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ABSTRACT

Two-dimensional2D) organicsemiconductoreaveemergedis a rising star due tbeir

high crystallinity, lowstructure symmetry,controlled morphology and excellent
flexibility , thus enablingexotic properties forexciting application prospegtsuch as
flexible electronics, sensingptoelectronicsenergy harvestingtc Compared with bulk
materials, tesethin organiclayers provide an ideal platform tovestigate the strong
manybody interactions arising from the highly enhanced quantum confinement and
reduced dielectric screenindhese enhanced malwpdy interactions lead to the
formation of quastparticlescalled excitons These tightly bound excitons and strong
dipole-dipole interactions enable rich physics2D molecular crystalsAmong them,
superradiance (SR), the spontaneous coherent emission from bright excitons, has sparked
considerable interesin quantuminformation applications. In addition, optically
forbidden states (dark excitons) hatlee potential both to achieve Bo&gnstein
condensation and modulate exciton dynamics. However, gaining insights into both SR
and dark excitons at room temperature poses a major challdege we reporthe
observation ofa unique series of dark excitonic states in highly crystaBige9,10
perylenetetracarboxylic diimide (PTCDfrganic monolayers (MLsyia two-photon
excitation spectroscopy. These dark excitons convert to the emissive states that undergo
room temperature SR. By developing a vibronic exciton model, we identify these dark
states as mixed FETE states witlihe majority intralayer CTE charact€r99.9%)and

weak coupling to the emissive FE states. We observe significantly higher photochemical
stability of MLs under twephoton excitation, which we attribute to the suppression of
excitonexciton annihilation. These findingsntribute tahe fundamental understanding

of enhancedight-matter interactions in twdimensional molecular materiaisat help

for onchip optical communication and bggnsing

Secondlythe emission of light from organic materials is greatly influenced by the quality

of thesample and the type of excitatsumsed. Although the lighihduced luminescence

of these materials has been extensively studied, there is potential for luminescence
induced by the injection of free electrons, resulting in new applications for these
materials.Cathodoluminescence (CL) is an effective way to create luminescence by
injectinga highenergy electron beam. Hewee report the observation of robust emission
from organic single moleculega cathodoluminescencspectroscopy. The emission
originates from PTCDI organic molecules at room temperature. In the PL spectrum, the

single moleculeshave weak emission, whereas in CL the emission is immensely
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enhanced. The CL emissiatepends on the thickness of the organic layers, and the
guantum efficiency of the monolayer is much higher than thdteobther layers due to

the more active states leading to more CL emission. The single molecules and injected
free electrons have a linear relation, with th#al slope of ~9.1 and quantum efficiency

~18 times higher than the free counterparts. The CL enhancement depends on the beam
interaction volume in the sample, and the Monte Carlo simulation has been performed to
predict the penetration deptdowever, our results may open new avenues to systematic
studiesfor exploring 2D materiaphenomeas, including localized excitons, defects,
electron matter interactions, and help for the development of future optoelectronic

devices byutilizing the advantages of directraar injection.

Finally, i tadabze theeeffeets &f mtergnoletutar coupling on vibrational
modes in twedimensional materialhatplay a key role in the development of nanoscale
optoelectronic devices. A promising technique to investigate vibrational coupling
between molecules is naf@ IR spectroscopy. Though-plane vibrational coupling has
been observed spectroscopicallywiiW layered materiaJobservation of oubf-plane
vibrations in organic twalimensional materials is largely unexplored terrbiare, we

report the observatioand systematic investigatia out-of-plane vibrational motion in
guasi2D organic molecular crystaisa naneFTIR spectroscopyCrystalline 3,4,9,10
perylenetetracarboxylic diimidéPTCDI) exhibits modes at 153 ! and 1690cm’ !

with significant outof-plane components that are negligible in the isolated molecules.
Thicknessdependent analyses showed that the IR signal and absorption of these peaks
increased and reshifted with increasing layer numbdDFT simulations support the
hypothesis that molecular vibrational modes areupleed by intermolecular interactions

in the monolayer, leading to eaf-plane vibrational movement, showing a close match
with the experimental results. TheSBlOM imaging shows strong absorption at 1690
cm' Lin trilayer regions compared with monolayer regions and weak absorbance at 1800
cm' !, demonstrating thatSNOM can selectively distinguish different layer thicknesses
Our results provide a better understanding of 2D matef@&xample(i.e.), chemical
compositions, phases, and molecular coupling), where intermolecular coupling
significantly influenceselectrical and optical properties for the development of

controllable nanoelectronic devices
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Chapter 1: Introductioand Thesis Outline

1.1INTRODUCTION

What makes 2D materials so fascinating? The term "2D materials" is quite broad and
encompasses various materials with varying propeffiesse materialare describeds
crystalline with a few nanometres thicksuch astransition metal dichalcogenides
(TMDs)!, grapheng®, organic materiafs, etc Inorganic materials like TMDs, graphene
have unique properties, but some challenges still need to be ovefeomestancea)
largearea synthesis is difficult, considering popular exfoliation methods; b) lack of
defectfree synthesisi.e., TMDs) due to the predominant defects such as chalcogen
vacancies, edgesnd grain boundaries; c) largeea solution process difficult; d)
relatively limited numbeof materiaj €) comparatively low absorpti@fficiency®° Also,

the uncontrollable chemical vapor depositi@VvD) synthesis techniques introduce grain
boundaries, large morphological variatioasd random crystal sizewhich hampers
device performance and practical applicafiohRecently, 2D organic semiconductors
have become a rising star due to their meiitsluding being free of grain boundaries,
long-range order, minimal trapand defect§:1*14In contrast, 2D organic semiconductors
demonstrate the following advantages: a) diverse synthesis techniques includaagiow
and largearea solution procsss; b) controllable synthesis; c) larger material library with
highly tunable electronic and optoelectronic properties. (mobility, low power
dissipation, increased device speed, and photoresponsivity); d) high absorption
efficiency; e) lowsymmetry structure. These unique features are not only a good
complementary to 2D inorganic materials bisogorovide promising prospects in next
generation flexible electronics, optoelectronics, molecular detection, energy harvesting,
biology, medicine, thermoelectric, piezoelegtaad ferroelectric devices.One of the

basic assumptions in organic fiedfect transistors (OFETSs) is that carriers only
transport in the first few layers near the dielectric interfAdéerefore, it is feasible to
straightforwardly examine the intrinsic properties, carrier transport mecharashs
structureproperty relationships even at metiew layer highly crystalline crystals?!8
Their atomic/ molecular | evel thickness is sma
path, including electrons, excitgnand phonons, which can spark new physical
mechanismsi ., ballistic transportation and supeansport excitonsy It is reported

that 2D organic crystal transistors show lagiependent electronic and photonic
properties due to different molecular aggregatidrtél®Moreover, 2D organic crystals

can be used to fabricate van der Waals (vdW) heterostructures or superlattices, providing

a new route to investigate new physical phenomena, new device structures, and

Mehedi Hasaii 2024 2



Chapter 1: Introductioand Thesis Outline

functionalitiest*42%21The decreased interlayer screening effects in 2D organic crystals
facilitate the study of interface effects and strong glatter interactiof®2?2In contrast

with their bulk counterparts, they possess more effective carrier injections and
modulations as well as better optical transparency, ameliorating the performance of
photodetectors, lightmitting diodes (LEDs) and sensing devié&s?1-23For practical
applications, integrating 2D organic semiconductors into the mainstream industry and
flexible electronics has emerged as an important research dirécion.

To date, plenty of organic molecules have been fabricated into 2D forms, sueh as C
BTBT,*3%3pentacené>12anthracene, TCNE, TiOPc, derivatives of perylerte;3

and some conjugated polymérg/>4%etc It has been reported that a higarformance
monolayer G-BTBT singlecrystal transistohas intrinsic hole mobility greater than 30
cn?/V.s and bandlike transport down to 15G%Furthermore, Livet al. investigated
DPA-based field effect transistor, where the OFET exhibits higher charge carrier mobility
up to 34 cn¥Vs.2® In another studyjiang efl. developed a 1L €BTBT transistor with

a maximum filedeffect mobility of 0.6 crifVs, anearzero threshold voltage 68 V,

and a 18on/off ratiol® To date, although the figure of merit of phivémsistos has been
achieved the fabrications of highly sensitivphototransista still face challengesA
high-performance 2D DPA phototransistor Haen demonstrated, which not only has
low dark currenf{~10'2 A) but also exhibits high mobility, high photosensitivignd
photoresponsivity (1.34.0° A/W).%% Besidesmproving film quality,integrating organic
semiconductors with higmobility inorganicmaterials (e., graphene) is a possible way
to overcome thesebstacles. Liu etal. reported higkefficiency phototransistors
comprising 2D pentacene crystals and graphersholived outstanding phaotzctivity,
including the photoresponsivitpf >10* A/W, photoresponse time of 25 mand
photoconductiveain of above 19?2 Due to advantages such as high sensitivity, precise
recognition, and quick response/recovemganic sensors have attractaedreattention
than inorganic materialé’3 The semiconductor thickness canhance sensitivity by
decreasing analyte diffusion tim&3® Therefore, organi2D materialsare widely used to
enable higkperformance sensing devices, suchassensing**pressure sensirfg;*
humidity sensinf. Besides integratingorganic layersinto integrated circustoffers
enhanced functions for practical applicatigng343544¢: for example a low-power
temperature senstabricated byorganicmaterialexhibited a more than 20ld increase

in output current as temperature increased frorfiBC *4
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1.2MOTIVATIONS AND OBJECTIVE SOF THE RESEARCH

The field of organic semiconductors is undergoing rapid development, with research
being conducted on a multidisciplinary level that encompasses physics, chemistry,
material science, and device engineering. Despite the fact that certain organic
semicondudair devices currently satisfy the criteria for practical implementation, there
remains a need tplan and explore novel organic semiconductor materials in order to
advance semiconductor technologhere are severathallengeshat still need tobe
overcomefor theuse of 2D organic semiconductors for device applicatiapsrganic
semiconductors are at the bulk material scale (>20 hmjckallenging tofabricate
ultrathin organic semiconductoom a largearea scaleb) organic crystals are of poor
quality and usually exist in polycrystalline or amorphous stabes, for the high
performance in the applicatigrigghly crystalline organic semiconductors are important;

c) it has been reported that different layers of organic aamdiuctorsexhibit distinct
optical and optoelectroniggoperties, which allows thetudy of lightmatter interactions;
Therefore it is necessaryto undertake additional scientificesearchtoward the
development ofultrathin highly crystallineorganic semiconductorsvith exciting
properties that are wedluited foroptoelectronicapplications.This thesisfocuseson
ultrathin organic semiconductors with 2D limit. The atomically thin structure of
materialshaspromising excitonic effects. As a result of excitations, electtrarssfer

from the highest occupied molecular orbital to the lowest unoccupied molecular orbital,
forming a bound state calleah exciton.Due to the reduced dimensionaligxcitons in

these 2D materials have higher binding energied \arious optoelectronic applicatigns
such asphotdransistors photodiodessensors, and lighkgmitting devices depend on
theseexcitonicrecombinatios. Thus,studying the properties of excitons in dBjanic
semicondudairsis important This thesis aim to investigate the exciton dynamice.,

carrier recombination mechanisnmecitonic effects duringoptical characterizations
atomic bondsand its vibrationsetc) of ultrathin perylenes,4,9,10tetracarboxylic
diimide (PTCDI)a promising derivative of perylenthrough experimental means with
considerations ahe impact of external factose., temperature, excitation processes,
direct charge injection Compared to many popular 2D semiconductors, the reduced
Coulomb screening at low dimensions has led to many fascinating phenomena. The
exciton binding energy can reach hundreds of meV, which is significantly greater than
bulk semiconductors by more thareasrder of magnitude. Thahargedipole and dipole

dipole interactions (tens of meV) are sufficient to maintain the stability of thady
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complexes. Although the majority of research has been devoted to atomic crystals,
molecular PTCDI possess tvdimensional layered structures and exhibit stronger
dipoledipole interactions due to their low dielectric constant and localized nature of
excitaion (e.g., Frenkel excitons (FE) are confined to a single molecule). Additionally,
PTCDI exhibits remarkable stability, higher quantum vyield and it is anticipated that
modification of the dimensions of 2D PTCDI semiconductors could significantly alter the
excitonic coupling and open up new avenues for potential optoelectronic applications.

Figure 1.1 | Molecular structure of perylenes (a) and PTCDI (b).

The objectives of the researalelisted as follows:

1. To fabricate a highly crystallineTCDI organic semiconductor in 2D limitia the

vapor deposition method.

2. To investigatehe unique optical properties.€., bright and dark excitonic states) of

the PTCDI molecular crystals via the single and-photon excitions

3. To investigateahe PTCDI single molecules €., monomer$ luminescenc@roperties

after direct injection of the charge carriers e@hodoluminescen@ectroscopy.

4. To investigate the vibrational modéase( in-plane and oubf-plang of the PTCDI

molecular crystalsia naneFTIR spectroscopy.
1.3 THESIS OUTLINE

The dissertation idividedinto severchapters. Each chaptess sections and subsections
encompassingan introduction, sample preparation optical analysis, potential

applications, and conclusions.

Chapter 1 will introduce 2D organic semiconductors and oy emergé as an
emerging research topic.

Chapter 2 will describe the fundamalstof 2D organic materials, classifications,

synthesis process, novel excitophysics and potential optoelectronic applications.
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Chapter 3 will focus oithe method used to synthesize organic crystalsafinelated

experimental techniques to demonstrate the exciton dynaifrtics crystals.

Chapter 4 will discusthe observation of robust rootemperature (RTsuperradiance

(SR from highly crystalline 3,4,9,1perylenetetracarboxylic diimide monolayers
(PTCDI MLs) using oneand twephoton spectroscopy. This phenomenon was confirmed
by the intense PL, narrow line width, bathochromic shift, shortening lifetime, and high
dichroicratio valuesThe SR is the result of emission from delocalized Frenkel excitons
arising fromJ-aggregate ML$:*’ Two-photon excitatiorspectroscopy of the same MLs
revealanultiple dark excitonic states at ~2.61 eV, 2.97 eV, and 3.11 eV, which are absent
in multilayer and monomer sampld% understand these dark states, a vibronic exciton
model for ML PTCDI was developed to analyze the-pheton and twgphoton spectra.
According to this modethe large energetic separation between Frenkel exciton (FE) and
charge transfer exciton (CTE) bands: a) means that the FE oscillator strength remains

concentrated in the lowest vibronic levels, leading to SR emisam@hb) results in a

well-defined collection of twvgp h ot on acti ve 6darkdé states.

in multilayers becaus@Ww-energy interlayer CTEs heavily mix with the FE staed
attenuate both SR and tvptoton absorptiorfinally, we demonstrate thatganic MLs
exhibit excellent photochemical stability under tplaoton excitation, possibly due to the

suppression of exciteaxciton annihilation between highly delozakl FEs.

Also, appendix ADf Chapterd will discusghedetaikedgrowthof highly ordered organic
crystabk on a submillimeter scale. The crystaveragesize 025 pm) issix times higher

in area than the previously reported organic single crystals (Table ®22Y®2 To
fabricate the crystal with a uniform surface, minimal grain boundaries, and traps/defects,
we optimized the film growth parameters by varying temperature, duration, pressure, and

distance between the source powder and substrate.

Chapter 5will report the observation of robust emission from organic single molecules
via cathodoluminescencgpectroscopyThe emission originates frofATCDI organic
molecules at room temperature. In the PL spectrumsitigde moleculesrave weak
emission, whereas in CL the emission is immensely enhanced. The CL erdéeystowls

on the thickness of the organic layers, and the quantum efficiency of the monolayer is
much higher than that tifie other layers due to the more active states leading to more CL
emission. The single molecules and injected free electrons have a linear relation, with the
Ix/la slope 0f~9.1 and quantum efficiency ~18 times higher than the fraategoarts.

The CL enhancement depends on the beam interaction volume in the sample, and the
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Monte Carlo simulation has been performed to predict the penetration Heptbver,
theseresults may open new avenues to systematic stdioliesxploring 2D material
phenomenaincluding localized excitons defects)**°electror matter interactionsand
help for the development of future optoelectronic devicestitiging the advantages of

direct carrier injectiof?®>’

Chapter 6 willdemonstrat¢he observation of otdf-plane vibrational motion in highly
crystalline organic layers that is absent in isolated molevidesnoFTIR spectroscopy

In 2D crystals, moleculavibrationsat 1590cm’* and 1690cm' ! exhibit significant
components in the directiorormal to the surface. These modes change in frequency and
intensify with increasing layer numbers. DFT simulations support our experimental
findings. The oubf-plane vibrational modes are localized to specific molecular groups
within moleculesi(e.,carbonyl oxygens) and are therefore not phononic because they do
not involve the displacement of entire layers. Instead, assembly of intermolecular
interactions in 2D crystals perturb the molecular vibrationatles and induce cof-

plane movement. Furthermore;S8IOM imaging showed strong absorbance in the
trilayer compared to the monolayer at 1690 t(uibrationally active regionand very

weak absorbance that is incomparable between the trilayer and monolayer at 1800 cm
(vibrationally inactive regions The observation of stronger absorption in thicker layers
compared to thin layers as well as the variation of the contrast at different frequencies is
demonstrates that infraredSNOM can selectively highght the layer difference and
vibrational modesvia both intensity and frequency. These findings have significant
implications for the future application of naRdIR spectroscopy to analyze 2D

materials and helgevelop emerging nanoelectronic technologies.

Chapter7 will summarise the works in this dissertatianddiscuss the challengesmd
future perspectives of the research in this field.

