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Abstract 

 Mixed-dimensional heterojunctions between two-dimensional (2D) materials and organic 

semiconductors is a rapidly growing field. This is motivated by the promise of leveraging the 

extraordinary properties of 2D materials with the synthetic tunability and reconfigurability of 

organic electronics, allowing the realization of new physics or devices that are not possible in 

either constituent material alone. Early approaches to understanding these interfaces relied on 

simple band alignment considerations, approximating the organic molecule as two orbital 

energies in a vacuum. While this approach is useful, fully realizing the possibilities of this 

material combination require understanding how organic molecules couple to 2D materials, and 

in turn how 2D materials affect the structure of the organic thin films. 

 This thesis presents several examples of organic / 2D heterojunctions whose unique 

properties cannot be explained solely by considering the constituent materials in isolation. The 

electronic coupling between metallophthalocyanines (MPc) and molybdenum disulfide (MoS2) 

shows emergent states due to mixing of the molecular orbitals with band states, and Raman 

enhancement in this system is found to depend on the energy of non-frontier orbitals. MPc are 

also found to interact with defects in the MoS2, quenching their low temperature 

photoluminescence (PL). Density functional theory calculations reveal this quenching to be a 

result of the MPc stabilizing dark, negatively charged defect states over bright, neutral ones. 

Finally, optical – morphological relationships are characterized in the heterojunction between 

pentacene and hexagonal boron nitride (hBN). hBN is found to template a new thin-film phase of 
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pentacene which has lower energy free excitons, lower interfacial strain, and long-lived PL 

decay compared to the typical thin-film phase observed on SiO2. 

 Taken together, these results show the importance of detailed characterization of organic 

/ 2D heterostructures beyond their band alignment. While this increases complexity in the design 

of these systems, it also provides many opportunities. Controlling electronic coupling, defect 

trapping, and thin film phase provide a wide range of tools for exploring new physics and fine-

tuning the properties of organic / 2D heterojunctions. Understanding and controlling these 

interactions are necessary to fully leverage the unique opportunities provided by such mixed-

dimensional interfaces. 
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The separation of the A1g and E2g is ~19 cm-1, indicating monolayer MoS2. Raman modes that 
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emission becomes apparent at 700 nm in addition to the A- and B- excitons at 660 nm and 600 
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Figure 4.4 (a) Comparison of the 298 K photoluminescence spectra of π-face-on pentacene/hBN 

and thin-film phase pentacene/SiO2. (b) Photoluminescence spectral comparison of 

pentacene/hBN and pentacene/SiO2 at 10 K. The higher and lower energy peaks are assigned to 

pentacene free exciton (FE) emission and self-trapped exciton (STE) emission, respectively. 

Emission from pentacene/hBN (blue) has a narrower linewidth and a lower energy relative to 

pentacene/SiO2 (gray). (c) Temperature dependence of the FE emission energy for the two 

pentacene phases extracted from Gaussian fits. (d) Temperature dependence of the FE emission 

full-width at half maximum (FWHM), showing that both phases have narrower emission at lower 
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denotes the pentacene self-trapped exciton. The STE emission of pentacene on WS2 is hidden by 

the large intensity of the A-exciton emission. (c) The pentacene/MoS2 spectrum broken down by 

a series of peak functions in order to better identify the constituent components of the broad, 
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by designing molecular systems that have strong bonding or antibonding interactions with the 

MoS2 pz orbitals, the energy at Γ in the valence band structure can be raised or lowered while 

leaving K relatively unchanged. .................................................................................................. 147 

Figure 5.3 (a) Calculated density of states (DOS) of a pentacene-MoS2 heterojunction at 300 K 

using the HSE06 functional. (b) Calculated time-dependent state populations from nonadiabatic 

dynamic simulations of interfacial hole transfer in a pentacene-MoS2 heterojunction. Hole 
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isolation. (e) If the S1 state is within the bandgap of a 2D semiconductor, photoexcited azulene 
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Photoluminescence intensity and wavelength histograms of WS2 treated with (g) Oleic acid and 

