolayer and
annihilation in to a photon. b, Zoomed Atomic force microscope (AFM) image of the
WS, sample confirming the thickness to be ~ 0.9 nm. ¢, Measured PL spectra from 1L
WS; at room temperature. The spectrum is fitted by two Lorentzian peaks at 617 and 626
nm, designated as exciton (X peak) (red) and trion (X" peak) (blue) emissions. d, Time-
resolved PL emission (normalized) from 1L WS;. The blue/red balls represent measured
decay curve from excitonic/trionic emissions respectively. The decay curve was fitted by
two slopes using equation (1) after deconvoluting the data from instrument function
response (green balls). An effective short lifetime of z =21 £ 7 ps and long lifetime of
» =476 £ 5 ps was extracted from the fitted curve (orange) from exciton emission at 617
nm. Similarly, an effective lifetime of z = 12 £ 4 ps and » = 320 * 6 ps was extracted

(black curve for the trionic emission at 626 nm).
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Supplementary Information Note 1:

The monolayer WS> was mechanically exfoliated from a bulk crystal onto a thermally
grown 290 nm SiO2/Si substrate. Figure Sla shows the optical microscope image of the
sample. The thickness of the exfoliated layer was confirmed using atomic force
microscopy to be 0.9 nm (Figure S1b), which confirmed it to be a monolayer. Raman
spectroscopy was further used to confirm the monolayer WS; (Figure S2). The sample
was excited with a 300fs pulsed laser to collect the PL spectrum. Figure S1c shows the
PL spectrum from monolayer WS> at room temperature. The spectrum is fitted with two
Lorentzian peaks. The peaks at 617 (X peak) and 626 nm (X peak) are consistent with
excitonic and trionic resonances from monolayer WS; reported in the literature.™™ The
lifetime traces from X and X peaks were recorded using a picosecond resolved TRPL
setup (Figure S1d). An effective short lifetime of 7 =21 + 7 ps and long lifetime of =
476 + 5 ps was extracted from the fitted curve from the exciton emission at 617 nm.
Similarly, an effective lifetime of 7 = 12 + 4 ps and » = 320 £ 6 ps was extracted from
the trion emission at 626 nm. The values of lifetime obtained are in close agreement with

the lifetime values reported from monolayer WS,.1?!
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Figure S2 | Measured Raman spectrum from 1L WS; on Sio2/Si substrate. Peaks at
355.2 cm™ and 417.2 cm™ are for WS; and the peak at 520 cm™ is for silicon.
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Figure S3 | Deconvoluted short lifetime as a function of back gate voltage for excitons
(617 nm) and trion (626 nm) peaks at room temperature. The decay curve has been shown
in Figure 2d. The curve is then deconvoluted with the instrument response function (IRF)
and fitted with two slopes. The short lifetime as a function is shown here, while the long

lifetime is shown in Figure 2e.
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Figure S5 | a, Near-field imaging of spatial exciton diffusion, resolved as a function of
emission wavelength and space from 1L WS; at room temperature. The middle of laser
spot is at x = 0. b, spatial profile of exciton diffusion plotted against the dotted line in the
contour plot. The deconvolution from the laser profile gives an effective exciton diffusion
length of 1.51 + 0.05 pum.
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Figure S6 | Chemical doping effect on exciton diffusion. a, Measured PL spectra from
1L WS, sample at room temperature from a doped 1L WS, sample with TCNQ-P
compared with PL emission from an undoped 1L WS> sample. b, Measured time-resolved
PL spectra of exciton emission (617 nm) from an undoped 1L sample (orange curve) (See
Figure 1) as compared to elongated lifetimes from chemically doped 1L (blue curve) at
room temperature. The effective lifetime from doped sample is fitted with only one slope
with a value of 1.02 ns. d, Direct imaging of exciton diffusion lengths using a near-field
CCD imaging technique from chemically doped 1L WS:. e, Spatial distribution of exciton
diffusion plotted against the white dotted line in figure d. The diffusion length from
chemically doped samples is higher (1.86 pm) as compared to undoped supported 1L
WS; samples. (1.51 pm; Figure 1). The Lp obtained after extracting the spatial profile
from the contour diffusion plot (Figure S3c-d) is 1.95 um, which is also significantly
higher than what was reported from the undoped samples. The diffusion coefficient Dest
~ 18.58 cm?/sec is slightly low as compared to the undoped samples which can be due to

the surface adsorption effects in the solution doped sample.



Chapter 6: Engineering the Exciton/Trion Dynamics and Transport in Monolayer WS, 207

60 V —a— Exciton (X) ~ 10700 —9— Biexciton (XX)
T 10989 —o— Trion (X) > 2 ooV
g \0 YN —o— Biexciton (XX) S \0
= \0—090\‘;,9‘” > 081
2 081 \ ‘?
) [} c
c L 0.6-
£ o6/ ° E
1 e a o
O 4. S 0.4
3" o\ ) 2
i \ S
g 0.2 o o\ g 0.2 o
-] o

— \ Q-9 \
o . Q=9 -90-9 Z
Z 001 %6209 ¢ 80 0.0 90-9.9 . 0.0 1 a.0-0-

00 04 08 12 16 20 24 28 00 04 08 12 16 20 24

Space (um) Space (um)

Figure S7 |Spatial diffusion profiles at 77 K. a, Extracted gaussian profiles of
excitons, trion and biexciton diffusion at +60 V and -60 V (b) respectively. The profiles

have been extracted from the spatial mapping shown in main text Figure 3d-e.
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Figure S8 | Deconvoluted short lifetime as a function of back gate voltage for excitons
(590 nm), trions (602 nm) and biexcitons (609 nm) peaks at room temperature. The decay
curve is deconvoluted with the instrument response function (IRF) and fitted with two
slopes. The short lifetime as a function is shown here, while the long lifetime is shown in

Figure 3c.
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Figure S9 | Power dependent time-resolved PL at 77 K. Power dependent
measurements at 77 K were carried out on 1L WS, samples, to confirm the exciton-
exciton annihilation effects for both excitonic and trionic emission peaks. We observed
an almost constant excitonic lifetime (263 -284 ps) and trionic lifetime (254-264 ps)
ranging from a very low lase power to a high laser power ranging from 3 uW to 21 pW.
The consistent lifetime suggest that the EEA does not play a key role in defining the

exciton diffusion characteristics in our sample as shown in the figure below.
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Figure S10 |Substrate induced defect scattering effect on exciton diffusion. a,
Measured PL spectra from 1L WS, sample at room temperature from a free-standing 1L
WS, sample as compared to PL emission from a supported 1L WS> sample. b, measured
time-resolved PL spectra of exciton emission (617 nm) from a supported 1L sample
(orange curve) (See Figure 1) as compared to elongated lifetimes from free-standing 1L
sample (red curve) at room temperature. The effective lifetime from doped sample is
fitted with only one slope with a value of 805 £ 15 ps. d, Direct imaging of exciton
diffusion lengths using a near-field CCD imaging technique from free standing 1L WS..
e, Spatial distribution of exciton diffusion plotted against the white dotted line in figure
d. The diffusion length from chemically doped samples is higher (3.09 um) as compared
to undoped supported 1L WS, samples. (1.51 um; Figure 1). f, Diffusion coefficient
comparison between undoped/supported and chemically doped and free standing 1L WS>

samples at room temperature under same excitation conditions.
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Figure S11 | Deconvoluted short lifetime as a function of back gate voltage for exciton
peak (617 nm) at room temperature. The decay curves are shown in Figure 4g and are
deconvoluted with IRF and fitted with two slopes. The decay curve is deconvoluted with
the instrument response function (IRF) and fitted with two slopes. The short lifetime as a

function is shown here, while the long lifetime is shown in Figure 4h.
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L. is effective exciton diffusion length
D is diameter of trench on which 1L is suspended

Figure S12 | Schematic showing the variation in diffusion length of excitons form a
suspended 1L WS, sample. a, Exciton diffusion on a suspended 1L WS, when no back-
gate voltage is applied. The diffusion length in all cases is calculated by the method
described in the main text. b, Exciton diffusion pattern when the back-gate voltage is -20
V. The effective diffusion length of exciton is almost similar to the radius if the trench on
which the 1L is suspended. ¢, Exciton diffusion pattern when the back-gate voltage is +60
V (more doping). The effective diffusion length decreases due to annihilation of excitons,
attributed to non-linear loss of energy of excitons at the interface.

In the third case, when the exciton diffusion length starts to increase beyond the
suspended part of the monolayer ( > -20 V, due to continuous enhanced doping in the
MOS device), the excitons will encounter the air-SiO- interface and lose their energy
exponentially into the exciton quencher layer as predicted by Scully et al.*! Some of the
excitons will return (as shown in Figure S12c) and annihilate with the incoming excitons
from the laser spot, which is a common phenomenon reported with different substrates
and different optical interference offered by various substrates.[] Hence, the effective
diffusion length will be decreased (Figure 4f). However, the effective radiative lifetime
as captured by our time-resolved PL (TRPL) photon counter will continue to increase
with increasing doping (Figure 4h), due to the same reason which was explained in the
main text. The excitons in the high-doping case are still long-lived, thus turn back from
the interface to annihilate with the incoming excitons. Hence the TRPL setup will capture
the longer lifetime of excitons as they will recombine radiatively to generate photons,
which are captured by the TRPL counter. However, the effective diffusion length is

captured by integrating the total photon emission in space onto a CCD detector after 1
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second. The effective length will then be much smaller due to non-radiative
recombination of exciton-exciton annihilation. It is important to note that this annihilation
IS not due to enhanced pumping power, but due to enhanced diffusion length of excitons

and bouncing back of excitons form the optical boundary created by air-SiO> interface.
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Table S1: Exciton diffusion coefficients from various materials.

Diffusion Coefficient

Material Name (cm?/sec) Temperature (K)

Ws2-tetracene 1 298

Wsez-thin film/bulk*3! 15/9 298

Carbon Nanotubes!4! 44 298
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CHAPTER 7

Defect Engineering in Few-Layer Phosphorene

n chapter 3 of this thesis, | have discussed in detail the unique properties of phosphorene-

another unique inorganic 2D material. While utilizing the substrate engineering for exciton
dynamics modulation in TMDC materials reported in chapter 6, | also utilized the same approach
with this unique 2D material because of its potential applications and interesting anisotropic
optical properties. This chapter focusses on interesting excitonic emissions from defect sites in
few-layer phosphorene (2L-4L) for applications in near infrared (NIR) emissions displays and
LEDs. The chapter further introduces a combination of 2D-1D-0D system that enables high

efficiency excitonic emissions from phosphorene in the NIR regime.
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2D phosphorene with a quasi-1D excitonic nature provides a unique 2D platform for
investigation of the dynamics of excitons in reduced dimensions and fundamental many-body
interactions as explained in Chapter 3. This could lead to the development of many novel
electronic and optoelectronic devices. However, on the other hand, the quasi-1D excitonic nature
of phosphorene can significantly limit its luminescence quantum yield, primarily because of the
guenching of mobile excitons caused by the rapid collision of these excitons with local quencher
states in the quasi-1D space. Thus, the luminescence quantum vyield has been successfully
improved through reduction of the defect quenching of excitons in 1D carbon nanotubes.
Conversely, instead of acting as exciton quenchers, some local states can function as zero-
dimensional (0D) photoluminescent centers, which capture mobile excitons and convert them into
photons with a very high radiative relaxation rate. This rate may even lie beyond that of intrinsic
1D excitons. Therefore, the embedding of local OD-like luminescent states in monolayer
phosphorene can lead to brightening of the excitons, which has implications for future
optoelectronic and photonics devices.

