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ABSTRACT 

Two-dimensional (2D) organic semiconductors have emerged as a rising star due to their 

high crystallinity, low-structure symmetry, controlled morphology, and excellent 

flexibility , thus enabling exotic properties for exciting application prospects, such as 

flexible electronics, sensing, optoelectronics, energy harvesting, etc. Compared with bulk 

materials, these thin organic layers provide an ideal platform to investigate the strong 

many-body interactions arising from the highly enhanced quantum confinement and 

reduced dielectric screening. These enhanced many-body interactions lead to the 

formation of quasi-particles called excitons. These tightly bound excitons and strong 

dipole-dipole interactions enable rich physics in 2D molecular crystals. Among them, 

superradiance (SR), the spontaneous coherent emission from bright excitons, has sparked 

considerable interest in quantum-information applications. In addition, optically 

forbidden states (dark excitons) have the potential both to achieve Bose-Einstein 

condensation and modulate exciton dynamics. However, gaining insights into both SR 

and dark excitons at room temperature poses a major challenge. Here, we report the 

observation of a unique series of dark excitonic states in highly crystalline 3,4,9,10-

perylenetetracarboxylic diimide (PTCDI) organic monolayers (MLs) via 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 FE-CTE states with the majority intralayer CTE character (>99.9%) and 

weak coupling to the emissive FE states. We observe significantly higher photochemical 

stability of MLs under two-photon excitation, which we attribute to the suppression of 

exciton-exciton annihilation. These findings contribute to the fundamental understanding 

of enhanced light-matter interactions in two-dimensional molecular materials that help 

for on-chip optical communication and bio-sensing.       

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

of the sample and the type of excitations used. Although the light-induced 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 

injecting a high-energy electron beam. Here, we report the observation of robust emission 

from organic single molecules via cathodoluminescence spectroscopy. The emission 

originates from PTCDI organic molecules at room temperature. In the PL spectrum, the 

single molecules have weak emission, whereas in CL the emission is immensely 
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enhanced. The CL emission depends on the thickness of the organic layers, and the 

quantum efficiency of the monolayer is much higher than that of the 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/IA 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 depth. However, our results may open new avenues to systematic 

studies for exploring 2D material phenomena, including localized excitons, defects, 

electronïmatter interactions, and help for the development of future optoelectronic 

devices by utilizing the advantages of direct carrier injection. 

Finally, itôs necessary to analyze the effects of intermolecular coupling on vibrational 

modes in two-dimensional materials that play a key role in the development of nanoscale 

optoelectronic devices. A promising technique to investigate vibrational coupling 

between molecules is nano-FTIR spectroscopy. Though in-plane vibrational coupling has 

been observed spectroscopically in vdW layered materials, observation of out-of-plane 

vibrations in organic two-dimensional materials is largely unexplored terrain. Here, we 

report the observation and systematic investigation of out-of-plane vibrational motion in 

quasi-2D organic molecular crystals via nano-FTIR spectroscopy. Crystalline 3,4,9,10-

perylenetetracarboxylic diimide (PTCDI) exhibits modes at 1590 cmī1 and 1690 cmī1 

with significant out-of-plane components that are negligible in the isolated molecules. 

Thickness-dependent analyses showed that the IR signal and absorption of these peaks 

increased and red-shifted with increasing layer number. DFT simulations support the 

hypothesis that molecular vibrational modes are perturbed by intermolecular interactions 

in the monolayer, leading to out-of-plane vibrational movement, showing a close match 

with the experimental results. The s-SNOM imaging shows strong absorption at 1690 

cmī1 in trilayer regions compared with monolayer regions and weak absorbance at 1800 

cmī1, demonstrating that s-SNOM can selectively distinguish different layer thicknesses. 

Our results provide a better understanding of 2D materials, for example  (i.e.), chemical 

compositions, phases, and molecular coupling), where intermolecular coupling 

significantly influences electrical and optical properties for the development of 

controllable nanoelectronic devices. 
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1.1 I NTRODUCTION   

What makes 2D materials so fascinating? The term "2D materials" is quite broad and 

encompasses various materials with varying properties. These materials are described as 

crystalline with a few nanometres thick, such as transition metal dichalcogenides 

(TMDs)1, graphene2,3, organic materials4-7, etc. Inorganic materials like TMDs, graphene 

have unique properties, but some challenges still need to be overcome. For instance, a) 

large-area synthesis is difficult, considering popular exfoliation methods; b) lack of 

defect-free synthesis (i.e., TMDs) due to the predominant defects such as chalcogen 

vacancies, edges, and grain boundaries; c) large-area solution process is difficult ; d) 

relatively limited number of material; e) comparatively low absorption efficiency.8,9 Also, 

the uncontrollable chemical vapor deposition (CVD) synthesis techniques introduce grain 

boundaries, large morphological variations, and random crystal size, which hampers 

device performance and practical application.8,10 Recently, 2D organic semiconductors 

have become a rising star due to their merits, including being free of grain boundaries, 

long-range order, minimal traps, and defects.6,11-14 In contrast, 2D organic semiconductors 

demonstrate the following advantages: a) diverse synthesis techniques including low-cost 

and large-area solution processes; b) controllable synthesis; c) larger material library with 

highly tunable electronic and optoelectronic properties (i.e., mobility, low power 

dissipation, increased device speed, and photoresponsivity); d) high absorption 

efficiency; e) low-symmetry structure. These unique features are not only a good 

complementary to 2D inorganic materials but also provide promising prospects in next-

generation flexible electronics, optoelectronics, molecular detection, energy harvesting, 

biology, medicine, thermoelectric, piezoelectric, and ferroelectric devices.15 One of the 

basic assumptions in organic field-effect transistors (OFETs) is that carriers only 

transport in the first few layers near the dielectric interface.14 Therefore, it is feasible to 

straightforwardly examine the intrinsic properties, carrier transport mechanisms, and 

structure-property relationships even at mono-/few layer highly crystalline crystals.15-18 

Their atomic/molecular level thickness is smaller than most particlesô transport mean free 

path, including electrons, excitons, and phonons, which can spark new physical 

mechanisms (i.e., ballistic transportation and super-transport excitons).19 It is reported 

that 2D organic crystal transistors show layer-dependent electronic and photonic 

properties due to different molecular aggregations.11,17,18 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 
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functionalities.11,14,20,21 The decreased interlayer screening effects in 2D organic crystals 

facilitate the study of interface effects and strong light-matter interaction.19,22 In contrast 

with their bulk counterparts, they possess more effective carrier injections and 

modulations as well as better optical transparency, ameliorating the performance of 

photodetectors, light-emitting diodes (LEDs) and sensing devices.6,14,21,23 For practical 

applications, integrating 2D organic semiconductors into the mainstream industry and 

flexible electronics has emerged as an important research direction.24-29  

To date, plenty of organic molecules have been fabricated into 2D forms, such as C8-

BTBT,4,30,31 pentacene,4,5,12,14 anthracene, TCNQ,32 TiOPc, derivatives of perylene,6,7,33 

and some conjugated polymers,15,27,34,35 etc. It has been reported that a high-performance 

monolayer C8-BTBT single-crystal transistor has intrinsic hole mobility greater than 30 

cm2/V.s and bandlike transport down to 150 K.30 Furthermore, Liu et al. investigated 

DPA-based field effect transistor, where the OFET exhibits higher charge carrier mobility 

up to 34 cm2/Vs.25 In another study, Jiang et al. developed a 1L C8-BTBT transistor with 

a maximum filed-effect mobility of 0.6 cm2/Vs, a near-zero threshold voltage of -3 V, 

and a 106 on/off ratio.16 To date, although the figure of merit of phototransistors has been 

achieved, the fabrications of highly sensitive phototransistors still face challenges. A 

high-performance 2D DPA phototransistor has been demonstrated, which not only has 

low dark current (~10-12 A) but also exhibits high mobility, high photosensitivity, and 

photoresponsivity (1.34×105 A/W).36 Besides improving film quality, integrating organic 

semiconductors with high-mobility inorganic materials (i.e., graphene) is a possible way 

to overcome these obstacles. Liu et al. reported high-efficiency phototransistors 

comprising 2D pentacene crystals and graphene. It showed outstanding photoreactivity, 

including the photoresponsivity of >104 A/W, photoresponse time of 25 ms, and 

photoconductive gain of above 108.23 Due to advantages such as high sensitivity, precise 

recognition, and quick response/recovery, organic sensors have attracted more attention 

than inorganic materials.37,38 The semiconductor thickness can enhance sensitivity by 

decreasing analyte diffusion time.37,39 Therefore, organic 2D materials are widely used to 

enable high-performance sensing devices, such as gas sensing,38,40,41 pressure sensing,42,43 

humidity sensing26. Besides, integrating organic layers into integrated circuits offers 

enhanced functions for practical applications,25-29,34,35,44-46; for example, a low-power 

temperature sensor fabricated by organic material exhibited a more than 20-fold increase 

in output current as temperature increased from 20-1000C.44  
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1.2 M OTIVATIONS AND OBJECTIVE S OF 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 

semiconductor devices currently satisfy the criteria for practical implementation, there 

remains a need to plan and explore novel organic semiconductor materials in order to 

advance semiconductor technology. There are several challenges that still need to be 

overcome for the use of 2D organic semiconductors for device applications: a) organic 

semiconductors are at the bulk material scale (>20 nm). Itôs challenging to fabricate 

ultrathin organic semiconductors on a large-area scale; b) organic crystals are of poor 

quality and usually exist in polycrystalline or amorphous states, but for the high 

performance in the applications, highly crystalline organic semiconductors are important; 

c) it has been reported that different layers of organic semiconductors exhibit distinct 

optical and optoelectronics properties, which allows the study of light-matter interactions; 

Therefore, it is necessary to undertake additional scientific research toward the 

development of ultrathin highly crystalline organic semiconductors with exciting 

properties that are well-suited for optoelectronic applications. This thesis focuses on 

ultrathin organic semiconductors with a 2D limit. The atomically thin structure of 

materials has promising excitonic effects. As a result of excitations, electrons transfer 

from the highest occupied molecular orbital to the lowest unoccupied molecular orbital, 

forming a bound state called an exciton. Due to the reduced dimensionality, excitons in 

these 2D materials have higher binding energies, and various optoelectronic applications, 

such as phototransistors, photodiodes, sensors, and light-emitting devices, depend on 

these excitonic recombinations. Thus, studying the properties of excitons in 2D organic 

semiconductors is important. This thesis aims to investigate the exciton dynamics (i.e., 

carrier recombination mechanisms, excitonic effects during optical characterizations, 

atomic bonds, and its vibrations, etc.) of ultrathin perylene-3,4,9,10-tetracarboxylic 

diimide (PTCDI) a promising derivative of perylene, through experimental means with 

considerations of the impact of external factors (i.e., 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 than one order of magnitude. The charge-dipole and dipole-

dipole interactions (tens of meV) are sufficient to maintain the stability of many-body 
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complexes. Although the majority of research has been devoted to atomic crystals, 

molecular PTCDI possess two-dimensional layered structures and exhibit stronger 

dipole-dipole interactions due to their low dielectric constant and localized nature of 

excitation (e.g., Frenkel excitons (FE) are confined to a single molecule). Additionally, 

PTCDI exhibits remarkable stability, higher quantum yield 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 research are listed as follows: 

1. To fabricate a highly crystalline PTCDI organic semiconductor in 2D limit via the 

vapor deposition method.  

2. To investigate the unique optical properties (i.e., bright and dark excitonic states) of 

the PTCDI molecular crystals via the single and two-photon excitations.  

3. To investigate the PTCDI single molecules (i.e., monomers) luminescence properties 

after direct injection of the charge carriers via cathodoluminescence spectroscopy. 

4. To investigate the vibrational modes (i.e., in-plane and out-of-plane) of the PTCDI 

molecular crystals via nano-FTIR spectroscopy. 

1.3 THESIS OUTLINE   

The dissertation is divided into seven chapters. Each chapter has sections and subsections 

encompassing an introduction, sample preparation, optical analysis, potential 

applications, and conclusions. 

Chapter 1 will introduce 2D organic semiconductors and how they emerged as an 

emerging research topic.  

Chapter 2 will describe the fundamentals of 2D organic materials, classifications, 

synthesis process, novel excitonic physics, and potential optoelectronic applications. 
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Chapter 3 will focus on the method used to synthesize organic crystals and all related 

experimental techniques to demonstrate the exciton dynamics of the crystals. 

Chapter 4 will discuss the observation of robust room-temperature (RT) superradiance 

(SR) from highly crystalline 3,4,9,10-perylene-tetracarboxylic diimide monolayers 

(PTCDI MLs) using one- and two-photon spectroscopy. This phenomenon was confirmed 

by the intense PL, narrow line width, bathochromic shift, shortening lifetime, and high 

dichroic ratio values. The SR is the result of emission from delocalized Frenkel excitons 

arising from J-aggregate MLs.7,47 Two-photon excitation spectroscopy of the same MLs 

reveals multiple dark excitonic states at ~2.61 eV, 2.97 eV, and 3.11 eV, which are absent 

in multilayer and monomer samples. To understand these dark states, a vibronic exciton 

model for ML PTCDI was developed to analyze the one-photon and two-photon spectra. 

According to this model, the 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 emission, and b) results in a 

well-defined collection of two-photon active ódarkô states. These states are not observed 

in multilayers because low-energy interlayer CTEs heavily mix with the FE states and 

attenuate both SR and two-photon absorption. Finally, we demonstrate that organic MLs 

exhibit excellent photochemical stability under two-photon excitation, possibly due to the 

suppression of exciton-exciton annihilation between highly delocalized FEs.    

Also, appendix A2 of Chapter 4 will discuss the detailed growth of highly ordered organic 

crystals on a submillimeter scale. The crystal average size (Ḑ25 µm) is six times higher 

in area than the previously reported organic single crystals (Table A2.1).6,11,21,48-52 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 5 will report the observation of robust emission from organic single molecules 

via cathodoluminescence spectroscopy. The emission originates from PTCDI organic 

molecules at room temperature. In the PL spectrum, the single molecules have weak 

emission, whereas in CL the emission is immensely enhanced. The CL emission depends 

on the thickness of the organic layers, and the quantum efficiency of the monolayer is 

much higher than that of the 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/IA 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 
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Monte Carlo simulation has been performed to predict the penetration depth. However, 

these results may open new avenues to systematic studies for exploring 2D material 

phenomena, including localized excitons,53 defects,54,55 electronïmatter interactions, and 

help for the development of future optoelectronic devices by utilizing the advantages of 

direct carrier injection.56,57 

Chapter 6 will demonstrate the observation of out-of-plane vibrational motion in highly 

crystalline organic layers that is absent in isolated molecules via nano-FTIR spectroscopy. 

In 2D crystals, molecular vibrations at 1590 cmī1 and 1690 cmī1 exhibit significant 

components in the direction normal to the surface. These modes change in frequency and 

intensify with increasing layer numbers. DFT simulations support our experimental 

findings. The out-of-plane vibrational modes are localized to specific molecular groups 

within molecules (i.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 vibrational modes and induce out-of-

plane movement. Furthermore, s-SNOM imaging showed strong absorbance in the 

trilayer compared to the monolayer at 1690 cmī1 (vibrationally active region) and very 

weak absorbance that is incomparable between the trilayer and monolayer at 1800 cmī1 

(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 infrared s-SNOM can selectively highlight the layer difference and 

vibrational modes via both intensity and frequency. These findings have significant 

implications for the future application of nano-FTIR spectroscopy to analyze 2D 

materials and help develop emerging nanoelectronic technologies. 