Mehedi Hasarfn 2024 7



Chapter 1: Introductioand Thesis Outline

1.4 REFERENCES

10

11

12

13

14

15

16

17

18

Zhou, Jet al. A library of atomically thin metal chalcogenidésature556,
355-359, doi:10.1038/s41588180008 3 (2018).

Lee, S. Het al. Switching terahertz waves with gatentrolled active graphene
metamaterialdNat Materl1, 936941, doi:10.1038/nmat3433 (2012).

Vakil, A. & Engheta, N. Transformation optics using graph&ueence332,
12911294, doi:10.1126/science.1202691 (2011).

Yuhan, Z.et al.Realization of vertical and lateral van der Waals heterojunctions
using twedimensional layered organic semiconductbiano Researcho,
13361344, doi:10.1007/s1227@1.7-14425 (2017).

Sharma, Aet al. Supertransport of excitons in atomically thin organic
semiconductors at the 2D quantum linhight Sci AppBb, 116,
doi:10.1038/s4137%020-0034 %y (2020).

Chen, X.et al.Improving the Performance of Graphene Phototransistors Using a
Heterostructure as the LigAbsorbing LayerNano Lettl7, 63916396,
doi:10.1021/acs.nanolett.7b03263 (2017).

Zhao, H.et al. Strong optical response and light emission from a monolayer
molecular crystalNat Commuri0, 5589, doi:10.1038/s4146¥19-135819
(2019).

Huang, Y. L.et al. The organie2D transition metal dichalcogenide
heterointerfaceChem Soc Re4i7, 32413264, doi:10.1039/c8cs00159f (2018).
Yang, F.et al.2D Organic Materials for Optoelectronic ApplicatioAslv Mater
30, d0i:10.1002/adma.201702415 (2018).

Liu, J.et al. Two-Dimensional CH(3)NH(3)Pbl(3) Perovskite: Synthesis and
Optoelectronic ApplicatiolACS Nandl0, 35363542,
doi:10.1021/acsnano.5b07791 (2016).

Qijing, W. et al.2D SingleCrystalline Molecular Semiconductors with Precise
Layer Definition Achieved by FloatinGoffee Ring-Driven Assembly.
Advanced Functional Materia®6, 31923198, doi:10.1002/adfm.201600304
(2016).

Zhang, L.et al. Efficient and LayeiDependent Exciton Pumping across
Atomically Thin Organielnorganic Typel HeterostructuresAdv Mater
€1803986, doi:10.1002/adma.201803986 (2018).

Wu, B.et al.Precise, Self.imited Epitaxy of Ultrathin Organic Semiconductors
and Heterojunctions Tailored by van der Waals Interactidaro Lettl6,
37543759, doi:10.1021/acs.nanolett.6b01108 (2016).

Zhang, Y .et al. Probing Carrier Transport and Structireperty Relationship
of Highly Ordered Organic Semiconductors at the IDvwmensional Limit.

Phys Rev Lett16 016602, doi:10.1103/PhysRevLett.116.016602 (2016).
Wang, C., Dong, H., Jiang, L. & Hu, W. Organic semiconductor cry&alksm
Soc Rewvt7, 422500, doi:10.1039/c7cs00490g (2018).

Jiang, Set al. Millimeter-Sized TweDimensional Molecular Crystalline
Semiconductors with Precisely Defined Molecular Layers via Interfacial
InteractionModulated SeHAssembly.J Phys Chem Le®, 67556760,
doi:10.1021/acs.jpclett.8b03108 (2018).

Sizov, A. Set al. Easily processable highly ordered LangrBliodgett films of
guaterthiophene disiloxane dimer for monolayer organic-géfiect transistors.
Langmuir30, 1532715334, doi:10.1021/Ia504037b (2014).

Cao, Y.et al. High-performance LangmuiBlodgett monolayer transistors with
high responsivityAngew Chem Int Ed Engb, 63196323,
doi:10.1002/anie.201001683 (2010).

Mehedi Hasaii 2024 8



Chapter 1: Introductioand Thesis Outline

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Sharma, Aet al. Supertransport of excitons in atomically thin organic
semiconductors at the 2D quantum linhight: Science & Application$, 116,
doi:10.1038/s4137020-0034 7y (2020).

Lin, P., Pan, C. & Wang, Z. L. Twdimensional nanomaterials for novel
piezotronics and piezophototroniddaterials Today Nand, 17-31,
doi:10.1016/j.mtnano0.2018.11.006 (2018).

He, D.et al. Two-dimensional quadreestanding molecular crystals for high
performance organic fieldffect transistordNat Commurb, 5162,
doi:10.1038/ncomms6162 (2014).

Sharma, Aet al. Highly Enhanced MamBody Interactions in Anisotropic 2D
SemiconductorsAccounts of Chemical Researsh 11641173,
doi:10.1021/acs.accounts.7b00504 (2018).

Liu, X. et al. Epitaxial Ultrathin Organic Crystals on Graphene for High
Efficiency Phototransistoré&dv Mater28, 52005205,
doi:10.1002/adma.201600400 (2016).

Li, W. et al.Uniform and ultrathin higfe g at e di e ldiemensional c s
electronic deviceNature Electronic®, 563571, doi:10.1038/s4192819
0334y (2019).

Liu, J. et al. High mobility emissive organic semiconducthiat Commurs,
10032, doi:10.1038/ncomms10032 (2015).

Park, Y. D.et al. Polyelectrolyte interlayer for ultraensitive organic transistor
humidity sensorsACS Appl Mater Interfaces 85918596,
doi:10.1021/am402050p (2013).

Nakayama, Ket al. Patternable soluticarystallized organic transistors with
high charge carrier mobilityAdv Mater23, 16261629,
doi:10.1002/adma.201004387 (2011).

Sekitani, T.et al. Organic nonvolatile memory transistors for flexible sensor
arrays.Science326 15161519, doi:10.1126/science.1179963 (2009).

Di, C. A., Zhang, F. & Zhu, D. Muklfunctional integration of organic field
effect transistors (OFETSs): advances and perspectysMater25, 313330,
doi:10.1002/adma.201201502 (2013).

Daowei, H.et al. Ultrahigh mobility and efficient charge injection in monolayer
organic thinfilm transistors on boron nitrid&ci. Adv.3, 1-9 (2017).

He, D.et al. Two-dimensional quadreestanding molecular crystals for high
performance organic fieldffect transistordNat Commurb,
doi:10.1038/ncomms6162 (2014).

Krupskaya, Y., Gibertini, M., Marzari, N. & Morpurgo, A. F. Balikk electron
transport with recordhigh mobility in the TCNQ familyAdv Mater27, 2453
2458, doi:10.1002/adma.201405699 (2015).

Huang, H., Chen, S., Gao, X., Chen, W. & Thye Shen Wee, A. Structural and
Electronic Properties of PTCDA Thin Films on Epitaxial Graph&@&S NANO
3, 34313436 (2009).

Zhang, Fet al. Ultrathin film organic transistors: precise control of
semiconductor thickness via sginating.Adv Mater25, 14011407,
doi:10.1002/adma.201204075 (2013).

Kim, Y. H., Yoo, B., Anthony, J. E. & Park, S. K. Controlled deposition of a
high-performance smatlnolecule organic singlerystal transistor array by
direct inkjet printing.Adv Mater24, 497502, doi:10.1002/adma.201103032
(2012).

Ji, D. et al. Bandlike transport in smalinolecule thin films toward high
mobility and ultrahigh detectivity phototransistor arrdyat Commuri0, 12,
doi:10.1038/s414601807943y (2019).

Mehedi Hasarfn 2024 9

(0]



Chapter 1: Introductioand Thesis Outline

37 Boyu, P., Shuyun, H., Zhiwen, Z. & Paddy Kwok Leung, C. SoluRoocessed
Monolayer Organic Crystals for Higlerformance Fiel&ffect Transistors and
Ultrasensitive Gas Sensofdvanced Functional Materialz7,
doi:10.1002/adfm.201700999 (2017).

38 Yang, K.et al. TriazineBased TweDimensional Organic Polymer for Selective
NO2 Sensing with Excellent Performang&S Appl Mater Interfacek2, 3919
3927, doi:10.1021/acsami.9b17450 (2020).

39 Li, H. et al. Monolayer Twedimensional Molecular Crystals for an
Ultrasensitive OFETased Chemical Sensémgew Chem Int Ed EngBb,
43804384, doi:10.1002/anie.201916397 (2020).

40 Qing, M. et al. Solutionsheared ultrathin films for highlgensitive ammonia
detection using organic thiiilm transistorsJournal of Materials Chemistry C
2, d0i:10.1039/c3tc31762e (2014).

41 Wang, X.et al. Reversed thermewitchable molecular sieving membranes
composed of twalimensional metabrganic nanosheets for gas separatiat.
Commurs, 14460, doi:10.1038/ncomms14460 (2017).

42 Zang, Y.et al. Flexible suspended gate organic thim transistors for ultra
sensitive pressure detectidiat Commurg, 6269, doi:10.1038/ncomms7269
(2015).

43 Liu, Z., Yin, Z., Wang, J. & Zheng, Q. Polyelectrolyte Dielectrics for Flexible
Low-Voltage Organic ThisFilm Transistors in Highly Sensitive Pressure
SensingAdvanced Functional Materia®9, doi:10.1002/adfm.201806092
(2019).

44 Ren, X.et al. A Low-OperatingPower and Flexible Activ&atrix Organic
Transistor Temperatw®ensor ArrayAdv Mater28, 48324838,
doi:10.1002/adma.201600040 (2016).

45 Park, M. H.et al. Flexible Lamination EncapsulatioAdv Mater27, 43084314,
doi:10.1002/adma.201501856 (2015).

46 Zhao, X.et al. Conformal transistor arrays based on solupoocessed organic
crystals.Sci Repr, 15367, doi:10.1038/s41598 7-15518y (2017).

a7 Sharma, Aet al. Supertransport of excitons in atomically thin organic
semiconductors at the 2D quantum lirhight: Science & ApplicationS,
doi:10.1038/s4137020-0034 7y (2020).

48 Wang, H., Xie, Z. Q., Yang, B., Shen, F. Z. & Ma, Y. P. L. a. Y. G. Several
slice-like organic crystals grown by the physical vapor transport method:
combining atomic force microscopy andry diffraction to explore the
characteristics of crystal forman. CrystEngComni0, 1252 1257,
doi:10.1016/S155%977(08)01022 (2008).

49 Xie, W. et al. High-Mobility Transistors Based on Single Crystals of
Isotopically Substituted Rubrese28.The Journal of Physical Chemistryl@7,
1152211529, doi:10.1021/jp402250v (2013).

50 Aghamohammadi, Met al. ThresholdVoltage Shifts in Organic Transistors
Due to SeHAssembled Monolayers at the Dielectric: Evidence for Electronic
Coupling and Dipolar EffectACS Appl Mater Interfaceg 2277522785,
doi:10.1021/acsami.5b02747 (2015).

51 Xu, X. et al. Electron Mobility Exceeding 10 cm(2) M() s¢1) and Banelike
Charge Transport in Solutigrrocessed-&hannel Organic Thiilm
TransistorsAdv Mater28, 52765283, doi:10.1002/adma.201601171 (2016).

52 Tatemichi, S., Ichikawa, M., Koyama, T. & Taniguchi, Y. High mobilit{ype
thin-f i | m t r ansi s tditridesyl perglene dimide with kherial]
treatmentsApplied Physics Lettei®9, doi:10.1063/1.2349290 (2006).

Mehedi Hasai 2024 10



Chapter 1: Introductioand Thesis Outline

53

54

55

56

57

Lee, H. Y.et al. Strong and Localized Luminescence from Interface Bubbles
Between Stacked hBN Multilayeldat Commuri3, 5000, doi:10.1038/s41467
022-32708z (2022).

Schue, Let al. Dimensionality effects on the luminescence properties of hBN.
Nanoscale8, 69866993, doi:10.1039/c6nr01253a (2016).

Fukushima, Y., Chanthaphan, A., Hosoi, T., Shimura, T. & Watanabe, H.
Cathodoluminescence study of radiative interface defects in thermally grown
SiO2/4HSiIC(0001) structure®pplied Physics Letters06,
doi:10.1063/1.4923470 (2015).

Mizuochi, N.et al.Electrically driven singlgphoton source at room temperature
in diamond Nature Photonic$, 299303, doi:10.1038/nphoton.2012.75 (2012).
Zheng, Set al. Giant Enhancement of Cathodoluminescence of Monolayer
Transitional Metal Dichalcogenides Semiconducthiano Lettl7, 64756480,
doi:10.1021/acs.nanolett.7b03585 (2017).

Mehedi Hasafi 2024 11



Chapter 1: Introductioand Thesis Outline

Mehedi Hasai 2024

12



Chapter2: Two-dimensional Organic Semiconding Materiak

CHAPTRR

TWO-DI MENSI ©ORGIA NI C
SEMI CONDIUCMATERISAL

Mehedi Hasafi 2024

13



Chapter2: Two-dimensional Organic Semicondung Materiak

Over the pastlecadeseveryday devices hawainiatured due tahe use oftransistors,
integrated circuits, lighémitting diodesetc. At present, semiconductor microchips are

in almost all modern equipment, nartly in high-tech devices like personal computers,
mobile phones, and so on. The most commonly used materials have been inorganic, with
silicon being the most significant ome industrylevel use Despite the discovery of
electrical transport and photoconductivity in organic semiconductors in the efrly 20
century and extensive studies in the 195080 significant efforts were made to apply
them in practical applications. Even the discovery of the first electroluminescence in
organicmaterialin the 1960%* did not change this, possibly because of the challenging
crystal growth conditions. In 1986 and 1987, Ching Tang and Steven VanSlyke published
research articles that sparked interest in optoelectronic devices based on organic
materials>® This led to further research in organic semiconductors and thin film devices,
particularly in the miel990s and beyond. Additionally, the 1980s saw the emergence of
organic thin film transistor technolody. Extensive research has been conducted on
organic semiconductors and their application since thel®@ds due to the growing
interest in this technologyand nowadays2D organic semiconductors are ideal for
circuits and optoelectronic applicatiothge to ultrathin feature, higtrystallinity, diverse
processing technigseand excellent flexibilityetc Through the efforts of scientists, the
family of organic materials has continued to expand and devieldpding pentacent

11 PTCDA?14 Me-PTCDH3, Cs-BTBTO1516 etc

2.1 ORGANIC SEMICONDUCT OR

Organic semiconductors are primarily composed of carbon and hydrogen. The molecules
used in organic semiconductors have specific properties of the carbon atorspwith
hybridization. Insp? hybridization, there are three orbitals in a plane with an angle of
120° between them and anothperorbital perpendicular to this plane (Figure 2.1). The
conduction mechanisms of organic semiconductors are different from inorganic
semiconductordn the case of small molecules, the charge carriers are localized to single
molecular orbitals, known as the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO). Nowadays, researchers have been showing great
interest inorganicsemiconductors due tbeirrelatively lowcost to prepare, lightweight,
mechanically flexible, easy to process, and can be tailored for specific functions through
molecular design. Organic semiconductors play a crucial role in the development of

flexible, printable, anthrgesizeelectroniadevicedike light-emitting diodes, transistors,
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sensors, and bioelectronics. With the emergence of new organic semiconductors,

researchers can expectiscover more uniquaropertiefor optoelectronic pplications.

2p\' n-bond

CCIDP C
4 N
H

QO™

P o-bond

Figure 2.1 |Schematicsof sp?-hybridi zed carbon atoms

Organic semiconductors includgenall molecules and polymersgigure 2.2 shows the
molecular structure af few familiar small molecules and polymers.
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Figure 2.2 |Chemical structures ofa few familiar 2D organic molecules

The figure is adapted and reproduced from fefith permission.

Based on thalimension of theorganic semiconductorsan be categorizeds one

dimensional nanoods/wires, twedimensionakhin layers and threadimensional cubic
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materials'® Compared to inorganic semiconductors, organic semiconsudiave
adjustable structural optical and electrical properteeligh degree of flexibility in
synthesismakeit is possible to combin@anyfascinating properties, including excellent

charge transport, PL, EL, Candfabrication on a variety of substrates.
2.1.10RGANIC SINGLE CRYSTAL

Organic single crystals are crystal lattices extending to the sample's edges without any
grain boundaries. Due to the absence of defects, single spyss$akss unique optical and
electrical properties #t make them useful for applications, for exampéectronic
devices, such as transistors and solar cells; optical devices, such as lasers diodégsser

and energy storage devic€sThese crystals have an atomic/molecular level thickness,
which can lead to novel physical processes such as-Bapsport excitonst?° Figure

2.3 showsthe interfacial layer, monolayeand bilayer of the £BTBT single crystal.

10nm

Figure 2.3 | Organic single crystal.
AFM images of interfacial laygr), monolayei(b), andbilayer(c) Cs-BTBT crystals

scal e bThessfigires areradapted asdroduced from reft with permission.

2.1.2POLY -CRYSTAL MATERIAL

Polycrystalline materials are composed of numerous small crystals arranged in a random
or erratic pattern, with grain boundarseparating them (Figure4), and hegrains have

sizes from nanometres to milineters. Polycrystalline materials are commonly used in
various applications, including solar cells, electronic devices, and seMmeover,
polycrystak of organic materials can be made using simple, inexpensive processes, such

asdropcasting.
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Figure 2.4 | Organic poly-crystalline material.

(a) Pentacene grain orientation map produced by TSM, wiherarrow indicates
grain's [110] direction(b) TSM imageshowsgrain boundaries with high (H) and lo
(L) angles. The histogram shows the monolayer has ~90%gnigle grain boundarie:

These figures are adapted and reproduced froAt véth permission.

Table 2.1 Summary of familiar 2D organic single crystals.