In this chapter we demonstrate a method of brightening the excitons in three-layer (3L)
phosphorene via the introduction of luminescent local states to monolayer phosphorene using
PECVD oxide substrate, a commonly used material in photonic devices. Owing to the interfacial
luminescent local states, OD-like localized excitons are formed, resulting in efficient photon
emissions at a new wavelength of ~1430 nm at elevated temperature in monolayer phosphorene;
this contrast markedly with defect-induced photon emission from TMD semiconductor
monolayers that can only be observed at cryogenic temperatures. We find that the luminescence
guantum yield of OD-like localized excitons can be 3 times larger than that of the intrinsic quasi-
1D free excitons in 3L phosphorene, mainly caused by the reduction of non-radiative decay rate
and possibly the enhanced radiative recombination probability. Phosphorene, with relatively
lower bandgaps, is a perfect candidate to hold defect emissions in infrared wavelength ranges.
Particularly, defect emission at the telecommunication band ~1550 nm is critical for future chip-
based quantum communication technologies. The emission peak energy in phosphorene shows a

red shift with increase of layer number; therefore, defect engineering in few-layered phosphorene



Chapter 7: Defect Engineering in Few-Layer Phosphorene 218
samples could further push localized exciton emissions to infrared range, which can enable
exciting applications, such as chip-based optical telecommunication.

In this chapter, this thesis explores another interesting exciton engineering aspect which
involves the role of substrate in introducing defect sites in the puckered structure of few layer
phosphorene to obtain high efficiency defect excitonic emissions. This technique developed in
this chapter can be critical to design devices such as single photon emitters, exciton-polariton

devices and LEDs operating in the visible and NIR regime.
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Defect Engineering in Few-Layer Phosphorene

Ankur Sharma, Bo Wen, Boging Liu, Ye Win Myint, Han Zhang,* and Yuerui Lu*

Defect engineering in 2D phosphorene samples is becoming an important
and powerful technique to alter their properties, enabling new optoelectronic
applications, particularly at the infrared wavelength region. Defect engi-
neering in a few-layer phosphorene sample via introduction of substrate trap-
ping centers is realized. In a three-layer (3L) phosphorene sample, a strong
photoluminescence (PL) emission peak from localized excitons at =1430 nm
is observed, a much lower energy level than free excitonic emissions. An
activation energy of =77 meV for the localized excitons is determined in
temperature-dependent PL measurements. The relatively high activation
energy supports the strong stability of the localized excitons even at elevated
temperature. The quantum efficiency of localized exciton emission in 3L

semiconductors!’® '8 and will enable sev-
eral promising novel optoelectronic and
excitonic devices. Defect engineering
has been demonstrated to be an impor-
tant technique to modulate the prop-
erties of semiconductors for various
applications.l'2% Particularly, defect engi-
neering in 2D materials is critical and
promising for the development of novel
optoelectronic  devices.?'23]  Recently,
single-photon emitters have been reported
from the defect states in atomically thin
TMDs and h-BN.24?] Extrinsic defects
have also been inducted into TMD mate-

phosphorene is measured to be approximately three times higher than that
of free excitons. These results could enable exciting applications in infrared (PL)

optoelectronics.

1. Introduction

Phosphorene has been demonstrated as a viable option for
the 2D material-based devices and optoelectronic applica-
tions because of its universal direct bandgap nature and wide-
ranging bandgaps from 0.3 eV (bulk) to 1.7 eV (monolayer).'8!
Phosphorene serves as a perfect alternative material to bridge
the gap between zero-bandgap graphene and large-bandgap
transition metal dichalcogenide (TMD)®!% semiconductors
for suitable applications in the infrared wavelength range.
Owing to its puckered lattice configuration,[''2] phosphorene
possesses quasi-1D excitons and trions with highly enhanced
binding energies,'>l which is in contrast to other TMD 2D
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rials for enhanced photoluminescence
emission and doping sensitive
modulation of the emissions.?*?”] How-
ever, defect engineered emissions from
TMDs have been reported in visible range
with energies >1 eV.2%l In contrast, phos-
phorene, with relatively lower bandgaps, is a perfect candidate
to hold defect emissions in infrared wavelength ranges. Particu-
larly, defect emission at the telecommunication band =1550 nm
is critical for future chip-based quantum communication tech-
nologies.?”) Recently, we successfully realized the defect engi-
neering and triggered the defect emissions at =920 nm from
monolayer phosphorene samples.2%3! The emission peak
energy in phosphorene shows a red shift with increase of layer
number; therefore, defect engineering in few-layered phos-
phorene samples could further push localized exciton emis-
sions to infrared range, which can enable exciting applications,
such as chip-based optical telecommunication.[:3->813:32-34]

In this work, we explored the defect engineering in few-layer
phosphorene samples, by incorporating extrinsic defects using
plasma-enhanced chemical vapor deposition (PECVD) grown
oxide substrate. We observed a strong PL peak at =1430 nm,
from localized excitons in three-layer (3L) phosphorene sam-
ples. Incident power dependent PL measurements were per-
formed to confirm the emission nature of localized excitons,
which shows a sublinear growth with increasing excitation
power. Temperature-dependent PL measurements were also
carried out to explore the thermal stability and activation
energy (E,) of the localized excitons with increasing tempera-
tures. E, in 3L phosphorene was measured to be =77 meV,
which is a large value indicating relative stability of localized
excitons even at higher temperatures (=263 K). This is in sharp
contrast to defect states in TMDs, where defect emissions are
only visible at cryogenic temperatures./?®! The overall quantum
efficiency of localized exciton emission in 3L phosphorene was
measured to approximately three times higher than that of free
exciton peak.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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consistent with our previous reports.143033]

PL intensity (a.u.)

Substrate

—— 3L BP on Thermal oxide|
—— 3L BP on PECVD oxide

In contrast, the 3L phosphorene sample
showed two clearly distinctive peaks at 1250
and 1430 nm, assigned as A and X peak,
respectively. The peak at 1250 nm was again
attributed to the free excitons as it repeats
itself from the first case, hence designated as
A peak. The peak at 1430 nm (assigned as X
peak) is a new feature caused by new PECVD
oxide substrate. Also, the PL emission from
A peak is reduced as compared to the PL
intensity from thermal oxide. We moved the
laser excitation spot over the same sample

1200

0L
1100

Figure 1. Characterization of 3L phosphorene samples. a) Optical microscope image of the
sample used for measurements deposited over PECVD grown oxide layer underneath gold. The
dotted square shows the area scanned by PSI to determine the thickness of the sample, hence
the layer number (Figure S1b—d, Supporting Information). b) Measured PL spectra from 3L
phosphorene at room temperature deposited over thermally grown oxide (blue) and 3L phos-
phorene sample deposited over PECVD grown oxide (green). Designated free (A) and localized
(X) exciton peaks have been marked. Inset shows the schematic diagram of the sample.

2. Results and Discussion

Phosphorene flakes were mechanically exfoliated on to the
thermal oxide and PECVD oxide/gold substrates, respectively,
under dry conditions. The layer number was first determined
by the optical contrast of the layer deposited over the substrate
(Figure 1a). The sample was then immediately analyzed by a
phase-shifting interferometer (PSI) to precisely determine the
layer number®! (Figure S1 and associated text, Supporting
Information). PL emission from the two samples on thermal
oxide (blue) and PECVD oxide (green) was then measured as
shown in the Figure 1b. During the PL measurements, the
phosphorene sample was kept at =10 °C in a Linkam micro-
scope-compatible low-temperature chamber, with a continuous
flow of liquid nitrogen to sustain the low temperature. At the
temperature of —10 °C, the moisture tends to freeze and the
photooxidation of phosphorene slows down, which enhances
the lifetime of the sample considerably and prevents degra-
dation.’>3¢] Also, the sample on PECVD oxide substrate was
observed to sustain longer than 24 h as compared to the one
on thermal oxide which we observed started to degrade in a
few hours. PECVD oxide has a more hydrophobic nature as
compared to thermal oxide, which slows down the degradation
of phosphorene.’”! According to Andres et al.?® the degrada-
tion rate of phosphorene decreases with increasing thickness.
1L sample can survive up to 30 min in ambient conditions but
a 2L, 3L, and 4L sample can survive up to much longer dura-
tions. As the layer number increases, the phosphorene sam-
ples become mechanically stronger and more stable and can
thus survive much higher excitation power. This allowed us to
measure PL spectrum at higher excitation power detailed in the
following section.[38]

The 3L phosphorene sample on thermal oxide showed a PL
peak at =1250 nm (designated as A peak, Figure 1b), which is

Small 2018, 14, 1704556
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1400 1500 in at least 15 different closely spaced points
using a manual piezo-stage controller. The
“X” peak is repeatable in all the measure-
ments. However, different PL intensity was
observed for “X” peak from different loca-
tions, suggesting a nonuniform distribution
of defect states, which has been discussed in
the later sections.

In order to further study the nature of this
new X peak observed, we performed excita-
tion power dependent PL measurements
at 263 K. Figure 2a shows the various spec-
trum obtained at various excitation power of the exciting laser
from 20 to 110 uW. The PL spectra were fitted by Lorentzian
function using two peaks: orange (A peak) and blue (X peak).
For further quantitative analysis, the integrated PL intensities
of both the peaks were plotted with respect to each other on a
log-log scale (Figure 2b). This technique has been described in
several previous reports by Yu and co-workers**l and Heinz and
co-workers*% to determine the nature of excitonic emissions.
By fitting the data with a power-law Iy o< I,% where Iy is the
integrated PL intensity of X peak and I, is the integrated PL
intensity of A peak, it is found that peak X grows sublinearly
with the excitation power (o = 0.62). The sublinear rise in the
PL intensity for the ‘X’ peak was confirmed to be not arising
from laser-induced damage of the sample. The PL intensity was
repeatable after two cycles of power increase and decrease, sug-
gesting no major damage of the sample. Based on the meas-
ured o value, peak X is attributed to the emission of localized
excitons. Figure 2c shows the variation of peak energies of both
the peaks with increasing laser power. The free exciton peak
(peak A) shows a slight blue-shift with increasing laser power.
This can be explained by an increase in the quasi-fermi energy
level of the exciton pairs due to injection of extra charge carriers
at higher excitation power, similar to the phenomenon observed
in other 2D quantum well structures.*!l In contrast, the defect
peak (peak X) energy does not change with increasing power.
The defect energy level in the energy bandgap remains inde-
pendent of the injection power, possibly due to much lower
density of states as compared to the free exciton state.*?] The
absolute integrated PL values are plotted as a function of laser
power in Figure 2d. The FWHM (Figure 2e) of the A peak
increases with the increasing excitation power, which could be
attributed to thermal phonon scattering causing the broadening
of the PL peak for the free excitons.[*3] The X peak is repeatable,
as we measured several samples of 3L phosphorene on PECVD
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Figure 2. Power-dependent PL measurements. a) Measured PL spectra from 3L phosphorene samples over PECVD grown oxide layer at various exci-
tation powers of the 532 nm laser. Spectrum have been fitted using 2 Lorentz peaks at =1250 nm (orange) and =1430 nm (blue). Green line shows
the cumulative fit. b) Log—log plot showing the variation of integrated PL intensity of peak X as a function of peak A. From the fitting curve (red solid
line) the PL intensity of peak X grows sublinearly (ot = 0.62), with the increase of the excitation power. c) Variation of A and X peak positions with the
increase in laser power. d) Integrated PL intensity values plotted against laser power. e) Full width at half maximum (FWHM) variation with laser power.
X peak’s FWHM is independent of the laser power. A peak’s FWHM (free excitons) shows an increase with increasing laser power due to enhanced
thermal and phonon scattering at higher laser power.

oxide substrate with X peak appearing in all of them regard- X peak to be from the localized excitons induced by the surface
less of the material on which PECVD oxide substrate was sit-  trapping centers from the PECVD substrate. Based on our Fou-
ting on (gold, silicon, and transparent quartz). We attribute the  rier-transform infrared (FTIR) spectroscopy measurements on

Small 2018, 14, 1704556 1704556 (3 of 8) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

small

www.advancedsciencenews.com

both PECVD and thermal oxides,?% there are many dangling
oxygen bonds on the PECVD oxide surface. The adatoms of
O being absorbed on the surface of phosphorene can serve as
exciton trapping centers, leading to the origin of sublevels and
gap states in the bandgap of 3L phosphorene and giving rise to
intermittent PL emission at lower energy levels.[*

To study the thermal stability and activation energy of these
localized states, we also performed the temperature-dependent
PL measurements on the sample under the same excitation
conditions. With the decreasing temperature, peak A was
compromised for the enhancement of the X peak (Figure 3a).
This trend can be explained with the schematic diagram shown
in the Figure 3b. At low temperature, the localized and free
excitons exist in their respective energy levels as shown. The
thermal energy at low temperature is not enough to avoid
the trapping of the free mobile excitons in defect sites and hence
they can be localized/trapped and recombine radiatively to emit
photons at 1430 nm.*| At elevated temperatures (=263 K), the
thermal energy starts to increase which provides sufficient
kinetic energy to the localized excitons to avoid trapping.*! As
shown in the Figure 3c, the peak positions are independent to
the change of temperature. Whereas, the PL intensity of the
X peak decays exponentially with the increasing temperature
(Figure 3d). This trend can be explained by a theoretical model,
which we used to fit the data for X peak in Figure 3d (solid red
line). The localized excitons show a constant decay through a
thermally activated dissociation channel, corresponding to the
following decay equation!*’!