Chapter 7 will summarise the works in this dissertation and discuss the challenges and 

future perspectives of the research in this field.  
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Over the past decades, everyday devices have miniatured due to the use of transistors, 

integrated circuits, light-emitting diodes, etc. At present, semiconductor microchips are 

in almost all modern equipment, not only 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 one in industry-level use. Despite the discovery of 

electrical transport and photoconductivity in organic semiconductors in the early 20th 

century and extensive studies in the 1950s,1,2 no significant efforts were made to apply 

them in practical applications. Even the discovery of the first electroluminescence in 

organic material in the 1960s3,4 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.5,6 This led to further research in organic semiconductors and thin film devices, 

particularly in the mid-1990s and beyond. Additionally, the 1980s saw the emergence of 

organic thin film transistor technology.7,8 Extensive research has been conducted on 

organic semiconductors and their application since the mid-1990s due to the growing 

interest in this technology, and nowadays, 2D organic semiconductors are ideal for 

circuits and optoelectronic applications due to ultrathin feature, high crystallinity, diverse 

processing techniques, and excellent flexibility, etc. Through the efforts of scientists, the 

family of organic materials has continued to expand and develop, including pentacene9-

11, PTCDA12-14, Me-PTCDI13, C8-BTBT10,15,16, 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 atom, with sp2 

hybridization. In sp2 hybridization, there are three orbitals in a plane with an angle of 

120° between them and another pz orbital perpendicular to this plane (Figure 2.1). The 

conduction mechanisms of organic semiconductors are different from inorganic 

semiconductors. In 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 in organic semiconductors due to their relatively low cost 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, and large-size electronic devices like light-emitting diodes, transistors, 

https://www.sciencedirect.com/topics/chemistry/crystallinity
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sensors, and bioelectronics. With the emergence of new organic semiconductors, 

researchers can expect to discover more unique properties for optoelectronic applications. 

 
Figure 2.1 | Schematics of sp2-hybridi zed carbon atoms. 

 

Organic semiconductors include small molecules and polymers. Figure 2.2 shows the 

molecular structure of a few familiar small molecules and polymers.  

 

Figure 2.2 | Chemical structures of a few familiar  2D organic molecules. 

The figure is adapted and reproduced from ref.17 with permission. 

 

Based on the dimension of the organic semiconductors can be categorized as one-

dimensional nano-rods/wires, two-dimensional thin layers, and three-dimensional cubic 
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materials.18 Compared to inorganic semiconductors, organic semiconductors have 

adjustable structural optical and electrical properties, a high degree of flexibility in 

synthesis, make it is possible to combine many fascinating properties, including excellent 

charge transport, PL, EL, CL, and fabrication on a variety of substrates.   

2.1.1 ORGANIC 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 crystals possess unique optical and 

electrical properties that make them useful for applications, for example, electronic 

devices, such as transistors and solar cells; optical devices, such as lasers and laser diodes, 

and energy storage devices.19 These crystals have an atomic/molecular level thickness, 

which can lead to novel physical processes such as super-transport excitons.11,20 Figure 

2.3 shows the interfacial layer, monolayer, and bilayer of the C8-BTBT single crystal. 

 

 

 

 

 

 

Figure 2.3 | Organic single crystal.  

AFM images of interfacial layer (a), monolayer (b), and bilayer (c) C8-BTBT crystals, 

scale bars 2 ɛm. These figures are adapted and reproduced from ref.21 with permission. 

 

2.1.2 POLY -CRYSTAL M ATERIAL  

Polycrystalline materials are composed of numerous small crystals arranged in a random 

or erratic pattern, with grain boundaries separating them (Figure 2.4), and the grains have 

sizes from nanometres to milli-meters. Polycrystalline materials are commonly used in 

various applications, including solar cells, electronic devices, and sensors. Moreover, 

polycrystals of organic materials can be made using simple, inexpensive processes, such 

as drop casting.  

a b c 
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Figure 2.4 | Organic poly-crystalline material.  

(a) Pentacene grain orientation map produced by TSM, where the arrow indicates 

grain's [110] direction. (b) TSM image shows grain boundaries with high (H) and low 

(L) angles. The histogram shows the monolayer has ~90% high-angle grain boundaries. 

These figures are adapted and reproduced from ref.22 with permission. 

 

Table 2.1 Summary of familiar 2D organic single crystals.  

Materials Thickness (nm) Molecular symbol References 

C8-BTBT 0.6  

 

 

10,15,16 

2.3 23 

2.46 24 

2.83 25 

2.6 26 

2.92 27 

Pentacene 0.5 

 

9-11 

TIPS-PEN 1.7 
 

 

28 

1.32 
 

23 

1.64 29 

PTCDA 0.3 

 

12,13 

0.53 14 

PTCDI 0.3 

 

13 

Me-PTCDI 0.3 

 

13 

DPA 1.89 

 

30 

C6-DPA 2.9 

 

31 

CH3NH3PbI3 1.3 
 

 

32 

0.445 33 
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PTCDI-C13 2.5 

 

34 

Tetracene 1.39 

 

35 

Trans-DSB 1.91 

 

35 

Trans-DPDSB 1.32 

 

35 

CN-DPDSB 1.57 

 

35 

 

Rubrene 

1.36 

 

36 

1.5±0.1 
37 

1.48 38 

TCNQ 1.64 

 

39 

F2-TCNQ 0.88 

 

39 

F4-TCNQ 1.46 
 

39 

TIPS-TAP 1.7 
 

 

40 

1.8 41 

DTBDT 1.78 
 

42 

DTBDT-C6 2-3 
 

43 

Perylene 1.95 

 

25 

 

2.2 ORGANIC SEMICONDUCTOR SYNTHESIS TECHNIQUES 

Crystal quality determines the devicesô performance and their applications in molecular 

electronics, optoelectronics, non-linear optics, and so on.44 Highly oriented 2D organic 

semiconductors also provide a powerful platform to explore the relations between 

materialsô structural properties and charge transport.45 Therefore, how to grow high-

quality organic semiconductors has emerged as a hot topic. Several methods have been 

proposed and designed to synthesize 2D organic materials, such as physical vapor 

deposition, chemical vapor depositions, molecular beam epitaxy, solution shearing, dip-

coating, drop-casting, etc. All of these methods can be grouped into two categories: vapor 

techniques and solution techniques. Vapor deposition techniques are more favorable, as 

organic materials are typically insoluble or barely soluble in organic solvents. The vapor 
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deposition method involves heating a precursor material to a high temperature to make 

vapor and forming a thin film on a substrate. It can also be used to grow large-area films 

with high uniformity and controllable thickness. Researchers utilized physical vapor 

transport to grow highly ordered organic materials of C8-BTBT15, pentacene9,46, Me-

PTCDI13, and PTCDA47. The resulting devices display exceptional quantum yield 

(~100%)13 and mobility (>30 cm2/V.s)15 with the use of these 2D organic semiconductors. 

Solution techniques are preferred to enable the industrial application of these 2D 

semiconductors due to their cost-effectiveness, large area, and mass production.48,49 This 

method involves dissolving the precursor material in a solvent and depositing it onto a 

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, metal-organic frameworks (MOFs), biomolecules, etc.  

Table 2.2 Comparison between different  synthesis methods of 2D organic materials. 

Synthesis 

method 

Critical parameters Advantages Disadvantages Ref. 

  Physical 

Vapor 

deposition  

Deposition rate; 

pressure; time;   

substrate surface; 

substrate temperature; 

surface roughness;  

Crystalline; 

thickness;  

controllable 

growth;  

Depend on 

the substrates; 

15  

 

Chemical 

Vapor 

deposition  

Gas flow rate; pressure; 

composition; 

temperature;  

time; substrates; 

Controllable size;  

compact crystal; 

thickness; 

Small crystal 

domain size; 

32  

 Floating-

coffee-

ring-driven 

assembly 

Growth speed; 

temperature;  

solvent flux; 

Speed fabrication; 

large scale;     

cost-effective; 

Adapted to 

specific 

materials; 

23  

 

Solution 

shearing 

Interaction between 

semiconductor and 

substrate; rate of solvent 

evaporation; 

concentration of 

solution; temperature of 

the substrate; 

Speed fabrication; 

large scale;  

uniform crystals; 

clear layer 

definition; 

 

Adapted to 

specific 

materials; 

50,51  
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2.3 EXCITONS IN 2D SEMICONDUCTORS  

The optical properties of semiconductors are mainly influenced 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 a bound state due to Coulombic force. When 

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 semiconductors' optical and electronic properties and are 

crucial in the operation of many optoelectronic devices. There are several types of 

excitons. Excitons can either be free or localized within a crystal (Figure 2.5a).52 Free 

excitons move about the crystal transmitting energy53; in contrast, a sufficiently strong 

potential spatially confines localized excitons, have a nearly flat energy dispersion, and 

do not transmit energy like their free counterparts. Localized excitons are used as 

potential when trapped in a defect site, such as an impurity atom. Structural disorder in 

the lattice is the primary cause of these localized states. This disorder's primary cause is 

lattice vacancies, which may originate from native or induced sources, such as high-

energy particles. Structural anomalies, such as residual impurities, vacancies, interstitials, 

and anti-sites, give rise to diverse luminescent characteristics.54 These excitons may have 

an influence on diffusion length, doping response, lifetimes, etc.55 The localized states 

are characterized by a long emission time, in the range of tens of picoseconds compared 

to the free exciton.56,57 Some localized excitons have charge and spin lifetimes of up to 

microseconds due to their decoupling from the host crystal.58   

Depending on the oscillator strength of individual carriers, excitons can be categorized as 

bright and dark excitons59, as shown in Figure 2.5b. In a bright exciton, the e- and h+ can 

recombine by emitting a photon.59 For organic semiconductor materials, the lowest 

excited state is often bright and can be populated by one-photon absorption and directly 

observed by one-photon PL spectroscopy. On the contrary, when the oscillator strength 

between an excited state and the ground state is negligible, non-radiative recombination 

of e- and h+ dominates. Dark states are challenging to observe directly by one-photon 

absorption and PL spectroscopy. However, dark states can often be formed via two-

photon excitation due to the different optical selection rules, despite their formation being 

forbidden via one-photon excitation.59,60 Furthermore, based on the types of materials, 

there are two main types of excitons: Wannier-Mott excitons and Frankel excitons. 

Wannier-Mott excitons are formed in semiconductors with a direct bandgap, i.e., mostly 
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TMDs. Conversely, Frankel excitons are formed in semiconductors with an indirect 

bandgap, i.e., mostly organic semiconductors. 

2.3.1 WANNIER -MOTT EXCITON  

Wannier-Mott excitons are formed by the attraction between an electron and a hole in an 

inorganic semiconductor (Figure 2.5c), such as TMDs. In high dielectric constant 

semiconductors with narrow energy band gaps, the valence electrons effectively screen 

the Coulomb attractions, resulting in weak binding of electrons and holes. As a result, 

Wannier-Mott excitons are observed in a material with a larger radius than the lattice 

spacing, and the Coulomb force between electrons and holes is reduced. Wannier-Mott 

excitons have large exciton radii and a finite spatial extent, determined by the exciton 

Bohr radius, and can be observed by photoluminescence spectroscopy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.5 | Excitons in 2D semiconductors.  

(a) Schematic of the localized and free excitons. (b) Bright state (left) is optically 

allowed, and dark state (right) is optically forbidden. Wannier Mott excitons (c), 

Frenkel excitons (d), and Charge transfer excitons (e). These figures are adapted and 

reproduced from: (a) ref.61, and (c-d) ref.62 with permission. 

 

 

a 

c d e 

b 

Excited state 

Vibrational  
States  

Ground state 

Photon  
absorbed  

Bright  
emission  

Virtual state  

Dark state 



Chapter 2: Two-dimensional Organic Semiconducting Materials 

                                                                                                                   
Mehedi Hasan ï 2024                                                                                                                      22           

2.3.2 FRANKEL EXCITON  

Frenkel excitons (FEs) are observed in materials with low dielectric constants, high 

effective masses, and strong lattice coupling (Figure 2.5d).63,64 In FEs, strong Coulombic 

interactions between e- and h+ result in electron-hole separations that are smaller than the 

molecular length scale. As a result, FEs have high binding energies and are mainly found 

in organic materials, i.e., pentacene46, PTCDA65, Me-PTCDI13, tetracene35, etc.  

2.3.3 CHARGE TRANSFER EXCITON  

Charge transfer excitons (CTEs) form when the electron and hole occupy adjacent 

molecules (Figure 2.5e). The e- and h+ in CTEs are often located on neighboring 

molecules due to their Coulombic attraction. In the present work, when the e- and h+ 

reside in the same layer of molecules, we refer to them as intralayer CTEs, whereas in 

interlayer CTEs, the e- and h+ occupy different layers.66  

2.4 PROPERTIES IN  2D ORGANIC SEMICONDUCTORS  

Molecular packing can influence the charge transport mechanisms and light-matter 

interactions, which decide the performance of electronic and optoelectronic devices. 

Ultrathin organic semiconductors provide a powerful platform to investigate the effects 

of molecular packing and dimension on their properties. 

2.4.1 CARRIER TRANSPORT AT THE 2D L IMIT   

Molecular packing can influence charge transport mechanisms and light-matter 

interactions, which decide the performance of electronic and optoelectronic devices. 2D 

organic semiconductors provide a powerful platform to investigate the effects of 

molecular packing and dimension on their properties. Normally, both 2D and 3D organic 

semiconductors describe their carrier transport properties using hopping charge transport. 

Nevertheless, for 3D materials, their carrier density declines proportionally to the square 

of the distance between semiconductors and dielectric interfaces.67 The ultrathin 

morphological features bestow ultrathin organic semiconductors with a constant carrier 

density (Figure 2.6a).68 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 parameters (i.e., transfer integral 

and reorganization energy).9 In the case of semiconducting ˊ-conjugated system, their 

molecular packing modes can be generally classified into herringbone packing (face to 
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edge), herringbone packing (face to face), 1D ˊ stacking and 2D ˊ stacking (Figures 2.6b-

e).69 Theoretically, 2D ˊ stacking possesses the highest mobility due to the largest transfer 

integral that can transfer charge carriers via the shortest route (nearly straight line).69,70  

It is reported that the initial layers have different packing modes and charge transport 

properties due to substrate-molecule interactions. For example, pentacene demonstrates a 

nonconductive property in the first contact layer (WL) with substrates, hopping charge 

transport in the first conductive layer (1L) and band-like charge transport in the second 

conductive layer (2L) (Figure 2.6f).9 These variations in charge transport behavior are 

ascribed to the evolution of molecular packings led by interfacial vdW interactions. The 

thickness statistics disclose that WL, 1L, and 2L are 0.5, 1.14 and 1.58 nm, respectively, 

where WL shows the face-on configuration and both 1L and 2L indicate herring-bone 

packing (face to edge). While comparing 1L to 2L pentacene, the latter exhibits less tilted 

molecular packing. Density functional theory calculations have been conducted to explain 

these differences. It was discovered that intermolecular bonding states for 1L (1L-B) and 

2L (2L-B) correspond to hole conduction. 2L pentacene shows horizontal orbital 

overlaps; thus, its band-like transport is ascribed to the complete expansion of DOS in 

either a or b-axis direction (Figure 2.6g). For 1L, the more tilted molecular packing affects 

the spatial distribution of bonding states for 1L-B, meaning that its orbital merely crosses 

five molecules in the b-axis direction (Figure 2.6h). From the a-b plane, it is clearer that 

2L-B shows a continuous 2D network, whereas 1L-B is disconnected and localized. These 

differences explain their different transport properties. Unlike pentacene, some other 2D 

organic materials share the same molecular packing, such as perylene derivatives, HTEB, 

etc., and the thickness-independent mobility and equivalent thickness of each layer have 

revealed this.13,71 C8-BTBT follows the tendency of 2D pentacene. When 2D C8-BTBT 

is formed, a molecular orbital ((HOMO) or (HOMO-1)) develops into two electronic 

bands due to one unit cell composed of two molecules. 1L has weak band dispersion with 

nearly degenerated highest-valence states (1L VB1 and 1L VB2 for hole transport) at the 

G point, resulting in the high DOS below the VBM. In contrast, 2L shows a larger band 

dispersion with a lower DOS. Therefore, the highest valence states of 1L C8-BTBT show 

a delocalized feature with high mobility and large intermolecular overlap. 2L VB1 

transitions from a nonbonding state at the G point to a bonding state along G-X directions 

(Figures 2.6i,j).15 The molecular packing determines their molecular orbitals. For both 1L 

and 2L, the two highest VBS are established via the S-S and S-C interactions, 

respectively. In terms of 1L, the two interactions have similar strength in 1L, resulting in 
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almost degenerated 1L VB1 and 1L VB2 at the G points. In contrast, 2L molecules display 

a stand-up packing, where two S3p orbitals of neighboring molecules are coupled together 

in an inappropriate direction, and this leads to large band dispersion at the G point. 