(f) Bis(trifluoromethane)sulfonimide (TFSI). Both treatments dramatically increase the WS2 

photoluminescence quantum yield (PLQY), but the narrowness of the emission from the oleic 

acid treatment suggests chemical specificity in the defect passivation. (a) and (b) reprinted with 

permission from 363. Copyright 2019 American Chemical Society. (g) and (h) reprinted with 

permission from 253. Copyright 2019 American Chemical Society. ........................................... 151 
Figure 5.4 (a) Schematic band diagram of a graphene-WS2-hBN heterostructure for excited-state 

biexciton formation. Electrons from photoexcited neutral excitons in the WS2 transfer to the 
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photoexcitation, the emission evolves through three states as depicted in (d). Upon 

photoexcitation of ZnPc (i), charge transfer occurs (ii), followed by back electron transfer to the 

ZnPc triplet state (iii). (e) Structure of quinoidal dithienyl perylenequinodimethane (QDTP) and 

SQUID measurements showing a spin transition around 360 K as QDTP switches from a singlet 

to a triplet state. (f) Temperature-dependent magnetoconductivity of a QDTP-MoS2 

heterojunction. A clear transition from negative to positive magnetoconductivity is observed as 

the QDTP switches from a singlet to a triplet spin state. (a) and (b) reprinted from 384. Copyright 

2018 The Authors, Springer Nature under a CC-BY license. (c) and (d) reprinted with permission 

from 284. Copyright 2017 American Chemical Society. (e) and (f) reprinted from 386. Copyright 

2017 The Authors, Springer Nature, under a CC-BY license..................................................... 158 
Figure 5.6 (a) Liquid phase exfoliation of MoS2 in the presence of chiral penicillamine induces 

chiral bending in the resulting nanoplatelets. (b) Circular dichroism spectra of these platelets 

shows that the bent nanoplatelets are optically active and oppositely polarized for the D- and L- 
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reprinted with permission from 398. Copyright 2018 American Chemical Society. (c), (d), and (e) 
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1. Chapter 1 Introduction and Literature Review 

  Motivation 

Two-dimensional (2D) materials have experienced a massive growth in research interest due 

to their extraordinary optical and electrical properties. Individual 2D layers are held together by 

van der Waals (vdW) forces rather than covalent or ionic bonds. The weakness and non-

specificity of this interaction means that arbitrary stacks of vdW materials can be layered without 

regard to epitaxy, which is a major obstacle in the fabrication of conventional 3D 

heterostructures. This enables new paradigms in the design of physical systems and electronic 

devices, potentially allowing measurement and control of new phenomena with unprecedented 

precision. 

In contrast to the relative recency of work on 2D materials, organic semiconductors have 

been an active area of research for decades. While many of the fundamental rules for designing 

high-performance organic electronics are well understood, the central importance of interfaces 

and morphology are only now being elucidated. With this knowledge comes opportunities in 

hybrid systems, whereby the decades of experience of organic synthesis can be used to finely 

tune the interactions between organic molecules and inorganic components.  

Given that both organic and 2D materials are held together in the solid state by vdW 

interactions, their interaction in mixed-dimensional heterojunctions is a natural next step in 

fabricating and understanding vdW heterojunctions. While many individual examples of organic 
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- 2D heterojunctions and devices exist in the literature, there has been little systematic work on 

understanding the fundamental rules by which the two materials couple. Given that organic 

synthesis allows the tuning of molecular electronic structure in ways that are not accessible to 

other material systems, systematic exploration of electronic coupling and other structure-

property relationships in organic – 2D heterojunctions can be done with finer control than in 

many other mixed-dimensional heterojunctions. Elucidating the interactions between molecules 

and 2D materials is needed to extend this field from exploratory – that is, demonstrations of new 

systems with a single molecule and 2D material – to rationally designing heterojunctions that 

interact in specific and controlled ways. 

The following literature review will give background information on 2D materials broadly, 

as well as the two materials that will be the focus of later chapters: molybdenum disulfide 

(MoS2) and hexagonal boron nitride (hBN). Following the 2D material discussion, the organic 

molecules that will be discussed in later chapters, phthalocyanines and pentacene, will be 

introduced in detail here. Next, the literature of mixed-dimensional organic – 2D heterojunctions 

will be reviewed. Within each section of the this introduction chapter, special attention will be 

given to the electronic structure, production, spectroscopic characterization, and device 

applications of each material or heterojunction being discussed. 