Y =1/[Aexp{~E./k;T}] 1)

where, yis the PL intensity value observed, E, is the activation
energy of the localized excitons, kg is the Boltzmann constant,
A is an arbitrary fitting constant and T is temperature. The
localized-state related PL emission shows characteristic thermal
behavior, as shown in Figure 3. At low temperature, the gener-
ated excitons can get trapped by surface defects and impurities,
due to relatively low kinetic energy of the excitons. Whereas, at
high temperature the trapping efficiency decreases because of
thermal activation of free excitons. Kato and Kaneko*®l and Xu
et al.*] suggested this relation between trapping efficiency and
temperature. Therefore, it is expected that the intensity of local-
ized exciton emission decreases monotonically with increasing
temperature, which is exactly what we observed for the ones
labeled as peak “X.” The PL intensity of the “X” peak decreases
with increasing temperature, which is because the excitons are
not tightly bound to defects, and such weak interaction (shallow
defect states) can be easily perturbed by thermal stimulation.
E, describes the necessary energy of thermal perturbation that
prevents the free excitons from being trapped by localized
defect sites.

The fitting equation gives the value of E, =77.2 £ 0.1 meV.
The extracted value for activation energy is smaller than the
trapping potential demonstrated by the energy difference
between the “A” and “X” peaks (=130 meV). Similar observa-
tions have been made in other TMD and semiconducting mate-
rials as well (see Note S1 and associated Table S1, Supporting
Information). The obtained activation energy of localized
states in phosphorene is higher than what has been reported
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in localized emissions from 2D TMD materials such as WSe,
(43 meV),¥IWS, (44.3 meV),* and other semiconducting
materials such as InAs quantum dots (27 meV),* GaAs-
AlGaAs nanowires (15 meV),* and GaN (27 meV).’% Com-
pared to a 2D system, the free excitons in phosphorene are
confined in a quasi-1D space,*>?°! thus resulting in enhanced
interactions with the defect sites.!] The increased interaction
requires higher activation energy correspondingly to over-
come the trapping into defect states, because of which there is
a greater stability of these localized exciton emissions even at
temperatures close to room temperature (E, >kgT). High activa-
tion energy for the defect was simulated for phosphorenel® and
demonstrated for 1D CNTs recently.P!] For the free exciton peak
(A peak), FWHM decreases at lower temperature again due to
decrease in thermal and phonon scattering as explained ear-
lier. Whereas, the FWHM of the X peak is again independent
of the temperature, further suggesting its different nature with
free excitons (Figure 3e). The total linewidth obtained can be
theoretically explained by the following equation®® which taken
in to account the temperature independent intrinsic term and
temperature electron—phonon and surface defect scattering

1’—‘(.1-.): ],—‘0+ O'T+l,—‘LO (ex‘p(ELo/KbT)_1)71 (2)

Here, fo is the dominantly electron—electron scattering
representing term, which is independent of the temperature.
Whereas o is the electron-acoustic/thermal phonon coupling
coefficient. LO is the longitudinal optical phonon term. I'j,
represents the strength of exciton-LO phonon coupling, Eg is
the LO phonon energy.>>* In case of the free excitons due to
higher degree of freedom the electron-phonon coupling plays
a dominant role, which is temperature dependent as shown
in the second and third terms of the equation. Hence, the
linewidth will increase as the temperature increases. While, in
the case of localized excitons trapped in defect states the move-
ment is further confined to a quasi 0D state, thus limiting their
degree of freedom. This results in weaker phonon coupling
and hence the electron—electron scattering dominates which is
independent of the temperature. Hence for localized excitons
the FWHM does not change with increasing temperature. This
effect has been explained in detail in defect states in quantum
carbon dots,”l CdSe nanodots,*! Au nanoclusters.>®

To further explore the nature of the localized excitons, we per-
formed incident polarization dependent PL measurements on
these peaks by changing the incident angle . Interestingly, both
the A and X peaks exhibited anisotropic behavior and showed
the same polarization direction along the armchair direction
of the phosphorene crystal (Figure S2a,b, Supporting Informa-
tion) 8143034351 This further suggests that the localized states
are caused by point-defects, like O adatomsl®”! absorbed on the
phosphorene PECVD interface, since point-defects would not
change the polarization of the exciton emissions.>*>’)

In order to determine the overall quantum efficiency of the X
peak in comparison to the A peak, we measured the PL spectra
at several different spots, where there were different amounts of
trapping centers caused by the nonuniformity of PECVD depo-
sition. Large changes were observed in the PL spectra obtained
from various locations. Figure 4a,b shows the variation in PL
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Figure 3. Temperature-dependent PL measurements. a) Measured PL spectra at various temperatures for phosphorene sample. b) Schematic diagram
showing the position of localized (low energy) and free (high energy) excitons at low temperature and elevated temperatures. At higher temperature,
the localized excitons gain sufficient thermal activation energy to move up to the free exciton energy level. c—e) Measured c) peak position, d) peak
intensity and e) FWHM of PL peaks A and X as a function of temperature in 3L phosphorene. The PL intensity of peak X in (e) has been fit (red solid line)
using the thermal exponential exciton decay equation (see main text) to calculate the thermal activation energy for localized excitons to be =77.2 meV.

spectrum obtained from two different positions. As the inte-
grated PL intensity of peak A decreased, the integrated PL inten-
sity for X peak increased considerably (Figure 4c). To determine
the quantum efficiency of peak X as compared to the quantum

Small 2018, 14, 1704556

emission efficiency of peak A, we followed the approach sug-
gested by Miyauchi et al.l®! This approach is applicable to 1D
matrix systems, and as shown above the free excitons in aniso-
tropic phosphorene are confined to a quasi-1D space in nature

1704556 (5 of 8) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

small

www.advancedsciencenews.com

Position 1

a 39
25
20
15

1.0

PL intensity (a.u.)

0.5

1200 1300 1400 1500

Wavelength (nm)

b 30 Position 2
@ 25
C
=}
g 20 X
Z A
= 15
(73]
o
£ 10
|
o 05

0.0

1200 1300 1400 1500
Wavelength (nm)

C 500 X1
3: 500+
)
~, 400
o
© i
B 300
[
|
(@))
Q
£

1430

1250
Peak position (nm)

Figure 4. Internal quantum efficiency characterization. a,b) PL spectrum
obtained from two different positions on the 3L phosphorene flake (See

Small 2018, 14, 1704556

1704556 (6 of 8)

www.small-journal.com

(see Figure S2, Supporting Information). Thus, we can apply
the same approach to determine overall quantum efficiency
ratio between free excitons and localized excitons in case of
phosphorene. Here, Alx was defined in terms of the difference
of two integrated PL intensities A Iy = |Ix; — Ix,|, where, Iy; and
Iy, are the two integrated PL intensities for localized exciton
states measured at two separate locations. Al, is the counter-
part for free excitons. Matsuda and co-workers.[¥) suggested
an equation relating the AIx/Al, ratio the internal quantum
efficiency yield of the free excitons (1,) and localized excitons
(nx) emissions as follows

Alx 1 nx | Ex (3)
ALy 2\ na J\Ex
We determined the value of Tx to be =3.0. This indicates

Na
that the internal quantum efficiency of the localized excitons is
slightly higher than that of free excitons. The enhancement is
not as high as compared with what we observed from 1L phos-

phorene samples (Z—X ~33.6) in our previous report.? This
A

indicates layer-dependent defect emissions from phosphorene
samples.

In addition, we also deposited bilayer (2L) phosphorene
samples on PECVD substrate and measured the PL emis-
sions, but we did not observe any defect peaks from 2L phos-
phorene samples. This could be depending on the electronic
structure of the phosphorene layer and the properties of the
adatoms. Similarly, 4L phosphorene samples were also pre-
pared and measured. The free exciton peak emission from 4L is
=~1450 nm!*! which is close to the cutoff range of our InGaAs
detector (900-1550 nm). Hence, we were unable to record
any possible lower energy defect PL emission peaks from 4L
sample, which would lie in the range >1550 nm. (see Figure S3
and associated text, Supporting Information). This opens
avenues for further studies to confirm the layer-dependent
extrinsic defect nature in mono- and few-layer phosphorene
samples.

3. Conclusions

We have demonstrated an infrared PL emission at =1430 nm
from 3L phosphorene, in addition to a free exciton emission at
~1250 nm, by engineering the phosphorene-substrate interfa-
cial states. The localized exciton emission is attributed to the
extrinsic defect states caused by the adsorption of O adatoms
on the surface of phosphorene. We confirmed the nature of
these localized excitonic emissions using power-dependent

Figure 1), showing a varied ratio of peak A/peak X PL intensity. The
orange peak shows the fitted peak “A” and blue peak shows the fitted
peak “X.” The green curve shows the cumulative fit peak. c) Integrated
PL comparisons from the peaks at 1250 nm (blue) and 1430 nm (orange)
respectively. The intensity of peak “A” increases while the intensity of peak
“X" decreases in position 2 as compared to position 1. The change in
integrated PL value was used to calculate the overall quantum efficiency
enhancement of peak “X” with respect to peak “A.”
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and polarization-dependent PL measurements. Temperature-
dependent PL measurements were used to determine the
activation energy (=77 meV) of the localized excitons. This rel-
atively high activation energy leads to the thermal stability of
localized states in phosphorene, allowing them to be observed
at elevated temperatures, in sharp contrast with other TMD
materials. Our results have promising potential applications
in future optoelectronic devices, such as chip-based optical tel-
ecommunication and photodetection devices.

4. Experimental Section

Few-layer phosphorene samples (2L-4L) were mechanically exfoliated
onto the PECVD oxide (223 nm) on gold substrate with the thickness
of gold =300 nm. Other sample were grown on normal silicon substrate
covered with 280 nm of thermally grown SiO, respectively. The Au layer
was used to fully block the influence of PL emissions from Si substrate
in the first case, in order to avoid any discrepancy coming from the
intrinsic defects in silicon being used. Due to high reflective nature of
gold, it prevents any emission coming from underneath the gold surface
to affect the PL emission detected from the phosphorene sample
deposited over the other side of gold surface. This was necessary to
understand the exclusive effect PECVD oxide in introducing stimulated
defect emissions from few-layered phosphorene. PECVD oxide was
deposited at 200 °C with SiH, and N,O as reacting precursors, using
the Plasmalab 100 dual frequency system. 3L phosphorene samples
were put into a temperature-controlled chamber. All PL spectra, power-
dependent PL and polarization-dependent PL measurements were
conducted at a temperature of 263 K in the same microscope compatible
chamber (LINKAM THMS 600), using a 532 nm Nd:YAG laser as the
excitation source. Our PL system (T64000) uses two liquid nitrogen
cooled detectors, one charge-coupled device (CCD) detector and one
InGaAs detector.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1 | Characterization of the 3L phosphorene samples. a, Raman spectra of the 3L
phosphorene sample deposited over PECVD enhanced oxide. b, PSI image of the sample area
marked in dotted square in Figure 1a. c, Measured PSI value of the 3L phosphorene flake as
compared to the substrate. The actual thickness can be then derived from the optical path
length as reported in our previous report . d, Statistical data representation of the simulated
and calculated optical path lengths (OPL) from various layers of phosphorene samples using
PSI on the PECVD enhanced oxide substrates. The values were then used to calibrate the
thickness of each layer using at least two sets of measurements on each sample. The actual

thickness of each layer was confirmed using AFM ™. Red dots show the experimentally



observed values of the OPL and black dost show the calculated values. The red dotted line

represents the linear trend for the measured values of OPL obtained from simulation results.
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Figure S2 | Angle-resolved PL spectra for excitation polarization, revealing the excitonic
nature of emission from the 3L phosphorene on PECVD oxide at room temperature. a-
b, Measured angle-resolved PL intensity of the A peak (a) and X peak (b) plotted as a
function of the incident laser excitation angle. In experiment, the incident angle (©) was
controlled using an angle variable half-wave plate. Both the exciton peaks show the
characteristic anisotropic nature of phosphorene with a period ~180°, sharing the same
polarization direction. The excitons are highly anisotropic and aligned towards the armchair

direction of the puckered phosphorene (see inset).