Moreover, DFT calculations demonstrate a perfect alignment between the highest valence 

(1L VB1 and 1L VB2) states and EF of Au, interpreting the ohmic contact of 1L 

transistors. The fact is that quantum mechanical tunneling probability and DOS have a 

positive correlation, whereby the higher DOS, the higher the tunneling probability and 

lower contact resistance. For 2L C8-BTBT, due to the lower DOS (2L VB1), it shows a 

larger contact resistance compared to 1L. Furthermore, the localization of 2L VB1 at bias 

voltages exhibits Fermi pinning effects, causing a large Schottky barrier. Meanwhile, 2L 

VB2 demonstrates a large energy barrier of ~0.5 eV. All these lead to a large contact 

resistance in 2L transistors.15  

 

Figure 2.6 | Novel charge transport mechanisms.  

(a) Schematic of 2D and 3D carrier distribution in the accumulation layer from a 

transistor. (b-e) Representative molecular packing motifs: herringbone packing (face-

to-edge) (b), herringbone packing with ́-  ́overlap between neighboring molecules (c), 

lamellar motif, 1D ˊ stacking (d) and lamellar motif, 2D ˊ stacking (e). (f) Schematic 

diagram of the first three-layer pentacene single-crystal molecular packing. (g,h) The 
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top view of molecular orbitals within a-b plane for 2L-B (g) and 1L-B (h). (i,j)  The 

spatial distribution of molecular orbitals at G point for 1L VB1 and 1L VB2 (i) and at 

G and X point for 2L VB1 (j) . These figures are adapted and reproduced with 

permission from: (a) ref.68, (b-e) ref.69, (fïh) ref.9, and (iïj) ref.15.  

 

2.4.2 MOLECULAR AGGREGATION  

The molecules' orientation in organic semiconductors' growth critically affects the energy 

distribution and excitonic states. The effect of molecular packing on excitonic states was 

first reported by Kasha et al.72, who extended the geometry-related FR exciton treatment 

by Davydov73. The crystallinity and molecular aggregation as predicted by Spano et al.74 

divided the aggregation into H- and J-type. Studies have reported that H-type aggregation 

causes a broadening or weaker PL emission than J-type aggregation. H-type WL 

pentacene showed broad PL spectra compared to a narrow PL emission from a J-type 1L 

sample, as shown in Figures 2.7a,b. 11 The transition dipole moment (TDM) orientation 

demonstrated by red arrows is different in H- and J-type. The resultant band structure is 

shown in Figures 2.7c,d. The total TDMs in a group of molecules determine the oscillator 

strength of an optical transition. If the Coulombic repulsion is stronger than the 

Coulombic attraction, then the value of J is positive (J > 0) and small total TDM, resulting 

in an optically forbidden lowest excited state (S1)
75. If the Coulombic attraction is stronger 

than the Coulombic repulsion, then the value of J is negative (J< 0) and a large total TDM, 

resulting in an optically permitted S1. When J > 0, molecular aggregates are considered 

as H-type, and when J < 0, they are considered as J-type. This was further confirmed by 

simulations using the first principal Hamiltonian equations, as shown in Figure 2.7e. In 

1L, the TDMs of each molecule (red arrow) are packed head-to-tail, but in WL, the TDMs 

are packed side by side. J denotes the excitonic interaction between local FR exciton 

states at nearest-neighbor molecules. The study found that J is negative in 1L 

(corresponding to J-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, J is positive in WL (corresponding to H-type aggregation), resulting 

in minimal emission from WL at 0 K. Thus, H- and J-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 WL (a) and 1L (b) pentacene and the 

orientation of the net dipole moment- head to tail (1L) and side by side in WL. (c-d) 

Schematics showing the excited states in an ideal H-type (c) and J-type (d) monomer. 

Orange arrows indicate the spin of electrons in each state. (e) TDMs at each molecule 

(red arrows) follow a head-to-tail packing in 1L, but TDMs in WL are packed side by 

side. The pink arrows show the Coulombic contact force between nearby molecules. 

These figures are adapted and reproduced from ref.11 with permission. 

 

2.4.3 COUPLING OF FR-CT  EXCITONS  

The FR exciton means where the electron and hole are placed on the same molecule, 

whereas the CT exciton is a pair of charge where the electron and hole occupy adjacent 

molecules.76,77 When the energy difference between CT and FR excitons is small enough, 

the excitons can interact and generate new FRïCT mixed states78,79. Because of the 

absence of high crystallinity and the presence of disorders and interfacial states, most 

bulk and thin film organic semiconductors exhibit mixed states.80 The energy of the CT 

and FR states can be reversed by deepening the packing style (face-to-face or 

herringbone). This was confirmed by theoretically calculating the contribution of CT 

excitons in the energy band dispersion of the pentacene sample by Hestand et al.74 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 two-particle CT excitonic states. The spectrum 

polarized along b displayed J-aggregate (FR exciton dominated), while the spectrum 

polarized orthogonal to b displayed H-aggregate (CT exciton dominated).81 Similar in 

PTCDA, the absorption and PL emission were identified to have a CT and FR coupled 

combination, determining the overall broad spectra.82 Hence, the strong FRïCT 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 limit FR-

CT mixing and observe SR emission, we need to control the crystallinity and molecular 

aggregation into H precisely- and J-type, as predicted theoretically by Hestand et al.78 

2.4.4 STRONG L IGHT -MATTER I NTERACTION  AT 2D L IMIT  

When the dimension of organic materials decreases from bulk to the 2D limit, light-matter 

interactions can be enhanced due to the reduced dimensions and dielectric screening, 

which are extremely important to future optoelectronic devices and photonic 

applications.46,83-85 As compared to 2D inorganic systems, the dipole-dipole interactions 

of 2D organic materials become even stronger, which has been corroborated by the 

localized feature of excitation. Hence, 2D nature can engineer the exciton coupling and 

spark novel photonic properties.13 In particular, Jïaggregation 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 determined by sub-picosecond intermolecular CT. 

Given this, to obtain the increased Coulomb interactions between the Frenkel dipoles and 

inhibition of interlayer CT, highly-ordered 2D organic semiconductors are heavily 

pursued.13 The long-range and fast transport of coherent excitons has drawn much 

attention in inorganic semiconductors and molecular systems due to the great potential in 

high-speed excitonic circuits, quantum computing, and high-performance light-emitting 

diodes.11 However, the majority of coherent excitons are observed in the low-dimensional 

inorganic semiconductors coupling with cavities. This is because their native states show 

large inhomogeneous broadening and dephasing effects on the transport of excitons.11 

Dicke defined SR as the spontaneous coherent emissions that originate from some non-

interacting dipole active atoms.86 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 of Nc emitters as compared to that of an individual 

emitter.87,88 This SR emission also gives rise to the supertransfer phenomenon.89 The 

enhanced oscillator strength that is induced by the delocalization over large molecular 

assemblies can cause large-scale exciton transport.  

To date, coherent dipole interaction has been observed in 2D small-molecule 

semiconductors, showing enhanced oscillator strength, redshifts, reduced linewidth, 
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lifetime, and increased PL intensity under low temperatures.11,13 As reported, the J-

aggregations of perylene derivatives have been found in ultrathin monolayers with 

extraordinary optical properties (Figure 2.8a, left panel).13 Attributed to significantly 

unscreened dipole interactions and negligible CT, all excitons in monolayers are 

dominated by FE and accompanied by the delocalized wavefunction. For multilayered 

perylene derivatives, their excitons are composed of both FR and CT states, ascribed to 

large interlayer electronic coupling. As their thickness increases from 2L to 6L, the 

percentage of CT configuration dramatically evolves from 40% to 75% (Figure 2.8a, right 

panel). Moreover, the spatial distribution of the lowest excitations in monolayer perylene 

demonstrates a delocalized envelope wavefunction. A huge superradiant transition dipole 

takes place through the coherent interactions of many Frenkel dipoles and unsymmetric 

wavefunction illustrates optical anisotropy (Figure 2.8b). Furthermore, the enlarged 

amplitude of absorption at resonance supports superradiance, unveiling strong light-

matter interactions. The absorption increases gradually at low temperatures, proving 

enhanced oscillator strength straightforwardly (Figure 2.8c). Considering the lack of CT 

in monolayers, it is explained by the increased exciton size of J-aggregation. In contrast, 

the oscillation strengths of FE in single molecules and multilayered perylene derivatives 

are small due to the heavy mixture of CT and FE. Importantly, from temperature-

dependent PL intensity fittings, the coherent length is extracted, showing a lattice of 10ï

20 (the size of exciton wavefunction (Nc)~50ï200) (Figure 2.8d).13 Furthermore, 

monolayer perylene derivatives show bright PL emission (two orders higher than TMDs) 

with a 60ï100% PL quantum yield.  

Compared to the monolayer perylene derivative, the superradiance of FE was observed 

in the first conductive layer instead of the first contact layer with substrates. This unique 

phenomenon has been proven by temperature-dependent PL spectra, enhanced radiative 

decay rate, narrowing PL spectra and strongly anisotropic PL emissions (Figure 2.8e).11 

Correspondingly, its coherence state delocalizes over 135 molecules, which is much 

larger than other organic counterparts.11,90 Additionally, the molecular aggregation-

enabled supertransport excitons in 1L pentacene have been reported with a high effective 

exciton diffusion coefficient (346.9 cm2/s at room temperature and 354.5 cm2/s at 77 K) 

(Figure 2.8f). Moreover, supertransport excitons are highly correlated with the following 

factors: structural uniformity with a low-defect interface, highly confined excitons, and 

stronger intermolecular coupling (large oscillator strength). The diffusion coefficient of 

CT excitons in WL pentacene is reported to be 3.5 cm2/s at 77 K (Figure 2.8g), which is 
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much larger than the previous reports.11,91 These results demonstrate that 2D organic 

materials are highly important to access long-range and fast-transport excitons. It offers 

a large cross-section area for light-matter interactions and contributes to enabling wide 

applications such as high-speed excitonic circuits, quantum computing devices, fast 

OLEDs, and other optoelectronic or photovoltaic devices. 

 

Figure 2.8 | Strong light-matter interaction in 2D organic materials.  

(a) Schematic of the excitonic band for monolayer and multilayer Me-PTCDI. (b) 

Frenkel transition density of Me-PTCDI molecules (top-left panel), the spatial 

distribution of the lowest excited state within the small cluster (bottom-left panel) and 

large aggregate (right panel). (c) Temperature-dependent absorption (squares) and 

normalized oscillator (dashed lines) of monolayer Me-PTCDI on quartz and SiO2 

substrates. (d) Theoretical and experimental PL of monolayer Me-PTCDI as a function 

of temperature. (e) Anisotropic (1L) and isotropic (WL) PL intensity as a function of 

emission polarization angle for pentacene at 77 K. The solid lines are the fitted curves 

by a cos2ɗ function. Contour plots of PL intensity with the emission wavelength and 

space of exciton diffusion for 1L (f) and WL (g) pentacene at 77 K. These figures are 

adapted and reproduced from: (a-d) ref.13 and (e-g) ref.11 with permission. 
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2.5 OPTOELECTRONICS APPLICATIONS  

The highly ordered ultrathin organic semiconductors offer unique morphological 

advantages, such as free-of-grain boundaries, minimum defects and traps, efficient charge 

injections, modulations, and novel features of carrier transport. As a result, they facilitate 

the fabrication of high-performance devices, which are promising in electronic and 

optoelectronic applications.9,92,93 

2.5.1 ORGANIC FIELD -EFFECT TRANSISTOR  

The transistor is the most fundamental device in organic electronics and holds huge 

significance in the electronics and display industry.9 For organic transistors, carrier 

transport only happens in the mono-/few layers of semiconductor close to dielectric 

layers.9 As reported, a high-performance monolayer C8-BTBT transistor has been 

demonstrated, showing intrinsic hole mobility over 30 cm2/V.s, 100 ɋ.cm resistance and 

band-like transport until 150 K (Figures 2.9a-d).15,92 The contact resistance is one 

magnitude lower than the previous reports (~1 kɋ.cm). Theoretical simulations and 

experiments reveal that the contact between the charge transport layer and metal is 

straightforward and non-disruptive, which is the key to obtaining perfect electrical 

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

polycrystalline silicon (50ï100 cm2/V.s), it is the highest to date, considering monolayer 

thickness, which is much higher than amorphous silicon semiconductors.94-96 

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

dependent carrier transport properties have corroborated.9,23 In case of pentacene, 1L 

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

5.2 cm2/V.s, whereas WL is nonconductive (Figures 2.9e-h).9 Nonetheless, a C10-DNTT 

monolayer transistor exhibited the mobility of 10.4 cm2/V.s, similar to multilayer 

counterparts (Figures 2.9i,j).50 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 that monolayers follow a hopping mechanism, whereas band-like transport is 

multilayer.50 Recently, a wafer-size organic single crystal was successfully prepared, and 

the corresponding transistor showed low contact resistance of 46.9 ɋ.cm and high 

mobility of 13 cm2/V.s (Figures 2.9k,l).49 It allows for the high-frequency response at 20 

MHz, two folds higher than the common frequency of near-field wireless communication.  



Chapter 2: Two-dimensional Organic Semiconducting Materials 

                                                                                                                   
Mehedi Hasan ï 2024                                                                                                                      31           

 

Figure 2.9 | High-performance organic field-effect transistors. 

(a) HRAFM image of monolayer C8-BTBT. The inset is the fast Fourier transform of 

AFM images with lattice indices of a unit cell. (b) The relationship between channel 

conductance ů4P and Vg at the indicated temperature. (c) The extrinsic and intrinsic 

mobility of monolayer C8-BTBT at the indicated temperatures. (d) Intrinsic mobility 

histogram of monolayer C8-BTBT transistor under different temperatures. The inset is 

the optical image of a four-electrode device. (e) The Ids as a function of Vg (Vds = -2 

V) at different temperatures. The left inset is the optical image of 1L pentacene OFETs. 

The right inset demonstrates the relationship between the power exponent and 1000/T 

(symbols), showing the 2D hopping mechanism. (f) HRAFM image of 2L pentacene. 