Materials Thickness (nm) Molecular symbol References
Ce-BTBT 0.6 10,15,16
2.3 23
2.46 - 24
2.83 w ( 25
2.6 26
2.92 27
Pentacene 0.5 9-11
TIPSPEN 1.7 28
1.32 23
1.64 29
PTCDA 0.3 1213
0.53 14
PTCDI 0.3 13
Me-PTCDI 0.3 13
DPA 1.89 30
Ces-DPA 2.9 31
CHsNHsPbk 1.3 < T 32
0.445 \T 33
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PTCDICi3 2.5 9 ba pd ¢ 34
Tetracene 1.39 &m 35
Y 35

TransDSB 1.91 < m‘,{}
TransDPDSB 1.32 Sy 35

CN-DPDSB 1.57 %
1.36 36

Rubrene 1.5+0.1 37
1.48 38

TCNQ 1.64 %
F-TCNQ 0.88 %
F+-TCNQ 1.46 %
TIPS TAP 1.7 40
1.8 “

DTBDT 1.78 42
DTB DT'CG 2-3 CeHis a:::}:::::; CeHis *

25

Perylene 1.95 gg

2.2 ORGANIC SEMICONDUCTOR SYNTHESIS TECHNIQUES

Cryst al gual ity determines the devicesd perfo

electronicsoptoelectronicspontlinear optics, and so d¥i.Highly oriented2D organic
semiconductorsalso provide a powerful platform to explore the relatidmedween
materialsé structur al *pThegiosehdwitegow dighd
guality organicsemiconductorbas emerged as a hot topseveral methods haveeen
proposed and designdd synthesize 2Dorganic materials such as physicavapor
depositionchemicalvapordepositions, mlecularbeamepitaxy, solution shearing, dip
coating, dropcastingetc All of thesemethods can be grouped into two categoriapor
techniques and solution techniqueapordeposition techniques aneorefavorable as

organic materials are typically insoluble or barely soluble in organic solventsapbe
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deposition method involves heating a precursor material to a high temperature to make
vaporandforming a thin film on a substrate. It can also be used to grow-&aegefiims

with high uniformity and controllabléhickness.Researchersitilized physicalvapor
transport togrow highly orderedorganic materialof Cs-BTBT!®, pentacent*®, Me-
PTCDI3, and PTCDA’. The resulting devices display exceptional quantum yield
(~100%}¥3 and mobility (>30 crifV.s)° with the use ofhese 2D organisemiconductors
Solution techniques are preferred to enable the industrial application of these 2D
semiconductordue to theilcosteffectiveness large area, and mass producttdf This
method involves dissolving the precursor material in a solvent and depositing & onto
substrate. The solvent is then removed to leave a thin film of organic material. This
technique can be used to grow a wide range of organic 2D materials, including organic

semiconductors, metalrganic framework¢éMOFs), biomoleculesetc

Table 2.2 Comparisonbetweendifferent synthess methods of2D organic materials.

Synthesis Critical parameters Advantages Disadvantageg Ref.
method
Physical | Deposition rate; Crystalline Depend on 15
Vapor pressure; time; thickness; the substrates;
? deposition | substrate surface; controllable
3 substratégemperature; | growth;
'ccE surface roughness;
é Chemical | Gas flow rate; pressure| Controllable size;| Small crystal | 32
% Vapor composition; compact crystal; | domain size;
> | deposition | temperature; thickness;
time; substrates;
Floating | Growth speed; Speed fabrication]{ Adapted to 23
., | coffee temperature; large scale; specific
8 | ring-driven | solvent flux; costeffective; materials;
'g assembly
S
@ | Solution | Interaction between Speed fabrication]{ Adapted to 50,51
S | shearing | semiconductor and large scale; specific
5 substrate; rate of solver uniform crystals; | materials;
A evapoa’tion; clear layer
concentration of definition;
solution; temperature ol
the substrate;
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2.3EXCITONS IN 2D SEMICONDUCTORS

The optical properties of semiconductors are mainfluenced by excitons, which
consist of pairs of electrons and holes held together by Coulombic attractions. These
excitons are formed when an electron is excited from the valence band to the conduction
band, creating a hole in the valence band and adbstate due to Coulombic ford&’hen

an electron and a positive hole within an exciton recombine, energy is released as emitting
photons and transferred to an adjacent atom's electron, creating a new exciton. Excitons
are essential in understanding semémtors' optical and electronic properties and are
crucial in the operation of many optoelectronic devicHsere are several types of
excitons. Excitons can either be free or localized within a crystal (Figbag>2 Free
excitons move about the crystal transmitting engrgy contrast, a sufficiently strong
potential spatially confines locaéd excitons, have a nearly flat energy dispersion, and
do not transmit energy like their free counterpakiscalized excitons are used as
potential when trapped in a defect site, such as an impurity &touctural disorder in

the lattice is the primary cause of thésealizedstates. This disorder's primary cause is
lattice vacancies, which may originate from native or induced sources, such as high
energy particles. Structural anahes, such as residual impurities, vacancies, interstitials,
andanti-sites, give rise to diverse luminescent characteridtithese excitonmay have
aninfluence on diffusion length, doping response, lifetine#e> The localizedstates

are charactezed by a long emission time, in the range of tens of picoseconds compared
to thefree excitorr®>” Somelocalizedexcitons have charge and spin lifetimes of up to

microseconds due to their decoupling from the host crytal.

Depending on thescillator strengthfandividual carriersexcitonscanbe categorized as
brightand dark excitost®, asshown in Figure Zb. In a brightexciton thee andh* can
recombine by emitting a phot§AFor organic semiconductor materials, the lowest
excited state is often bright and can be populated bypboton absorption and directly
observed by onphoton PL spectroscop@n the contrary, when the oscillator strength
between an excited state and the ground state is negligibleadiative recombination
of & andh™ dominates. Dark states arballengingto observe directly by omphoton
absorption and PL spectrosgofHowever, dark states can often be fornveal two-
photon excitation due to the different optical selection rules, despite their formation being
forbiddenvia onephoton excitatior?®° Furthermore based on the types of materials,
there are twomain types of excitonsWannierMott excitons and Frankel excitons.

WannierMott excitons are formed in semiconductors with a direct bandgapmostly
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TMDs. Conversely Frankel excitons are formed in semiconductors with an indirect

bandgapi.e., mostly organicsemiconductors
2.3.1WANNIER-MOTT EXCITON

WannierMott excitonsareformed by the attraction between an electron and a hole in an
inorganic semiconductor (Figure &), such as TMDs. In high dielectric constant
semiconductors with narrow energy band gaps, the valence electrons effectively screen
the Coulombattractions resulting in wealbinding of electrons and holes. As a result,
WannierMott excitons are observed amaterial wth a larger radiushan the lattice
spacing, and the Coulonfbrce between electrons and holes is reduced. Waiiviadt
excitons have large exciton radii and a finite spatial extent, determined by the exciton

Bohr radius, and can be obsenmdohotoluminescencgpectroscopy

a b Dark state —/\ ry
Vibrational
States
Localized states Free states — Excited state
Tll‘(lllﬁ nfree /\
Eloc$ Nioc ' IV\I)
----- defect : . i -I--t--t--K
Tr, loc ; Tnr, free /V\I) /V\I) x ,V\I)
\X/ Photon Bright
absorbed emission >
A\ A\
Ground state
C d e
0000000 0O00000O0 0000000
OOOOO(%O 0000000 0000000
0000000 000000 000000
000 00 cooBooo 0000@®O00
00 00 OQO000000 Q000000
0000000 Q000000 Q000000
0000000 Q000000 Q000000

Figure 25 | Excitonsin 2D semiconductors

(a) Schematic of the localizednd freeexcitors. (b) Bright state(left) is optically
allowed, and darlstate (right) is optically forbidden. Wannier Motéxcitons(c),

Frenkelexcitons(d), and Charge transfexcitons(e). These figures are adapted ¢

reproduced from(a) ref®!, and (ed) ref® with permission.
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2.3.2FRANKEL EXCITON

Frenkel excitongFEs) are observed in materials with low dielectric constants, high
effective masses, and strongitztcoupling (Figure 3d).53%4In FEs, strong Coulombic
interactions betwees andh® result in electrofhole separations that are smaller than the
molecular length scale. As a result, FEs have high binding energies and are mainly found

in organic materials.e., pentacen®, PTCDA®, Me-PTCDI*3, tetracen®, etc,
2.3.3CHARGE TRANSFER EXCITON

Charge transfer excitons (CTEs) form whine electron and hole occupy adjacent
molecules (Figure 8e). The € and h* in CTEs are often located omeighboring
molecules due to their Coulombic attraction the present work, when tlee and h*
reside in the same layer of molecules, we refer to themtratayer CTES, whereas in
interlayer CTEs thee andh* occupy different layer®

2.4 PROPERTIES IN 2D ORGANIC SEMICONDUCTORS

Molecular packing can influencthe charge transport mechanisms and lgtatter
interactions, which decide the performance of electronic and optoelectronic devices.
Ultrathin organicsemiconductorprovide a powerful platform to investigate the effects

of molecular packing and dimension on their properties.
2.4.1CARRIER TRANSPORT AT THE 2D LIMIT

Molecular packing can influence charge transport mechaniants lightmatter
interactions, which decide the performanéelectronic ansptoelectronic deviceD

organic semiconductorprovide a powerful platform to investigate the effeofs
molecular packing and dimension on their properti@smally, both2D and 3D organic
semiconductordescribe their carrier transport properties using hopping charge transport.
Nevertheless, for 3naterials their carrier density declines proportionally to the square

of the distance between semiconductors and dielectric inteffacise ultrathin
morphological features bestawitrathin organic semiconductovath a constant carrier
density (Figure &a) ®8 Higher carrier density can lead to enhanced Coulomb interactions
between the charges and thus decrease mobility. Molecular packing is essential to charge
transport since it determines the two critical mobility parameteaxs tfansfer integral

and reorganization energy). n t he <case o fconjagatedi sgsem,dheic t i n g

molecular packing modes can be generally classified into herringbone packing (face to
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edge), herringbone packing (face $2®6b-f ace)
e)®Theoretically, 2D °~ stacking possesses
integral that can transfer charge carriers via the shortest route (nearly straigiit’fine).

It is reportedthat the initial layers have different packing modes and charge transport
properties due to substratelecule interactions. For example, pentacene demonstrates a
nonconductive property in the first contact layer (WL) with substrates, hopping charge
transprt in the first conductive layer (1L) and balike charge transport in the second
conductive layer (2)(Figure 26f).° These variations in charge transpoehaviorare
ascribed to the evolution of molecular packings led by interfacial vdW interacfibes.
thickness statistics disclose that WL, 1L, and 2L are 0.5, 1.14 and 1.58 nm, respectively,
where WL shows the faeen configuration and both 1L and 2L indicate herioune
packing (face to edgejvhile comparing 1L to 2L pentacene, the latter exhibits less tilted
molecular packing. Density functional theory calculations have been conducted to explain
these differencest was discovered that intermolecular bonding states for 1tBjland

2L (2L-B) correspond to hole conduction. 2L pentacene shows horizontal orbital
overlaps; thus, its barlike transport is ascribed to the complete expansion of DOS in
eithera or b-axis direction (Figure Bg). For 1L, the more tilted molecular packing affects
the spatial distribution of bonding states forB]l. meaning that its orbital merely crosses
five molecules irthe b-axis direction (Figure Bh). From thea-b plane, it is clearer that

2L-B shows a continuous 2D network, whereadBlis disconnected and localized. These
differences explain their different transport properties. Unlike pentacene, some other 2D
organicmateriat share the same molecular packing, such as perylene derivatives, HTEB,
etc, and the thicknesmdependent mobility and equivalent thickness of each layer have
revealed thi$®"1 Ce-BTBT follows the tendency of 2D pentacene. When 2EBTBT

is formed, a molecular orbital (HOMO) or (HOMDO) develops into two electronic
bands due to one unit cell composed of two molecules. 1L has weak band dispersion with
nearly degenerated highesatlence states (1L VB1 and 1L VB2 for hole transport) at the

G point, resulting in the high DOS below the VBM.dontrast, 2L shows a larger band
dispersion with a lower DOS. Therefore, the highest valence states @fBLET show

a delocalized feature with high mobility and large intermolecular overlap. 2L VB1
transitions from a nonbonding state at the G poiatlionding state along-% directions
(Figures 2.6i,j).1° The moleculapacking determines their molecular orbitals. For ddth

and 2L, the two highest VB&re establishedsia the SS and SC interactions,
respectively. In terms of 1L, the two interactions hsinglar strength in 1L, resulting in
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almost degenerated 1L VBihd 1L VB2 at the G points. In contrast, 2L molecules display
astandup packing, where two®Borbitals ofneighboringmoleculesare coupled together

in an inappropriatalirection, and thisleads to large band dispersion at the G point.
Moreover, DFT calculationdemonstrate a perfect alignment betwierhighestvalence

(1L VB1 and 1L VB2) states and EF of Au, interpretitige ohmic contact of 1L
transistors. The fags that quantunmechanical tunneling probability and DOS have
positive correlationwhereby the higher DOS, the highée tunneling probabilityand
lower contact resistance. For 2L-B3 BT, due to the lowebPOS (2L VB1), it shows a
larger contact resistance comparedltoFurthermore, the localization of 2L VB1 at bias
voltages exhibit&ermi pinning effects, causing a large Schottky barrier. Meanwtile,
VB2 demonstrates krge energy barrier of ~0.5 eV. All these lead to a large contact
resistance in 2L transistots.
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Figure 2.6 | Novel charge transport mechanisms.

(a) Schematic of 2D and 3D carrier distribution in the accumulation layer frc
transistor(b-e) Representative molecular packing motifs: herringbone packing (
to-edge)b), herringbone packing with-" overlap betweeneighboringmoleculegc),

l amel | ar mot (djan dl D a mesltlaacrk i nm@z(f) Schematid
diagram of the first threlayer pentacene singt@ystal molecular packingg,h) The
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top view of molecular orbitals withia-b plane for 21-:B (g) and 1L-B (h). (i,j)) The
spatial distribution of molecular orbitals at G point for 1L VB1 and 1L \{iBand at
G and X point for 2L VB1(j). These figures are adapted and reproduced

permission from(a) ref%8, (b-e) ref, (fi h) ref®, and (i j) ref.!®.

2.4.2MOLECULAR AGGREGATION

The molecules' orientation in organic semiconductors' growth critically affects the energy
distribution and excitonic stateBhe effect of molecular packing on excitonic states was
first reported by Kashatal.”?, who extended the geometrgiated FR exciton treatment

by DavydoV?. The crystallinity and molecular aggregation as predicted by Syahé*
divided the aggregation intd- andJ-type. Studies have reported thiatype aggregation
causesa broadening or weaker Pemission thanJ-type aggregationH-type WL
pentacene showed broad PL spectra compared to a narrow PL emission-iyge aLJ
sample, as shown fRigures 2.7a,b. 1 The transition dipole moment (TDM) orientation
demonstrated by red arrows is differentihandJ-type. The resultant band structure is
shown inFigures 2.7c,d. The total TDMs in a group of molecules determine the oscillator
strength of an optical transition. If th€oulombic repulsion is stronger than the
Coulombic attractionthen the value afis positive § > 0) and small total TDM, resulting

in an optically forbidden lowest excited stafg) (°. If the Coulombic attraction is stronger
than the Coulombic repulsipthenthevalue ofJis negative < 0) and a large total TDM,
resulting in an optically permitted. WhenJ > 0, molecular aggregatese considered
asH-type, and whed < 0, they are considered &sype. This was further confirmed by
simulations using the first principdlamiltonian equations, as shown in Figurée2in

1L, the TDMs of each molecule (red arrow) are packed-te&all, but in WL, the TDMs

are packeaside by sideJ denotes the excitonic interaction between local FR exciton
states at neareseighbor molecules. The study found thatis negative in 1L
(corresponding td-type aggregation), resulting in a positive total TDM value along the
b axis of the pentacene unit cell (as shown by the purple arrow), allowing for emission
from 1L. In contrast] is positve in WL (corresponding to #lype aggregation), resulting

in minimal emission from WL at 0 K'hus,H- andJ-type behaviour in WL and 1L viz.

is a consequence of the molecular packing in these layers plus the columbic charge

coupling.
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Figure 2.7 | Molecular aggregation in 2D organic materials.

Schematic of the molecular arrangement in ). and 1L (b) pentacene and th
orientation of the net dipole momeitead to tail (1L) and side by side in W(c-d)

Schematics showing the excited states in an idegpe (c) andJ-type (d) monomer.
Orange arrows indicate the spin of electrons in each &afEDMs at each molecul:
(red arrows) follow a heatb-tail packing in 1L, but TDMs in WL are packed side
side. The pink arrows show the Coulombic contact force between nearby mols

These figures are adapted and reproduced froft véth permission.