Supplementary Note 1:
“Activation energy” and “Trapping potential”:

The fitting parameter that we have extracted from temperature dependent PL measurements
physically signifies the thermal activation energy of localized excitons trapped in the defect
states and is thus referred to as ‘Activation energy’. Activation energy is defined as the

necessary energy of thermal perturbation that prevents the free excitons from being trapped



by localized defect sites. 2! On the other hand, trapping potential is generally the energy
difference between free excitonic PL peak and localized exciton peak. ! Though several

references have clearly pointed to a co-relation between the two.

Therefore, it is possible that activation energy is lower or comparable to the value of the
trapping potential. We have tabulated values of Thermal activation energies and trapping
potentials from other TMD materials and semiconducting systems for a simple comparison in
Table 1. Generally, the value of activation energy is much lower than the value of the
trapping potential, which is also the same in our case. The possible reason for that can be that
activation energy apart from being a function of the trapping potential is also a function of the
defect state (deep or shallow), defect size and distribution of defect densities across the

sample. This has been stated by several similar measurements as tabulated below.

Table S1: Thermal activation energy and Trapping potential for defect states in various

semiconducting materials.

Material Trapping Potential or Thermal References
EA-Ex (Energy difference Activation Energy
between free and localized (Ea) (MmeV)
exciton peaks) (meV)
1L WSe, 110.0 43.0 [4]
1L WS, 100.0 44.3 [5]
Zn0O/ (Mg, Zn)O 47.7 28 [6]
multiple Quantum
Wells
Quasi 1D Mixed- 320.0 70.0 [7]
valence platinum
complexes
GaAs-AlGaAs 4.8 5.8 8]
nanowires
GaN (1L) 140.0 27.0 [9]

InAs Quantum Dots 27.0 28.0 [10]
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Figure S3 | a(b), PL emission from 2L (4L) phosphorene deposited over PECVD oxide at
263 K showing the free excitonic emission peak.

Figure S3a-b shows the PL spectra obtained from 2L and 4L phosphorene deposited over the
PECVD oxide substrate respectively. From 2L sample, we could only observe the free
excitonic emission at ~975 nm. Any low energy defect emission was not observed in over 7

different samples prepared.

Interestingly, the energy difference between free and localized excitonic emission in case of
1L phosphorene was ~0.42 eV ™ which is much higher as compared to the energy difference
in the 3L phosphorene sample in this case ~ 0.12 eV. Thus, clearly indicating layer dependent
defect states in phosphorene. Layer dependent defect band gap for oxygen induced defects
was reported by using first principle DFT calculations by Doganov, R. A. et al. “*Yand Wang
et al. ™ The studies suggest that in monolayer phosphorene the defect states induced by the
defects do not hybridize with the valance band minimum (VBM) of the phosphorene band
gap and hence remain unoccupied, acting as charge trapping centers. Whereas as the layer
thickness increases as the band gap decreases the defect band states hybridize with the VBM
of phosphorene. Thus, the defect states are now occupied and do not affect the conduction of
electrons, which possible leads to ineffective trapping. This possibly explains why we did not
observe the defect emission peak from 2L phosphorene. Whereas, for 3L sample additional

defect bands have been reported by first order DFT calculations which can still act as



potential charge trapping centers, due to possible unoccupied orbital states ™! leading to the

radiative PL emission in this case. For the 4L sample, we observed the free exciton peak

emission at ~ 1450 nm, which is close to the detection limit of our InGaAs detector. Thus, not

enabling us to observe any further low energy defect emission that would lie in the region

>1550 nm. This opens further avenues for layer dependent defect emissions from

phosphorene with further experimental evidence.
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CHAPTER 8

Efficient and Layer-dependent Exciton Pumping
Across Atomically-thin Organic-Inorganic Type-I

Heterostructures

his thesis has focused on establishing the exciton dynamics and properties of 2D materials
for various optoelectronics applications. Chapters 4 and 5 have discussed in detail all the
organic 2D materials, whereas chapters 6 and 7 have been dedicated to inorganic 2D materials
and their physical properties useful for device applications. In this final technical chapter of this
thesis, we explore the dynamics of excitons when organic and inorganic materials are combined
to achieve highly functional devices and how it alters the fundamental charge properties within

the atomically thin 2D materials.
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Van der Waals (vdW) heterostructures have been demonstrated in the literature recently
where stacking of two similar layered nanomaterials leads to novel design architectures, optical
properties and on demand device designs. One of the key advantages of 2D layered materials is
their flexibility to offer flexibility of stacking with similar other materials for required
applications and properties. There have been demonstrations recently where two inorganic
materials such as two TMDC materials have been stacked together to form vertical vdW
heterojunctions. The constituent layers interact weakly with out of plane layers and this weak
vdW interaction enables the stacking of these atomically thin layers over each other with
precision. This results in interesting electronic and optical properties of these heterostructures and
has resulted in demonstration of optoelectronic devices based on tunable band gaps such as
photodiodes, light emitting diodes, resonant tunneling diodes and solar cells. Several
combinations of 2D materials have been used to synthesize vdW heterostructures these days, but
it started with the use of specific inorganic materials such as hBN and graphene to create
functional interfaces between two different materials. Since then various vdW heterostructures
have been synthesized and reported. Specifically, junctions of various transition metal
dichalcogenides (TMDs) (inorganic-inorganic) have been demonstrated extensively to quantify
ultra-fast charge transfer across the interacting layers and long lived dissociated charges. Ultrafast
charge transfer also has been established in organic-organic vdW coupled junctions. Literature
predicts that organic-inorganic interfaces can combine to give such heterojunctions with
epitaxially grown materials such as graphene or h-BN. All the organic-inorganic heterostructures
that have been reported are far from the 2D limit. Also, the recently demonstrated heterostructures
have been all Type-Il heterostructures with focus on charge separation for solar cell efficiency
enhancements.

As a final device demonstration in the thesis, | explored the possibility of combining the
organic 2D material demonstrated in Chapter 4-5 and inorganic 2D materials demonstrated in
chapter 3, 6 and 7 to obtain a new function device for enhanced charge transfer and light emitting

device applications. The aim was to demonstrate a first of its kind 2D organic-inorganic
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heterojunction where both the components are atomically thin and study the interesting exciton
dynamics change in the junction.

This chapter demonstrates an inorganic-organic 2D van der Waals heterostructure,
comprising of an ultrathin organic film down to the limit of monolayer organic semiconductors,
which can provide a powerful platform to explore intrinsic charge transfer and band engineering
within 2D plane. The atomically sharp and clean interface of the heterostructure is free from any
dangling bonds and native surface oxides which provides an ideal platform to study the charge
transfer and doping characteristics in such 1-O vdW heterostructures. The 2D inorganic-organic
(1-O) hybrid heterojunction exhibit pentacene layer dependent PL enhancement, suggesting a
type-1 band alignment where photo-excited electron hole pairs are transferred rapidly to from
pentacene to MoSe; and recombine radiatively to give enhanced PL emission close to 3 times as
observed from a 1L MoSe;. Fundamental asymmetric charge transfer in hetero-interfaces is
explained using temperature-dependent PL measurements. This chapter finally emphasizes on
using these demonstrated results for various specific optoelectronic device applications such as
high efficiency light emitting diodes. Moreover, this technique demonstrated here opens doors
for further exploration of heterostructure devices to achieve precise control of molecular
deposition over other atomically thin materials for a new class of hybrid functional materials

which cater to a specific application.
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Efficient and Layer-Dependent Exciton Pumping across
Atomically Thin Organic-Inorganic Type-1 Heterostructures

Linglong Zhang, Ankur Sharma, Yi Zhu, Yuhan Zhang, Bowen Wang, Miheng Dong,
Hieu T. Nguyen, Zhu Wang, Bo Wen, Yujie Cao, Boging Liu, Xuegian Sun, Jiong Yang,
Ziyuan Li, Arara Kar, Yi Shi, Daniel Macdonald, Zongfu Yu, Xinran Wang,* and Yuerui Lu*

The fundamental light-matter interactions in monolayer transition metal
dichalcogenides might be significantly engineered by hybridization with
their organic counterparts, enabling intriguing optoelectronic applications.
Here, atomically thin organic—inorganic (O-I) heterostructures, comprising
monolayer MoSe, and mono-/few-layer single-crystal pentacene sam-

ples, are fabricated. These heterostructures show type-I band alignments,
allowing efficient and layer-dependent exciton pumping across the O-I
interfaces. The interfacial exciton pumping has much higher efficiency (>86
times) than the photoexcitation process in MoSe,, although the pentacene
layer has much lower optical absorption than MoSe,. This highly enhanced
pumping efficiency is attributed to the high quantum yield in pentacene
and the ultrafast energy transfer between the O-l interface. Furthermore,
those organic counterparts significantly modulate the bindings of charged
excitons in monolayer MoSe, via their precise dielectric environment

building blocks for fabricating 2D vdW
heterostructures that possess atomically
sharp interfaces, enabling promising opto-
electronic applications such as efficient
photodetectors, light-emitting  diodes,
resonant tunneling diodes, and solar
cells.?¥ Organic molecular semiconduc-
tors have also recently been integrated
with 2D TMDCs to form vdW hetero-
structures,P1% which can dramatically
engineer the light-matter interactions
in the hybrid system and allow for new
types of optoelectronic devices. However,
those organic counterparts reported were
based on bulk organic materials (>20 nm
thick). The organic molecular arrange-
ments on those reported O-I interfaces

engineering. The results open new avenues for exploring fundamental
phenomena and novel optoelectronic applications using atomically thin O-I

heterostructures.

Van der Waals (vdW) heterostructures (HS) have in-plane cova-
lently bonded atomic layers which facilitate the formation of
well-defined interfaces with absence of any dangling bonds.™!
The constituent layers interact weakly with out-of-plane layers
and this weak vdW interaction enables the stacking of atomi-
cally thin layers on each other with precision. Semiconducting
transition metal dichalcogenides (TMDCs) are important

were not well controlled on the atomic
scale, although the optoelectronic proper-
ties of organic molecular crystals are typi-
cally very sensitive to its aggregation and
molecular arrangements.!''"13] Compared
to their bulk counterparts, our recently
reported atomically thin high-quality 2D organic molecular
crystals possess well-defined molecular arrangements and the
interesting layer-dependent carrier transport properties.'*13]
This will allow us to build atomically thin O-I interfaces with
well-controlled molecular arrangements on the interface
and explore how the molecular aggregations would affect the
light-matter interactions in the hybrid system. Furthermore,
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ultrathin organic molecular crystals have a clear interface and
high excitonic densities with high binding energies,!' which
can comprehensively interact with excitonic states in the inor-
ganic 2D materials and can lead to various applications for
optical devices such as light-emitting devices.'’-1%

Here, we demonstrated atomically thin O-I heterostruc-
tures, by stacking exfoliated monolayer MoSe, onto mono-/
few-layer single-crystal pentacene samples that were epitaxi-
ally grown over h-BN surfaces. We observed significant photo-
luminescence (PL) enhancement from the monolayer MoSe,
and PL quenching in the pentacene layers. Photoluminescence
exciton (PLE) measurements were used to prove the type-I
band alignments. The atomically thin O-I heterostructures
with well-controlled interfacial molecular arrangements and
type-I band alignments allow us to study the efficient and
layer-dependent exciton pumping across the high-quality O-I
interfaces which is in contrast to previously reported O-I het-
erostructuresl>®142021 (with type-Il band alignments). The
interfacial exciton pumping efficiency from the hybridization
of a wetting layer pentacene (0.5 nm thick) was measured to
be =86 times higher than that from the photoexcitation pro-
cess in MoSe,, although the pentacene layer has much lower
optical absorption than MoSe,. The highly enhanced pumping
efficiency is attributed to the high quantum yield (QY) in
pentacene and the ultrafast energy transfer between the O-I
interface. The measured interfacial pumping efficiency was
sensitive to the layer number of organic 2D materials. More-
over, compared with other substrates, such as SiO, and h-BN,
the pentacene layer has highly reduced dielectric screening
effect on the many-body interactions in MoSe,, which resulted
in the enhanced bindings of the charged excitons in mono-
layer MoSe, depending on the spacing thickness of pentacene
layer.?2l Our findings provide a new way to engineer the light—
matter interactions in atomically thin semiconductors and their
hybrids, enabling various new optoelectronic devices, such as
ultrathin lighting diodes, heterostructure lasers, etc.