The unit cell is demonstrated. Scale bar, 1 nm. (g) Ids as a function of Vg under Vds = -

2 V at the indicated temperatures for the 2L pentacene OFETs. (h) Temperature-

dependent mobility at various gate voltages: -20 (orange), -35 (blue) and -50 V 

(purple). The inset is the optical image of a transistor. (i) Select area electron diffraction 

(SAED) patterns of C10-DNTT single crystals. (j)  The transfer characteristics of 

multilayer (black) and monolayer with and without PMMA encapsulation layer (blue 

and green). (k) TEM images and associated SAED patterns of 2L single crystals. The 

inset is the optical image of a 2L OFET device. (l) The channel sheet conductivity of 

2L and 3L OFETs. These figures are adapted and reproduced with permission from: (a) 

ref.92, (bïd) ref.15, (eïh) ref.9, (i, j) ref.50 and (k, l) ref.49.  
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2.5.2 ORGANIC PHOTOTRANSISTOR  

Due to strong light-matter interactions and outstanding performance, organic 

phototransistors have been heavily investigated.12,97 However, their broad applications 

are not realized because of the following factors: immature growth technique, low 

mobility, short exciton diffusion length, short weak absorbance, and ambiguous relations 

between the photoelectrical behavior and crystalline structure.98,99 To conquer these 

limitations, much research has been performed, making huge advancements. For 

example, a high-performance 2D DPA phototransistor has been demonstrated, which has 

not only extremely low dark current (~10-12 A) but also exhibits high mobility, high 

photosensitivity, photoresponsivity (1.34×105 A/W) and detection (>1017 cm Hz1/2/W).99 

In another study. Liu et al. reported high-efficiency phototransistors comprising 2D 

pentacene and graphene. It showed outstanding photo reactivity, including the 

photoresponsivity of >104 A/W, photo response time of 25 ms and photoconductive gain 

of above 108. More interestingly, a thickness-dependent performance has been observed 

in these devices, where thicker organic layers exhibit a higher responsivity and EQE 

accompanying smaller bandwidth and slower charge transport.97 Furthermore, a 2D effect 

was found in p-MSB phototransistors.98 As the thickness of 2D organic materials reduces 

to the mono-/few layers, its internal photoresponsivity (Rin) enhances 100ï1000 folds 

(Figure 2.10a), which can extend to other organic materials, including perylene and a-

6T.98 This enhancement depends on the specific crystalline structure, where a shrink or 

expansion occurs along the b-axis direction that acts as the primary conductive route 

(Figures 2.10b,c). Three factors are considered to interpret enhanced photoelectrical 

properties: band-like carrier transport, efficient charge separation and enhanced photo-

gating effect. Due to weak moleculeïsubstrate interactions, organic layer molecular 

packing stands up more on the SiO2 substrate, which leads to higher orbital overlaps in 

the horizontal direction. Meanwhile, the evolutions of band structure result in one band-

like excimer emission and photoelectrical response enhancement (Figure 2.10c). In 

addition, 2D organic-inorganic hybrid perovskites have been applied to fabricate high-

performance phototransistors, attributed to extremely high PL quantum efficiency and 

highly tunable emission wavelength (Figures 2.10d,e).32 It shows an increased 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 strong light-matter interactions and 

light harvesting capability of hybrid perovskites. Furthermore, pentacene/PTCDA 
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phototransistors have been reported, showing the outstanding performance induced by 

the built-in field (Figures 2.10f,g).12 

 

Figure 2.10 | High-performance organic phototransistors.  

(a) The internal photoresponsivity (Rin) vs p-MSB thickness under illumination (14.1 

µW/cm2 365 nm) in On-state. (b) Schematic illustration of the photo-response 

mechanism of 2D and 3D p-MSB. (c) Molecular orbitals of intermolecular bonding 

states for the upper and bottom p-MSB molecule on amorphous SiO2 in the b-c plane 

(side view) and a-b plane (top views). (d) Schematic illustration of a perovskite-based 

phototransistor. (e) Photocurrent and photoresponsivity as a function of irradiation 

power. Schematic diagram (f) and band alignment (g) of a graphene/PTCDA/pentacene 

phototransistor. These figures are adapted and reproduced with permission from: (aïc) 

ref.98, (d, e) ref.32 and (f, g) ref.12. 

 

2.5.3 ORGANIC L IGHT -EMITTING DIODE  

Organic light-emitting diodes emerge as a coming star in display techniques owing to 

their low cost, high-quality color, low energy consumption, lightweight, and flexibility.100 

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 dense and periodical 

packings, which leads to emission quenching (aggregation-induced quenching (ALQ)).101 

It is reported that adjusting H-type to J-type molecular aggregation could efficiently 

alleviate ALQ, ascribed to the weak dipole-dipole interaction in the latter.101 Recently, a 

high-performance monolayer PTCDA OLED with a high PL quantum yield (60%~100%) 
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and J-aggregation was demonstrated, showing a high device speed of over 30 GHz that 

is promising for future ultrafast on-chip optical communications (Figures 2.11a,b).13 

Also, a DPA LED with high mobility (34 cm2/V.s) and high quantum yield (41.2%) has 

been reported. It shows the ultrahigh brightness of 6627 cd/m2 and a turn-on voltage of 

2.8V at blue emission wavelengths (Figures 2.11c,d).101 This outstanding performance is 

ascribed to J-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.100 A modified unsymmetric D-A-Dô structure AIEgen, DBTBZ-DMAC layer 

has been employed to fabricate LED devices (Figure 2.11e). It exhibits superior 

performance, including high EL efficiency (43.3 cd/A and 14.2%), small current 

efficiency roll-off (0.46%), extremely small external quantum efficiency roll-off 

approaching null from peak value to those at 1000 cd/m2 (Figure 2.11f). These results 

demonstrate the potential of ultrathin organic semiconductors in high-performance LEDs. 

 

Figure 2.11 | High-performance organic light-emitting diodes.  

(a) Schematic illustration and optical image of monolayer PTCDA transient light-

emitting device. (b) Electrical luminescence intensity versus AC frequency. (c) Band 

alignment diagram of DPA-OLEDs. (d) Strong blue emission from DPA-OLEDs (e) 

Molecular packing patterns of DBT-BZ-DMAC in the b-c plane. (f) The luminescence-

voltage-current density of DBT-BZ-DMAC OLEDs. These figures are adapted and 

reproduced with permission from: (a,b) ref.13, (c,d) ref.101 and (e,f) ref.100.  
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2.5.4 DEVICE I NTEGRATION   

In order to achieve practical electronic and optoelectronic uses, it is imperative to 

combine 2D semiconductors in an integrated circuit or device array. Integrated devices 

offer enhanced and specialized functionalities across diverse domains. For example, a 

temperature-sensor array based on 2D organic films has been demonstrated with low 

operating power and a unit yield rate was achieved in the actively addressed 16×16 OFET 

array, which presents the temperature information of objects (Figures 2.12a-c).102 It is 

much easier to diagnose and treat patients during surgery when the array is on the human 

body or organs. Moreover, another low-power top-gate transistor array with a multiple-

step lithography process has been reported (Figure 2.12d). 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 devices.103 Furthermore, Liu 

et al. integrated individual 2D DPA optoelectronic devices according to a simple pixel-

like configuration where an OFET drove an OLED array, showing the mobility of 3ï4 

cm2/V.s (Figures 2.12e,f).101 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 a result, at 70 V, the current density of ~170 mA/cm2 and brightness 

of ~2660 cd/m2 is obtained in OLEDs. To meet the requirements of next-generation 

electronics such as e-skin, human activity monitoring, personal healthcare, etc., 

conformal electronic devices with good flexibility and elasticity are necessary. As a 

typical example, a novel fabricating route of conformal TIPS-PEN OFET arrays has been 

reported, and it shows outstanding electrical properties with a device yield of 100%, and 

mobility of ~0.79 cm2/V.s, impressive threshold voltage and device uniformity (Figure 

2.12g).104 These results indicate the substantial promise of utilizing 2D organic materials 

in next-generation electronics/optoelectronics devices. 
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Figure 2.12 | Integration of organic materials in optoelectronic devices. 

(a) Schematic of a temperature-measurement setup containing Peltier heater and sensor 

array, where Peltier heater places onto sensor arrays. (b, c) Measured temperature 

distribution from different sensor arrays. The dashed lines indicate the position of the 

Peltier heater. (d) Optical images of FET array. (e) Optical images of DPA-OLED 

arrays driven by OFETs. (f) Photo of DPA OLED in the on-state. (g) Optical image of 

device array (left panel). The inset is the magnified image of snapshots. Device array 

conforming human joint (right panel). These figures are adapted and reproduced with 

permission from (aïc) ref.102, (d) ref.103, (e, f) ref.101, and (g) ref.104. 

 

2.6 CHAPTER SUMMARY  

Ultrathin two-dimensional organic semiconductors are gaining popularity due to their 

exotic properties, including ultrathin features, high crystallinity, diverse processing 

techniques, excellent flexibility, charge transport, etc. The synthesis of highly crystalline 

2D organic semiconductors and investigating their intrinsic properties remain 

challenging. This chapter discussed the organic semiconductor growth techniques, novel 

physics, light-matter interaction, and optoelectronic properties at the 2D limit. The 

advantages and properties of ultrathin organic semiconductors make them ideal for high-

performance optoelectronic devices, including transistors, phototransistors, sensors, and 

LEDs. 
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3.1 PHYSICAL VAPOR DEPOSITION     

Physical vapor deposition (PVD) is a popular technique for growing highly ordered 

organic thin films.1-4 The PVD process uses an open-ended quartz tube and heating zone. 

Organic semiconductor (PTCDI powder) 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 ~4.3×10-4 

and furnace temperature increased to 270oC for 15-20 mins to deposit PTCDI molecules 

on hBN. Later, the furnace was cooled to room temperature, and N2 gas was injected into 

the furnace to restore the vacuum chamber to its original state. The advantages of this 

growth method include two-dimensional controllable growth of organic materials on hBN 

and graphene substrate surfaces; due to van der Waals forces, organic molecules can be 

stacked on atomically flat substrates such as graphene1,5, MoS2
6, and hBN2,7-9. 

Mechanical exfoliation was used to exfoliate few-layer hBN, which were then transferred 

on the 275 nm SiO2/Si substrate. Several 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. 

 

 

 

 

 

 

 

Figure 3.1 | Schematic of a PVD furnace for organic thin layer deposition.  

The figure is adapted and reproduced from ref.5 with permission. 

 

3.2 M ICROSCOPE  

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 is low, and 

identifying the monolayer becomes difficult. It is easy to identify the samples through 

their fluorescence; therefore, we converted the conventional optical microscope into a 

fluorescence microscope and distinguished samples by their fluorescence. 
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Figure 3.2 | Schematic of a customized fluorescence microscope. 

 

The microscope uses a white LED as 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 filter. A CMOS camera detected the photon that crystals released into space. 

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

 

 
 

 

 

 

 
 

 

 

Figure 3.3 | Optical microscopic image (a) and fluorescent microscopic image (b) of a 

PTCDI sample with monolayer and multilayer areas, scale bar 5 ɛm.  

 

The intense light emission provides a distinct indication of color variations. However, the 

light source used in this modification is a relatively weak LED light, which limits the 

ability to excite samples with weak fluorescence emissions. Figure 3.3 presents the 

images of a monolayer and multilayer PTCDI area under fluorescent microscopes. 

3.3 PHASE SHIFT I NTERFEROMETER  

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 interferometer objective lens adds 

a well-controlled phase shift to each one. This dissertation utilizes the Vecco NT9100 PSI 

Monolayer 

Multilayer 

a b 
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system, which incorporates a green LED light source emitting at a wavelength of 535 nm, 

along with a bandpass filter.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 | Schematic of a PSI system.  

Schematic (a) and zoomed view of the Mirau interferometer (b) of a PSI system.  

The figure is adapted and reproduced from ref.10 with permission. 

 

3.4 ATOMIC FORCE M ICROSCOPE  

The Atomic Force Microscope is a scanning probe microscopy technique for layer 

thickness measurement.11 AFM operates under tapping. During AFM imaging, a 

feedback mechanism ensures that a sharp tip maintains a constant and minimal force by 

detecting its proximity to the sample surface.11 The 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 traversing it.12 In this thesis, a Bruker Dimension Ion Multi-

Mode scanning probe microscope system was used to obtain the AFM image, wherein a 

SCANASYST-AIR tip worked in tapping mode. 

3.5 OPTICAL CHARACTERIZATION  

Optical characterization of a material can provide information about the absorption, 

reflection, and emission of light by the material. Here, we followed different optical 

spectroscopy to characterize the PTCDI samples.  

3.5.1 PHOTOLUMINESCENCE  SPECTROSCOPY  

Photoluminescence (PL) spectroscopy is an optical technique that can analyze the 

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 

a b 
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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. 

3.5.1.1 TEMPERATURE -DEPENDENT PL  SPECTROSCOPY 

To perform temperature-dependent PL measurement, the sample was placed in a Linkam 

LNP 95 chamber and a Linkam TP 94 liquid nitrogen controller that fits into the HORIBA 

system's sample stage. Liquid nitrogen is utilized for cooling purposes, while a gradual 

circulation of nitrogen gas within the chamber prevents sample degradation. 

3.5.1.2 T IME -RESOLVED PL  SPECTROSCOPY 

Time-resolved PL spectroscopy gives ultrafast decay information. The carrier lifetime 

indicates the amount of time that carriers remain in excited states subsequent to the 

generation of electron-hole pairs and prior to recombination.13  

ρ

†

ρ

†

ρ

†
 

(3.1) 

 

Where †ὲὶ and †ὶ are the non-radiative and radiative lifetimes. †άὩὥίόὶὩ can be obtained by 

fitting the TRPL decay curve.13 Figure 3.5 shows the schematic of a TRPL system. A 

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 nm. A time tagger 

called TCSPC (PicoHarp 300) system is used. The PL signal was collected using a grating 

spectrometer, which was recorded through a Si CCD (Princeton Instruments, PIXIS). 

 
Figure 3.5 | Schematic of a TRPL system.  

The figure is adapted and reproduced from ref.13 with permission. 
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3.5.1.3 ANGLE -RESOLVED PL  SPECTROSCOPY  

The angle-resolved PL spectroscopy setup employs a 532 nm linearly polarised Nd:YAG 

laser, as depicted in Figure 3.6. The experiment utilized an angle-variable half-wave plate 

to control the incident polarisation angle. Also, an angle-variable polarizer placed in front 

of the detector determined the polarisation angle of the emission. 

 

Figure 3.6 | Schematic of a polarization-resolved PL spectroscopy. 

 

3.5.2 RAMAN SPECTROSCOPY  

We performed the Raman spectroscopy using a Horiba Labram system with confocal 

optics, a 532 nm DPSS laser, and a Si detector capable of detecting 420ï1000 nm 

wavelengths. The samples were illuminated with laser light through a 50× objective lens 

(PL FLUOTAR, 0.55 NA), and 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. 

3.5.3 DIFFERENTIAL REFLECTANCE  

A broadband emission halogen lamp was focused on the sample, covering the spectral 

range until 900 nm. A 50× objective lens (NA = 0.55) was used to capture the reflected 

signal, then measured using a charge-coupled device Si detector and a spectrograph 

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

, R is the reflectance of PTCDI films, and R0 is the reflectance of bare hBN substrate.  
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Figure 3.7 | Schematic of a homemade reflectance and TPL system. 

 

3.5.4 TWO-PHOTON PL  SPECTROSCOPY 

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

by two photons of light. We performed the two-photon PL with the homemade mico-PL 

system. A Rainbow 1064 nm, Yb-fiber-based high-performance ultrafast fiber laser was 

used for measurements (Figure 3.7). The laser has a pulse width of Ò15ps, and a variable 

repetition rate between 20~50MHz used as the excitation source and a Kymera 328i 

spectrograph with an ANDOR iDus 416 CCD is used on the detection side. 

3.5.5 TWO-PHOTON M ICROSCOPY  

The Zeiss LSM780 UV-NLO confocal microscope was used to conduct the 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, 488, 514, 561, 594, and 

633nm. The microscope uses a Mai-Tai laser with group velocity correction to provide 

sub-100 femtosecond pulses with a 690-1040 nm tuning range. The multiphoton detector 

consists of a 32-channel GaAsP array with high sensitivity and two flanking PMT 

detectors that are spectrally optimized. These detectors can simultaneously detect 34 

spectra channels within the 370ï760 nm range. A 50× confocal objective lens (NA = 

0.85) with a 1.8mm working distance excites the sample and captures the reflected 

signals. Also, the PTCDI samples were excited at different power for power-dependent 

measurements. 
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3.6 NANOSCALE FOURIER TRANSFORM I NFRARED SPECTROSCOPY 

A near-field optical microscope called neaSNOM from Neaspec GmbH was used for the 

measurement. The AFM tapping mode and a standard Au-coated tip (PPP-NCSTAu, 

Nanosensors) with a mechanical resonance frequency of ɋ ~ 250 kHz were selected to 

conduct the measurements. The AFM tip was illuminated with a coherent mid-infrared 

beam for broadband infrared nano-spectroscopy (Figure 3.8). A difference frequency 

generator was used to generate the mid-infrared laser beam (Toptica Photonics, 

Germany). The spectrum of the mid-infrared source can adjust within the range of 670ï

2200 cm-1, depending on the settings of the difference frequency generator, i.e., crystal 

orientation. The light backscattered from the tip is detected using a special device called 

an asymmetric FTIR spectrometer, which relies on a Michelson interferometer.14 To 

eliminate any unwanted signals, the detector signal is processed at a higher frequency 

related to the tapping frequency.15,16 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 near-field reference.17 

 

 

 

 

 

 

Figure 3.8 | Schematic of a nano-FTIR  system.  