2.4.3COUPLING OF FR-CT EXCITONS

The FR excitormeans wherghe electron and hole are placed on the same molecule
whereaghe CT excitonis a pair of chargevherethe electron and hole occupy adjacent
molecules’®’"When the energy difference between CT and FR excitons is small enough,
the excitons can interaeind generate new FRT mixed state§’® Because of the
absence of high crystallinity and the presence of disorders and interfacial states, most
bulk and thin film organic semiconductors exhibit mixed stét@he energy of the CT

and FR states can be reversed by deepening the packing styleo{face or
herringbone). This was confirmed by theoretically calculating the contribution of CT
excitons in the energy band dispersion of the pentacene samHlestandet al.”* The

model demonstrated the strong contribution of up to 45% of CT excitons in pentacene's
b-polarized PL component. The PL emissions, including their vibronic sidebands, were
discovered to consist of complex FR and-pasticle CT excitonic states. The spectrum
polarized alongo displayedJ-aggregate (FR exciton dominated), while the spectrum
polarized orthogonal tb displayed Haggregate (CT exciton dominatéd)Similar in
PTCDA, the absorption and PL emission were identified to have a CT and FR coupled

combination, determining the overall broad spettdence the strong FRCT coupling
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results in the lack of feasibility of organic bulk thin film to be ideal candidates to have
applications in excitonic devices based on organic semiconductor materials. To imit FR
CT mixing and observER emission, we need tontrol the crystallinity and molecular

aggregation into hprecisely andJ-type, as predicted theoretically Biestandetal.”
2.4.4STRONG LIGHT -MATTER INTERACTION AT 2D LIMIT

When the dimension of organic materidésreases from bulk to the 2D limit, lighatter
interactions can be enhanced due to the reduced dimensions and dielectric screening,
which are extremely important to future optoelectronic devices and photonic
applicationg®838 As compared to 2D inorganic systems, the digtip®le interactions

of 2D organic materialsbecome even stronger, which has been corroborated by the
localized featuref excitation. Hence, 2D nature can engineer the exciton coupling and
spark novel photonic propertié$in particular,Ji aggregation provides a unique system

to investigate exciton interactions as well as exciton coherent states that are highly
important to ameliorate device performance. Nonetheless, the exciton coherent state is
hindered by the energy relaxation determimgdsubpicosecond intermoleculaCT.

Given this, to obtain the increased Coulomb interactions between the Frenkel dipoles and
inhibition of interlayer CT, highhordered 2D organisemiconductorsare heavily
pursued® The longrange and fastransport of coherent excitons has drawn much
attention in inorganic semiconductors and molecular systems due to the great potential in
high-speed excitonic circuits, quantum computiagd highperformance lightmitting
diodes'! However, the majority afoherent excitons are observed in the-ttimensional
inorganic semiconductors coupling with cavities. This is because their native states show
large inhomogeneous broadening and dephasing effects on the transport of &xcitons.
Dicke definedSR as the spontaneous coherent emissions that originate from some non
interacting dipole active atoni$.For the SR process, the coherent delocalization will
transport across many sites, which is induced by the interactions between different
molecular transition dipoles, resulting in the enhancement of optical TDM and excitonic
radiative decay rate of a group Nt emitters as compared to that of an individual
emitter®”:88 This SR emission alsaives rise to thesupertransfephenomenofi® The
enhanced oscillator strength that is induced by the delocalization over large molecular
assemblies can cause laiggale exciton transport.

To date, coherent dipole interaction has been observe@Dinsmaltmolecule

semiconductors, showing enhanced oscillatrength, redshifts, reducdahewidth,

Mehedi Hasafi 2024 27



Chapter2: Two-dimensional Organic Semicondung Materiak

lifetime, andincreased PL intensity under low temperasiité® As reported, thel-
aggregations of perylenderivatives have been found udtrathin monolayes with
extraordinary opticaproperties (Figure 8a, left panel)3 Attributed to significantly
unscreened dipole interactions and negligible @I, excitons in monolayers are
dominated by FE andccompanied by the delocalized wavefunction. For multilayered
perylene derivatives, thexcitonsarecomposed of bothRandCT states, ascribed to
large interlayer electronic coupling. As théimckness increases from 2L to 6L, the
percentage of CT configuratialnamatically evolves from 40% to 75% (brg2.8a, right
panel). Moreover, the spatial distribution of the lowesitationsin monolayer perylene
demonstrates a delocalized envea@vefunction. A huge superradiant transition dipole
takes placehrough the coherent interactions of many Frenkel dipolesiasgimmetric
wavefunction illustrates optical anisotrogifigure 2.8b). Furthermore, the enlarged
amplitude of absorption at resonance supports superradiance, unveiling lgghtng
matter interactions. The absorption increases graduallpwatemperatures, proving
enhanced oscillator strengstraightforwardly(Figure 28c). Considering the lack of CT
in monolayers, its explained by the increased exciton sizd-afjgregation. In contrast,
the oscillation strengths of FE in single molecules and multilayseedene derivatives
are small due to the heavy mixtuoé CT and FE. Importantly, from temperature
dependent Pintensity fittings, the coherent length is extracted, showing a latticei of 10
20 (the size of exciton wavefunctioNd~50i 200) (Figure 2.8d).** Furthermore,
monolayer perylene derivatives shbvight PL emission (two orders higher than TMDs)
with a60i 100% PL quantum vyield

Compared to the monolayer perylene derivatthe, superradiance of FE was observed
in the first conductive layenstead of the first contact layeith substrates. This unique
phenomenon has been proven by temperatapendent Plspectra, enhanced radiative
decay rate, narrowing PL spectra and strongly anisotropic PL emissionse(ERg).1*
Correspondinglyjts coherence state delocalizes over 135 molecwbgh is much
larger than other organic counterpatt®} Additionally, the molecular aggregation
enabled supertranspa@xcitons in 1L pentacene have been reported avtiyh effective
exciton diffusion coefficient (346.9 cfs at roomtemperature and 354.5 ém at 77 K)
(Figure 2.8f). Moreover,supertransport excitons are highly correlated with the following
factors: structural uniformity with a lowefect interfacehighly confinedexcitons,and
stronger intermolecular couplir(targe oscillator strength). The diffusion coefficient of
CT excitonsn WL pentacene is reported to be 3.5%smat 77 K (Figre 2.8g), which is
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much larger than the previous repdft8! These results demonstrate ti2@ organic
materialsare highly important to access lerange andasttransport excitons. kffers
a large crossection area for lightatter interactions ancbntributes to enabling wide
applications such as higdpeed excitonic circuits, quantum computitgvices, fast

OLEDSs, and other optoelectronic or photovolidévices.
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Figure 2.8 | Strong light-matter interaction in 2D organic materials.

(a) Schematic of the excitonic band for monolayer and multilayefPWMEDI. (b)
Frenkel transition density of MBTCDI molecules (tofeft panel), the spatic
distribution of the lowest excited state withire small cluster (bottorteft panel) and
large aggregate (right panel) Temperaturalependent absorption (squares)
normalized oscillator (dashed lines) of monolayer-RICDI on quartz and SiC
substrateqd) Theoretical and experimental PL of monolayer-RIECDI as a functior
of temperature(e) Anisotropic (1L) and isotropi@VL) PL intensityas a function of
emission polarization angfer pentacene at 77 K. The solid lines are the fitted cu
by a coéd function. Contour plots of PL intensity with the emission wavelength
space of exciton diffusion for 1(f) and WL (g) pentacene at 77 Khese figures ar

adapted and reproduced fro¢a-d) ref3and (eg) ref.** with permission.
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2.50PTOELECTRONICS APPLICATIONS

The highly orderedultrathin organic semiconductorsoffer unique morphological
advantages, such as frekgrain boundaries, minimum defects and traps, efficient charge
injections,modulations, and novel features of carrier transpgata result, ltey facilitate
the fabrication of higiperformance devices, which are promising in electronic and

optoelectronic applicatioris?3
2.5.10RGANIC FIELD -EFFECT TRANSISTOR

The transistor is the mostindamental device in organic electron&sd holds huge

significance in the electronics and display indudtior organic transistors, carrier

transport only happens in the mefiew layersof semiconductor close to dielectric

layers? As reported, a higiperformance monolayer ¢@BTBT transistor has been

demonstrated, showing intrinsic hole mobility over 3G/8hs, 1000 . ¢cm r esi st ance an
bandlike transport until 150 K (Figuse2.9a-d).1>% The contact resistance is one
magnitude | ower than the previous reports (-~
experiments reveal that the contact between the charge transport layer and metal is
straightforward and nedisruptive, which is the key to abhing perfect electrical

contact. Although the reported mobility is still lower than that of-temperature

polycrystalline silicon (50100 cnt/V.s), it is the highest to date, considering monolayer

thickness, which is much higher than amorphous siliGemiconductor:®

Additionally, molecular packing influences its charge transport, which the-layer

dependent carrier transport properties have corrobotétdd. case of pentacene, 1L

shows hopping transport and 2L exhibits bandlike transport with the highest mobility of

5.2 cnf/V.s, whereas WL is nonconductive (Figsig9e-h).° Nonetheless, a{GDNTT

monolayer transistor exhibited the mobility of 10.4 28w, similar to multilayer

counterparts (Figus2.9i,j).%° It was found that the first contact layer is responsible for

charge transport, whereas the subsequent layers supply charges and encapsulation to the

first layer. Meanwhile, a positive relation between mobility and temperature is disclosed,

suggesting thanonolayes follow a hopping mechanism, whereas bhkel transport is

multilayer®® Recently, a wafesize organic single crystal wasccessfully prepared, and

the corresponding r ansi st or showed | ow contact resi st
mobility of 13 cn#/V.s (Figures 2.9k,1).*° It allows for the higifrequency response at 20

MHz, two folds higher than the common frequencpedifield wireless communication.
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Figure 29 | High-performance organic field-effect transistors.

(a) HRAFM image of monolayer £BTBT. The inset is the fast Fourier transform
AFM images with lattice indices of a unit ceglh) The relationship between chanr
c onducirand ¥at the indicated temperatur@) The extrinsic and intrinsi
mobility of monolayer @&BTBT at the indicated temperaturgd) Intrinsic mobility
histogram of monolayer£BTBT transistor under different temperatures. The ins
the optical image of a fotglectrode devicge) The ks as a function of Vg (M= -2

V) at different temperatures. The left inset is the optical image of 1L pentacene C
The right inset demonstrates the relationship between the power exponent and
(symbols), showing the 2D hopping mechani$ihHRAFM image of 2L pentacent
The unit cell is demonstrated. Scale bar, 1 fghlssas a function of Yunder s = -

2 V at the indicated temperatures for the 2L pentacene ORR)YJ.emperature
dependent mobility at various gate voltage2) (orange),-35 (blue) and-50 V
(purple). The insds the optical image of a transist@}.Select area electron diffractic
(SAED) patterns of @&-DNTT single crystals(j)) The transfer characteristics

multilayer (black) and monolayer with and without PMMA encapsulation layer (
and green)(k) TEM images and associated SAED patterns of 2L single crystals
inset is the optical image of a 2L OFET devi@e.The channel sheet conductivity
2L and 3L OFETs. These figures are adapted and reproduced with permission fr
ref®2, (i d) refl®, (& h) ref?, (i, j) ref>°and (k, 1) ref®.
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2.5.20RGANIC PHOTOTRANSISTOR

Due to strong lighimatter interactions and outstanding performance, organic
phototransistors have been heavily investigat@dHowever, their broad applications

are not realized because of the following factors: immature growth technique, low
mobility, short exciton diffusion length, short weak absorbaaiecd ambiguous relations
between the photoelectrichehaviorand crystalline structuré:®® To conquer these
limitations, much research has been performed, making huge advancefants.
example, a higiperformance 2D DPA phototransistor has been demonstrated, which has
not only extremely low dark current (<3DA) but also exhibits high mobility, high
photosensitivity, photoresponsivity (1.34%¥W) and detection (>10 cm HZ2/W).%°

In another studyLiu et al. reported higkefficiency phototransistors comprising 2D
pentacene and graphene. It showed outstangihgto reactivity including the
photoresponsivity of >10A/W, photo responsme of 25 ms and photoconductive gain

of above 18, More interestingly, a thicknesependent performance has been observed
in these devices, where thicker orgalagersexhibit a higher responsivity and EQE
accompanying smaller bandwidth and slower charge tran€artthermore, a 2D effect

was found in pMSB phototransistor® As the thickness of 2D organicaterialsreduces

to the monefew layers, its internal photoresponsivitys) enhances 10000 folds
(Figure 210a), which can extend to other organic materials, including perylene-and a
6T.9 This enhancement depends on the specific crystalline structure, where a shrink or
expansion occurs along theaxis direction that acts as the primary conductive route
(Figures 2.10b,c). Three factors are considered to interpret enhanced photoelectrical
properties: bandlke carrier transport, efficient charge separation and enhanced-photo
gating effect. Due to weak molecufibstrate interactions, organeyer molecular
packing stands up more ¢ime SiO substrate, which leads to higher orbital overlaps

the horizontal direction. Meanwhile, the evolutions of band structure result in one band
like excimer emission and photoelectrical response enhancement (Fig0Ocg. 2n
addition 2D organieinorganic hybrid perovskites have been applied to fabricate high
performance phototransistors, attributed to extremely high PL quantum efficiency and
highly tunable emission wavelength (Figsi210d,e)3? It shows an inaased current
under the irradiance of 405 and 532 nm lasers and the photo responsivities of 22 and 12
A/W at 1V, respectively. Moreover, the high ratio (over two orders of magnitude) of
photocurrent to dark current is reported, attributed to strongingltter interactions and

light harvesting capability of hybrid perovskiteBurthermore pentacene/PTCDA
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phototransistors have been reported, showing the outstanding performance induced by
the builtin field (Figures 2.10f,g).*?
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Figure 2.10| High-performance organic phototransistors.

(a) The internal photoresponsivity igRvs p-MSB thickness under illumination (14
UW/cn? 365 nm) in Osstate. (b) Schematic illustration of the phetesponse
mechanism of 2D and 3D-MSB. (c) Molecular orbitals of intermolecular bondir
states for the upper and bottorM&B molecule on amorphous Si@h theb-c plane
(side view) ana-b plane (top views)(d) Schematic illustration cd perovskitebased
phototransistor(e) Photocurrent and photoresponsivity as a function of irradic
power. Schematidiagram(f) andband alignmen(g) of a gaphene/PTCDA/pentacer
phototransistor. These figures are adapted and reproduced with permissionifo)r
ref®, (d, e) ref?and (f, g) ref2

2.5.30RGANIC LIGHT -EMITTING DIODE

Organic lightemitting diodes emerge as a coming star in display techniques owing to
their low cost, higkquality color, low energgonsumptionlightweight and flexibility 2

To achieve efficient OLEDs, both high luminescence and high charge carrier mobility are
important conditions. However, integrating the above two prerequisites is challenging,
attributed to their intrinsic contradiction. High mobility depends on denseenatiical
packings, which leads to emission quenching (aggregatthrced quenching (ALQ)Y*

It is reported that adjustingl-type to J-type molecular aggregation could efficiently
alleviate ALQ,ascribed to the weak dipetipole interaction in the lattéf! Recently, a
high-performance monolayer PTCDA OLED wiihigh PL quantum yield (60%~100%)
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andJ-aggregation was demonstrated, showing a high device speed of over 30 GHz that
is promising for future ultrafast echip optical communications (Figwe.11a,b)?

Also, a DPA LED with high mobility (34 cAV.s) and high quantum yield (41.2%) has
been reported. It shows the ultrahigh brightness of 6627?atitha turron voltage of

2.8V at blue emission wavelengths (Figellc,d) 1%t This outstanding performance is
ascribed toJ-type aggregation of DPA. Furthermore, a molecular design that tailors
molecular and crystal structure is an available way to improve PL emission and carrier
transport:®® A modified unsymmetric PA-D6 st ruct ur e -DMAClayern, DBTBZ
has been employed to fabricate LED devices (Figurde2.llt exhibits superior
performance, including high EL efficiency (43.3 cd/A and 14.2%), small current
efficiency rolloff (0.46%), extremely small external quantum efficiency -odil
approaching null from peak value to those at 1000 tdfigure 2.1f). Theseresults
demonstrate the potential of ultratlmrganic semiconductons high-performance LEDs.
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Figure 2.11 | High-performance organic lightemitting diodes.

(a) Schematic illustration and optical image of monolayer PTCDA transient |
emitting device(b) Electrical luminescence intensity versus AC frequecyBand
alignment diagram of DPALEDs. (d) Strong blue emission from DREALEDs (e)
Molecular packing patterns of DBBZ-DMAC in theb-c plane.(f) The luminescence
voltagecurrent density of DBIBZ-DMAC OLEDs. These figures are adapted ¢
reproduced with permission from: (a,b) #&f(c,d) ref!°*and (e,f) ref%.
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2.5.4DEVICE INTEGRATION

In order to achieve practical electronic and optoelectrosgs, it is imperative to
combine 2D semiconductors in an integrated circuit or device dni@grated devices
offer enhanced and specialized functionalities across diverse dorkamresxample, a
temperaturesensor array based @D organicfilms has been demonstrated with low
operating power and a unit yield rate was achieved in the actively addressed 16x16 OFET
array, which presents the temperature information of objects (Bigui2a-c).1%? It is

much easier to diagnose and treat patients during surgery when this arrélye human

body or organs. Moreover, another kpawer topgate transistor array with a multiple
step lithography process has been reported (FiguradR.Despite experiencing a
complicated process, it shows a high device yield of ~90% and negligible variations in
the threshold voltage and subthreshold swing (SS) among 27 d&\jigeghermore, Liu

etal. integrated individual 2D DPA optoelectronic devices according to a simple pixel
like configuration where an OFET drove an OLED array, showing the mobility 4of 3
cm?/V.s (Figures 2.12¢e/f).19% In particular, the gate voltage of OFET manipulates OLED
switching, where if OFET is on, the current will flow from the source electrode to the
cathode of OLED. As aresult, at 70 V, the current density of ~170 nfAfedbrightness

of ~2660 cd/m is obtained in OLEDs. To meet the requirements of -gexieration
electronics such as-skin, human activity monitoringpersonal healthcareetc,
conformal electronic devices with good flexibility and elasticity are necessary. As a
typical example, a novel fabating route of conformal TIRBEN OFET arrays has been
reported, and it shows outstanding electrical properties with a device yield of 100%, and
mobility of ~0.79 crd/V.s, impressive threshold voltage and device uniformity (Figure
2.129) 1% These results indicathe substantial promise of utilizing 2D organaterials

in nextgeneration electronics/optoelectronics devices.
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Figure 2.12 | Integration of organic materials in optoelectronic devices.