Figure 1a shows the schematic configuration of the hetero-
structure. First, few layers of h-BN were mechanically exfoliated
onto a 290 nm Si/SiO, substrate. Then the ultrathin 2D penta-
cene films were subsequently grown on the exfoliated h-BN via
the physical vapor deposition (PVD) method in a tube furnace.
The growth process is detailed in the author’s previous work.[*!
MoSe, monolayer was then exfoliated and stacked on the atomi-
cally thin pentacene layers to form the heterostructures.?’l
This technique is a better method to avoid contamination and
damage of the organic materials during the transfer process, and
achieves ultraclean and intact atomic interfaces.?*l Figure 1b,c
shows the optical microscopy images of before and after
transfer of monolayer MoSe, onto the pentacene film, respec-
tively. The interfacial layer of pentacene grown directly over the
h-BN is referred to as the wetting layer (WL) and subsequent
layers above the WL are referred to as 1L and 2L After
heterostructure, all individual heterostructures are characterized
by Raman spectroscopy after stacking (see Figure S1, Supporting
Information) to confirm the formation of heterostructure.
Atomic force microscopy (AFM) (Figure 1d and Figure S2,
Supporting Information) was further used to deterministically
designate each pentacene layer based on the observed thick-
ness. Three different heterostructures based on the thickness
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of pentacene layers underneath the monolayer MoSe, were
fabricated. The optical image after stacking shown in Figure 1c
shows three distinct heterostructure regions. PL spectroscopy is
a sensitive probe to study the dynamic interlayer and intralayer
charge transfer excitonic states which can provide evidence of
coupling between the individual heterostructure layers.>?+2]
The PL spectra of the various heterostructures are shown in
Figure le, an excitonic peak around 788 nm was observed for
MoSe, (olive curve) and pentacene showed a broad emission
in the range of 550-700 nm (red curve). The PL peak intensity
of the 1L MoSe; + WL PEN heterostructure at =788 nm clearly
indicates =2.8 times enhancement (Figure le I) as compared to
that of monolayer MoSe, on SiO,/Si substrate, whereas the PL
peak from pentacene has been quenched. The enhancement
factor 1 is defined as the ratio of absolute PL intensities of a HS
to that of the monolayer MoSe, on SiO,/Si substrate at 788 nm
as observed during the experiments (ie., 7 = Iys/Imose,)-
Slightly lower enhancements were observed in the 1L MoSe, +
1L PEN(n =~ 2.4, Figure le 1I), 1L MoSe, + 2L PEN (1 =~ 1.7,
Figure le III), and 1L MoSe, + bulk PEN (n = 1.2, Figure S3,
Supporting Information) heterostructures. Several devices (>5)
were tested and these results were repeatable after numerous
measurements. Also, we tested the heterostructures of 1L
MoSe, on 2D pentacene after one month and the enhancement
factor was observed to be stable, as compared with the initial
measurements (Figure S4, Supporting Information).

In heterostructure design, the relative band alignment is the
key factor that determines the type of heterostructure.?®! Figure 2a
illustrates the alignment of electronic bands of pentacene and
MoSe,,-?)l where the MoSe,/pentacene forms a type-I het-
erojunction. Specifically, the highest occupied molecular orbital
(HOMO) of pentacene is lower than the valence band maximum
(VB) of monolayer MoSe, and the lowest unoccupied molecular
orbital (LUMO) of pentacene is higher than the conduction band
minimum (CB) of monolayer MoSe,. As shown in Figure 2a,
photoexcited carriers would transfer from pentacene to MoSe,
due to large inbuilt potential and combine radiatively, which leads
to the enhancement of the PL intensity in the MoSe, layer and
the quenching of the PL intensity in pentacene layer (Figure 1e).

To further confirm the type-I band alignment nature of O-I
hybrid heterostructures, photoluminescence excitation (PLE)
experiments at room temperature were conducted. As shown
in Figure 1le, the exciton peak position of 1L MoSe, is =788 nm
(1.57 eV), which matches well with previous results.?*-3% Pen-
tacene has a broad exciton peak shape at 585 nm (2.12 eV).[614
It implies that pentacene’s lowest excited energy should be
larger than that of monolayer MoSe,. Figure 2b,c shows the PL
spectra from 1L MoSe, and the 1L MoSe, + WL PEN hetero-
structure with excitation wavelength of 532 nm (2.33 eV) and
750 nm (1.65 eV), respectively. Figure 2b shows the PL inten-
sity enhancement factor (7) is still around 2.8 which matches
well with PL spectrum of Figure le. This is due to both the
MoSe, and pentacene layers of the heterojunction were excited
with an excitation energy of 2.33 eV. The photoexcited car-
riers can only transfer from the pentacene layer to MoSe, if
the band alignment is type-I. Specifically, both electrons and
holes are expected to transfer to MoSe, (see Figure 2a). In
contrast, under an excitation wavelength of 750 nm as shown
in Figure 2¢, the PL intensity from 1L MoSe, + WL PEN

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Characterization of layer-dependent heterostructures comprising of monolayer MoSe, and 2D pentacene. a) Schematic diagram of hetero-
structure of monolayer MoSe, on 2D pentacene. b) Optical image before heterostructure formation showing wetting layer (WL), one-layer (1L), and
two-layer (2L) pentacene regions. Scale bar: 10 um. c) Optical image after 1L MoSe, transferred on pentacene. Scale bar: 10 um. (1) Heterostructure of
1L MoSe; on WL pentacene (1L MoSe; + WL PEN). (I1) Heterostructure of 1L MoSe; on 1L pentacene (1L MoSe;, + 1L PEN). (Ill) Heterostructure of 1L
MoSe; on 2L pentacene (1L MoSe, + 2L PEN). Scale bar: 10 um. d) AFM image of the dotted rectangular area shown in (b). Inset: height measurements
along the dashed line showing atomic layer thickness. e) (1) PL spectra of TL MoSe, + WL PEN heterostructure, 1L MoSe,, and WL PEN. (Il) PL spectra
from 1L MoSe, + 1L PEN heterostructure, TL MoSe,, and 1L PEN. (II1) PL spectra from 1L MoSe, + 2L PEN heterostructure, 1L MoSe,, and 2L PEN.

heterostructure is comparable to that of monolayer MoSe, on
SiO,/Si substrate. In this case with 750 nm excitation, only
the MoSe, layer was excited since the lowest excitonic energy
of pentacene is ~1.83 eV (Figure 1e).33l The PL intensity from
the heterostructure was slightly higher (=1.19 times) than that
from the 1L MoSe, sample on SiO,/Si substrate (Figure 2c).
This small PL enhancement might be due to that the penta-
cene layer acts as a passive layer decreasing nonradiative decay
from the substrate or interface, which can be supported by the
slightly increased carrier lifetime for exciton (=788 nm) peak
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of heterostructure than that of 1L MoSe, sample on SiO,/
Si (Figure S5, Supporting Information).****! From the PLE
measurement (Figure 2d), PL intensity ratio (i.e., 17) decreases
sharply over excitation wavelengths of 700-750 nm, which cor-
responds to the lowest excitonic energy band in pentacene.l**!
The PLE data clearly confirm the type-I band alignment in our
1L MoSe, + WL PEN heterostructure. Similar PLE measure-
ments were conducted to confirm the type-I band alignments
in 1L MoSe, + 1L PEN and 1L MoSe, + 2L PEN heterostruc-
tures as shown in Figure S6 (Supporting Information).
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Figure 2. Confirmation of type-I band alignment by photoluminescence excitation (PLE). a) Band alignment diagram of a MoSe,/pentacene hetero-
structure, which forms a type | heterostructure. b,c) Measured PL spectra of 1L MoSe, from SiO,/Si substrate and from 1L MoSe, + WL PEN hetero-
structure, with different excitation wavelengths: 532 and 750 nm. d) Measured PL enhancement factor 1 from 1L MoSe, + WL PEN heterostructure as
a function of excitation wavelength. The enhancement factor 17 is defined as the intensity ratio of PL peak at =788 nm between a heterostructure (HS)

and the monolayer MoSe, on SiO,/Si substrate.

The type-I band alignments in our atomically thin O-I het-
erostructures allow the efficient exciton pumping across the
O-I interfaces. The hybridization of a WL pentacene (=0.5 nm)
leads to PL enhancement of 2.8 times. Considering that the WL
pentacene has much lower measured optical absorption than 1L
MoSe; (=51 times lower) at the excitation wavelength of 532 nm
(see Table S1, Supporting Information, and associated text),
the exciton pumping efficiency across the O-I interface
should be much higher than that from photoexcitation process
in 1L MoSe,. To further analyze the pumping efficiencies in the
different heterostructures, an internal exciton pumping effi-
ciency enhancement factor (f) is defined as

Exciton pumping efficiency from heterostructure

~ Exciton pumping efficiency from photoexciton in TMD o
_ (IHS ~I'rvp )(ATMD )
ITMD APEN

where Iys and Iyp are the measured integrated PL intensity
from the HS and 1L MoSe, on SiO,/Si substrate, respectively.
Arvp and Apgy represent the measured absorption value from
monolayer MoSe, and pentacene, respectively (Note S3 and
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Table S1, Supporting Information). The measured B values
for the 1L MoSe, + WL, 1L MoSe, + 1L PEN, and 1L MoSe, +
2L PEN heterostructures were 86.4, 20.4, and 3.2, respectively,
which decrease with increasing thickness of pentacene film
(Figure 3a), similar trend with the thickness-normalized PL
intensities. The f values are highly related to the QYs (Note S4,
Supporting Information) and carrier lifetimes in both layers, !
photocarrier relaxation pathways, and energy transfer channels
(Figure 3b). In the 1L MoSe, + WL PEN heterostructure under
532 nm laser excitation, both the MoSe, and pentacene would
be excited. The charge transfer process between O-I inter-
faces is typically ultrafast (6.7 ps, for instance),®3:38 which is
much shorter than the measured carrier lifetime in pentacene
(1128 ps) and that in monolayer MoSe, (448 ps) (Figure 3c).1*"]
Therefore, a large fraction of pentacene photoexcited charges
(both electrons and holes) could transfer quickly to the MoSe,
side and relax to some excited states for radiative recombina-
tion. Also, because WL pentacene has much higher QY and
much lower optical absorption (Note S3 and S4 and Table S1,
Supporting Information) than 1L MoSe,, the interfacial exciton
pumping efficiency in our atomically thin heterostructures will
be much higher than that from the photoexcitation process in
1L MoSe,, thus a high f value.
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Figure 3. Efficient and layer-dependent interfacial exciton pumping. a) Exciton pumping efficiency enhancement factor f (left), normalized PL intensity
(by pentacene layer thickness) of various kinds of heterostructures as compared with 1L MoSe, (right). b) Schematic of the exciton relaxation chan-
nels in the MoSe,/pentacene heterostructure for excitation at S state resonance. GS represents ground state and S represents the excitation state.
The wavy red (K,) and straight black arrows (K,,) represent radiative and nonradiative decay process, respectively. K is associated with each transition
including intravalley thermalization or intervalley scattering. c) Measured time-resolved PL traces at room temperature for exciton peak =788 nm
from oxide-supported monolayer MoSe, and for peak =590 nm from WL pentacene samples, IR represents instruments response curve. Based on

the deconvolution with respect to the instrument response, double exponential equation I:Aexp(—TL)+Bexp(—Ti)+C was used for the fitting. For 1L
1 2

MoSe,, T; and 1, were extracted to be 36 and 448 ps, respectively, which are considered to be nonradiative and radiative lifetimes, respectively.30343

For WL pentacene, the single exponential equation /:Aexp(_1)+c, T was extracted to be 1128 ps. d) Schematic diagram shows the charge transfer

between WL PEN (bottom) and 1L MoSe, (top). The dotted ellipse shows long-range intralayer coulombic coupling within WL PEN. e) Schematic
diagram shows the charge transfer 1L PEN (bottom) and 1L MoSe, (top). The horizontal crooked arrows show the hopping mechanism of charge
transfer within 1L PEN. f) Schematic diagram shows the charge transfer between 2L PEN (bottom) and 1L MoSe; (top). The horizontal arrows show

the band-like mechanism of charge transfer within 2L PEN.