Monochromatic sample imaging was performed using a tuneable QCL laser, and 

detection was done through a pseudo-heterodyne interferometric arrangement with an 

oscillating reference mirror at 300 Hz to eliminate the multiplicative background effect. 

3.7 SCANNING ELECTRON M ICROSCOPE CATHODOLUMINESCENCE  

Cathodoluminescence spectroscopy was performed in an FEI Verios 460L SEM equipped 

with a Gatan MonoCL4 Elite system. The MonoCL4 system collects the intensity of 

images, spectra, and full spectral maps. Light emitted from the sample was collected by 

a parabolic mirror and analyzed using an Oxford electron dispersive X-ray (EDX) 
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spectrometer (Figure 3.9). After dark count correction, CL spectra were obtained with 

various acceleration voltages (0.7ï1 keV) and beam currents (0.2ï6.4 nA). The CL 

system can detect light in the UV to NIR range (200ï2000 nm), and a cryostat is used for 

temperature-dependent measurements from room (298 K) to low (123 K) temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 | Schematic of a SEM-CL system. 

 

3.8 CHAPTER SUMMARY  

This chapter provides 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 thickness of the PTCDI layer. PL and Raman spectroscopies 

are commonly employed to investigate the optical properties, while time-resolved PL 

measurement is conducted to determine the carrier lifetime of thin organic samples. Nano-

FTIR is used to understand the chemical, structural, and vibrational modes of 2D organic 

layers. Finally, SEM-CL has been used to gain insight about the luminescence centers of 

organic semiconductors.  
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4.1 INTRODUCTION  

Enhancing and tailoring excitonic dipole-dipole interactions is a key goal in modern 

quantum physics, enabling the exploration of fundamental physics and satisfying the 

stringent demands of quantum information science.1,2 Compared with traditional two-

dimensional (2D) semiconductors (i.e., transition metal dichalcogenides (TMDs)), 

organic molecular crystals possess stronger dipole-dipole interactions3,4 and thickness-

dependent transport properties5,6 that can be used to tailor the density of optical states7 

and trigger different physical phenomena.1,7-12 For example, superradiance (SR), the 

spontaneous coherent emission of phase-locked bright excitons, has sparked considerable 

interest due to its great potential for on-chip optical communications and quantum 

computing.3,4 Recently, we reported SR in 2D pentacene crystals with an exceptionally 

high exciton diffusion coefficient of ~354.5 cm2/s 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 and J-type aggregation.3 In related work, a near-unity 

quantum yield of dimethyl-3,4,9,10-perylene tetracarboxylic diimide (Me-PTCDI) was 

achieved through SR emission at cryogenic temperatures due to the large unscreened 

dipole interactions and the absence of charge-transfer processes that occur in multilayer 

samples.4 However, room-temperature SR emission crucial has remained inaccessible for 

practical applications, owing to the simultaneous requirements of high emitter density 

and low local decoherence.4,8,13-15 

In contrast to bright excitons, optically forbidden states (dark excitons) cannot be directly 

accessed by single-photon excitation.16 Dark excitons are promising potential candidates 

for Bose-Einstein condensation,17 and modulation of exciton dynamics for technological 

applications.16,18 Recently, dark excitons in atomic crystals, such as carbon nanotubes,19 

WS2,
20 WSe2,

21
 MoS2,

22 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 optical-quality of samples.23 While 

SR is typically studied by photoluminescence spectroscopy under single-photon 

excitation, it is often difficult to extend the same approach to dark excitons due to their 

intrinsically weak absorption and emission.4,7,8,13-15 In contrast, two-photon excitation 

generates excited states by absorbing two low-energy photons at the same time. Two-

photon excitation is governed by different optical selection rules, and can, therefore 

directly populate dark states that are inaccessible via one-photon excitation.24 Two-



Chapter 4: Excitonic Dark States in Molecular Monolayer Crystals 

                                                                                                                 

Mehedi Hasan ï 2024                                                                                                                  55 

photon excitation also provides high spatial resolution, low photodamage, and deep 

penetration, making it an ideal method for studying organic molecules.25  

4.2 ROOM -TEMPERATURE SUPERRADIANCE   

Highly crystalline PTCDI samples were grown on hBN substrates using a physical vapor 

deposition method (Figure 4.1a, detail in methods and appendix A2). The PL microscopy 

images show that ML, bilayer, and multilayer PTCDI structures emit green, deep green, 

and red PL, respectively (Figures 4.1a and 4.1b). The highly crystalline nature of the ML 

was confirmed by polarization-resolved PL microscopy (Figure S4.1). Raman 

spectroscopy reveals characteristic peaks at 1300 cm-1 and 1308 cm-1 from the PTCDI 

layer4 and a peak at 1376 cm-1 from the hBN substrate (Figure S4.2).26-28 The height of 

the MLs is ~0.33 nm (Figures 4.1c and S4.3), consistent with previous results.4 Figures 

S4.4 and S4.5 present the thicknesses of the bilayer, trilayer, and multilayer samples. The 

similar thickness of different layers is consistent with an in-plane herringbone packing 

motif (Figures 4.1d and S4.6).4,29 PTCDI crystals were also characterized by phase 

shifting interferometry to distinguish the different layers (Figure S4.7).30  

To explore the excitonic nature of organic molecular crystals at the 2D limit, the PL 

spectra of   ML, bilayer, multilayer, and monomeric PTCDI (Figure S4.8) samples were 

measured, exhibiting maximum emission maxima (i.e., 0-0 transitions) at 2.21 eV, 2.24 

eV, 1.99 eV, and 2.26 eV, respectively (Figure 4.1e). The ML shows the highest PL 

intensity. The strong emission from the ML is dominated by nearly pure FEs. In contrast, 

states with strongly mixed FE-CTE character are responsible for the multilayer PL 

(supplementary note 4.1).4 The PL spectrum of ML PTCDI were also theoretically 

predicted using the vibronic exciton Hamiltonian model, including FE and CTE basis 

states (Figure S4.9, methods and supplementary note 4.2).4,31-33 The ML exhibits high PL 

intensity (Figure 4.1e), a bathochromic shift of 49 meV compared to the monomer sample 

(inset of Figure 4.1e), significantly narrowed PL linewidth of 37 meV (inset of Figure 

4.1f) and lifetime shortening by more than one order of magnitude i.e., ~20 ps (ML) vs. 

~830 ps (bilayer), ~2.1 ns (multilayer), and ~3.11 ns (monomer) (Figure 4.1g). These 

observations are clear signatures of superradiance (SR) at room temperature. The SR PL 

lineshape suggests significant FE delocalization over multiple molecules (Nc ~7) 

(supplementary note 4.3 and Figure S4.10).4,34 The strong in-plane anisotropic emission 

(dichroic ratio ~4, in Figure 4.1h and supplementary note 4.4) also supports the dominant 

FE character of the lowest energy excited states in ML PTCDI.35  



Chapter 4: Excitonic Dark States in Molecular Monolayer Crystals 

                                                                                                                 

Mehedi Hasan ï 2024                                                                                                                  56 

We also measured the differential reflectance (ȹR/R) and the absorption for the PTCDI 

on both SiO2/Si (Figure S4.11 and supplementary note 4.5) and quartz (Figure S4.12) 

substrates. The PL and ȹR/R spectra show negligible Stokes shift and large ȹR/R 

amplitude, providing evidence strong light-matter interaction in MLs.4  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 | Room-temperature superradiance.  

Optical microscopic image (a) and PL image (b) of a PTCDI sample on hBN substrate. 

The green, deep green, and red regions are monolayer (ML), bilayer (BL), and multilayer 

crystals, respectively. Scale bars are 5 ɛm. (c) AFM image of the white dotted area from 
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(a) and corresponding height profile, showing the ML height of ~0.33 nm. Scale bar: 1 

ɛm. (d) Illustration of PTCDI herringbone packing motif. (e) One photon PL spectra of 

ML, bilayer, multilayer, and monomer PTCDI samples. The inset shows the 0-0 emission 

peak energy of ML (black), bilayer (red), and monomer (blue) samples, where the peak 

positions are obtained using Lorentzian fitting functions. (f) Normalized PL and 

differential reflectance (ȹR/R) spectrum of a ML crystal. The inset shows the full width 

at half maximum of the 0-0 emission peak of ML (black), bilayer (red), and monomer 

(blue) samples. The FWHM values were obtained from the PL spectra using Lorentzian 

fitting functions. (g) Time-resolved PL traces of ML, bilayer, multilayer, and monomer 

samples. Bi-exponential fitting was used to deconvolute the decay dynamics from the 

instrument response function (IRF). The short lifetime (20 ps) of the ML PL arises from 

SR emission. Longer lifetimes of 830 ps, 2.1 ns, and 3.11 ns were extracted from the 

bilayer, multilayer, and monomer decay curves. (h) Angle-resolved PL for ML (black), 

bilayer (red), multilayer (magenta), and monomer (blue) PTCDI samples. The PL was 

maximum at 0Á and minimum at 90Á, whereas the monomer emission is isotropic. The óbô 

is the direction of the PTCDI molecular axis.  

4.3 DARK STATES IN M ONOLAYERS  

To further investigate the optical properties in MLs, we performed two-photon excitation 

spectroscopy measurements at room temperature (methods and Figure S4.13).20,36,37 

Figure 4.2a shows the one- and two-photon PL spectra for ML PTCDI. The spectral shape 

of the PL resulting from two-photon excitation (peaked at 2.214 eV) is similar to that of 

one-photon excitation (at 2.219 eV). This 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 the two-photon excitation.38 The linear 

power dependence (Ŭ~1.0) and quadratic power dependence (Ŭ~2.0) confirm our 

assignments of one-photon and two-photon processes (Figure 4.2b).20,39,40  

By measuring the TP-PLE at excitation energies of 1.192-1.797 eV, we observed the 

presence of dark excitonic states at 2.61 eV (P1), 2.97 eV (P2), and 3.11 eV (P3) (Figures 

4.2c and S4.16). The comparatively high intensity of the dark state(s) at 3.11 eV is 

possibly due to a higher density of two-photon active states, leading to a higher two-

photon absorption cross-section. These dark states do not appear in the one-photon 

absorption spectra, and show markedly reduced intensity with increasing layer numbers, 

becoming undetectable in multilayers (Figure 4.2c). In addition, a two-photon 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 absorption peak,41-43 

making the denominator in the sum over states expression close to zero (supplementary 

note 4.6).44-46 

 

     
 
 

  

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 
Figure 4.2 | Dark states in monolayers. 

(a) Room temperature PL spectra of ML PTCDI under one- and two-photon excitation. 

The one-photon PL spectrum was obtained using a 532 nm laser (CW, power: 80.1 nW, 

exposure time: 1s). The two-photon spectrum was obtained with 1064 nm excitation 

(pulse laser, power: 0.475 mW, exposure time: 4s). The inset under two-photon excitation 

(double blue arrow) shows an electron transition to one of the excitonic dark states. The 

electron then undergoes relaxation to the lowest excited state (dashed red arrow) and 

emits a photon (red arrow). (b) Power-dependent one- and two-photon PL intensity on a 

double logarithmic scale. The OPL and TPL exhibit linear (Ŭ~1.0) and quadratic (Ŭ~2.0) 
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power dependence after the linear fittings. (c) ML, bilayer, multilayer, and monomer 

PTCDI differential reflectance spectra (red) and two-photon (black) excitation spectra.  

4.4 V IBRONIC EXCITON MODEL FOR M ONOLAYERS  

A vibronic exciton model, including FE and CTE states, was developed to explain the 

dark states observed in PTCDI MLs (methods).4,31-33 In addition to the one-photon 

absorption/PL spectra, the two-photon absorption (TPA) spectrum was simulated 

according to the sum-over-states expression (equation 4.1), which describes the TPA 

spectrum as a sum of contributions Ὓ  from transitions between the ground state g and 

different final states f (methods and supplementary note 4.6)44,45. The key terms in 

equation 4.1 are the g Ÿ k excitation energy ‫ , the dipole moment matrix elements 

between states i and j  ‘ᴆ ἂὭȿ‘ǶȿὮἃ, the photon energy .and the polarization ὖᴆ ,‫ 

Ὓ ‫  
ὖᴆϽ‘ᴆ ‘ᴆ Ͻὖᴆ

‫ ‫
 

 

(4.1) 

Equation 4.1 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 exciton band (i.e., the 

‘ᴆ  terms) are zero. However, TPA is possible when CTE basis states are included 

(supplementary note 4.6). Specifically, Ὓ  can be non-zero if the transition dipole 

moment ‘ᴆ  and dipole moment ‘ᴆ  are both non-zero. This is possible if the final state 

Ὢ has mixed FE/CTE characters.47 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 FE-CTE energy difference due to the edge-on orbital overlap 

between PTCDI molecules and the large electron-hole separation of intralayer CTEs. The 

FE-CTE mixing, therefore, does not have a strong impact on the one-photon absorption 

and PL spectra4 but results in observable TPA. 

Figure 4.3a illustrates the model of FE-CTE mixing in ML (left panel) and multilayer 

(right panel) PTCDI films. For MLs, FE states interact weakly with intralayer CTE states, 

resulting in weak FE-CTE mixing. This means that: (a) most of the oscillator strength 

remains concentrated in the lowest vibronic levels, resulting in SR, and (b) TPA can be 

observed. In the case of multilayers, the low-energy interlayer CTEs lead to strong FE-

CTE mixing, diluting the oscillator strength of the FE states across the resulting mixed 

states.4 Because the emission is dominated by the lowest energy states according to 

Kashaôs rule,48,49 strong mixing between FE states and interlayer CTE states in the 
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multilayer weakens the PL 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 ὖᴆ (Figure S4.17). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 | Vibronic exciton model for monolayers. 

(a) Schematic overview of vibronic exciton model including coupling between FE (blue) 

and CTE (red) states in ML systems (left) and multilayers (right). In the ML, weak 

coupling between FE and CTE states with large energetic separation activates two-photon 

excitation while preserving the states' majority FE/CTE character. For multilayers, FE 
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states mix strongly with interlayer CTEs, diluting the oscillator strength/FE character over 

a range of states, suppressing superradiance.4 (b) Theoretically predicted two-photon 

absorption spectra compared with experimental data. Absorption spectra employed a 6Ĭ6 

lattice of PTCDI molecules from a DFT-optimized structure constrained to the 

experimentally observed lattice parameters. The PL spectrum is calculated using a 3Ĭ3 

lattice, to reflect localization prior to emission. (c) Fractional FE/CTE character of 

vibronic states in ML PTCDI, as a function of energy. For clarity, these calculations were 

performed neglecting vibrational fine structure, i.e., all molecules are assumed to be in 

the ground vibrational state, regardless of electronic state. (d) Simplified one-photon (red) 

and two-photon (blue) absorption spectra also calculated neglecting vibrational fine 

structure. Delocalized two-photon active states are formed as combinations of localized 

CTE basis states. Each of the two-photon active states is labeled with a schematic 

representation of the most significant intralayer CTE basis states that they are constructed 

from. (e) Lattice positions (i.e., molecules in the crystal structure) with color intensity 

proportional to wavefunction/charge density for selected electronic states. The first panel 

shows the SR FE state (black). The remaining panels show positive (red) and negative 

(blue) charge densities of selected two-photon active states.  