(a) Schematic of a temperatunegeasurement setup containing Peltier heater and s
array, where Peltier heater places onto sensor arflays) Measured temperatut
distribution from different sensor arrays. The dashed lines indicate the posittun
Peltier heater(d) Optical images of FET arraye) Optical images of DPAOLED

arrays driven by OFET¢f) Photo of DPA OLED in the estate.(g) Optical image of
device array (left panel). The inset is the magnified image of snapshots. Devict
corforming human joint (right panel). These figures are adapted and reproduce

permission from (&c) ref1%2 (d) refl%, (e, f) refl%, and (g) ref%

2.6 CHAPTER SUMMARY

Ultrathin two-dimensional organisemiconductorsre gaining popularity due to their
exotic propertiesincluding ultrathin featurg high crystallinity, diverse processing
techniqus, excellent flexibility, charge transpogtc The synthesis of highly crystalline

2D organic semiconductors andhvestigating their intrinsic properties remain
challenging This chapter discussed the organic semiconductor growth techniques, novel
physics, lightmatter interaction, and optoelectronic properties at the 2D lifie
advantages and propertiesuttfathinorganic semiconductors mathemideal for high

performanceoptoelectroniaevices including transistors, phototransistors, sensors, and

LEDs.
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3.1PHYSICAL VAPOR DEPOSITION

Physicalvapor deposition (PVD) is gopular techniqudor growing highly ordered
organicthin films.2* The PVD procesasesan operended quartz tube and heating zone
Organic semiconductdPTCDI powde) was used as source material and placed in the
middle of the tube at a high heating zone, and hBN substrates were positioned
downstream of the furnace (Figure 3.1). Once the tube vacuum was reached at*4.3x10
and furnace temperature increased to°€7@r 1520 mins to deposPTCDI molecules

on hBN. Later, the furnace was cooled to room temperature, agasNvas injected into

the furnace to restore the vacuum chamber to its original 3ia¢eadvantages of this
growth method include twdimensional controllable growth of orgammaterialson hBN

and graphene substrate surfaces; due to van der Waals forces, organic molecules can be
stacked on atomically flat substrates such gaaphen&®, MoSP®, and hBN?"°
Mechanical exfoliation was used to exfoliate fayer hBN, which were then transferred

on the 275 nm SiglSi substrateSeveral factors need to be considered to ensure the
quality of the organic thin layers, such as temperature, heating duration, and distance

between the source powder and substrate.

To Vacuum
pump

F B 1
4

‘emperature gradient Room
temperature

Figure 3.1 |[Schematic of a PVD furnacdor organic thin layer deposition.

The figure isadapted and reproduced from Y&fith permission.

3.2MICROSCOPE

After the mechanical exfoliation of hBN and organic semiconductors deposition on hBN,
it was checked under a microscope (Figure 3.2) to identify the deposited area by optical
contrast. The optical contrast of the monolayer and a few layers of samples andbw
identifying the monolayer becomes difficult. is easy to identify the samples through
their fluorescencetherefore we converted the conventional optical microscope into a

fluorescence microscope and distingeidhamples by their fluorescence
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White LED

Objective

Sample
Figure 3.2 | Schematic of @ustomizedfluorescence microscope.

The microscope uses a white LEB its light source. Typically, the colors of the white

LED are red, green, and blue. Samples are excited after the blue light component has been
exclusively selected using a 500 short pass filter. An excitation light blocker is the 550
long pass filterA CMOS cameraletectedhe photon that crystals released into space.

The color emitted by the PTCDI monolayer is green, while the multilayer emits red.

Monolayer

4

-

?

Multilayer

Figure 3.3 |Optical microscopiemage(a) and fluorescent microscopimage(b) of a
PTCDIsample with monolayer and multilayareas, scale baresn.

The intense light emission provides a distinct indicatiorotdr variationsHowever, the
light source used in this modification isr@atively weak LED light, which limits the
ability to excite samples with weak fluorescence emissiéigure 3.3 presents the

images of a monolayer and multilayer PTCDI area under fluorescent microscopes.
3.3PHASE SHIFT INTERFEROMETER

A phase shift interferometer (PSI) is an optical system employed to quantify the optical
path length of incident light that enters a material and subsequently reflects out (Figure
3.4). A set of pictures is taken with PSI, and the Mirau interferometertiMgiéens adds

a wellcontrolled phase shift to each one. This dissertation utilizes the Vecco NT9100 PSI
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system, which incorporates a green LED light source emitting at a wavelength of 535 nm,

along with a bandpass filter.

a B —>: D

Field stop

Aperture stop B
Light source

H :#— IH_ Beam splitter

Filter
>

Microscope objective  se—ag-
Mirau interferometer et 4
Sample

Figure 3.4 |[Schematt of a PSI system.

Schematida) and zoomed view of the Mirau interferometiey of a PSI system.
The figure is adapted and reproduced from¢gfith permission.

3.4 ATOoMIC FORCE MICROSCOPE

The Atomic Force Microscope is a scanning probe microscopy technique for layer
thickness measuremeftt AFM operates under tappingduring AFM imaging, a
feedback mechanism ensures that a sharp tip maintains a constant and minimal force by
detecting its proximity to the sample surfaé@he force on the tip is measured while
taking images. The cantilever spring, to which the tip is attached, has a lower spring
constant than the effective spring between two atoms. This allows the tip to conform to
the sample contour while traversingtin this thesis, a Bruker Dimension lon Multi

Mode scanning probe microscope system was used to obtain thenddgd wherein a
SCANASYST-AIR tip worked in tapping mode.

3.50PTICAL CHARACTERIZATION

Optical characterization of a materigdn provide information about the absorption,
reflection, and emission of light biyhe material. Here, wdollowed differentoptical

spectroscopyo characterize the PTCDI samples.
3.5.1PHOTOLUMINESCENCE SPECTROSCOPY

Photoluminescence (PL) spectroscopy is an optical technique that can athayze
electronic structure of materials. It is a powerful method since the sample undergoes

photoexcitation upon absorbing light. Photoluminescence is the emission of light from a
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material when it is optically excited. The light emitted during photoexcitation can be
collected and analyzed spectrally. We used the Horiba LabRAM system to conduct PL
measurements. The system includes a confocal microscope, a CCD Si detector, and a 532
nm DPSS laser.

3.5.1.1TEMPERATURE -DEPENDENT PL SPECTROSCOPY

To perform temperaturdependenPL measurement, the samplasplaced ina Linkam
LNP 95 chamber and a Linkam TP 94 liquid nitrogen controller that fits into the HORIBA
system's sample stadeaquid nitrogen is utilzed for cooling purposes, while a gradual

circulation of nitrogen gas within the chamipeeventssample degradation.
3.5.12 TIME -RESOLVED PL SPECTROSCOPY

Time-resolved PL spectroscopy gsaltrafast decay informatiorThe carrier lifetime
indicates theamount of time that carriers remain in excitgdtes subsequent to the

generation of electrehole pairs and prior to recombinatibh.

P (3.1)

P P
T T T
Wheret: iandti are the nofradiative and radiative lifetime$ oo €ambe obtained by
fitting the TRPL decay curv€ Figure 3.5 shows the schematic of a TRPL system.
300-femtosecond pulsed laser is used in the system. By employing pulsed frequency with
a repetition rate of 20.8 MHz, the laser wavelength is doubled to 522 time tagger
called TCSPC (PicoHarp 300) system is used. The PL signal was collected using a grating

spectrometer, whictvasrecorded through a Si CCD (Princeton Instruments, PIXIS).

a= filter L4

=

Spectrometer

Dichroic

ND filter
Wheel . L3

BS
| Objective
Lens ;0 L2 L1
Sample g

Figure 35| Schematic of a TRPL system.

The figure is adapted and reproduced from-tefith permission.
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3.5.1.3ANGLE-RESOLVED PL SPECTROSCOPY

The angleresolved PL spectroscopy setup employs a 532 nm linearly polarised Nd:YAG
laser, as depicted in Figure 3.6. The experimentzetilan anglvariable hakwave plate
to control the incident polarisation anghdso, an anglevariable polarizer placed in front

of the detector determined the polarisation angle of the emission.

Half Wave Plate Polarizer
l l Polarized 0:
Light Source Palalnzed 8 l I
Microscope
objective
Sample

Figure 3.6 | Schematic o& polarization-resolved PL spectroscopy.

3.5.2RAMAN SPECTROSCOPY

We performeadhe Raman spectroscopy using a Horiba Labram system with confocal
optics, a 532 nm DPSS laser, and a Si detector capable of detectintD@20m
wavelengths. The samples were illuminated with laser light through a 50x objective lens
(PL FLUOTAR, 0.55 NA), ad the system was equipped with two gratings, a 150 gr/mm
and a 1200 gr/mm grating as well as we utilized the 1200 gr/mm grating.

3.5.3DIFFERENTIAL REFLECTANCE

A broadband emission halogen lamp viesusedon the sample, covering the spectral
range until 900 nm. A 500bjective lens (NA = 0.55) was used to capture the reflected

signal, then measured using a chacgapled device Si detector and a spectrograph

(ANDOR Kymera 328i) (Figure 3.7). The differential reflectance was calculated as

——, Ris the reflectancef PTCDI films, andRy is the reflectancef bare hBN substrate.
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Figure 3.7 | Schematic oA homemade reflectance and@PL system

3.5.4TwWO-PHOTON PL SPECTROSCOPY

Two-photon PL measesthe light emitted by a sample when it is simultaneously excited

by two photons of light. We performed the tpboton PL with the homemade miéh

system. A Rainbow 1064 nm, ¥ftber-based higkperformance ultrafast fdy laserwas

used for measurements (Figure 3.7). The I
repetition rate between 20~50MHBed as the excitation source and a Kymera 328i

spectrograph with an ANDOR iDus 408D is usedon the detection side.
3.55 Two-PHOTON MICROSCOPY

The Zeiss LSM780 UMNLO confocal microscopeas usedo conductthe two-photon
imaging and absorption measurements. The system comprises an Axio Examiner Z1
microscope with a fixed stage and upright configuration, which offers eight laser lines for
single photon applications at wavelengths of 355 (UV), 405, 458, 4885614594, and
633nm.The microscopeisesa MakTai laser with group velocity correctido provide
sub100 femtosecond pulses witl680-1040 nm tuning rang& he multiphoton detector
conskts of a 3xhannel GaAsP array with high sensitivity and two flanking PMT
detectors that are spectrally optimized. These detectors can simultaneously detect 34
spectra channels within the 370 nm range. A 50x confocal objective lens (NA =
0.85) with al.8mm working distancexcites the sample and captutes reflected
signals.Also, thePTCDI samples were excited at different power for pesependent

measurements.
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3.6 NANOSCALE FOURIER TRANSFORM | NFRARED SPECTROSCOPY

A neafrfield optical microscope called neaSNOM frdveaspec Gmbhvas used for the
measurementThe AFM tapping mode and a standard-&aated tip (PPRNCSTAU,
Nanosensors) with a mechani cawereselededon anc e
conduct the measurements. The AFM tip was illuminated with a coherentfnaiced

beam for broadband infrared naspectroscopy (Figure 3.8\ difference frequency
generatorwas usedto generate the michfrared laser beam (Toptica Photonics,
Germany).The spectrum ofite midinfrared source can adjust within the range ofi670
2200 cmt, depending on the settings of the difference frequency gendratorrystal
orientation. The light backscattered from the tip is detected using a special device called
an asymmetric FTIR spectrometer, which relies on a Michelson interferothdter.
eliminate any unwanted signals, the detector signal is processed at a higher frequency
related to the tapping frequenty:® To make sure the data is accurate, a reference
interferogram is recorded while the tip is placed on a clean area of the Si substrate, which

gives us the nedield reference’

Figure 3.8 |[Schematic of anano-FTIR system.
Monochromatic sample imaging was performed using a tuneable QCL laser, and
detection was done through a pset@terodyne interferometric arrangement with an
oscillating reference mirror at 300 Hz to eliminate the multiplicative background effect.

3.7 SCANNING ELECTRON MICROSCOPE CATHODOLUMINESCENCE

Cathodoluminescence spectroscopy was performed in an FEI Verios 460L SEM equipped
with a Gatan MonoCL4 Elite systerithe MonoCL4 system collects the intensity of
images, spectra, and full spectral mdpght emitted from the sample was collected by

a parabolic mirror and analyzed using an Oxford electron dispersitgy XEDX)
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spectrometer (Figure 3.9After dark count correction, CL spectra were obtained with
various acceleration voltages (017keV) and beam currents (024 nA). The CL
system can detect light in the UV to NIR range {ZIM0 nm), and a cryostat is used for

temperaturalependent measuremefrism room (298 K)to low (123 K) temperatures.

Objective
lens

E-beam L Detector
Parabolic mirror

\\&v m opiica {r i
- fibre % 1

PTCDI

Sy,
SN

hBN
Si

Figure 3.9 | Schematic of a SEMCL system

3.8CHAPTER SUMMARY

This chapteprovides an overview of the experimental techniques utilized in this thesis,
outlining the research process from PTCDI growth. Next, the AFM technique was
employed to determine the thicknegsghe PTCDI layer. PL and Raman spectroscopies
are commonly employed to investigate the optical properties, whileréstdved PL
measurement is conducted to determine the carrier lifetime of thin organic sadvaples.
FTIR is used to understand the chemical, structarad vibrational modes @D organc
layers Finally, SEMCL has been used gain insightaboutthe luminescence ceeis of

organic semiconductors.

Mehedi Hasarn 2024 51



Chapter3: Experimentallechnique

3.9REFERENCES

1 Wu, B. et al.Precise, Selfimited Epitaxy of Ultrathin Organic Semiconductors
and Heterojunctions Tailored by van der Waals Interactidaro Lettl6,
37543759, doi:10.1021/acs.nanolett.6b01108 (2016).

2 Zhang, Y .et al. Probing Carrier Transport and Structireperty Relationship
of Highly Ordered Organic Semiconductors at the IDwmensional Limit.

Phys Rev Lett16 016602, doi:10.1103/PhysRevLett.116.016602 (2016).

3 Daowei, H.et al. Ultrahigh mobility and efficient charge injection in monolayer
organic thinfilm transistors on boron nitrid&ci. Adv.3, 1-9 (2017).

4 Zhang, L.et al.2D organic single crystals: Synthesis, novel physics,-high
performance optoelectronic devices and integrattaterials Todayb0, 442
475, doi:10.1016/j.mattod.2021.02.021 (2021).

5 He, D.et al. Two-dimensional quadreestanding molecular crystals for high
performance organic fieldffect transistordNat Commurb, 5162,
doi:10.1038/ncomms6162 (2014).

6 Wang, Set al. A MoS2 /PTCDA Hybrid Heterojunction Synapse with Efficient
Photoelectric Dual Modulation and Versatilidv Mater31, e1806227,
doi:10.1002/adma.201806227 (2019).

7 Niu, L. et al. Controlled Synthesis of Organic/Inorganic van der Waals Solid for
Tunable LightMatter InteractionsAdv Mater27, 78067808,
doi:10.1002/adma.201503367 (2015).

8 Zhang, L.et al. Efficient and LayeiDependent Exciton Pumping across
Atomically Thin Organielnorganic Typel HeterostructuresAdv Mater
1803986, doi:10.1002/adma.201803986 (2018).

9 Jia, Q.et al. Adsorption of PTCDA and C(6)(0) on KBr(001): electrostatic
interaction versus electronic hybridizatiéthys Chem Chem Ph¥8, 11008
11016, doi:10.1039/c5¢cp07999c (2016).

10 Yang, J.et al. Optical tuning of exciton and trion emissions in monolayer
phosphorend.ight: Science & Applicationd, e312e312,
doi:10.1038/Isa.2015.85 (2015).

11 Binnig, G., Quate, C. F. & Gerber, C. Atomic force microscélhg's Rev Lett
56, 930933, do0i:10.1103/PhysRevLett.56.930 (1986).

12 Rugar, D. & Hansma, P. Atomic Force Microscopiysics Today3, 23-30,
doi:10.1063/1.881238 (1990).

13 Wang, F.et al. Spatially Resolved Doping Concentration and Nonradiative
Lifetime Profiles in Single SDoped InP Nanowires Using Photoluminescence
Mapping.Nano Lettl5, 30173023, doi:10.1021/nl1504929n (2015).

14 Huth, F., Schnell, M., Wittborn, J., Ocelic, N. & Hillenbrand, R. Infrared
spectroscopic nanoimaging with a thermal souxaz.Mater10, 352356,
doi:10.1038/nmat3006 (2011).

15 Ocelic, N., Huber, A. & Hillenbrand, R. Pseudoheterodyne detection for
backgrouneree neaifield spectroscopyApplied Physics Lettei&9,
doi:10.1063/1.2348781 (2006).

16 Keilmann, F. & Hillenbrand, R. Nedield microscopy by elastic light scattering
from a tip.Philos Trans A Math Phys Eng 62 787805,
doi:10.1098/rsta.2003.1347 (2004).