The layer-dependent f values are highly related to the layer-
dependent charge transport properties in 2D pentacene.’ As
described in our previous report WL pentacene was not
conductive owing to the absence of intralayer n—r stacking.
The photoexcited electrons and holes in the WL are coupled
through long-range coulombic forces (Figure 3d) and are
immobile within the layer.'l These localized charges can move
more efficiently across the interface of the heterostructure
into the MoSe,. In 1L pentacene, charges are slightly more
mobile within the pentacene layer and move through a hop-
ping mechanism and are slightly more diffused along the pen-
tacene layer (Figure 3e).l'Y Some charges diffuse and rest then
transfer across the interface into the MoSe, layer, this results
in fewer exciton pairs recombining and a lower enhancement
of PL intensity from the 1L MoSe, + 1L PEN heterostructure.
Moreover, the lower relative QYs of 1L pentacene as compared
to WL pentacene (Note S4, Supporting Information) also
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contribute to the smaller f3 value. In 2L pentacene, the charges
are extremely mobile and almost follow a band-like mechanism
to move within the pentacene layer (Figure 3f).') Hence, the
charges will be more diffused along the pentacene layer rather
than crossing over the interface of the junction into the MoSe,
layer. Furthermore, 2L pentacene has the lowest relative QYs
among these pentacene films (Note S4, Supporting Informa-
tion), in this case, fewer photocarriers transfer to the MoSe,
and subsequently leads to the small  value and low normalized
PL intensity as shown in Figure 3a. In addition, bulk pentacene
thin film has the lowest (almost ignorable) PL enhancement
factor (n = 1.2, Figure S3, Supporting Information) and thus
ultralow interlayer charge transfer efficiency, because bulk
pentacene layer possesses the band-like charge transport
mechanism (similar to 2L pentacene layer) but more traps and
disorders in the thin film.'" The comparison clearly shows that
the efficient exciton pumping is only prominent at the 2D limit.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Layer-dependent modulation of the trion binding energy in 1L MoSe, via dielectric engineering. a) Measured PL spectra of 1L MoSe, from
SiO,/Si substrate, TL MoSe; + WL PEN, 1L MoSe; + 1L PEN, and 1L MoSe; + 2L PEN heterostructures at 83 K. The PL spectrum was fitted by Lorenz
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cumulative fitting results). b) Measured trion binding energy (energy difference between exciton and trion peaks) of 1L MoSe, from SiO,/Si substrate,
1L MoSe; + WL PEN, 1L MoSe; + 1L PEN, and 1L MoSe, + 2L PEN heterostructures at 83 K. c) Measured trion/exciton PL peak intensity ratio of 1L
MoSe, from SiO,/Si substrate, 1L MoSe, + WL PEN, 1L MoSe, + 1L PEN, and 1L MoSe, + 2L PEN heterostructures at 83 K. d—f) Schematic represen-
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SiO, and h-BN. The PEN layer serves as a low-dielectric spacing layer, which provides reduced dielectric screening and leads to enhanced trion binding

energy (smaller trion size) in 1L MoSe,.

The strong many-body interactions in monolayer TMDs lead
to the formation of robust quasi-particles, such as excitons,
trions (charged excitons), and biexciton which are extremely
important for the optoelectronics device applications, such as
light-emitting diodes, optical modulators, etc.’**! Besides the
efficient interfacial exciton pumping, the hybridization of 2D
organic layers in our ultrathin O-I heterostructures would also
allow us to precisely modulate the many-body interactions in
the monolayer TMD via engineering the dielectric environment
(Figure 4).324% Temperature-dependent (Figure S7, Supporting
Information) and gate-dependent PL measurements (Figure S8,
Supporting Information) were conducted to explore the detailed
modulation of many-body interactions in our heterostructure
systems. In the PL spectra measured from the 1L MoSe, sample

Adv. Mater. 2018, 30, 1803986

1803986 (6 of 8)

on Si0,/Si substrate and in three heterostructures at 83 K, the
two PL peaks at =748 and =759 nm (Figure 4a) are assigned to be
the excitons and trions peaks of 1L MoSe,, respectively.’% Based
on the gate-dependent measurements (Figure S8, Note S5, Sup-
porting Information), those trion peaks as shown in Figure 4a
are negatively charged. The binding energy of trion in 1L MoSe;,,
energy difference between exciton and trion peak position,32*!
was clearly enhanced with the hybridization of organic 2D mate-
rials and this enhancement increases with increasing pentacene
layer number (Figure 4b). For instance, 1L MoSe, on SiO,/Si
sample showed a measured trion binding energy of =23.4 meV,
which matches well with the reported value.’2#2l The trion
binding energy of 1L MoSe, on 2L PEN is enhanced by 4.9 meV
as compared with that of 1L MoSe, on SiO,/Si (Figure 4b). The
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PL intensity ratio between trion and exciton peaks was also
enhanced with the hybridization of pentacene and this
enhancement also increases with increasing pentacene layer
number (Figure 4c). It is expected that many-body interactions
in low-dimensional materials, such as monolayer TMDs, are
sensitive to dielectric environment. Larger dielectric screening
effect can lead to smaller trion binding energy and lower PL
intensity ratio between trion and exciton.l3**3 The dielectric con-
stant of pentacene, h-BN, and SiO, has the following ranking:
h-BN > SiO, > pentacene.*>* Therefore, the pentacene layer
with lower dielectric constant will reduce the total screening
effect on the 1L MoSe, sitting on top, leading to the enhanced
trion binding energy of MoSe, in the heterostructures compared
with that in the 1L MoSe, sample on SiO,/Si (Figure 4d-f).
In addition, the thicker pentacene layer can lead to the more
reduced dielectric screening, thus higher trion binding energy
(Figure 4b) and higher ratio of PL intensity between trions and
excitons (Figure 4c). The photoexcitation induced charge transfer
within the heterostructures, from the small excitation power
used, has a negligible effect on the ratio of PL intensity between
trions and excitons (Note S6, Supporting Information). Our
results provide a general way to precisely engineer the many-
body interactions in atomically thin semiconductors, triggering
new applications in ultrathin spintronic and valleytronic devices.

In conclusion, we have demonstrated an O-I 2D vdW het-
erojunction comprising of ultrathin organic pentacene and
monolayer MoSe;. Our PL and PLE measurements strongly
suggest the type-I band alignments in those heterostructures,
which provide a powerful platform to explore the efficient and
layer-dependent exciton pumping across the O-I interfaces. The
interfacial exciton pumping efficiency could be up to =86 times
higher than the photoexcitation pumping in 1L MoSe,, consid-
ering that the pentacene layer has much lower optical absorp-
tion. The high interfacial exciton pumping efficiency is related
to ultrafast energy transfer across the O-I interfaces, the high
quantum yields of the organic semiconductors, and the relaxa-
tion pathways of the photoexcited carriers in the hybrid system.
The layer-dependent pumping efficiency is also highly related to
the layer-dependent carrier transport in the atomically thin penta-
cene layers. Moreover, the hybridization of those atomically thin
organic 2D materials has significantly modulated the many-body
interactions in the monolayer MoSe, via precise dielectric engi-
neering. Our demonstrations provide a general and new way to
manipulate the exciton pumping and to engineer the many-body
interactions in atomically thin semiconductors, enabling various
novel and exciting optoelectronic implications in lighting, energy
harvesting, spintronic and valleytronic devices, etc.

Experimental Section

Device Fabrication and Characterization: Ultrathin 2D pentacene single-
crystal samples were fabricated through the physical vapor deposition
method over few-layer h-BN films on a SiO,/Si substrate (290 nm thermal
oxide on p*-doped silicon)."! The pentacene films were characterized
by optical microscopy, AFM, and Raman spectroscopy to identify the
number of layers and topological information. Pentacene-layer-dependent
heterostructures were fabricated by dry transfer of 1L MoSe, flakes on
the designated pentacene samples. For the MOS structure, used for back
gate-dependent PL measurements, the 100 nm thick gold electrode was
transferred to contact part of the MoSe, flakes as the probing pad.
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Optical ~Characterization: PL and Raman measurements were
conducted using a Horiba LabRAM system equipped with a confocal
microscope, a charge-coupled device (CCD) Si detector, and a 532 nm
diode-pumped solid-state (DPSS) laser as the excitation source. For
temperature-dependent (above 83 K) measurements, the sample was
placed into a microscope-compatible chamber with a low-temperature
controller (using liquid nitrogen as the coolant). The electrical bias was
applied using a Keithley 4200 semiconductor analyzer. The u-PLE system
employed in this study was a Horiba LabRAM system equipped with
confocal optics and a CCD array silicon detector. A supercontinuum
excitation light source (NKT SuperK Extreme EXR-20) with a tunable
wavelength range between 490 and 2000 nm was employed. In this
work, excitation wavelengths between 490 and 750 nm were used with
a bandwidth of 12 nm for the chosen wavelengths, and the on-sample
power was kept constant for all excitation wavelengths. The wavelength
selection was achieved using a SuperK VARIA attachment allowing the
tuning of both the center wavelength and the bandwidth of the filtered
light. The laser light was focused on the sample surface via an objective
lens. The diameter of the illuminated spot on the samples is =2 um. The
spectral response of the entire system was determined with a calibrated
halogen-tungsten light source. Time-resolved PL (TRPL) measurements
were conducted in a setup that incorporates micro-PL spectroscopy
with a time-correlated single-photon counting (TCSPC) system.
A linearly polarized pulsed laser (frequency doubled to 522 nm, with a
300 fs pulse width and a 20.8 MHz repetition rate) was directed to a
high numerical aperture (NA = 0.7) objective (Nikon S Plan 60x). The PL
signal was collected by a grating spectrometer, thereby either recording
the PL spectrum through the CCD (Princeton Instruments, PIXIS) or
detecting the PL intensity decay by a Si single-photon avalanche diode
and the TCSPC (PicoHarp 300) system with a resolution of 20 ps. All the
PL spectra were corrected for the instrument response. All the optical
path length (OPL) characterizations were obtained using a phase-shifting
interferometer (Vecco NT9100).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1 | Characterization of monolayer MoSe;, Pentacene and Heterostructure with
Raman Spectroscopy. a, Measured Raman spectrum from the isolated monolayer MoSe,
region on SiO,/Si substrate in the heterostructure. b, Measured Raman spectrum of pentacene
from the isolated 2L pentacene region on SiO,/Si substrate. ¢, Measured Raman spectrum
from the 1L MoSe; + 2L PEN heterostructure region. See Figure 1 (Main text) for microscope

images. Inset: Zoom in Raman spectrum of selected areas indicated.
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Figure S2 | Layer dependent AFM characterization of pentacene on h-BN. a, AFM image