  Two-dimensional Materials 

2D materials are a broad class of atomically thin solids. The study of these materials began in 

2004 with the isolation of graphene, a single layer of sp2 bonded carbon, by Novoselov and 
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Geim.1,2 After graphene, many other 2D materials were quickly isolated, spanning a wide range 

of chemical, electrical, optical, and magnetic properties (Figure 1.1a). Just as graphene was 

exfoliated from layered graphite, nearly any layered vdW crystal can be exfoliated. Other 2D 

materials have no layered crystal analogue, with their only layered phase existing at the ultrathin 

limit, as is the case of borophene,3 or only existing confined between other material layers, as is 

the case of 2D GaN.4 Major classes include transition metal monochalcogenides,5 

dichalcogenides,6 phosphorus chalcogenides,7 oxides ,8 halides,9 carbides or nitrides (MXenes),10  

as well as layered monoelementals like black phosphorus,11 and other synthesized 

monoelementals like borophene or stanene.12 In addition, many new materials have structures 

that share many similarities with 2D materials despite not typically being considered within the 

2D literature. These include metal-organic frameworks,13 covalent organic frameworks,14 and 2D 

perovskites.15 All together, 2D materials represent a wide range of potential chemistries and 

properties, with many more waiting to be discovered. Work in later chapters will focus on a 

transition metal dichalcogenide, MoS2, as well as the 2D insulator hexagonal boron nitride 

(hBN). These two materials will discussed in greater detail later in this chapter. 
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Figure 1.1 2D material classes and production. (a) Classes of 2D materials sorted by bandgap. (b) 

Major 2D material production methods sorted by quality and price / scalability.  (a) reproduced 

from 16. Copyright 2016 Springer Nature. (b) adapted from 17. Copyright 2012 Springer Nature.  

  There are a wide array of methods to prepare 2D materials. They can be broadly 

classified as top-down exfoliation or bottom-up growth, with numerous methods in each 

category. Not every material is compatible with every method. For example, 2D materials with 

no corresponding bulk layered crystal cannot be exfoliated, and certain growth methods only 

work with a limited range of materials, like SiC graphitization to produce graphene. All methods 

have tradeoffs in material quality, scalability, and time investment. Figure 1.1b summarizes these 

tradeoffs for the three most widely used classes of 2D production methods: mechanical 

exfoliation (the ‘Scotch Tape’ method), chemical vapor deposition (CVD), and liquid phase 

exfoliation (LPE).  
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 Mechanical exfoliation involves taking a bulk layered crystal and removing individual 

layers using adhesive tape,2 solid polymers,18 or gold films19 to peel off individual 2D layers. 

This method requires the interaction between the crystal and tape is strong enough to peel off 

layers, but weak enough that the layers can be placed on another substrate and without tearing or 

fracturing the exfoliated layers.20 This produces a random selection of flake thicknesses and 

lateral sizes, with monolayers typically needing to be found manually by microscope. These 

exfoliated flakes can subsequently be picked up and stacked to form vdW heterostructures with 

other materials.21 Automating this process through robotics and computer vision is an active area 

of research.21  

 CVD production refers to the growth of 2D materials by flowing gaseous precursors over 

a substrate. Production of 2D materials by CVD can produce wafer scale ( > 1 cm2) monolayers, 

though often with more defects than those produced by mechanical exfoliation.22,23 The 

precursors, substrates, and methods of CVD are too numerous to list here, with some materials 

having dozens of published processes.24–26  

 LPE refers to a broad class of exfoliation methods in which a powder of the bulk 2D 

crystal is suspended in a solvent and then subject to a process that exfoliates the individual 

layers.27 This can include high energy processes such as sonication,28 shear mixing,29 and wet-jet 

milling,30 or intercalation based methods like lithiation31 or electrochemical exfoliation.32 The 

larger scale of production and solvent-dispersed product enable the use of 2D materials in 

applications like printable electronics33,34 and battery additives.35,36  
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 Molybdenum Disulfide and the Transition Metal Dichalcogenides 

The transition metal dichalcogenides (TMDs) are a broad class of layered materials of the 

form MX2, where M is a transition metal (typically Mo or W) and X is a chalcogen (S, Se, Te). 