17 Herres, W. & Gronholz, J. Understanding-FR data processing. Part 1. 352
356 (1984).

Mehedi Hasaii 2024 52



Chapterd: Excitonic Dark States in Molecular Monolayer Crystals

Chapter 4

EXClI TODARKSTATES
MOLECULM®NOL AYER
CRYSTALS

Mehedi Hasarn 2024

N

53



Chapter4: Excitonic Dark States in Molecular Monolayer Crystals

4 . INTRODUCTI ON

Enhancing and tailoring excitonic dipedpole interactions is a key goal modern
guantum physics, enabling the explorat@minfundamental physics and satisfying the
stringent demands of quantum information scieffc€ompared with traditional two
dimensional (2D) semiconductors.e(, transition metal dichalcogenide3MDs)),
organic molecular crystals possess stronger digiplele interactiond* and thickness
dependent transport properfi€shat can be used to tailor the density of optical states
and trigger different physical phenomér@? For example superradiance (SR), the
spontaneous coherent emission of pHasked bright excitons, has sparked considerable
interest due to its great potential for-omip optical communications and quantum
computing>* Recently, we reported SR in 2D pentacene crystals with an exceptionally
high exciton diffusion coefficient of ~354.5 éf at 77 K, several orders of magnitude
higher than TMDs. SR is achieved by confining coherent excitons at the 2D limit,
combined with high crystallinity andttype aggregatiod.In related work, a nearnity
guantum vyieldof dimethyt3,4,9,10perylene tetracarboxylic diimide (MRTCDI) was
achieved through SR emission at cryogenic temperatures due to the large unscreened
dipole interactions and the absence of chargesfer processes that occur in multilayer
samples.However, roortemperature SR emission crucial has remained inaccessible for
practical applications, owing to ttemultaneous requirements of high emitter density

and low local decoherené&!31>

In contrast to bright excitons, optically forbidden states (dark excitons) cannot be directly
accessed by singlehoton excitatiort® Dark excitons are promising potential candidates
for BoseEinstein condensatior,and modulation of exciton dynamics for technological
applicationst®*®Recently, dark excitons in atomic crystals, such as carbon nandtubes,
WS:2° WSe?! MoS,,?? have been investigated experimentally and theoretically, but
engineering dark excitons in 2D molecular systems is challenging. This is because the
detection of dark states requires exceptionally high opggality of sample$3 While

SR is typically studied by photoluminescence spectroscopy under -pimgfien
excitation, it is often difficult to extend the same approach to dark excitons due to their
intrinsically weak absorption and emissibff*!® In contrast, twephoton excitation
generates excited states by absorbing twodoergy photons at the same time. Two
photon excitation is governed by different optical selection rules, andtlvarefore

directly populate dark states that are inaccessible vigpbotn excitatio? Two-
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photon excitation also provides high spatial resolution, low photodamage, and deep

penetration, making it an ideal methiod studyingorganic molecule$>

4.2 ROOM-TEMPERATURE SUPERRADIANCE

Highly crystallinePTCDI samples were grown on hBN substrates using a physical vapor
deposition method (Fige4.1a, detail in methodsnd appendix AR The PL microscopy
images show that ML, bilayer, and multilayer PTCDI structures emit green, deep green,
and red PL, respectively (Riges4.1a and4.1b). The highly crystalline nature of the ML
was confirmed by polarizatieresolved PL microscopy (Fige $S4.1). Raman
spectroscopyeveals characteristic peaks at 1300'cand 1308 cm from the PTCDI

layer* and a peak at 1376 chirom the hBN substrat@Figure S4.2).2628 The height of

the MLs is ~0.33 nm (Figres4.1c and 2.3), consistent with previous resuttEigures

4.4 and .5 present the thicknesses of the bilayer, trilayer, and multilayer samples. The
similar thickness of different layers is consistent withiraplane herringbone packing
motif (Figures 4.1d and 8.6).*?° PTCDI crystalswere also characterized by phase
shifting interferometry to distinguish the different layers (fF&S4.7).3°

To explore the excitonic nature of organic molecular crystals at the 2D limiElthe
spectra of ML, bilayer, multilayer, and monomeric PTCDI (leige $4.8) samples were
measured, exhibiting maximum emission maxime,(0-0 transitions) at 2.21 eV, 2.24
eV, 1.99 eV, and 2.26 eV, respectively (Hig4.1le). The ML shows the highest PL
intensity. The strong emission from the MLdsminated by nearly pure FEs. In contrast,
states withstrongly mixed FECTE character are responsible for the multilayer PL
(supplementarynote 4.1).* The PL spectrum of ML PTCDI were also theoretically
predicted using the vibronic exciton Hamiltonian model, including FE and CTE basis
states (Figre S4.9, methods andupplementaryiote4.2) #3+33 The ML exhibits high PL
intensity (Figire4.1e), a bathochromic shif 49 meV compared to tmonomer sample
(inset of Figire 4.1e), significantly narrowed PL linewidth of 37 meV (inset of &

4.1f) and lifetime shortening by more than one order of magnitede-20 ps (ML)vs.

~830 ps (bilayer), ~2.1 ns (multilayer), and ~3.11 ns (monomerur@iylg). These
observations are clear signatures of superradiance (SR) at room temperature. The SR PL
lineshape suggests significant FE delocalization owudtiple molecules Nc ~7)
(supplementannote4.3 and Figire $4.10)*** The strong irplane anisotropic emission
(dichroic ratio ~4, in Figre4.1h andsupplementaryote4.4) also supports the dominant

FE character of the lowest energy excited states in ML PPCDI.
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We also measured the differential reflectargpdR() dd the absorption for the PTCDI

on both SiQ/Si (Figure $4.11 and supplementary nodeb) and quartz (Figre $S4.12)
substrates. The PL and @R/ R spectra show nefg

amplitude, providing evidence strong lightatter interaction in MLS.
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4.3DARK STATES IN MONOLAYERS

To further investigate the optical properties in MLs, we performeeptnadion excitation
spectroscopy measurements at room temperature (medmod$igire S4.13).203637
Figure4.2a shows the on@and twephotonPL spectrdor ML PTCDI. The spectral shape

of the PL resulting from twqphoton excitation (peaked at 2.214 eV) is similar to that of
onephoton excitation (at 2.219 eV)Yhis spectral similarity implies that the same
emissive state dominates the PL under both excitation conditions and also responsible for
the SR emission (Figures S4.14 and S4.15) under thelwton excitatiori® The linear

power dependencelf1.0) and quadratic power dependent&2(0) confirm our

assignments of osghoton and twephoton processes (Rige 4.2b).29-3940

By measuring the TPLE at excitation energies of 1.292797 eV, we observed the
presence of dark excitonstates at 2.61 e\Pf), 2.97 eV P-), and 3.11 eVHs) (Figures

42c and S4.1% The comparatively high intensity of the dark state(s) at 3.11 eV is
possibly due to a higher density of tphoton active states, leading to a higher-two
photon absorption crossection. These dark states do not appear in theplooin
absorption spectra, and show markedly reduced intensity with increasing layer numbers,

becoming undetectable in multilayers (g 4.2c). In addition,a twophoton PL
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enhancement occurs in all samples at energies >3.263 eV. We attribute this phenomenon
to the photon energy approaching resonance with the 2.22 eV absorptioheak,

making the denominator in the sum over states expression close tsupieihentary

note4.6).3+46
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4.4V IBRONIC EXCITON MODEL FOR MONOLAYERS

A vibronic exciton modelincluding FE and CTE states, was developed to explain the
dark states observed in PTCDI MLs (methdt8}® In addition to the ong@hoton
absorption/PL spectra, the twphoton absorption (TPA) spectrum was simulated
according to the suraverstates expressiorequation4.1), which describethe TPA
spectrumas a sum ofontributions’Y from transitions between the ground stgtznd
different final stated (methods and supplementary net€)***° The key terms in

equation4.1 are theg Y k excitation energy , the dipole moment matrix elements
between staté@sandj ‘©  0Q K@ the photon energy, and the polarizatiot?.
®3p ‘p P

oy
! — (4.1)

Equation4.1 cannot describe the TPA of ML PTCDI if a basis set of only FE states is
employed, because the transition dipoles between states within the excitonebathe (

p termg are zero.However, TPA is possible when CTE basis states are included
(supplementary notd.6). Specifically,”Y can be notzero if the transition dipole
moment® and dipole momertb are both nofzero. This is possible if the final state

"Ohas mixed FE/CTE characssf We propose that the TPA of ML PTCDI arises from
weak electronic coupling between FE states and intralayer CTE states. This coupling is
small compared to the FETE energy difference due to the edwe orbital overlap
between PTCDI molecules and the lagfgctronhole separation of intralayer CTEs. The
FE-CTE mixing, therefore, does not have a strong impact on th@lusten absorption

and PL spectfebut results in observable TPA.

Figure 4.3a illustrates the model of FETE mixing in ML (left panel) and multilayer
(right panel) PTCDI films. For MLs, FE states interact weakly with intralayer CTE states,
resulting in weak FECTE mixing. This means that: (a) most of the oscillator strength
remans concentrated in the lowest vibronic levels, resulting in SR, and (b) TPA can be
observedin the case of multilayershe low-energy interlayer CTEs lead to strong-FE
CTE mixing, diluting the oscillator strength of the FE states across the resulting mixed
stated’ Because the emission is dominated by the lowest energy states according to

K a s h a 6*%* strongl neixjng between FE states and interlayer CTE states in the
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multilayer weakens th@L intensity. The same effect is responsible for the negligible
TPA in the multilayer samples, because the FE oscillator strength is predominantly mixed

with interlayer CTEs whose dipole moments are approximately orthogonal to the laser

polarization® (Figure $4.17).
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Figure 4.3b shows the calculated enend twephoton spectra and the measuted-
photon PL spectrum for ML PTCDI. The calculated TPA spectrum closely resembles the
experimental data, supporting the hypothesis that hybrithff&layer CTE states are
responsible for the TPA. The TPR&ctive states are largely CTE in character (>99.9%),
with a small fraction of FE character (big4.3c), and peak positions determined by the
energy of the CTE basis states that are involved. For example, the states cogtidbutin
TPA resonances at 257 eV are primarily composed of intralayer CTE states
corresponding to hole transfer from a molecule in lattice position 1 to a molecule in lattice
position 2. The higher energy peaks at-3.® eV involve similar states withwersed
polarity (.e.,electron transfer from position 1 to position 2) and CTE states with charges

separated in th@direction (Fgure4.3d). The FE, anion, and hole density distributions
for severatepresentative states also clearly illustrate that theptvadon active states are

essentially delocalized CTEs, with a small fraction of FE characteur@4de).

The identification of hybrid FECTE states with majority intralayer CTE character as the
origin of the dark states has an important consequence: unlike highly mobile delocalized
FEs that are prone to excitexciton annihilation, intralayer CTEs are exgecto move
slowly due to the absence of strong intermolecular electronic coupling. The dark states in
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ML PTCDI could therefore potentially be
convert to emissive FEs, avoiding annihilation of the FE population. This may explain
the difference in photochemical stability under-cared twephoton excitation desibed

in the following section.

4. 5PHOTOCHEMICAL STABILITY OF MONOLAYERS

The photochemicaktability of 2D molecular semiconductors is vital for practical
applications in photonic devicé3>*>3 PL spectra of MLs of indicated exposure times
were therefore performed under ea@d twephoton excitation, starting from the same
PL intensity. The PL under twphoton excitation retained a constant emission intensity
over time, whereas a significant dease in PL intensity as a function of time was
observed for the orghoton process (Figes 4.4ac). This difference suggests that the
photobleaching pathways of crend twephoton absorption are different.
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For onephoton process, photobleaching may be induced by exexoiton annihilation
(EEA).>* Annihilation causes the energipnating FE to decay to the ground state, while
the other is excited to a higher energy excited Stafeldeally, the higkenergy FE
produced by EEA rapidly decays back to the lower state on an ultrafast timescale via
internal conversion or vibrational relaxation, releasing the excess energy ésidnea
S4.18) However, the higlenergy states can also undergo chemical degradation, which
may lead to photobleaching/reduced PL intensity. The annihilation of highly mobile
delocalized FE excitons may be responsible for the decreased PL efficiency over time
under onephoton excitation. In this interpretationnder twephoton excitation, the
initially formed CTE states slowly recombine to emissive FE s{&igsre S4.18due to

the weak (intralayer) electronic coupling in the ML, preventing budéand annihilation

of the FE population. Consequently, the suppressed annihilation leads to excellent
photostability. Regardless of the specific mechanism responsible for dbdityst
enhancement, the twghoton active states identified in ML PTCDI provide a convenient
way to access narrowband PL emission from higld#localized FE excitons at RT,

without inducing sample degradation.

4.6 MATERIALS AND METHODS

4.6.1 GROWTH OF 2D PTCDI CRYSTALS

Mechanical exfoliation was used to exfoliate fyer hBN flakes (supplier: HQ
Graphene) on a SIbi substrate (Sigxhickness of 275 nm). Physical vapor deposition
(PVD)®5*%® was used to deposit PTCDI (supplier: Sigma Aldrich) on the hBN substrate.
A high-vacuum furnace was used for PVD, with the source powder placed at the highest
temperature point (at the cent and the hBN substrates placed downstream of the
furnace.A molecular turbopump was then used to evacuate the quartz tube to%4.3x10
Pa, and the furnace temperature raised slowly. At 250°C, PTCDI molecules started to
deposit on hBN, continuing until 270°C. Temperatures above 270°C result in multilayer
or bulk PTCDI samples.After the sample deposition, a Nikon Eclipse LV150N
microscope captured optical imag@s500 nm shorpass filter was placed in front of the
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source light, and a 550 nm loipgss filter was placed in front of the detector as well as a

col or CCD camera under 500 nm LED illuminatio

Adsorbed PTCDI isolated molecules were prepared by&mting dilute solutions on
hBN substrates. An M&280-pro hotplate magnetic stirrer and CN@3 H1656W
high-speed tabletop microcentrifuge was used to dissolve PTCDI powder in dimethyl
sulfoxide (DMSO). The solution was dropped on an hBN substrate and spun at

8000rpm/min for 50s with an EZ4 vacuum spin coater.
4.6.2 OPTICAL CHARACTERIZATION S

AFM and PSI thickness measurement

The thickness and surface topography of PTCDIs were measured using atomic force
microscopy (AFM: Bruker Dimension Symbol XR) under ambient conditions. Phase
shifting interferometry (PSI) measurements of the PTCDI layers were performed using a
Veeco NT910Gystem??:60

PL and Raman spectroscopy
PL and Raman measurements were performed using a confocal microscope with the
Horiba LabRAM system. A 53Bm diodepumped soliestate laser was used to excite

the samples and the emission was measured using a Si CCD detector.

Differential reflectanceneasurement
A broadband emission halogen lamp was used to excite the sample for differential
reflectance measurements. A 50x objective lens (NA = 0.55) captured the reflected signal,

which was then measured using a Si CCD detector and a spectrograph (ANDOR Kymera
328i). The differential reflectance signal was calculated-as: —, where theRis the

reflectance from the PTCDI films, afd is the reflectance from the bare hBN substrate.

Lifetime measurement

Util i zing a -RLepediroscopytand tnmorreldted singlgphoton counting
(TCSPC), timeresolved PL measurements were conducted. Utiliziirgearly polarized

pulse laser with a pulse width of 300 fs and a repetition rate of 20.8 MHz, the sample was

excited, and the resulting photoluminescence was gathered using a grating spectrometer.

Two-photon PL spectroscopy
The twephoton PL measurements used a Rainbow 1064 nrrijb¥bbased high
performance ultrafast fiber | aser. The | aser

repetition rate between ZDMHz.
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46.3 TWO-PHOTON MAPPING AND WAVELENGTH -DEPENDENT TPL

SPECTROSCOPY

Two-photon excitation measurements were performed using a Zeiss LSM780.0V
confocal microscope. A tuneable pulsed Ti:sapphire laser with a tuning range-of 690
1040 nm, a group velocity adjusted #s0pulse width, and an 80 MHz repetition rate
providesthe fundamental laser field. A 50x confocal objective lens (NA = 0.85) was used
to both excite the sample and capture the resulting PL. The detectors include a high
sensitivity, 32channel GaAsP array, and two spectrally tuned PMT dete&oDI

samplesvere excited at various powers, exhibiting a quadratic power dependence.
4.6.4 THEORETICAL MODELLING
4.6.4.1 VIBRONIC EXCITON HAMILTONIAN

To model the optical properties of ML PTDCI, we adopt the vibronic exciton
Hamiltonian, including FE and CTE basis stdt#s3 Indices specify which molecule is
excited/charged. The Hamiltonian is the sum of an electronic'@rifequation 4.2 and

an electronic statdependent vibrational teri® (equatiord.3).

(o) 0 giEs 0 Q6ES 0 b g R & FE s

53¢

>5¢

and

¢

¢ hoE RS (4.3)

Equation4.2 contains the basis state energi®s (andO ), as well aghe couplings

between states0( , 0 75 i p »andO FT v ). Equation4.3 describes the

vibrational energy using the vibrational creation/annihilation operaboid for the
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electronic ground state. Offsets between the potential energy surfaces of different states

are accounted for via the dimensionless displacements hand_ .

Equations4.2 and4.3 were expressed in a tvparticle basis set (equatid™). The FE
basis consists of orearticle stateg hittwith an exciton on molecukein the vibrational
statet, and tweparticle statest hitMjAtGwith an additional ground state molectjjén
vibrational statet. The CTE basis consists of tyarticle stateg ff I At Awith an
anion/cation on molecuke y in vibrational stateg y . Diagonalization of the resulting
Hamiltonian matrix yields energié® and eigenstates@as linear combinations of the

basis states.