of as-grown pentacene layers. (Microscope image shown in main text Figure 1b). WL, 1L and
2L pentacene regions are identified based on the measured thicknesses. (See Supplementary
note 2). b, Magnified AFM image highlighting the homogenous deposition of 1L and 2L
pentacene regions. Inset: height measurements along the dashed lining showing atomic layer
thickness of 2L region.
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Figure S3 | Characterization of the heterostructure comprising of monolayer MoSe, and
the bulk pentacene (> 20 nm thick). An enhancement factor » of 1.2 was observed in the 1L
MoSe; + bulk PEN heterostructures.
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Figure S4 | Long-term PL enhancement stability of heterostructures. a, The PL spectra
from 1L MoSe, + WL PEN heterostructure and 1L MoSe,. b, The PL spectra from 1L MoSe,
+ 1L PEN heterostructure and 1L MoSe,. ¢, The PL spectra from 1L MoSe, + 2L PEN
heterostructure and 1L MoSe,. All PL spectra are measured from the same device, which was
stored in nitrogen cabinet for one month after initial measurements. Thus, PL enhancement is
quite stable as compared with Figure 1e in the main text. No visible degradation of the sample

or the PL intensity was observed.
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Figure S5 | Time-resolved photoluminescence measurements. Measured time-resolved PL
traces for exciton (~788 nm) peak at room temperature from SiO,/Si supported monolayer
MoSe; (blue curve) and heterostructure of 1L MoSe, + WL PEN (magenta curve). IR

represents instruments response curve (olive). Deconvolution was done using the system

response as reference and using the equation I = Aexp (— Ti) +Bexp( )+ C, the
1

_t

T2
exciton peak fast (slow) decay lifetime z; (z2) value from monolayer MoSe, on SiO,/Si and 1L
MoSe, + WL PEN heterostructure were extracted to be 35.9 (447.8) and 49.0 (612) ps,

respectively. 7, here implies radiative lifetime.™!
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Figure S6 | Confirmation of type-1 band alignment by photoluminescence excitation
(PLE). a, PL spectra from 1L MoSe; and heterostructure of 1L MoSe; + 1L PEN at 532 nm
demonstrating a ‘’ of 2.37. b, PL spectra from 1L MoSe; and heterostructure of 1L MoSe; +
1L PEN at 750 nm with » ~ 1. ¢, PL intensity ratio of 1L MoSe; + 1L PEN to monolayer
MoSe; as a function of excitation wavelength. d, Selected PL spectra of 1L MoSe, and 1L
MoSe, + 2L PEN at 532 nm with » ~ 1.68. e, Selected PL spectra of 1L MoSe; and 1L MoSe;
+ 2L PEN at 750 nm and # ~ 1. f, PL intensity ratio of 1L MoSe, + 2L PEN heterostructure to
monolayer MoSe; as a function of excitation wavelength. The enhancement factor shows a
similarly sharp drop over 700~750 nm, which confirmed Type-1 band alignment in the

heterostructure.
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Figure S7 | Deconvoluted temperature-dependent PL Spectra from monolayer MoSe;
and the heterostructures. a-d, PL spectra as obtained from 1L MoSe,, 1L MoSe; + WL PEN
heterojunction, 1L MoSe, +1L PEN heterojunction and 1L MoSe; + 2L PEN heterojunction
as a function of temperature. The PL spectra are fitted by Lorentz function. (Black lines are
experimental data, red lines represent exciton Peak, blue lines show the trion peaks, and olive

lines show the cumulative fitting).
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Figure S8 | Trion characterization using back gate tuning PL spectra. a, PL intensity as a
function of back gate voltage from 1L MoSe; region from the heterostructure at room
temperature. b, The PL spectra from 1L MoSe; as a function of gate voltage from monolayer
MoSe, on SiO,/Si at 113K. The trion peak shows a clear variation with change in back gate

voltage, thus confirming a negative type trion in our sample. (See Supplementary note 5).

Table S1: Absorption of the 2D layers at wavelength of 532 nm.

Name Absorption at 532 nm
WL pentacene (%) 0.3
1L pentacene (%) 1.1
2L pentacene (%) 2.2
1L MoSe; (%) 15.3
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Supplementary Note 1: Raman characterization.

Raman spectra (Figure Sla-b) from 1L MoSe, isolated region and pentacene isolated region
in the heterostructure confirm monolayer MoSe; and pentacene film are obtained. The energy
separation between Raman active modes agrees well with previously reported values for
monolayer MoSe; and high-quality two-dimensional pentacene film.[*" The Raman spectrum
of a 1L MoSe; + 2L PEN heterostructure comprises of the addition of Raman shift modes
from the constituent layers in the heterostructure (in Figure S1c).

Supplementary Note 2: AFM characterization of the pentacene films.

Figure S2 shows typical AFM images of different pentacene area chosen in Fig 1b. The height
of 1L and 2L pentacene is observed to be ~1.17 nm and ~1.61 nm, respectively. This
thickness matches well with the reported value of the same epitaxially grown pentacene
layers.®! Referring to the 1L and 2L pentacene region, we could identify the WL pentacene
region of the Figure 1b.

Supplementary Note 3: Optical absorption measurements.

Firstly, using a 532 nm CW laser, we measured the differential reflectance (R-Ro)/R from the
2D layers, where Ry and R represent the measured optical reflectance from the substrate and
the individual 2D layer, respectively.’® Secondly, we used a phase-shifting interferometry

(PSI) system to measure the optical path length (OPL) of the 2D layers.’! The OPL is

A

determined from the relation: OPLi:—E (@; — Dsup), Where 4 is the wavelength of the light

source (i.e., 532 nm), and @; and @, repreaent the measured phase shifts of the reflective
light from the 2D layers (e.g., pentacene and MoSe,) and the substrate.”® We have recently
demonstated that PSI system, with a high resolution of ~0.1 nm in the z direction, is a
powerful tool to image atomically thin materials.[! The measrued OPL values of WL, 1L, 2L

pentacene and 1L MoSe; are 1.4, 2.9 and 4.4 and 47 nm, respectively.

10
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Based on the measured differential reflectance and the OPL values from the 2D layers,
rigorous coupled wave analysis (RCWA) via S4 software,*% was used to extract the refractive
index values of the 2D layers and thus the optical absorption of the 2D layers. For our
samples, the thickness of SiO;, Si and monolayer MoSe; are 290 nm, 500 pum, and 0.7 nm,
respectively. The pentacene layers were on top of 3 nm h-BN, which was measured by AFM.
In the analysis, refractive index values of SiO,, Si, and h-BN are 1.46,*Y 4.15 + 0.05i,'%**]
and 1.65,™*! respectively. Based on our analysis, the refractive index values of pentacene and
1L MoSe; at 532 nm were extracted to be 1.48 + 0.14i and 4.24 + 1.67i, respectively, which
are consistent with previously reported values from pentacene thin films and 1L MoSe,,
respectively.>*) From our measurements, we did not see too much difference of the
refractive index values for our WL, 1L and 2L pentacene samples. Based on the measured
refractive index values, we could determine the optical absorption of the 2D layers, as shown
in Table S1. For instance, our measured optical absorption of 1L MoSe, on SiO,/Si substrate

at 532 nm was ~15.3% (Table S1), which matches well with reported value.™

Supplementary Note 4: Relative quantum yield (QY) measurements

To quantify the interfacial exciton pumping mechanism, the relative QY is defined by dividing
the integrated PL intensity by the absorption value at the excitation energy (QY = %).[18] The

exciton pumping efficiency enhancement factor £ is directly related to the QY. To analyze f in
the 1L MoSe, + WL PEN heterostructure, a comparison of the relative QY of layer dependent
pentacene and 1L MoSe; has been performed. Combining PL intensity with the absorption of
individual layer of heterostructures (as shown in Figure 1le and Table S1), the relative QY
rankings were obtained as follows: WL pentacene>1L pentacene >2L pentacene> 1L MoSe;,

which is consistent with the literature.[>%2%

11
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Supplementary Note 5: Gate-dependent PL measurements.

Figure S8a demonstrates room temperature gate tuning data for the 1L MoSe,. During the
measurement, the gold electrode was grounded, and the P* doped Si substrate was used as a
back gate providing a uniform electrostatic doping for the MoSe,; monolayer in this metal-
oxide-semiconductor (MOS) structure. The measured PL spectrum was very sensitive to the
electrostatic doping and can be significantly modulated by the gate voltage. As we gradually
swept the back gate from -30 V to 30 V at room temperature, the intensity of the exciton peak
at around 788 nm decreases subsequently. The PL intensity decreases when we inject negative
charge into the samples, indicating that the MoSe, monolayer has an initial n-type doping,
which is consistent with observations in other experiments.” When the MOS device was
cooled down to 113 K, gate-dependent PL spectra of trions and exciton was better resolved
(Figure S8b). Two clear emission peaks, located at ~755 nm and ~767 nm, respectively, were
observed via back gate modulation. We ascribe the peak near 767 nm as originating from
negative trions.””2 Comparing PL spectrum of the heterostructures with monolayer MoSe,
gate tuning data at low temperature, we could identify trions in various heterostructures to be

negative trions %%

Supplementary Note 6: Estimation of photo-excitation induced doping.

The PL was measured under an excitation power of 43.8 pW (532 nm cw laser; laser beam
size of 1 um). The fast decay lifetime of 1L MoSe, was measured to be 35.9 ps (Figure S5).
Based on our measured absorption value (A) (Table S1), the absorbed photo number is
calculated to be ~43.8 pW=*35.9 ps/photon energy*A. ! For simplicity, we assume that each
of the absorbed photons would create one hole-electron pair and all the photoexcited carriers
could be transferred from pentacene to MoSe; layer. Then we can estimate photo-excitation

induced doping n from WL, 1L and 2L pentacene layers to be ~1.3x10°, 4.6x10° and 9.3x10°

12
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cm?, respectively. According to equation Er=7°zn/2mee®! using an electron effective mass
me = 0.49 mo, where my is electron mass,?*! we can estimate the photoexcitation induced Fermi
energy Er change of monolayer MoSe; to be 0.004, 0.016 and 0.032 meV, respectively. Those
Fermi energy change values are much smaller than the change of the trion binding energies
(Figure 4b), which suggests that the photoexcitation induced charge transfer from 2D
pentacene layers has a negligible impact on the relative spectral weight between the exciton

and trion peaks from monolayer MoSe, (Figure 4c).

13
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CHAPTER 9

Conclusion and Future Work

n summary, this thesis explores the exciton dynamics in organic and inorganic 2D

materials, that characteristically determine their optoelectronic properties. The
experimental results demonstrated in this thesis establish these materials as strong
candidates for their applications in future miniaturized optoelectronic and photonics
devices such as photodetectors, sensors, solar cells, LEDs, quantum computing building
blocks, candidates for stable Bose-Einstein condensates and nanolasers etc. The
engineering of excitonic properties opens up avenues in device fabrication using this new

class of semiconductor nanomaterials with low dimensionality. Reduced dimensionality
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of semiconductor materials entered a new horizon with advent of graphene and similar
other 2D materials such as TMDC, phosphorene and other IlI-V semiconductors.
Recently, there has been an emphasis on discovering their interesting opto-electronic and
electrical properties and at the same time demonstrating their applications for various
device application for next generation electronic devices. The presence of quasi particles
such as excitons has been reported in quasi 2D system such as quantum wells. Whereas
trions and other similar quasi particles have been reported recently in these 2D materials.
But, the physical properties, deeper understanding of their operational/functional
properties and more specifically engineering them for device application remains a
challenge. This thesis is an attempt to study the intriguing exciton dynamics from a new
class of 2D organic semiconductor materials and at the same time engineer the dynamics
in inorganic 2D materials to substantiate their application for device making purposes.
The thesis also explores the possibility of further reducing the dimensionality of the
excitons to 1D space in organic materials by growing 1D nanowires and reporting
extraordinary optical properties in the form of quasi-line ZPL spectra from a solid state
organic semiconducting system, which was never reported before.