Figure 4.3b shows the calculated one- and two-photon spectra and the measured two-

photon PL spectrum for ML PTCDI. The calculated TPA spectrum closely resembles the 

experimental data, supporting the hypothesis that hybrid FE-intralayer CTE states are 

responsible for the TPA. The TPA-active states are largely CTE in character (>99.9%), 

with a small fraction of FE character (Figure 4.3c), and peak positions determined by the 

energy of the CTE basis states that are involved. For example, the states contributing to 

TPA resonances at 2.5-2.7 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 3.0-3.5 eV involve similar states with reversed 

polarity (i.e., electron transfer from position 1 to position 2) and CTE states with charges 

separated in the ὦᴆ direction (Figure 4.3d). The FE, anion, and hole density distributions 

for several representative states also clearly illustrate that the two-photon active states are 

essentially delocalized CTEs, with a small fraction of FE character (Figure 4.3e).  

The identification of hybrid FE-CTE 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 exciton-exciton annihilation, intralayer CTEs are expected to move 

slowly due to the absence of strong intermolecular electronic coupling. The dark states in 



Chapter 4: Excitonic Dark States in Molecular Monolayer Crystals 

                                                                                                                 

Mehedi Hasan ï 2024                                                                                                                  62 

ML PTCDI could therefore potentially be used to óstoreô photo excitations, which slowly 

convert to emissive FEs, avoiding annihilation of the FE population. This may explain 

the difference in photochemical stability under one- and two-photon excitation described 

in the following section. 

4.5 PHOTOCHEMICAL STABILITY OF M ONOLAYERS    

The photochemical stability of 2D molecular semiconductors is vital for practical 

applications in photonic devices.35,50-53 PL spectra of MLs of indicated exposure times 

were therefore performed under one- and two-photon excitation, starting from the same 

PL intensity. The PL under two-photon excitation retained a constant emission intensity 

over time, whereas a significant decrease in PL intensity as a function of time was 

observed for the one-photon process (Figures 4.4a-c). This difference suggests that the 

photobleaching pathways of one- and two-photon absorption are different.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 | Photochemical stability of monolayers.  
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Photodegradation of ML PTCDI under one-photon (a) and two-photon (b) excitation. The 

excitation wavelength for one-photon excitation was 405 nm (18.57 ɛW) and 800 nm (1.3 

mW) for two-photon excitation. (c) Quantitative comparison of photodegradation under 

one- photon and two-photon excitation.  

For one-photon process, photobleaching may be induced by exciton-exciton annihilation 

(EEA).54 Annihilation causes the energy-donating FE to decay to the ground state, while 

the other is excited to a higher energy excited state.55,56 Ideally, the high-energy 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 as heat (Figure 

S4.18). However, the high-energy 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 one-photon excitation. In this interpretation, under two-photon excitation, the 

initially formed CTE states slowly recombine to emissive FE states (Figure S4.18) due to 

the weak (intralayer) electronic coupling in the ML, preventing build-up and annihilation 

of the FE population. Consequently, the suppressed annihilation leads to excellent 

photostability. Regardless of the specific mechanism responsible for the stability 

enhancement, the two-photon active states identified in ML PTCDI provide a convenient 

way to access narrowband PL emission from highly delocalized FE excitons at RT, 

without inducing sample degradation. 

4.6 M ATERIALS AND M ETHODS 

4.6.1 GROWTH OF 2D PTCDI  CRYSTALS 

Mechanical exfoliation was used to exfoliate few-layer hBN flakes (supplier: HQ 

Graphene) on a SiO2/Si substrate (SiO2 thickness of 275 nm). Physical vapor deposition 

(PVD)6,57-59 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 center), and the hBN substrates placed downstream of the 

furnace. A molecular turbopump was then used to evacuate the quartz tube to 4.3×10-4 

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 images. A 500 nm short-pass filter was placed in front of the 
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source light, and a 550 nm long-pass filter was placed in front of the detector as well as a 

color CCD camera under 500 nm LED illumination to capture the fluorescence images. 

Adsorbed PTCDI isolated molecules were prepared by spin-coating dilute solutions on 

hBN substrates. An MS-H280-pro hotplate magnetic stirrer and CNC-123 H1650-W 

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 NT9100 system.30,60  

PL and Raman spectroscopy  

PL and Raman measurements were performed using a confocal microscope with the 

Horiba LabRAM system. A 532-nm diode-pumped solid-state laser was used to excite 

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

Differential reflectance measurement 

A broadband emission halogen lamp was used to excite the sample for differential 

reflectance measurements. A 50× 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 the R is the 

reflectance from the PTCDI films, and R0 is the reflectance from the bare hBN substrate.  

Lifetime measurement  

Utilizing a combination of ɛ-PL spectroscopy and time-correlated single-photon counting 

(TCSPC), time-resolved PL measurements were conducted. Utilizing a linearly 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 two-photon PL measurements used a Rainbow 1064 nm, Yb-fiber-based high-

performance ultrafast fiber laser. The laser has a pulse width of Ò15ps, and a variable 

repetition rate between 20-50MHz.  
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4.6.3 TWO-PHOTON MAPPING AND WAVELENGTH -DEPENDENT TPL  

SPECTROSCOPY 

Two-photon excitation measurements were performed using a Zeiss LSM780 UV-NLO 

confocal microscope. A tuneable pulsed Ti:sapphire laser with a tuning range of 690-

1040 nm, a group velocity adjusted 150-fs pulse width, and an 80 MHz repetition rate 

provides the fundamental laser field. A 50× confocal objective lens (NA = 0.85) was used 

to both excite the sample and capture the resulting PL. The detectors include a high 

sensitivity, 32-channel GaAsP array, and two spectrally tuned PMT detectors. PTCDI 

samples were excited at various powers, exhibiting a quadratic power dependence.  

4.6.4 THEORETICAL M ODELLING  

4.6.4.1 V IBRONIC EXCITON HAMILTONIAN  

To model the optical properties of ML PTDCI, we adopt the vibronic exciton 

Hamiltonian, including FE and CTE basis states.4,31-33 Indices specify which molecule is 

excited/charged. The Hamiltonian is the sum of an electronic term Ὄ  (equation 4.2 and 

an electronic state-dependent vibrational term Ὄ  (equation 4.3). 

Ὄ Ὁ ȿὲἃἂὲȿ ὐ

ȟ

ȿάἃἂὲȿ Ὁ ὶᴆ

ȟ

ȿὲȟὲἃἂὲȟὲȿ

ὸ ȟ ȟ ȟ
ȟ
ȟ

ὸ ȟ ȟ ȟ ȿά ȟά ἃἂὲȟὲȿ

Ὀ ȟ ȟ Ὀ ȟ ȟ
ȿάἃἂὲȟὲȿ ȿὲȟὲἃἂάȿ

ȟ

 

 

 

 

 
 

(4.2) 

and  

Ὄ ‫ ὦὦ ‗ ὦ ὦ ‗ ȿὲἃἂὲȿ 

                                         ‗ ὦ ὦ ‗ ὦ ὦ ‗

ȟ

‗ ȿὲȟὲἃἂὲȟὲȿ        

 

 

 

 

(4.3) 

Equation 4.2 contains the basis state energies (Ὁ  and Ὁ ), as well as the couplings 

between states (ὐ ,  ὸ ȟ ȟ ȟ
Ⱦ

, and Ὀ ȟ ȟ
Ⱦ

). Equation 4.3 describes the 

vibrational energy using the vibrational creation/annihilation operators ὦ/ὦ 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 ‗ , ‗ȟ and ‗.  

Equations 4.2 and 4.3 were expressed in a two-particle basis set (equation 4.4). The FE 

basis consists of one-particle states ȿὲȟ‡ἃ with an exciton on molecule ὲ in the vibrational 

state ‡, and two-particle states ȿὲȟ‡Ƞήȟ‡ἃ with an additional ground state molecule ή in 

vibrational state ‡. The CTE basis consists of two-particle states ȿὲȟ‡Ƞὲȟ‡ἃ with an 

anion/cation on molecule ὲȾ  in vibrational state ‡Ⱦ . Diagonalization of the resulting 

Hamiltonian matrix yields energies Ὁ and eigenstates ȿὮἃ as linear combinations of the 

basis states. 

ȿὮἃ ὧȿȟȠȟἃ ȿὲȟ‡Ƞήȟ‡ἃ ὧȿ ȟ Ƞ ȟ ἃ 
ȿὲȟ‡Ƞὲȟ‡ἃ     

ȟ
ȟ

 
ȟ
ȟ

 
(4.4) 

 Further details of the calculations are provided in supplementary note 4.2.  

4.6.5 CALCULATION OF OPTICAL PROPERTIES 

4.6.5.1 ONE-PHOTON SPECTRA 

One-photon absorption and emission spectra are calculated using known formulae.33 

Spectra are calculated as sums of line shape functions (assumed Gaussian) centered on 

the transition energy. Each transition/peak in the sum is weighted by a term involving the 

corresponding transition dipole moment ἂὫȿ‘ǶȿὪἃ. Transition dipole moments are 

calculated via the transition dipole moment operator, assuming that the intrinsic oscillator 

strength of the CTE basis states is zero (equation 4.5). In equation 4.5, ‘Ƕ is the dipole 

moment operator for molecule ὲ and ȿὫἃ is the electronic ground state of molecule ὲ. 

‘Ƕ ‘ǶȿὲἃἂὫȿ ȿὫἃἂὲȿ          (4.5) 

4.6.5.2 TPA  SPECTRUM  

The two-photon absorption spectrum ‏ is calculated as a weighted sum of Gaussian line 

shape functions ὒ  for each transition ὫᴼὪ (equation 4.6). This expression assumes 

monochromatic excitation at photon energy in line with the experimental setup. The ,‫ 

weighting factors Ὓ  are given by the sum-over-states expression (main text equation 

4.1). 44,45 
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‫‏  θ‫ Ὓ ὒ ς(4.6)         ‫ 

Further discussion of the theoretical model is provided in supplementary note 4.6. 

4.7 CONCLUSION   

In this chapter, we describe the first experimental observation of excitonic dark states in 

organic molecular MLs at room temperature through TP-PLE. These dark excitons then 

convert into delocalized FE states that are capable of room-temperature superradiance. 

These phenomena are explained by a vibronic exciton model, which reveals that these 

dark states are a signature of weak intralayer FE-CTE coupling. We suggest that the 

formation of CTE states is responsible for the significantly suppressed photodegradation 

under two-photon excitation, compared to one-photon excitation. Our results deepen the 

understanding of enhanced light-matter interactions in dimensionally confined molecular 

systems and promote their potential application in controllable non-linear optics, quantum 

computing, communications, and bio-sensing. 
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APPENDIX 1: SUPPORTING I NFORMATION FOR CHAPTER 4 

SUPPLEMENTARY NOTE 4.1: EXCITONS IN ORGANIC MOLECULAR ML S 

When electron-hole pairs are photogenerated in organic semiconductor materials, they 

typically form quasi-bound states called excitons, due to Coulomb interactions.1-3 These 

interactions are stronger in confined systems. There are different types of excitons: 

Frenkel excitons: FEs are observed in materials with low dielectric constants, high 

effective masses, and strong lattice coupling.4 In FEs, strong Coulombic interactions 

between e- and h+ result in electron-hole separations that are smaller than the molecular 

length scale. As a result, FEs have high binding energies and are mainly found in organic 

materials, i.e. pentacene5, PTCDA6, Me-PTCDI7, tetracene8,  etc.  

Charge-transfer excitons: CTEs form when the electron and hole occupy adjacent 

molecules. The e- and h+ in CTEs are often located on neighboring molecules due to their 

Coulombic attraction. In the present work, when the e- and h+ reside in the same layer of 

molecules, we refer to them as intralayer CTEs, whereas in interlayer CTEs the e- and h+ 

occupy different layers.9  

Electronically excited states, including excitons, can be referred to as óbrightô or ódarkô, 

depending on their oscillator strength (i.e., their dipole coupling to the electronic ground 

state). 

Bright states: in a bright state, the e- and h+ can recombine by emitting a photon.10 For 

organic semiconductor materials, the lowest excited state is often bright, and can be 

populated by one-photon absorption and directly observed by one-photon PL 

spectroscopy. 

Dark states: When the oscillator strength between an excited state and the ground state 

is negligible, non-radiative recombination of e- and h+ dominates. Dark states are difficult 

to directly observe by one-photon absorption and PL spectroscopy. However, dark states 

can often be formed via two-photon excitation due to the different optical selection rules, 

despite their formation being forbidden via one-photon excitation.10,11 
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SUPPLEMENTARY NOTE 4.2: V IBRONIC EXCITON HAMILTONIAN  

To model the optical properties of ML PTDCI, we adopt the well-known vibronic exciton 

Hamiltonian, including FE and CTE basis states.7,12-14 The Hamiltonian is the sum of an 

electronic term Ὄ  and an electronic state-dependent vibrational term Ὄ  (equation 

S4.1). In turn, Ὄ  (equation. S4.2) is the sum of three terms: Ὄ , Ὄ , and Ὄ : 

Ὄ Ὄ Ὄ         (S4.1) 

Ὄ Ὄ Ὄ Ὄ         (S4.2) 

Ὄ  contains the energies and excitonic couplings between FE states. In the site basis 

representation, Ὄ  is given by equation S4.3, where ȿὲἃ denotes a FE localized on 

molecule ὲ (with all other molecules in the electronic ground state), Ὁ  is the 

corresponding energy, and ὐ  is the excitonic coupling between states ȿάἃ and ȿὲἃȢ 

Ὄ Ὁ ȿὲἃἂὲȿ ὐ

ȟ

ȿάἃἂὲȿ        (S4.3) 

Ὄ  contains the energies and electronic couplings between CTE states (equation S4.4), 

where ȿὲȟὲἃ represents a CTE in which the electron is localized on molecule ὲ  and 

the hole is localized on molecule ὲ . Ὁ ὶᴆ  is the energy of the state ȿὲȟὲἃ, 

which is a function of the electron-hole separation vector ὶᴆ . The terms 

ὸ ȟ ȟ ȟ
Ⱦ

 are electronic couplings for electron/hole transfer between states 

ȿά ȟά ἃ and ȿὲȟὲἃ. 

Ὄ  Ὁ ὶᴆ

ȟ

ȿὲȟὲἃἂὲȟὲȿ ὸ ȟ ȟ ȟ
ȟ
ȟ

ὸ ȟ ȟ ȟ ȿά ȟά ἃἂὲȟὲȿ     

 

 
 

(S4.4) 

 

Ὄ  contains the coupling between FE and CTE states (equation S4.5). The terms 

Ὀ ȟ ȟ
Ⱦ

 are the couplings between states ȿάἃ and ȿὲȟὲἃ via electron/hole transfer. 

Ὄ  Ὀ ȟ ȟ Ὀ ȟ ȟ
ȿάἃἂὲȟὲȿ ȿὲȟὲἃἂάȿ      

ȟ

 
(S4.5) 

Ὄ  describes the vibrational energy (equation S4.6). The operator ὦ (ὦ) creates 

(annihilates) a vibrational quantum in the ground state potential energy surface (PES) of 

molecule ὲ, 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-
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dependent PES shifts for FE, anionic, and cationic states are quantified by the 

dimensionless displacements ‗ , ‗ȟ and ‗. The ὦὦ operator counts the number of 

vibrational quanta (with energetic spacing ‫ ) in the ground state PES of molecule ὲ. 

In the case of a basis state where molecule ὲ is not in the ground state, the remaining 

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

appropriate PES (i.e., FE, anionic, cationic). 