<@ a%ﬁnﬁa@ﬁtmﬁta ‘I% O ht g At & (44)
h

h

jm e 4

Further details of the calculations are provided in supplementaryl2ote

4.6.5 CALCULATION OF OPTICAL PROPERTIES

4.6.5.1 ONE-PHOTON SPECTRA

Onephoton absorption and emission spectra are calculsed) known formulaé®
Spectra are calculated as sums of line shape functions (assumed Gausseey @ent

the transition energy. Each transition/peak in the sum is weighted by a term involving the
corresponding transition dipole momedX¥ Bl Transition dipole moments are
calculated via the transition dipole moment operator, assuming that the intrinsic oscillator
strength of the CTE basis states is zero (equdtfn In equatiort.5, * HUs the dipole

moment operator for molecuteands'Q Gis the electronic ground state of molectile
‘W HE®0s $Qdks (4.5)
4.6.5.2 TPA SPECTRUM

The twophoton absorption spectrumis calculated as a weighted sum of Gaussian line
shape function® for each transitiori® "Q(equation4.6). This expression assumes
monochromatic excitation at photon energyin line with the experimental setup. The
weighting factors’Y are given by the swuoverstates expression (main teequation

4.1). 4445
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11 87 YOO g (4.6)

Further discussion of the theoretical model is provided in supplementar.@ote
4.7 CONCLUSION

In this chapter, we describe the first experimental observation of excitonic dark states in
organic molecular MLs at room temperature throughPTIE. These dark excitons then
convert into delocalized FE states that are capable of-teoiperature superraice.

These phenomena are explained by a vibronic exciton model, which reveals that these
dark states are a signature of weak intralayeiCHE couplingWe suggest that the
formation of CTE stateis responsible for the significantbuppresseghotodegradation

under twephoton excitation, compared to epkoton excitationOur results deepen the
understanding of enhanced lighatter interactions in dimensionally confined molecular
systems and promote their potential application in controllabldinear optics, quantum

computing, communications, and ksensing.
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APPENDIX 1: SUPPORTING INFORMATION FOR CHAPTER 4
SUPPLEMENTARY NOTE 4.1: EXCITONS IN ORGANIC MOLECULAR ML s

When electrofhole pairs are photogenerated in organic semiconductor materials, they
typically form quasibound states called excitortgje to Coulomb interactiors. These
interactions are stronger in confined systeftere are different types of excitons:

Frenkel excitons FEs are observed in materials with low dielectric constants, high
effective masses, and strong lattioeupling? In FEs, strong Coulombic interactions
betweere andh® result in electrofhole separations that are smaller than the molecular
length scale. As a result, FEs have high binding energies and are mainly found in organic
materialsj.e. pentacene PTCDA®, Me-PTCDI, tetracen® etc

Charge-transfer excitons CTEs form whenthe electron and hole occupy adjacent
moleculesThee andh® in CTEs are often located on neighboringlecules due to their
Coulombic attraction. In the present work, whendhendh* reside in the same layer of
molecules, we refer to them iasralayer CTEs, whereas imterlayer CTEs theg andh®

occupy different layer$.

Electronically excited states, including exci
depending on their oscillator strengtle(, their dipole coupling to the electronic ground

state).

Bright states: in a bright state, the andh* can recombine by emitting a photttFor
organic semiconductor materials, the lowest excited state is often bright, and can be
populated by onghoton absorption and directly observed by -pheton PL

spectroscopy.

Dark states When the oscillator strength between an excited state and the ground state
is negligible, norradiative recombination & andh* dominates. Dark states are difficult

to directly observe by onghoton absorption and PL spectroscopy. However, dark states
can often be formed via twghoton excitation due to the different optical selection rules,
despite their formation being forbiddeia onephoton excitatior}%1!
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SUPPLEMENTARY NOTE 4.2:VIBRONIC EXCITON HAMILTONIAN

To modelthe optical properties of ML PTDCI, we adopt the wealbwn vibronic exciton
Hamiltonian, including FE and CTE basis stdt&s* The Hamiltonian is the sum of an
electronic term© and an electronic statkependent vibrational terfi® (equation

S4.1). In turn;O (equation. S4.2) is the sum of three teri@s:, O , andO
© 0 0O (S4.1)
© O © O (S4.2)

'O contains the energies and excitonic couplings between FE states. In the site basis
representation)0 is given by equation S4.3, wheged denotes a FHocalized on
molecule ¢ (with all other molecules in the electronic ground state), is the

corresponding energy, amid is the excitonic coupling between staggiands 68

0 O gES 0 SHOES (54.3)
h
‘'O contains the energies and electronic couplings between CTE states (equation S4.4),

whereg Rt Grepresents a CTE in which the electrofoisalizedon moleculet  and

the hole islocalizedon molecule¢ . O b is the energy of the stag@ R §
which is a function of the electrémle separation vectoe . The terms
o’ r 7 are electronic couplings for electron/hole transfer between states

=
e x4

O contains the coupling between FE and CTE states (equation S4.5). The terms
O FT ;  are the couplings between stag@ggiandg e Gvia electron/hole transfer.

0 O; s Of; S@Rs ghkas 649

'O describes the vibrational energy (equation S4.6). The opegat@c ) creates

(annihilates) a vibrational quantum in the ground state potential energy surface (PES) of
molecule¢, which is assumed to be a harmonic. The PESs of FE and CTE states are
treated as shifted harmonic wells with the same curvature as the ground state. The state

Mehedi Hasarn 2024 73



Chapter4: Excitonic Dark States in Molecular Monolayer Crystals

dependent PES shifts for FE, anionic, and cationic states are quantified by the
dimensionless displacements , _ hand_ . The® & operator counts the number of
vibrational quanta (with energetic spacing ) in the ground state PES of molecale

In the case of a basis state where molecuig not in the ground state, the remaining

terms in equation S4.6 modify the vibrational number operatds to act on the

appropriate PES.€., FE, anionic, cationic).

"0 ] AR _ 0 o _ gbEs
_ 00 _ 00 _
h
_ gh&Rs (S4.6)

The Hamiltonian in equation S4.1 was expressed in apawvtcle basis set for
calculations. The FE basis states consist ofparéicle statest fitGwith an exciton on
molecule in vibrational statet, and tweparticle statesg itMht& which have an
additional vibrational quanturh residing on a ground state molecgleThe CTE basis
states ht I} At Gare twoparticle states with an anion on molectilein vibrational

statet , and a cation on molecute in vibrational state: . Numerical diagonalisation
of the resulting Hamiltonian matrix yields energi®sand eigenstates@ as linear

combinations of the basis states (equation S4.7).

~

s'rﬁ (’éﬁnﬁa$F¢mF¢o‘ d% N h 0($ ht rﬁ Fﬂ: a (847)

o e o
S« 3¢

Use of the tweparticle basis set described above is appropriate when the difference in
energy between the FE and CTEs is large compared to tHeTEEcoupling. This
condition is met in ML PTCDI due to the minimal (but rzero) orbital overlap between
adjacent molecules. To speed up calculations, molecules involved ipastiole states

(both FE and CTE) are confined to within-an®lecule radius of one another.

Model parameters of all calculations are discugsadpplementary note 4.7.
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SUPPLEMENTARY NOTE 4.3: COHERENCE NUMBER (Nc) DETERMINATION

The delocalization of FEs across multiple molecules in MLs can be quantified by the
coherence numbeN{: the number of molecules involved in the emission). PL from
molecules s characterized by a progression of
06 Frank Condon emission, which occurs at
decreases as the relative intensity of other vibronic transitions incteédesing the

method described by Spanoakt’ we accurately calculated:, wherethe determination

of NeusingtheHuanqrk hy s f act or and t hG®d reeill o tthOvaen siintt
in the PL spectrunh’'® This equation reflects the fact that molecules participating in
delocalized FEs have geometries that are closer to the ground state (due to sharing of the
excitation), which increases the vibrational overlap with the ground state, leading to a

higher reléve intensity of the @ emission.

w h e r? is thesHuanegRhys factor and 0.82 is the value used in our calculativvie
calculated the coherence numbis)(for each of the samples withifferent thicknesses

at room temperature. The ME@emission is at 2.212 eV and thd @mission is at 2.064

eV (Figure S4.10a), leading tocalculatedN:. number of <. For the bilayer, th@-0
emission is aR.241 eV, the 4 transition is at 2.077 eV\fFigure S4.10b), anthe
calculated\: number is~3. For trilayer PTCDI, the @ emission is observed at 2.203
eV, 0-1 emission at 1.997 efFigure S4.10c) antthe calculatedNc number is ~1. Thalc
number represents the extent of FE delocalizatienthe number of molecules involved

in the excitation). The delocalisation of FEs in ML PTCDI is therefore significantly larger
than in bilayer and tdiayer PTCDI (Table S4.1). It is known that PTCDI MLs have
dominant FE character, and negligible CTE chiaraitom the perspective of oimoton
absorption and PL. As the layer number increases, interlayer CTE states become possible,

which decreases the FE delocalization.

Table S4.1Coherence number Nc) of PTCDI layers.

loo (a.u.) lo1(a.u.) Nec

Monolayer 97049 11408 ~7
Bilayer 18507 5492 ~3
Trilayer 1378 16965 ~1

Mehedi Hasarn 2024

75



Chapter4: Excitonic Dark States in Molecular Monolayer Crystals

SUPPLEMENTARY NOTE 4.4: CALCULATION OF DICHROIC RATIO (DR)

The PL from highly crystalline MLs is dominated by emission from FE. Because the
molecules (and therefore th&iansition dipole moments) in a ML are highly ordered, the

PL exhibits strong iplane anisotropy® The anisotropy of optical transitions can be
quantified by the dichroic ratidR),?° defined aDR = /Iy, where1 and | are the PL

peak intensities giolarization angles di* and 90, respectively® We performed angle
resolved PL of different layer PTCDI samples and monomer samples at room
temperature. The MLs showed strong PL anisotropy with a period of 180°, while the
monomer was entirely isotropic (main text Figure 4.1h). DRevalues of ML, bilayer,
multilayer, and monomer samples are ~4, ~2.7, ~2, and ~1, respectively (Table S4.2 and

main text Figure 4.1h).

Table S4.2Dichroic ratio (DR) of PTCDI layers and monomer samples

I (a.u.) ly DR

Monolayer 96 25.64 ~4
Bilayer 67.53 25.73 ~2.7
Multilayer 51.63 26.89 ~2
Monomer 13.46 14.48 ~1
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SUPPLEMENTARY NOTE 4.5: CALCULATION OF ABSORPTION SPECTRUM

A KramersKronig analysi$® was applied because simultaneous transmission
measurements were not possible due to thetramsparent substrates required for the
fabrication of PTCDI monolayers. The optical reflectance from PTCDI samples on the
substrateR, the reflectance from the bare substr&e and the absorbanéd ) can be

calculated from this analysis &s:

Y1 Y] —_—

R/R gives the normalized reflectance. Here the coefficiénédD are related to the

speed of light in vacuurg, the refractive index , thicknessd and phase shift

¢1 0 j win the—= SiQ; and Si layers:

5 & iME RA4T iNE @ G8i
0O Q¢ &I & iME QMED & i 0E
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SUPPLEMENTARY NOTE 4.6: CALCULATION OF T WO-PHOTON ABSORPTION

SPECTRUM

The twaphoton spectrum is calculated according to the -euarstates expression
(equation S4.8/4.2332* The equation comes from secenler perturbation theory and
describes the twphoton crossection in the regime where there is no sgabehat can
be directly accessed through gpteoton excitationi(e., no state such thatgy= ¥). This
is the case for ML PTCDI under stiandgap excitation.

O g 03 8eidp

"Y1 : : (S4.8/4.1)

The"Y depend on the photon polarizati®melative to the PTCDI lattice, photon energy
1 , the state energies , and matrix elements of the (full) dipole moment operayr.
examining this expression, it is clear that a basis of FE excitons almn@a¢luding only

g htmhtabasis states) cannot give rise to TPA. This is because the d&nigigh 1t
forall’Q "((see point 1 below), and whi@ “Q the other factor i B mdue to

the inversion symmetry of the PTCDI molecules.

Given the lack of TPA in molecular, bilayer, and bulk PTCDI, it appears highly unlikely
that the TPA results from molecular higher energy molecular stte3, etc). However,

a transition'QC "Qcan still possess a na@ero TPA crossection according to equation
S4.8 if the transition dipole momedit® Bl@and dipole momeni® Bléare both non

zero. This suggests that the TPA in ML PTCDI is due to weak coupling between FE states
and intralayer CTE states. That is, the edgerbital overlap between PTCDI molecules

and the large electremole separation of intralayer CTEs (compathterlayer CTES),
means that the FETE coupling is small in comparison to the difference in energy
between FE and CTE states. As such,@HEE mixing does not exert a strong effect on

the onephoton properties but results in excited states withz®m static and transition

dipole moments and thus gives rise to TPA.

Evaluating thed(¥ K@ matrix elements in the twparticle basis by substituting the
expansions fors® and s (supplementary note 4.2quationS4.7) results in an
expression involving HEE, CTECTE, and FECTE terms ¢quationS4.9).
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0cy Ka
G hnna® g FOMPOS BT
i
o Qhnra® fonp LOMMOSE AEF A G
A
Q@ hnha®pnrdd FETE RSB OMDE
an
) véﬁnﬁa@ﬁnﬁa&%mﬁ)s&jm@ﬁta (S4.9)
Fn ok
hnh

To restrict ourfocus to the key contributions to the TPA, we simplify equation S4.9 by

neglecting the first three terms. The rationale behind this simplification is as follows:

1) Thetx Mvs BREMAtGterms in the first sum all vanish.
Casel: & ¢€andf noro %
Zero due to the orthogonality of the ground state vibrational wave

functions.

Casell: & ¢ando £

Zerodue to orthogonality of the FE vibrational wave functions.

Caselll: & ¢andd ¢
Zero becauseentrosymmetric molecules do not possess dipole moments.
Case IV:a ¢
Zero via orthogonality of the ground and excited electronic states upon
substitution ofequation6 (in the methods section) (the use' bbrather
than * His justified becauseentrosymmetric molecular states do not

possess dipole moments).

2) The FECTE cross term& homhos B it 13 1t dare assumed to be negligible.
Transition dipole moments between the ground state and CTEs are typically very low
due to small electrehole overlap. The same reasoning also applies to the transition

dipole moment between local exciton states and CTEs.

A more detailed way of framing this line of reasoning is to note that the dipole moment
operator is a sum of molecular dipole moment operdtbtsFormally nonzero
contributions to FECTE cross terms arise from théUoperators for molecules

involved in the CTE.e.,¢ and¢ . It is helpful to consider a fotglectron, twe
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3)

molecule system to see that these terms are expected to be small. Within this model,

a FE statdocalizedon molecule 1 is given by the a linear combination of Slater
determinants such as . . . wheree ' 7 denotes the

HOMO/LUMO of molecule 1 or 2, and overbars indicate complex conjugation. A

CTE with the electron on molecule 1 and hole on molecule 2 has the wave function
. . . . . The transition dipole moment between these two

determinants can be evaluated using the S@btedon rules, yielding
. QR , whereQis the elementary charge airtdh the position operator.

Becaus&) Hs a onebody (.e.,local) operator, the integrand only has large values in

regions where bothk ande have large density. However, these orbitals
arelocalizedon different molecules and are not expected to exhibit significant overlap
i n t he ab stadkiogente@dtions, &ses the case in PTCDI MLs.

The CTECTE termsd o It b s B bt ¢ At Ginvolving eitherd & or
a ¢ are assumed to be negligible for analogous reasons to tQF EEEross

terms.

Implementing these observations/approximations gives equation S4.10,‘wheras

the CTE dipole moment for stage & G

a0y B R EnRaQ Aned M RESHAER G

h nh

N s .0 s >}
hnﬁ‘%hnha‘%hnha (S4.10)

The TPA weighting factor8Y 1 can therefore be calculated from vibronic exciton

energies/eigenstates, transition dipole ranta 0¥ K@and CTE state dipole moments

b

8

Model parameters are discusgedupplementary note 4.7.
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SUPPLEMENTARY NOTE 4.7:VIBRONIC EXCITON MODEL PARAMETERS

DFT calculations were performed using Gaussian 16 Revision %€.0he lattice
geometry of PTCDI is presented in Figure S4.6. The state energies and

excitonic/electronic couplings are shown in Figure 84.1

Molecular geometry:
The molecular structure of PTCDI was opted using DFT (B3LYP/&81G(d)¥%?’and

validated as an energetic minimum by vibrational frequency analysis.

Vibronic constants:

Vibronic coupling constants_(= 0.82, _ =0.55,_ = 0.287 = 0.175 eV) and
vibrational energy spacing (= 0.175 eV) were taken from Gisslén, L. and Scholz,
R.28

Lattice geometry:

Unit cell parameters for PTCDI on hBNig= 17.5 A, @= 14.5 A = 84°) were taken
from Kerfoot etal.?® These values are consistent with the AFM images in the present
work. The lattice geometry was optad using DFT, constraining the periodicity to

conform to the experimental lattice vectors.

State energies:

The energy of docalizedmolecular FE state was set at 2.27 eV in accordance with the
dilute PTCDI orthehBN PL peak. Our previously described projective coupling method
was used to calculate relative CTE energies from molecular Pdlise TD-DFT
calculations used as input for these projective coupling calculations were performed using
the longrange corrected CANB3LYP3:32 exchangecorrelation functional, @1G(d)

basis set, and employed the TarD@ankoff approximation. The sole free parameter in
the model is the difference in dielectric statation (gasto-crystal shift) of FE and CTE
states. This parameter was set to 0.15i&\/,CTEs experience 0.15 eV more dielectric
stabilization than FEs, as expected based on the regions of high charge density present in
CTEs.

Excitonic couplings:

Couplings between exciton stateés were calculated using the perturbative excitation
energy transfer module in Gaussian 16. Screening effects were accounted for using a
polarisable continuum model (toluene) with the refractive index (square of optical

dielectric constant) set to 1.87 indi with the value for hBN given by Kerfootadt?°
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Electronic couplings for electron/hole transfer:

Charge transfer couplings were calculated using the dimer projection method (BfPRO).

Electronic couplings for FE CTE interconversion:

Dissociation integral® FT v were taken to be equal to their grotstdte counterparts

o] g I a common approximation.

Transition dipole moments:

Thetransition dipole moment of an isolated, adsorbed PTCDI molecule was taken to be
7.9 Debye, in accordance with Scholz etal.