The metal has an oxidation state of +4 and the chalcogen is -2. Of the ~60 materials with this 

form, about two-thirds have layered structures that can potentially be exfoliated to the monolayer 

limit.37 The electronic properties of the TMDs are largely dependent on the d-orbital filling and 

splitting of the metal.38 A filled d-band will result in semiconducting behavior, while partial 

filling results in a metallic material. TMDs can also exhibit more exotic conduction behaviors 

such as superconductivity39 and the quantum spin Hall effect.40 

The crystal structure and d-orbital filling of a TMD are linked. A TMD layer will 

typically adapt either a trigonal prismatic coordination structure with D3h symmetry (called the 

2H phase, or 1H in the monolayer limit), or an octahedral coordination with D3d symmetry 

(called the 1T phase).38 The coordination of the TMD metal will determine its d-orbital splitting, 

with the trigonal prismatic phase creating three degenerate states split by ~1 eV (dz
2, dx

2
-y

2
, xy, 

dxz,yz), while the octahedral phase creates two degenerate states – the t2g (dxy,yz,xz) and eg (dz
2

, x
2

-

y
2). Group 4 and 6 TMDs typically adopt the 2H phase, while group 10 will typically have a 1T 

phase. Group 5 can have either phase, and group 7 TMDs form distorted 1T phases.38 Figure 

1.2a-c summarizes these possible structures.  
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Figure 1.2 Phases of TMDs. (a) 1H monolayer with metal in a trigonal prismatic coordination (b) 

1T phase, with metal in an octahedral coordination. (c) Distorted 1T phase, in an asymmetric 

octahedral coordination. (d) AB stacking of 2H phase MoS2. (e) ABC stacking of 3R phase 

MoS2.  Figure reproduced from 38. Copyright 2015 The Royal Society of Chemistry. 

Of the TMDs isolated at the monolayer limit, MoS2 is perhaps the most studied. It was 

among the first 2D semiconductors exfoliated to a monolayer and as such has a large body of 

work on its optical and electrical properties.41 In many ways MoS2 is representative of the 

semiconducting TMDs, and it will be the focus of later work in this thesis, so the rest of this 

chapter will focus on it. Many of the chemical, optical, and electronic trends discussed are also 

applicable to the other Mo – and W – based TMDs. 

 

 

MoS2 Structure 
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As expected of a TMD with a group 4 metal, MoS2 adopts a trigonal prismatic phase. The 

layer stacking can also vary. In MoS2 crystals, the most common stacking order is 2H phase 

(Figure 1.2d), with an AB packing between the layers resulting in hexagonal symmetry.42 An 

ABC layering, called the 3R phase (Figure 1.2e), is also possible,  resulting in rhombohedral 

symmetry.38 Creating the 3R phase requires either specialized synthesis methods43 or folding of 

exfoliated MoS2.
44 The bandgap of the 3R phase is similar to the 2H phase,44 but its broken 

inversion symmetry above the monolayer limit makes 3R MoS2 a potentially useful material for 

nonlinear optics.45 

It is also possible to change the phase of MoS2 through chemical treatment. Adding 

excess charge of 0.2 – 0.4 electrons per Mo will make the 1T phase more stable than the 2H 

phase.46 This is typically done in the liquid phase by lithium intercalation (using n-butyllithium 

in hexane)31 or in the solid state using lithium borohydrate.47,48 In either case, the lithium 

intercalated MoS2 is then exposed to water, which dissolves the powder into sheets of monolayer 

or few-layer 1T phase material. The 2H to 1T transition changes the MoS2 from a filled dz
2 band 

to a partially filled t2g band, resulting in a semiconducting to metallic transition (Figure 1.3a).49 

This results in enhanced conductivity49,50 as well as quenching of photoluminescence.31 

The band structure of semiconducting 2H MoS2 changes drastically as it is thinned from 

bulk to monolayer. Its bandgap transitions from indirect to direct and widens from 1.3 eV to 1.9 

eV,41,51,52 which results in a drastic blue-shift and brightening of its photoluminescence (PL) in 
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the monolayer form.41 Orbital analysis of the MoS2 band structure explains this crossover (Figure 

1.3b). The Κ point, composed mostly of in-plane Mo d-orbitals and S p-orbitals, is the 

 

Figure 1.3 MoS2 band diagrams. Qualitative band diagram of (a) 2H MoS2 and (b) 1T MoS2. 