Ὄ ‫ ὦὦ ‗ ὦ ὦ ‗ ȿὲἃἂὲȿ

‗ ὦ ὦ ‗ ὦ ὦ ‗

ȟ

‗ ȿὲȟὲἃἂὲȟὲȿ        

 

 

 

 

(S4.6) 

The Hamiltonian in equation S4.1 was expressed in a two-particle basis set for 

calculations. The FE basis states consist of one-particle states ȿὲȟ‡ἃ with an exciton on 

molecule ὲ in vibrational state ‡, and two-particle states ȿὲȟ‡Ƞήȟ‡ἃ which have an 

additional vibrational quantum ‡ residing on a ground state molecule ή. The CTE basis 

states ȿὲȟ‡Ƞὲȟ‡ἃ are two-particle states with an anion on molecule ὲ  in vibrational 

state ‡, and a cation on molecule ὲ  in vibrational state ‡. Numerical diagonalisation 

of the resulting Hamiltonian matrix yields energies Ὁ and eigenstates ȿὮἃ as linear 

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

ȿὮἃ ὧȿȟȠȟἃ ȿὲȟ‡Ƞήȟ‡ἃ ὧȿ ȟ Ƞ ȟ ἃ 
ȿὲȟ‡Ƞὲȟ‡ἃ

ȟ
ȟ

 
ȟ
ȟ

 
(S4.7) 

Use of the two-particle basis set described above is appropriate when the difference in 

energy between the FE and CTEs is large compared to the FE-CTE coupling. This 

condition is met in ML PTCDI due to the minimal (but non-zero) orbital overlap between 

adjacent molecules. To speed up calculations, molecules involved in two-particle states 

(both FE and CTE) are confined to within a 3-molecule radius of one another.  

Model parameters of all calculations are discussed in supplementary 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 number (Nc: the number of molecules involved in the emission). PL from 

molecules is characterized by a progression of vibronic peaks in addition to the acute ó0-

0ô Frank Condon emission, which occurs at 2.218 eV in our case. The coherence number 

decreases as the relative intensity of other vibronic transitions increases.15,16 Using the 

method described by Spano et al.17 we accurately calculated Nc, where the determination 

of Nc using the Huang-Rhys factor and the relative intensities of ó0-0ô and ó0-1ô transitions 

in the PL spectrum.17,18 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 relative intensity of the 0-0 emission. 

ὔ

‗

Ὅ

Ὅ
 

where ɚ2 is the Huang-Rhys factor and 0.82 is the value used in our calculation.19 We 

calculated the coherence number (Nc) for each of the samples with different thicknesses 

at room temperature. The ML 0-0 emission is at 2.212 eV and the 0-1 emission is at 2.064 

eV (Figure S4.10a), leading to a calculated Nc number of ~7. For the bilayer, the 0-0 

emission is at 2.241 eV, the 0-1 transition is at 2.077 eV (Figure S4.10b), and the 

calculated Nc number is ~3. For tri-layer PTCDI, the 0-0 emission is observed at 2.203 

eV, 0-1 emission at 1.997 eV (Figure S4.10c) and the calculated Nc number is ~1. The Nc 

number represents the extent of FE delocalization (i.e., the number of molecules involved 

in the excitation). The delocalisation of FEs in ML PTCDI is therefore significantly larger 

than in bilayer and tri-layer PTCDI (Table S4.1). It is known that PTCDI MLs have 

dominant FE character, and negligible CTE character from the perspective of one-photon 

absorption and PL. As the layer number increases, interlayer CTE states become possible, 

which decreases the FE delocalization.  

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

 I0-0 (a.u.) I0-1 (a.u.) Nc 

Monolayer  97049 11408 ~7 

Bilayer 18507 5492 ~3 

Trilayer 1378 16965 ~1 
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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 their transition dipole moments) in a ML are highly ordered, the 

PL exhibits strong in-plane anisotropy.18 The anisotropy of optical transitions can be 

quantified by the dichroic ratio (DR),20 defined as DR = I /᷆IṶ, where I᷆ and IṶ are the PL 

peak intensities at polarization angles of 0° and 90°, respectively.20 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). The DR values 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 S4.2 Dichroic ratio (DR) of PTCDI layers and monomer samples.  

 I  ᷆(a.u.) IṶ 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 Kramers-Kronig analysis21 was applied because simultaneous transmission 

measurements were not possible due to the non-transparent substrates required for the 

fabrication of PTCDI monolayers. The optical reflectance from PTCDI samples on the 

substrate, R, the reflectance from the bare substrate, R0, and the absorbance A(can be (‫ 

calculated from this analysis as:22 

Ὑ‫ , Ὑ ‫ ,  

R/R0 gives the normalized reflectance. Here the coefficients C and D are related to the 

speed of light in vacuum c, the refractive index ὲ, thickness ὒ and phase shift ‏

ὲ‫ὒ ὧϳ in the ‒= SiO2 and Si layers: 

ὅ
Ὀ

ὲ ίὭὲ‏ Ὥὲὧέί‏

Ὥὲ ὧέί‏ ὲίὭὲ‏
ίὭὲ‏ Ὥὲὧέί‏
Ὥὧέί‏ ὲίὭὲ‏
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SUPPLEMENTARY NOTE 4.6: CALCULATION OF T WO-PHOTON ABSORPTION 

SPECTRUM 

The two-photon spectrum is calculated according to the sum-over-states expression 

(equation S4.8/4.1.23,24 The equation comes from second-order perturbation theory and 

describes the two-photon cross-section in the regime where there is no state ȿὯἃ that can 

be directly accessed through one-photon excitation (i.e., no state such that ɤgk=ɤ). This 

is the case for ML PTCDI under sub-bandgap excitation.  

Ὓ ‫  
ὖᴆϽἂὫȿ‘ǶȿὯἃἂὯȿ‘ǶȿὪἃϽὖᴆ

‫ ‫
         

 

(S4.8/4.1) 

The Ὓ  depend on the photon polarization ὖᴆ relative to the PTCDI lattice, photon energy 

the state energies ,‫ ‫ , and matrix elements of the (full) dipole moment operator. By 

examining this expression, it is clear that a basis of FE excitons alone (i.e., including only 

ȿὲȟ‡Ƞήȟ‡ἃ basis states) cannot give rise to TPA. This is because the terms ἂὯȿ‘ǶȿὪἃ π 

for all Ὧ Ὣ (see point 1 below), and when Ὧ Ὣ, the other factor is ἂὫȿ‘ǶȿὫἃ π due 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 states (S2, S3, etc). However, 

a transition ὫᴼὪ can still possess a non-zero TPA cross-section according to equation 

S4.8 if the transition dipole moment ἂὫȿ‘ǶȿὪἃ and dipole moment ἂὪȿ‘ǶȿὪἃ are 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 edge-on orbital overlap between PTCDI molecules 

and the large electron-hole separation of intralayer CTEs (compared to interlayer CTEs), 

means that the FE-CTE coupling is small in comparison to the difference in energy 

between FE and CTE states. As such, FE-CTE mixing does not exert a strong effect on 

the one-photon properties but results in excited states with non-zero static and transition 

dipole moments and thus gives rise to TPA. 

Evaluating the ἂὯȿ‘ǶȿὪἃ matrix elements in the two-particle basis by substituting the 

expansions for ȿὯἃ  and ȿὪἃ (supplementary note 4.2, equation S4.7) results in an 

expression involving FE-FE, CTE-CTE, and FE-CTE terms (equation S4.9).  
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ἂὯȿ‘ǶȿὪἃ

ὧȿȟȠȟἃ ὧȿȟȠȟἃἂάȟόȠὴȟόȿ‘Ƕȿὲȟ‡Ƞήȟ‡ἃ

ȟȠȟ
ȟȠȟ

ὧȿȟȠȟἃ 
ȟȠȟ
ȟ Ƞ ȟ

ὧȿ ȟ Ƞ ȟ ἃ
ἂάȟόȠὴȟόȿ‘Ƕȿὲȟ‡Ƞὲȟ‡ἃ  

   ὧȿ ȟ Ƞ ȟ ἃ 

ȟȠȟ
ȟ Ƞ ȟ

ὧȿȟȠȟἃἂὲȟ‡Ƞὲȟ‡ȿ‘ǶȿάȟόȠὴȟόἃ   

   ὧȿ ȟ Ƞ ȟ ἃ 

ȟ Ƞ ȟ
ȟ Ƞ ȟ

ὧȿ ȟ Ƞ ȟ ἃ
ἂά ȟόȠά ȟόȿ‘Ƕȿὲȟ‡Ƞὲȟ‡ἃ 

 
 
 
 
 
 

 

 
 
(S4.9) 

 

To restrict our focus 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) The ἂάȟόȠὴȟόȿ‘Ƕȿὲȟ‡Ƞήȟ‡ἃ terms in the first sum all vanish.  

Case I:  ά ὲ and ὴ ή or ό ‡  

Zero due to the orthogonality of the ground state vibrational wave 

functions.  

Case II: ά ὲ and ό ‡  

Zero due to orthogonality of the FE vibrational wave functions. 

       Case III:  ά ὲ and ό ‡ 
Zero because centrosymmetric molecules do not possess dipole moments. 

Case IV: ά ὲ 

Zero via orthogonality of the ground and excited electronic states upon 

substitution of equation 6 (in the methods section) (the use of ‘Ƕ rather 

than ‘Ƕ is justified because centrosymmetric molecular states do not 

possess dipole moments). 

 

2) The FE-CTE cross terms ἂάȟόȠὴȟόȿ‘Ƕȿὲȟ‡Ƞὲȟ‡ἃ are assumed to be negligible.  

Transition dipole moments between the ground state and CTEs are typically very low 

due to small electron-hole 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 operators ‘Ƕ. Formally non-zero 

contributions to FE-CTE cross terms arise from the ‘Ƕ operators for molecules 

involved in the CTE i.e., ὲ  and ὲ . It is helpful to consider a four-electron, two-
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molecule system to see that these terms are expected to be small. Within this model, 

a FE state localized on molecule 1 is given by the a linear combination of Slater 

determinants such as • • • •  where • Ⱦ
Ⱦ

 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 Slater-Condon rules, yielding 

• ὩὶǶ• , where Ὡ is the elementary charge and ὶǶ is the position operator. 

Because ὩὶǶ is a one-body (i.e., local) operator, the integrand only has large values in 

regions where both •  and •  have large density. However, these orbitals 

are localized on different molecules and are not expected to exhibit significant overlap 

in the absence of the ˊ-stacking interactions, as is the case in PTCDI MLs. 

 

3) The CTE-CTE terms ἂά ȟόȠά ȟόȿ‘Ƕȿὲȟ‡Ƞὲȟ‡ἃ involving either ά ὲ  or 

ά ὲ  are assumed to be negligible for analogous reasons to the FE-CTE cross-

terms. 

Implementing these observations/approximations gives equation S4.10, where ‘ᴆ  is 

the CTE dipole moment for state ȿὲȟὲἃ. 

ἂὯȿ‘ǶȿὪἃ ὧȿ ȟ Ƞ ȟ ἃ 

ȟ Ƞ ȟ

ὧȿ ȟ Ƞ ȟ ἃἂὲȟ‡Ƞὲȟ‡ȿ‘Ƕȿὲȟ‡Ƞὲȟ‡ἃ   

ὧȿ ȟ Ƞ ȟ ἃ 

ȟ Ƞ ȟ

ὧȿ ȟ Ƞ ȟ ἃ‘ᴆ    

 

 

 
(S4.10) 

The TPA weighting factors Ὓ ‫  can therefore be calculated from vibronic exciton 

energies/eigenstates, transition dipole moments  ἂὫȿ‘ǶȿὯἃ and CTE state dipole moments 

‘ᴆ Ȣ 

Model parameters are discussed in supplementary note 4.7.  
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SUPPLEMENTARY NOTE 4.7: V IBRONIC EXCITON MODEL PARAMETERS  

DFT calculations were performed using Gaussian 16 Revision C.01.25 The lattice 

geometry of PTCDI is presented in Figure S4.6. The state energies and 

excitonic/electronic couplings are shown in Figure S4.19. 

 

Molecular geometry:  

The molecular structure of PTCDI was optimized using DFT (B3LYP/6-31G(d))26,27 and 

validated as an energetic minimum by vibrational frequency analysis. 

Vibronic constants:  

Vibronic coupling constants (‗ = 0.82, ‗ =0.55, ‗= 0.28, ‫  = 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 hBN (ȿὥᴆȿ= 17.5 Å, ὦᴆ= 14.5 Å, ‎ = 84°) were taken 

from Kerfoot et al.29 These values are consistent with the AFM images in the present 

work. The lattice geometry was optimized using DFT, constraining the periodicity to 

conform to the experimental lattice vectors.  

State energies:  

The energy of a localized molecular FE state was set at 2.27 eV in accordance with the 

dilute PTCDI on the hBN PL peak. Our previously described projective coupling method 

was used to calculate relative CTE energies from molecular pairs.30 The TD-DFT 

calculations used as input for these projective coupling calculations were performed using 

the long-range corrected CAM-B3LYP31-33 exchange-correlation functional, 6-31G(d) 

basis set, and employed the Tamm-Dankoff approximation. The sole free parameter in 

the model is the difference in dielectric stabilization (gas-to-crystal shift) of FE and CTE 

states. This parameter was set to 0.15 eV, i.e., 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 states ὐ  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 in line with the value for hBN given by Kerfoot et al.29 
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Electronic couplings for electron/hole transfer: 

Charge transfer couplings were calculated using the dimer projection method (DIPRO).34 

Electronic couplings for FEźCTE interconversion: 

Dissociation integrals Ὀ ȟ ȟ
Ⱦ

 were taken to be equal to their ground-state counterparts 

ὸȟ  
Ⱦ

  ï a common approximation. 

Transition dipole moments: 

The transition dipole moment of an isolated, adsorbed PTCDI molecule was taken to be 

7.9 Debye, in accordance with Scholz et al.28   

Dipole moments: 

Dipole moments of CTEs were calculated as ‘ᴆ Ὡὶᴆ ὶᴆ , where ὶᴆȟ  are the 

molecular centers of mass for molecules ὲ , ὲ . 

Photon polarisation: 

Spectra corresponding to ὼ and ώ photon polarisations were calculated. The spectra 

presented are those with the largest cross-section (i.e., those aligned with the molecular 

transition dipole moments). 
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Figure S4.1 | Polarization-resolved PL images of a PTCDI ML sample at 0° (a), 90° (b), 

180° (c), and 270° (d), scale bars are 10 ɛm. 
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Figure S4.2 | Raman spectrum of a PTCDI ML on hBN substrate. Peaks at 1300 cm-1 and 

1310 cm-1 are from PTCDI and the peak at 1377 cm-1 is from the hBN substrate. 
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Figure S4.3 | Optical microscopic image of an hBN substrate (a) before, and (b) after 

deposition of ML films; (c) PL image of the same sample; Scale bars are 10 ɛm. (d) AFM 

image of the area marked by the white dashed box in (c), Scale bar 1 ɛm. 
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Figure S4.4 | Optical microscopic image of an hBN substrate before (a) and after (b) 

deposition of PTCDI films; (c) PL image of the same sample, where the green and deep 

green areas are monolayer and bilayer films, and the red area is trilayer PTCDI; all the 

image scale bars are 5 ɛm. (d) AFM images of the bilayer and trilayer area from 

monolayer marked by a white dashed box in (b), Scale bar 1 ɛm. 

 
 
 
 
 
 
 
 
 
 
 

Figure S4.5 | Optical microscopic image (a) and PL image (b) of a multilayer PTCDI 

sample, scale bar 10 ɛm. (c) AFM image of the multilayers from the dotted area in (a), 

scale bar: 1 ɛm. 
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Figure S4.6 | DFT-optimized lattice geometry for ML PTCDI calculated using B3LYP/6-

31G(d). Lattice vectors were constrained to match the experimental values in Kerfoot et 

al., i.e. ȿὥᴆȿ= 17.5 Å, ὦᴆ= 14.5 Å, ‎ = 84°.29 These parameters agree with earlier scanning 

tunneling microscopy measurements of PTCDI on graphite35, Ag/Si(111)36, and 

Au(111).37                   
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Figure S4.7 | Optical microscopic image (a, d), PL image (b, e), and PSI image (c, f) of 

PTCDI sample 1 and sample 2, respectively. Insets of (c) and (f) shows the PSI thickness 

along the white dashed line. All scale bars are 10 ɛm. In the PL images, the green and 

deep green areas are monolayer and bilayer films, while the red area is a trilayer film. 
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Figure S4.8 | Optical microscopic image (a) and PL image (b) of PTCDI monomers on 

hBN substrate, scale bars are 10 ɛm. (c) AFM image of the monomer from the dotted area 

in (a), scale bar 0.5 ɛm. (d) Angle-resolved PL of PTCDI monomers, showing isotropic 

emission. 
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Figure S4.9 | Calculated one-photon absorption and photoluminescence spectra. The 

absorption spectra employed a 6Ĭ6 lattice of PTCDI molecules from a DFT-optimized 

structure constrained to the experimentally observed lattice parameters. The PL spectrum 

is calculated using a 3Ĭ3 lattice, to reflect localization prior to emission. 
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Figure S4.10 | Measured PL spectrum of monolayer (a), bilayer (b) and trilayer (c) 

PTCDI samples. The PL spectra are fitted by using Lorentzian functions. The I0-0 denotes 

the main FR excitonic emission and I0-1 corresponds to the 0-1 vibronic transition. The 

intensities of the main (I0-0) and sideband (I0-1) peaks are used to determine the coherence 

number (Nc) (supplementary note 4.3). 
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Figure S4.11 | The absorption of ML PTCDI on 275 nm SiO2/Si substrate derived from 

the Kramers-Kronig method (supplementary note 4.5). 