Dipole moments:

Dipole moments of CTEs were calculatedeas Qb b ,whereb ; arethe

molecular centers of mass for molecules¢ .

Photon polarisation:
Spectra corresponding t and w photon polarisations were calculated. The spectra
presented are those with the largest cemsgion {.e., those aligned with the molecular

transition dipole moments).
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APPENDIX 2: DETAIL GROWTH OF HIGHLY CRYSTALLINE ORGANIC MONOLAYERS
ON A SUBMILLIMETER -SCALE

Two-dimensional inorganimaterials like transition metal dichalcogenides (TMDs) and
graphene have caught the attention of researchers due to their potential applications in
nanoelectronics? Despite advancements, these materials still encounter certain
challengessuch asynthesizing them in large areas using popular exfoliation methods is
not easy. Defedree synthesis is also problematic because of the predominant defects,
such as chalcogen vacancies. Additionally, solution process is available fealasge
synthesisbut comparatively limited numbers of materials suit this. Lastly, the absorption
efficiency is relatively low:® Compared to 2D inorganic materials, organic crystals have
emerged as a popular choice due to their unique qualities, including minimal grain
boundaries, fewer traps and defects, higher charge transfer, low manufacturing costs, low
weight, and greater fl@ility. ” Recently, there has been remarkable advancement in the
realm of single crystals. This includes refining crystal functions, enhancing crystal
quality, improving device setup and interface contact, and a profound grasp of novel
physics.The performance of organic thin films improves with the size of the crystalline
domain.The domain size is closely related to grain nucleation during the early phases of
film formation for vacuum sublimatédHowever, the growth of organic single crystals

IS unstable and uncontrollable, which presents challenges. Many approaches have been
proposed and classified into vapor and solution technidResearcherssed physical

vapor transport to grow highlgrdered singlerystal G-BTBT®, pentacené@!l Me-
PTCDI?, and PTCDAS3, Forker etal. synthesized 2D Hexperihexabenzocoronene and
quaterrylene under ultdaigh vacuum and investigated their optical propettiégYao

etal. reported a layedefined strategy to grow 2D organic single crystals, includigtig C
BTBT, perylene, and €&DPA.® Additionally, a solution shearing method has been
developed to synthesize 2D organic single crystals, includiBTBT, that exhibit
superior electrical performanééDespite many efforts, creating large uniform crystals
remainschallenging As a result of organic materials being insoluble or only slightly

soluble in organic solventthe vapor deposition technique is more favourable.

To grow highly ordered PTCDI (supplier: Sigma Aldricnystalson the hBN substrate
(supplier: HQ Graphene), we followed the physical vapor deposition (PVD)
method®111821 |n the PVD method, the PTCDI source powder was placed at the center
of the heating zone, and the hBN as a substrate downstream of the furnace. The vacuum

system had reached ~4.3%1Ba, and the furnace temperature was increased €270
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for 1520 mins to deposit PTCDI films on the hBN substrate. Mechanical exfoliation was
used to exfoliate fedayer hBN, which were then transferred on the 275 nmy/SiO
substrate to use as a substrate (Figure S(A2).1). The deposition rate, furnace temperature,
growth period, and distance between the source powder and suladteatethe layer
quality. In order to deposit the films, organic components first trandioon a condensed

phase to a vapor phase and then return to a condensed phase ana thifhere is a

strong relationship between nucleation density and interactions between substrate
molecules. When the deposition rate increases, most molecules interact with each other
and form a crystal domafi:?* An extreme rise in the deposition rate will considerably
increase the inclination, and single crystals turn into bulk materials. Therefore, it is
necessary to reduce the deposition rate to get a larger-siygtal domainThe optical
microscopy and PL images of the PTCDI samplesw inFigures A2.1 an&G(A2).2.

The PTCDI layers can be distinguished from the PL images by different colors. PL images
were captured using a color CCD camera under 500 nm LED illumination, and
monolayer, bilayer, and multiley is shown the green, deep green, and red colors,
respectively (this phenomenon was reproduced in all samples). Atomic force microscopy
(AFM) was used to determine the thickness of the PTi@yars,and the monolayer has

the thickness of ~0.33 nrfFigure S(A2).3. The PTCDIcrystal shows an iplane
herringbone molecular packing motifs (Figure A2.1a) wahted molecules arranged in

rows, with intefrow and intrarow separation$>

After heating to the desired temperature in the PVD process, we saw that the temperature
within the tube was not constant but instead monotonically dropped away from the center
(Figure A2.1b). Therefore, tifarnace is divided into three distinmbnes tacomprehend

film deposition mechanisms. In Zone | (withP8 cm from the center, 238 < T O
270°C), the hBN substrate was entirely covered by monolayer, and no additional layers
were grown (Figure A2.1c). Similarly, in Zone Il (withD8-12 cm from the center,

160°C < T < 230C) bilayer was deposited, and the monolayer area was also there (Figure
A2.1d). In Zone Ill (abov®12 cm from the center, 70 < T < 160C), the hBN substrate

starts to cover by the multilayer films (Figure A2.1e). Moreover, if we still increase the
distance, hBN will fully cover by bulk PTCDI film.
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Figure A2.1 | Highly crystalline PTCDI monolayers

(a) In-plane herringbone packing system of a PTCDI crystal. In the singlecule: blue

N, redO, light greyC, and whiteH atoms.(b) Top panel: schematic illustration of the
growth furnace, where the source powder is placed at the center, and the substrate is
downstream. Bottom panel: temperature inside the furnace as a function of distance to the
center. The furnace is divided into iZ&s |, I, and Il with distinct growth behaviors.
Optical and PL image of PTCDI layers based on the furnace heatingvzbeee we
consider the distance from centér) zone | €8 cm, 236C < T < 276C), (d) zone I

(<8-12 cm, 166C < T < 236C), (e) zone Ill (>12 cm, 78 < T < 166C), all the images

scale bar &=m. In the PL images, green, deep green, and red regions are monolayer,
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bilayer, and multilayer, respectivel{f) PL image snapshots of a sample at different
stages ((I) 8 mins, (lI) 15 mins, (Ill) 20 mins) duringar@® n gr owt h, scale bar

(g9) PL images of a monolayer crystal at four different rotation angles, scalebar 5

Further, to analyze the growth scenario with growth duration, we captured the successive
PL images of the same sample over 20 minutes intentionally interrupted for
characterization (Figure A2.1f). We can make several conclusions after observing the
imagesof the full growth period. a) The PTCDI films are grown on the hBN surface-layer
by-layer. After 8 mins of deposition, the monolayer and bilayer area nucleation was
started. Then seeding happened in the surrounding areas, and the extension of the layers
occurred in the same domain (Figure S(A2)After 20 mins of deposition, we observed
domination of multilayer crystal. b) At certain nucleation locations inside each layer, the
development progressed as compact islands almost isotopically. ¢) The sample's frequent
interruptions and ambient expasthad no discernible impact on the growth, suggesting

that the crystals were of the highest quality and resistant to photooxidation.

Grain boundaries and disorder need to be minimized in single crystals to make better
optoelectronic performances and stability against degradation compared to the
polycrystalline ones. To confirm the single crystalline nature of monolayers, we did angle
resolve PL that shows anisotropic wiiil80° period. The uniform change of the color
intensities of the monolayer indicates that the sample was single crystalline, and the green
luminescence was a characteristic of the crystal itself rather than an éffaguaities

(Figure A2.1g)?

It is still challenging to synthesize largeea organic single crystals. Herein, we report a
highly orderedultrathin PTCDI crystal with an average sizeD&5 um, which isaround

six times higher in area than the previously reported organic crystals (Table RA2e1).
PTCDI crystals wersynthesized with perfect precisigia the vapor deposition method
andhad minimal grain boundarieshere thelefects/trapsiereexamined by polarizatien
resolved PL imaging. Finallythese higkguality crystalsopen new opportunities for

developing higkspeed optoelectronic devices/circuits.
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Table A2.1Summary of the familiar existing organic crystals.

Materials name Crystal thickness Crystal domain size  Reference

(nm) (Hm)

Pentacene 1.5 2.62 25

1.12 9.14 10

1.1 10.0 1

1.2 7.33 26

Me-PTCDI 0.33 12.8 12

PTCDA 0.3 2.77 25

0.3 1.11 27

0.4 2.63 28

Ce-BTBT 1.5 7.89 29

1.7 8.27 30

1.7 4.6 20

2.3 1.67 31

2.6 5.43 32

3.01 8.0 33

3.0 1.3 34

DPA 1.89 17.22 35

Tetracene 1.39 5.0 36

TransDSB 1.91 5.0 36

TransDPDSB 1.32 5.0 36

CN-DPDSB 1.57 5.0 36

Rubrened28 1.36 2.3 37

Rubrene 1.5 4.0 38

TCNQ 1.64 13.0 39

F>-TCNQ 0.88 7.5 39

F+-TCNQ 1.46 12.0 39

BP3T 3.0 12.0 40

DNTT 3.2 5.1 a1

TIPSTAP 1.7 2.82 42

DTBDT-Cs 5.0 13.57 43

TIPSPEN 1.32 5.24 31

Ce-DPA 2.9 4.9 16

PTCDFC13 2.5 1.68 a4

p-MSB 2.2 6.0 45

NDI3HU-DTYM 4.0 5.0 46

Ceo 0.8 2.33 a7
PTCDI 0.33 ~25
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SUPPORTING | NFORMATION FOR APPENDIX 2

Scotch tape

hBN Peel off

s, J-L4

Figure S(A2).1 [Mechanical exfoliation of hBN on the Si(5i substrate.

Figure S(A2).2 |Optical and PL images of single crystal PTCDI sam{ked) sample
1,(b,e)sample2angc,)sampl e 3. All the images scale bar
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Figure S(A2).3 | (a)Optical microscopémageand (d) PL image of a PTCDI sample,
scal e b@rAFMifageoofithe dotted areaia)(, scal e bar 2 & m.

(1) 60 (1 (1150
9 50 r@
= 50 - — » =
2 *) = S 40+
- S 40+ Y s o
2 a0} > 2
7} = ‘@
c ) c 30+
£ 30t g % £
— = —
o 20k i 20 + a 20f
Q o
10 1 1 1 1 1 10 1 1 1 1 1 10 1 1 1 q 1
0 90 180 270 360 0 90 180 270 360 0 90 180 270 360
Angle (q) Angle (q) Angle (q)

Figure S(A2)4 | Sequential angleesolved PL of the PTCDI monolayers during the 20
mins growth duration. The points in the PL images (main text Figure A2.1f) shows
respective points of PL data collection for (1), (1), (lll). The corresponding solid line

represents thetfing curve via & i furtttion.
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5.1INTRODUCTION

Organic semiconductors in the 2D limit have received significant attention in recent years
due to their unique properties foptoelectronic and photonic applicatidrfsThe unique
characteristics of thin organic materials are dominateadigit excites bound state called
exciton: a quasiparticle consisting of a photogenerated eleletiencharge pair bound
together by Coulombic attractidrt Excitonscan be either localized or free. Free excitons
have the ability to transfer information and energy throughout the cry3tadse
guasiparticles have properties such as being neutral or charged and can be bright or dark.
Their formation mechanisms and binding energies have Mlkearetically and
experimentally understoadd the past decad¥.In contrast, a strong potential spatially
confines localized excitons, has a nearly flat energy dispersion, and does not transmit
energy like their free counterpaft©espite these excitons beiiggored in the past,
recent research indicates that tinegy influence many propertiese(, diffusion length,

doping response, lifetimestc).® Although there have been numerous observations of
various localized excitorighe reasons behind their formation and inherent properties are
not yet fully understoodStructural disorder is widely believed to be the cause of these
states, and it isften linked to lattice vacancies. These vacancies can be either native or
induced through higlenergy particle$!! Structural defectsi.e., residual impurities,
adatoms, and interstitials, can give rise to diverse luminescent characteristics dependent
on excitation stimult? Photoe and electrduminescence are the two main techniques that
identified several emission peaks in TMDs, graphene, hBN, and organic materials. These
peaks have been attributed to localized state recombination mechanisms linked to defect
states:>4Spatial localization of the emitted light has already been observed for excitons
bound to defects or impurities in semiconductdré,but the localized states in organic

semiconductors and their inherent properties remain largely unknown.

Recently, there has been a significant interest in cathodoluminescence spectroscopy in
material science, whictefers to the emission of photons after the induced-éigrgy

beam into the speciméf.Comparing CL to other luminescence phenomena like PL,
there might be some differences due to the excitation process. The emission of all
luminescence mechanisms present in the semiconductor can be achieved through
electronbeam excitatiod®2°By varying the beam energy, more detailed deptolved
information can be obtained. Over time, CL spectroscopy has been expanded to various
applicationg®¥23 CL offers higher excitation energy compared to PL excitation, allowing

for the study of widéandgap materials, including hexagonal boron nittide.

Mehedi Hasaii 2024 112



Chapteis: Strong Luminescendeom Organic Single Moleculesa cathodoluminescence

Furthermore, CL has been widely utilized for the study of nanostructures, such as nano

antenn&® and nanoscale light souréé® due to its small excitation hotspot.

5.2PTCDI sAMPLE PREPARATION AND CL CHARACTERIZATION

The 3,4,9,1(perylenetetracarboxyliediimide (PTCDI) molecules were deposited on a
few-layer hBN by the physical vapor deposition method, where the hBN was
mechanically exfoliated on the Si substrate (detail in methods). The quality of deposited
films depgends on the heating temperature, growth duration, and distance between the
source PTCDI powder and the hBN substfafé After the deposition of PTCDI layers,

the PL images were captureohd the monolayer (ML), bilayer (BLAand multilayer emit
green, deep greeand red luminescence (Figures 5.1a and-S5.B). The ML has a
thickness 0f~0.33 nm (Figure S5.2) consistent with previously repovtades® and
follows the inplane herringbone packing motif (Figure 5.3b3° The multilayer shows

a thickness of2.35nm (Figure S5.3)To explore the excitonic properties of ML, it was
excited by a 3.06 eV laser and found a strong PL emission at 2.22 eV corresponds to pure
Frankel excitonic @o) emission, emission at 2.06 eV corresponds to its vibronic level (|

1) emission and a tiny peak at 2.38 eV corresponds to emission from PTCDI isolated

moleculesdenotedas'X' (Figure 5.1¢cf>%’

Cathodoluminescence is an optical and electromagnetic phenomenon that uses a high
energy electron beam to excite the sample. The electron beam is focused on the targeted
sample area, and then the resulting CL emissions are collected using a parabalic mirro
and directed towards a spectrometer equipped with a CCD (Figure 5.1d and methods).
The panchromatic CL image of a PTCDI ML area shows in Figure 5.1e. The CL spectrum
of PTCDI ML, monomer (Figure S5.4), and hBN substrate are shown in Figure 5.1f. From
the CL spectrums, the emission from PTCDI monome 26 e\?’ and the PTCDI ML

at 2.37 eVand2.21 eVwhere the peak &.37 eVoriginated from isolated molecules
sitting at the edges of ML film, peak&®1 eVoriginated from FR excitonic emissiore
(Figures 5.1f and S5.5We performed similar CL measurements on several PTCDI
samples to confirm our findingand found the same results (Figure S5.6). Furthermore,
we observed an interesting phenomenon: in the PL spectrun'tpeak has weak
emission aR.37 eV In contrast, in the CL spectrum, thé peakemission is immensely
enhanced (Figure 5.1f), due to the generatioalafge number of free charges into the
hBN layers and later recombined with the PTCDI isolatediecules (Figure 5.19).HE

main difference between Rind CLis that a single absorbed photon in PL produces only
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an & h pair, while a single electron in CL generates hundredstopairs. The number

of charges generated per unit time in hBN can be determinEfbi?

| 0@ Q (5.1)
(00 4)]

WhereV is the accelerating voltagejs the electron beam curremtjs the electronic

0

charge, anélis the backscattering fact@eQ's the averagenergy, andlis the proportion

of energy dissipated in the hBN layers relative to the overall energy losses. It is assumed
that the value ofEQ's three times the bandgap energyd 3)E*°*%andEg equal to 5.76

eV for hBN. The Monte Carlo simulation has been performed to calculate the
backscattering factof)(at 1¢ electrond* The cal cul at ed Y #'atr ges
1lkeV and 1.6nA. However, the hBN with greater thickness generated more charges with

alarger interaction volume.

Figure 5.1h illustrates our predicated band diagram of hBN/ML PTCDI structure, where
the single molecules are assumed to be sitting at the edges of ML. The HOMO levels are
estimated to be ~6.34 eV for the PTCDI f#£3 ~6.1 eV for the PTCDI molecufte®

and ~7.0 eV for the hB®*’. During CL excitations, a large number of free charges are
formed in hBN layers, and the carriers will be transferred from higher energy to lower
energy levels. The highest occupied molecular orbital (HOMO) of PTCDI ML and single
molecular state are high#éan the valence band maximum (VBM) of hBN. Similarly,

the lowest unoccupied molecular orbitals (LUMO) of ML and single molecular state are
lower than the conduction band minimum (CBM) of hBN. However, after the electron
beam impinges on the PTCDI lay#re following phenomenaappena) electron transfer
happens, due to the large offset in electron/LUMO energies, hBN to single molecules
electron transfer is faster than hBN to ML electron transfer. The electrons, therefore, get
trapped on the single molecules and recombine when ashiménsferred from the hBN
layers. b) Hole transfer happens (more likely because of the large energy difference in
LUMOSs). Holes injected into the ML PTCDI find defect sites with higher energy
HOMOs. The positive chargedraict the free charges in the hBN, lowering their energy

and promoting electron transfer to the defect sites, and recombination leads to emission.
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