Whereas, in inorganic 2D materials the thesis reports the engineering of dimensions to
achieve enhanced exitonic emissions from them by introducing external defect centers.
The thesis also reports the use of external voltage to change doping to influence exciton
dynamics, which has never been reported before in TMDC materials, resulting in
enhanced exciton diffusion in inorganic 2D materials. The thesis finally, combines the
organic and inorganic 2D materials to report a first of its kind 2D heterojunction with
efficient exciton pumping from the organic to inorganic material in a Type-I
heterostructure. The excitonic and optical properties reported form this heterostructure
pave the way for its use in specific applications in highly efficient light emitting diodes,

photodetectors and tunable wavelength flexible displays.
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9.1 Key outcomes

This thesis demonstrates fundamental excitonic properties and dynamics in organic-
inorganic semiconductor low dimensional materials for their applications in next
generation photonics and optoelectronic devices. The key scientific and research
outcomes achieved in this thesis are explained as following:

9.1.1 Superradiance and Supertransport of Frenkel Excitons in an organic 2D
material

The use of organic materials for optoelectronic applications has been challenging due to
challenges in their growth processes, defect and interfacial sites. But, organic molecular
crystals, which are bound by the weak van der Waals cohesive forces between small
molecules, are an important class of materials for future electronic, optoelectronic, and
photonic devices.™ 22 The excitonic nature of organic crystals plays an important role in
determining their optoelectronic properties.! Chapter 4 demonstrates the intrinsic
excitonic emissions in atomically thin organic 2D semiconductors. For the first time, we
successfully identified molecular aggregation-sensitive PL emissions in epitaxially
grown 2D single-crystal pentacene layers with different types of aggregation (H- and J-
type). The identification based on our temperature-dependent PL measurements agreed
very well with our DFT simulations. Angle-resolved PL measurements were also used to
characterize the in-plane anisotropies of various excitonic transitions in these organic 2D
layers, which revealed their Frenkel and/or CT characters. In the 1L pentacene sample,
we observed one strongly anisotropic PL peak, which were attributed to the phenomenon
of superradiance.* > 8 " Compared with bulk samples, our 1L pentacene sample showed
highly reduced coupling of Frenkel-CT excitons,® ® 1° which will allow us to probe the
intrinsic excitonic nature in organic materials and led us to demonstrate superradiance
from a solid state 2D organic material. In addition, we further probed the temporal and

spatial dynamics of excitons in 2D organic materials. From the high-quality atomically
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thin organic 2D semiconductors, we observed the supertransport of excitons between
coherent excitonic states with an ultra-high effective diffusion coefficient of 346.9
cm?/sec at room temperature, which is around one to several orders of magnitude higher
than the reported values from other organic quasi-1D and thin film molecular
aggregates.> & ' We successfully identified molecular aggregation-sensitive PL
emissions in atomically thin single-crystal organic semiconductors with different types

of aggregation (H- and J-type)*? at the 2D quantum limit.

9.1.2 Quasi-line spectra from 1D Organic Nanowires and Shpol’ skii spectra

Organic molecules have been established to be strong candidates for cheap miniaturized
optoelectronic device applications in chapter 1 and 4. This thesis established that not only
in 2D state but in high crystalline 1D state (nanowires) organic molecular crystals with
low molecular weight can prove to be perfect candidate for future optical device
manufacturing. Earlier organic 1D systems were mostly demonstrate din liquid phase due
to challenges with controlling dimensionality in solid state systems. Chapter 5
demonstrates a highly ordered and crystalline 1D organic nanowire grown over hBN
surface. We report the first observation of quasi-line spectra at cryogenic temperatures
also referred to as Shpol’ skii spectra. We observe a quasi-line spectrum with width ~2-
3 nm and a very high value of Debye-Waller factor from our 1D wires. We further
establish the high crystallinity and higher degree of molecular orientation of the PEN
molecules in the 1D nanowire structure using polarization-resolved PL emission spectra
and time-resolved PL emission. We also demonstrate a MOS device incorporating the 1D
PEN wire to effectively demonstrate an external electric control of the quasi line spectral
emission at low temperatures. This has tremendous applications in developing next
generation fundamental and connecting blocks of optoelectronic circuits, nanolasers and

sensors based on 1D organic nanowires.
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9.1.3 Engineering Exciton Dynamics in inorganic 2D materials

The presence of quasi-particles such as excitons, trions and biexcitons has been recently
established in inorganic TMDC materials and has critical applications in their feasibility
for optoelectronic device making. But, the spatial diffusion of these quasi particles is
limited in inorganic materials due to high dielectric constant and high localization of
excitons.®> 1 15 Chapter 6 reports a high value of exciton diffusion from monolayer
TMDC materials by incorporating the monolayer into a MOS device and modulating the
doping of charges enhancing the diffusion coefficient of the excitons. We report a value
of 86.53 cm?/sec for excitons from the suspended 1L WS device with back gate voltage
modulation, which is much higher than previously reported values of exciton diffusion
coefficients in TMDCs and is comparable to other organic systems. These results
establish the 2D TMDC materials as robust contenders for various applications in high
speed energy transport devices such as excitonic circuits and high quantum yield LEDs
utilizing their robustness, high crystallinity, defect free surfaces and visible range band
gaps. At low temperatures, we further report the control of dynamic and spatial diffusion
of excitons, trions and biexcitons from WS,.

Similarly, in Chapter 7 utilized defect engineering to introduce external defect sin
puckered structure of 3L phosphorene to achieve bright defect excitonic emission in the
NIR regime suitable for infrared optoelectronics. These results have promising potential
applications in future optoelectronic devices,!® 1" such as chip-based optical

telecommunication and photodetection devices.

9.1.4 Efficient Exciton pumping across an Organic-Inorganic 2D Heterostructure
Chapters 4-7 have demonstrated key optical properties from both organic and inorganic
2D materials that can be used for potential device applications. Vertical van der Waals

heterostructures combining two different thin films or 2D materials have been reported
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recently. Chapter 8 demonstrates the epitaxially grown single crystal pentacene (various
thickness) over hBN surface stacked under a monolayer MoSe, (TMDC) to realize a
hetero-epitaxial organic-inorganic type-I vertical vdW heterostructure. Epitaxially grown
single crystal pentacene®® provides a atomically sharp and clean interface with no
dangling bonds and impurities over which a TMD MoSe2 could be deposited to study the
fundamental charge transfer mechanisms across the O-I interface.'® 2 We report three
different heterostructures based on different thickness of pentacene layers used in the
heterostructure and observe a three times PL enhancement from the MoSez-pentacene as
compared to the monolayer MoSe2 suggesting a type-1 band alignment. This MoSe,-
pentacene based heterostructure offers a distinct advantage of PL enhancement (type-1)
opposite to the previously demonstrated MoS2-pentacene heterostructure(type-11)2t 22
which showed a quenched PL. The interfacial exciton pumping has much higher
efficiency (>86 times) than the photoexcitation process in MoSey, although the pentacene
layer has much lower optical absorption than MoSez. This highly enhanced pumping
efficiency is attributed to the high quantum yield in pentacene and the ultra-fast energy
transfer between the O-I interface. Furthermore, those organic counterparts significantly
modulate the bindings of charged excitons in monolayer MoSe; via their precise dielectric
environment engineering. These results open new avenues for exploring fundamental
phenomena and novel optoelectronic applications using atomically thin O-I

heterostructures.
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9.2 Future prospects

In this thesis, | have explored excitonic properties from both organic and inorganic 2D
semiconductor materials through detailed optical measurements and by engineering
prototype devices for excitonic property modulation. However, there are still a few
challenges and potential research directions ahead. This section discusses a few possible
challenges and future prospects with research in this domain. Chapter 3, section 6 covers

some of these potential applications.

9.2.1 Exciton polaritons from organic 2D and 1D materials

As discussed in chapter 4 and 5, the strong sharp narrow emission from 2D and 1D states
of organic material is critical for realizing enhanced light-matter interactions also called
as exciton-polaritons. Due to low phonon coupling and coherent emissions in the
excitonic emission spectra from organic materials, they are ideal candidates to be coupled
into cavities to realize stable exciton-polaritons and high Rabi splitting which is critical
for various applications including demonstrating room temperature Bose-Einstein (BE)
condensates. Microcavities have been demonstrated to combine material eigenstates (or
excitons) with optical cavity field modes in inorganic 2 2> 26 and organic materials?’ 2
resulting in the creation of hybrid matter-radiation states known as exciton polaritons.
Recent interest in polaritons has largely centred on Bose-Einstein (BE) condensation,
which has primarily been observed in inorganic semiconductor microcavities.?® 28
Typically, organic molecular crystals and films are more disordered; however, polariton
lasing with a reduced threshold compared to ordinary photon lasing has been
demonstrated in anthracene microcavities by Kena- Cohen and Forrest.?® Very recently,

BE condensation was reported in ladder-type conjugated polymers with narrow,

vibronically resolved transitions.®® 3! Thus, the vibronically resolved emissions reported
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from 1D organic nanowires will be ideal candidates for observing polaritons coupled with

a microcavity as shown in Figure 9.1.
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Fig 9.1 Proposed schematic diagram of the optical cavity with monolayer pentacene to
achieve exciton polaritons states. The figure on the right shows the far-field emission

microscopy setup which can be used to image polariton states.

9.2.2 High speed excitonic circuits and transistors

Chapter 4 and 6 specifically demonstrated the spatial and temporal dynamics of excitons
in organic and inorganic 2D materials respectively. The thesis has explored the
visualization of excitons by direct imaging technique to quantitatively study the exciton
diffusion. The thesis has also established methods to enhance the diffusion coefficient in
monolayer materials to higher values, which have never been reported before to
substantiate the use of these materials for high speed optoelectronics device applications.
Conventional signal processing utilizes electrons. An interconnection between electronic
signal processing and optical communication causes a delay, thus slowing down the

operation speed in conventional optoelectronic circuits.®? In contrast, excitons form a
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medium that can be used for signal processing and also directly combine with optical
communication. Thus, the lag between signal processing and optical communication is
effectively eliminated in excitonic devices. This can provide a significant advantage in
applications where the interconnection speed is important. The switching time combined
with the interconnection time for the first proof-of-principle excitonic transistor was ~0.2
ns,!’ close to ultrafast photonic modulators. As predicted the major challenges for
excitonic devices are finite exciton lifetime and finite exciton binding energy. But,
with the demonstration of high binding energies of excitons in this thesis ( Chapter 7
and 8) and the control of binding energies of excitons in the organic-inorganic
heterostructure, these materials and heterostructures open up new avenues for
excitonic device fabrications with ultra-high exciton diffusion speeds complemented

by high-quality and defect free growth mechanisms as shown in Figure 9.2.

Fig 9.2 Proposed schematic diagram of the excitonic circuits using organic 2D materials.

Adapted with permission from ref >
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9.2.3 Highly efficient light emitting diodes, lasers and transistors

Low dimensional materials have been established as sources of light emission recently.
Because of two-dimensional quantum confinement effect, makes them promising
candidates for light emitting applications and especially tuneable wavelength emissions.
The emission form organic and inorganic 2D materials can be controlled via exciton
properties as demonstrated extensively in this thesis. Earlier research in this field has
been focused on inorganic materials, while fewer attempts are made to construct 2D and
1D structured low-molecular-weight compounds. We have now demonstrated that the
optical and optoelectronic properties of organic nanomaterials are favourably different
from those of their inorganic 2D materials (See chapter 4). Due to their optical
tuneability, their high luminescence efficiency, and their property to self-assemble,
organic compounds can serve as effective building blocks in future miniaturized
optoelectronics that generate and propagate light. This thesis has explored in detail the
light emission from low-dimensional organic and inorganic semiconductor materials. We
have reported narrow (quasi-line spectra in chapter 5) and ultra-strong emissions (chapter
4) from solid state organic materials. Organic materials especially with highly ordered
and crystalline growth as discussed in the earlier chapters can lead to strong and phonon
free light missions in the visible range and can generate and propagate light (chapter 4-
5). Thus, they can be used as ideal candidates to demonstrate them as building blocks for
nanoscale devices, such as logic gates, photodetectors, chemical sensors and optically
driven lasers.®* Fabrication of these organic 2D and 1D nanomaterials on flexible
substrate with large mobilities and ultra-fast excitonic diffusion can lead to flexible high-
speed transistors and logic gates for quantum computing as predicted with similar other
systems.>? 3538 The MOS device based on 1D organic nanowire demonstrated in chapter
5 substantiates the capability of these materials to be used in OFET devices and flexible

circuits.
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