 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Figure S4.12 | The differential reflectance (a) and absorption (b) of ML PTCDI on quartz 

substrate, obtained from:38-40 ὃ‫
ϳ

, where, ὲὛόὦ is the 

refractive index of the quartz substrate41, ὙὛόὦ is the determined quartz substrate 

reflectance, and ὙὒὥώὩὶ+Ὓόὦ is the reflectance obtained from the ML PTCDI on a quartz 

substrate. 
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Figure S4.13 | Optical microscopic image (a), one-photon PL image (b), and two-photon 

PL image (c) of a PTCDI sample. All scale bars are 10 ɛm. The green, deep green, and 

red regions are ML, bilayer, and multilayer films. For the two-photon mapping, the 

sample was excited at 1.797 eV.   
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Figure S4.14 | Measured two photon PL spectrum of monolayer (a), bilayer (b), and 

multilayer (c) PTCDI sample. The PL spectrums are fitted by the multi peak fitting using 

a Lorentzian function. The sample are excited at 1064 nm laser. The I0-0 denotes the main 

FR excitonic emission and I0-1 means its sideband emission. Coherence number (Nc)= ~4 

(1L), ~2 (2L), ~1 (14L), (supplementary note 3). These increased PL, reduced linewidth, 

and bathochromic shift of monolayer PTCDI are signature of SR at two-photon 

excitation.  
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Figure S4.15 | Measured two-photon polarization of a monolayer PTCDI samples. The 

monolayer shows a strong directional in-plane emission. The óbô is the direction of the 

PTCDI molecular axis. 
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Figure S4.16 | Wavelength-dependent two-photon mapping of monolayer and bilayer 

PTCDI sample. The green and deep green areas are monolayer and bilayer films, all the 

image scale bar are 5 Õm. The two-photon mapping shows at  2.61 eV (P1), 2.97 eV (P2), 

and 3.11 eV (P3)  ML PTCDI have higher emission than the other wavelengths, whereas 

the emission from bilayer is almost steady at all excitations. 
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Figure S4.17 | Schematic of intralayer and interlayer CTE states in multilayer PTCDI and 

comparison of CTE dipole moments with photon polarization. 

 
 
 
 

 

 

Figure S4.18 | Schematic of the exciton-exciton annihilation (EEA) process in one-

photon PL (left panel) and two-photon PL (right panel). The lowest, middle, and higher 

darkest horizontal lines represent the ground state (S0), first excited state (S1), and a higher 

energy excited state (Sn). The grey lines represent vibrational sublevels associated with 

each electronic state. 
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Figure S4.19 | DFT calculated CTE state energies and excitonic/electronic couplings. 

CTE state energies were calculated relative to the energy of an isolated FE (2.27 eV), 

assuming an extra 0.15 eV dielectric stabilisation of CTEs compared to FEs. This is the 

only free parameter in our model. 
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APPENDIX 2:  DETAIL GROWTH OF HIGHLY CRYSTALLINE ORGANIC M ONOLAYERS 

ON A SUBMILLIMETER -SCALE  

Two-dimensional inorganic materials like transition metal dichalcogenides (TMDs) and 

graphene have caught the attention of researchers due to their potential applications in 

nanoelectronics.1-4 Despite advancements, these materials still encounter certain 

challenges, such as synthesizing them in large areas using popular exfoliation methods is 

not easy. Defect-free synthesis is also problematic because of the predominant defects, 

such as chalcogen vacancies. Additionally, solution process is available for large-area 

synthesis, but comparatively limited numbers of materials suit this. Lastly, the absorption 

efficiency is relatively low.5,6 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 flexibility. 7 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 sublimated.8 However, the growth of organic single crystals 

is unstable and uncontrollable, which presents challenges. Many approaches have been 

proposed and classified into vapor and solution techniques. Researchers used physical 

vapor transport to grow highly-ordered single-crystal C8-BTBT9, pentacene10,11, Me-

PTCDI12, and PTCDA13. Forker et al. synthesized 2D Hexa-perihexabenzocoronene and 

quaterrylene under ultra-high vacuum and investigated their optical properties.14,15 Yao 

et al. reported a layer-defined strategy to grow 2D organic single crystals, including C8-

BTBT, perylene, and C6-DPA.16 Additionally, a solution shearing method has been 

developed to synthesize 2D organic single crystals, including C8-BTBT, that exhibit 

superior electrical performance.17 Despite many efforts, creating large uniform crystals 

remains challenging. As a result of organic materials being insoluble or only slightly 

soluble in organic solvents, the vapor deposition technique is more favourable. 

To grow highly ordered PTCDI (supplier: Sigma Aldrich) crystals on the hBN substrate 

(supplier: HQ Graphene), we followed the physical vapor deposition (PVD) 

method.9,11,18-21 In 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 ~4.3×10-4 Pa, and the furnace temperature was increased to 270°C 
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for 15-20 mins to deposit PTCDI films on the hBN substrate. Mechanical exfoliation was 

used to exfoliate few-layer hBN, which were then transferred on the 275 nm SiO2/Si 

substrate to use as a substrate (Figure S(A2).1). The deposition rate, furnace temperature, 

growth period, and distance between the source powder and substrate, affect the layer 

quality. In order to deposit the films, organic components first transition from a condensed 

phase to a vapor phase and then return to a condensed phase as a thin film.22 There 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 domain.23,24 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 single-crystal domain. The optical 

microscopy and PL images of the PTCDI samples show in Figures A2.1 and S(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 multilayer 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 PTCDI layers, and the monolayer has 

the thickness of ~0.33 nm (Figure S(A2).3). The PTCDI crystal shows an in-plane 

herringbone molecular packing motifs (Figure A2.1a) with canted molecules arranged in 

rows, with inter-row and intra-row separations.12 

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, the furnace is divided into three distinct zones to comprehend 

film deposition mechanisms. In Zone I (within Ḑ8 cm from the center, 230°C < T Ò 

270°C), the hBN substrate was entirely covered by monolayer, and no additional layers 

were grown (Figure A2.1c). Similarly, in Zone II (within Ḑ8-12 cm from the center, 

160°C < T < 230°C) bilayer was deposited, and the monolayer area was also there (Figure 

A2.1d). In Zone III (above Ḑ12 cm from the center, 70°C < T < 160°C), 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 single-molecule: blue-

N, red-O, light grey-C, and white-H 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 Zones I, II, and III with distinct growth behaviors. 

Optical and PL image of PTCDI layers based on the furnace heating zone, where we 

consider the distance from center: (c) zone I (< 8 cm, 2300C < T < 2700C), (d) zone II 

(< 8-12 cm, 1600C < T < 2300C), (e) zone III (>12 cm, 700C < T < 1600C), all the images 

scale bar 5 ɛm. In the PL images, green, deep green, and red regions are monolayer, 
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bilayer, and multilayer, respectively. (f) PL image snapshots of a sample at different 

stages ((I) 8 mins, (II) 15 mins, (III) 20 mins) during a 20-min growth, scale bar 5 ɛm. 

(g) PL images of a monolayer crystal at four different rotation angles, scale bar 5 ɛm.  

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 

images of 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).4). 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. c) The sample's frequent 

interruptions and ambient exposure had 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 with a 180° 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 effect of impurities 

(Figure A2.1g).12  

It is still challenging to synthesize large-area organic single crystals. Herein, we report a 

highly ordered ultrathin PTCDI crystal with an average size of Ḑ25 µm, which is around 

six times higher in area than the previously reported organic crystals (Table A2.1). The 

PTCDI crystals were synthesized with perfect precision via the vapor deposition method 

and had minimal grain boundaries where the defects/traps were examined by polarization-

resolved PL imaging. Finally, these high-quality crystals open new opportunities for 

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

Materials name Crystal thickness 

(nm) 

Crystal domain size 

(µm) 

Reference 

Pentacene 

 

1.5 2.62 25 

1.12 9.14 10 

1.1 10.0 11 

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 

C8-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 

Trans-DSB 1.91 5.0 36 

Trans-DPDSB 1.32 5.0 36 

CN-DPDSB 1.57 5.0 36 

Rubrene-d28 1.36 2.3 37 

Rubrene 1.5 4.0 38 

TCNQ 1.64 13.0 39 

F2-TCNQ 0.88 7.5 39 

F4-TCNQ 1.46 12.0 39 

BP3T 3.0 12.0 40 

DNTT 3.2 5.1 41 

TIPS-TAP 1.7 2.82 42 

DTBDT-C6 5.0 13.57 43 

TIPS-PEN 1.32 5.24 31 

C6-DPA 2.9 4.9 16 

PTCDI-C13 2.5 1.68 44 

p-MSB 2.2 6.0 45 

NDI3HU-DTYM 2 4.0 5.0 46 

C60 0.8 2.33 47 

PTCDI 0.33 ~25  
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SUPPORTING I NFORMATION FOR APPENDIX 2 

 

 

 

 

 

 

 

Figure S(A2).1 | Mechanical exfoliation of hBN on the SiO2/ Si substrate.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S(A2).2 | Optical and PL images of single crystal PTCDI samples. (a, d) sample 

1, (b, e) sample 2 and (c, f) sample 3. All the images scale bar are 10 ɛm. 
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Figure S(A2).3 | (a) Optical microscope image and (d) PL image of a PTCDI sample, 

scale bar 10 ɛm. (c) AFM image of the dotted area in (a), scale bar 2 ɛm. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure S(A2).4 | Sequential angle-resolved 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 (I), (II), (III). The corresponding solid line 

represents the fitting curve via a sinɗ function. 
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5.1 I NTRODUCTION  

Organic semiconductors in the 2D limit have received significant attention in recent years 

due to their unique properties for optoelectronic and photonic applications.1,2 The unique 

characteristics of thin organic materials are dominated by a light excites bound state called 

exciton: a quasiparticle consisting of a photogenerated electron-hole charge pair bound 

together by Coulombic attraction.3,4 Excitons can be either localized or free. Free excitons 

have the ability to transfer information and energy throughout the crystal.5 These 

quasiparticles have properties such as being neutral or charged and can be bright or dark. 

Their formation mechanisms and binding energies have been theoretically and 

experimentally understood in the past decade.6,7 In contrast, a strong potential spatially 

confines localized excitons, has a nearly flat energy dispersion, and does not transmit 

energy like their free counterparts.8 Despite these excitons being ignored in the past, 

recent research indicates that they may influence many properties (i.e., diffusion length, 

doping response, lifetimes, etc).9 Although there have been numerous observations of 

various localized excitons,9 the reasons behind their formation and inherent properties are 

not yet fully understood. Structural disorder is widely believed to be the cause of these 

states, and it is often linked to lattice vacancies. These vacancies can be either native or 

induced through high-energy particles.10,11 Structural defects, i.e., residual impurities, 

adatoms, and interstitials, can give rise to diverse luminescent characteristics dependent 

on excitation stimuli.12 Photo- and electro-luminescence 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.13,14 Spatial localization of the emitted light has already been observed for excitons 

bound to defects or impurities in semiconductors,15-17 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, which refers to the emission of photons after the induced high-energy 

beam into the specimen.18 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 

electron-beam excitation.19,20 By varying the beam energy, more detailed depth-resolved 

information can be obtained. Over time, CL spectroscopy has been expanded to various 

applications.21-23 CL offers higher excitation energy compared to PL excitation, allowing 

for the study of wide-bandgap materials, including hexagonal boron nitride.24,25 
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Furthermore, CL has been widely utilized for the study of nanostructures, such as nano-

antenna26 and nanoscale light sources27,28, due to its small excitation hotspot. 

5.2 PTCDI  SAMPLE PREPARATION AND CL  CHARACTERIZATION  

The 3,4,9,10-perylene-tetracarboxylic-diimide (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 depends on the heating temperature, growth duration, and distance between the 

source PTCDI powder and the hBN substrate.29-34 After the deposition of PTCDI layers, 

the PL images were captured, and the monolayer (ML), bilayer (BL), and multilayer emit 

green, deep green, and red luminescence  (Figures 5.1a and S5.1-S5.3). The ML has a 

thickness of ~0.33 nm (Figure S5.2) consistent with previously reported values35 and 

follows the in-plane herringbone packing motif (Figure 5.1b).35,36 The multilayer shows 

a thickness of ~2.35 nm (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 (I0-0) emission, emission at 2.06 eV corresponds to its vibronic level (I0-

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

molecules, denoted as 'X' (Figure 5.1c).35,37  

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 parabolic mirror 

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 monomers at 2.35 eV37 and the PTCDI ML 

at 2.37 eV and 2.21 eV where the peak at 2.37 eV originated from isolated molecules 

sitting at the edges of ML film, peak at 2.21 eV originated from FR excitonic emission35,38 

(Figures 5.1f and S5.5). We performed similar CL measurements on several PTCDI 

samples to confirm our findings and found the same results (Figure S5.6). Furthermore, 

we observed an interesting phenomenon: in the PL spectrum, the 'X' peak has weak 

emission at 2.37 eV. In contrast, in the CL spectrum, the 'X' peak emission is immensely 

enhanced (Figure 5.1f), due to the generation of a large number of free charges into the 

hBN layers and later recombined with the PTCDI isolated molecules (Figure 5.1g). The 

main difference between PL and CL is that a single absorbed photon in PL produces only 
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an eïh pair, while a single electron in CL generates hundreds of eïh pairs. The number 

of charges generated per unit time in hBN can be determined by:19,39,40  

Ὃ
‌ὠὭρ Ὢ

ộὉỚὩ
 

(5.1) 

Where V is the accelerating voltage, i is the electron beam current, e is the electronic 

charge, and f is the backscattering factor. ộEỚ is the average energy, and Ŭ is the proportion 

of energy dissipated in the hBN layers relative to the overall energy losses. It is assumed 

that the value of ộEỚ is three times the bandgap energy (Eå3Eg)
19,39,40 and Eg equal to 5.76 

eV for hBN. The Monte Carlo simulation has been performed to calculate the 

backscattering factor (f) at 106 electrons.41 The calculated charges are å5.33Ĭ1011 sӇ1 at 

1keV and 1.6nA. However, the hBN with greater thickness generated more charges with 

a larger 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 ML42,43, ~6.1 eV for the PTCDI molecule44,45 

and ~7.0 eV for the hBN46,47. 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 higher than 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 layer, the following phenomena happen: a) 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 a hole is transferred from the hBN 

layers. b) Hole transfer happens (more likely because of the large energy difference in 

LUMOs). Holes injected into the ML PTCDI find defect sites with higher energy 

HOMOs. The positive charges attract 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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Figure 5.1 | PTCDI sample preparation and CL characterization.     

(a) PL image of a PTCDI sample, where the green and deep green colors are monolayer 

and bilayer films. The inset shows the optical image of the same sample. All the image 

scale bars are 10 ɛm. (b) Schematic of PTCDI layer packing motif, where C-grey, H-

white, O-red, and N-blue. (c) PL spectrum of an ML PTCDI sample under 3.06 eV laser 

excitation. (d) Schematic overview of the CL experimental setup. (e) Panchromatic CL 
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