The highest occupied band (dz
2) in the 2H phase is filled, making it semiconducting. In the 1T 

case, the t2g band is only partially filled, making it metallic. (c) Band structure and charge 

densities of 1H MoS2 at selected areas near band edges. The VBM at Γ and CBM at K are 

primarily Mo dz
2 orbitals, with some S pz character. The VBM at K is primarily dxy and dx

2
-y

2, as 

does the local minimum of the CBM between K and Γ (the Λ point). (a) and (b) adapted from 49, 

Copyright 1993 The Royal Society of Chemistry. (c) reproduced from 52. Copyright 2013 

American Physical Society. 

conduction band minimum (CBM) and valence band maximum (VBM) of monolayer MoS2.
52 

When moving from a monolayer to a bilayer of MoS2, repulsion between out-of-plane S pz 

orbitals drives the energy of the valence band Γ higher such that it becomes the new VBM.52 The 

conduction band is less affected, become lower energy at Λ but still maintaining a minimum at 

Κ. Thus bilayer has an indirect bandgap, with the CBM at Κ and the VBM at Γ.52 

Spin effects also play a prominent role in the electronic structure of MoS2. Large spin-

orbit coupling causes large spin splitting of the valence band by more than 100 meV.53 This 
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causes the K points of the CBM and VBM to split into degenerate valleys of opposite spin, 

denoted as K and K’ (or K+ and K-). In the absence of inversion symmetry, the valley and spin 

degrees of freedom become coupled in MoS2 such that E↓(k) = E↑(-k), where E is the energy of 

the given spin projection (up or down) and k is the crystal momentum.53 This leads to optical 

selection rules in which circularly polarized light will couple to a specific spin-valley, allowing 

optical control of the spin – valley degree of freedom (Figure 1.4a and 1.4b).54–56 This ability to 

manipulate spin-valley information through optical and magnetic control has led to interest in 

MoS2 and other TMDs for valleytronics, in which the valley degree of freedom is manipulated 

for computing applications.57,58 The primary appeal of such systems is that valley information is 

momentum protected, thus allowing very low power consumption information processing 

assuming that intervalley scattering can be minimized.58 

When discussing structure-property relations in MoS2, it is important to include defects. 

Of the common point defects in MoS2, sulfur vacancies (Svac) are observed to be the most 

common defect in MoS2 due to their low energy of formation.59–61 The Svac is predicted to create 

a donor-like state near the CBM of MoS2 and thus it is commonly invoked to explain n-type 

transport observed in MoS2. This view is complicated by recent observations that many apparent 

Svac are actually oxygen substitutions (Osub).
62,63 These Osub appear to form upon exposure to O2 

or H2O,64 and this reaction is sped by light,64 making it likely that some of the previous 

experimental literature on MoS2 defects will need to be reevaluated. Osubs are predicted to create 

acceptor-like states near the VBM, where they would act as p-dopants.63 The electronic structure 

of these point defects in MoS2 is shown in Figure 1.4c. Reconciling these observations, the 
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higher than expect population of Osubs and the ubiquitous n-type transport in MoS2, will be an 

important research question in the near future.  

 

 

Figure 1.4 Valley polarization and point defects. (a) Schematic of valley polarization by coupling 

of degenerate K valleys to opposite circularly polarized light. (b) Polarization of MoS2 emission 

by pumping with near-band edge circularly polarized light at low temperature. P is a measure of 

the efficiency of valley polarization in the MoS2, calculated by P = [I(σ+) - I(σ-)] / [I(σ+) + I(σ-

)], where I(σ±) is the intensity of the left (right)-handed circularly polarized component of the 

PL. (c) Project density of states (pDOS) of MoS2 with a sulfur vacancy (Svac) or and oxygen 
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substitution (Osub). The red nearest neighbor (NN) components of the pDOS represent the 

localized states adjacent to the point defect. (a) and (b) reproduced from 55. Copyright 2012 

Springer Nature. Calculations in (c) performed by Luqing Wang. Further details will be 

discussed in Chapter 3. 

 

 

 

 

MoS2 Production 

 Micromechanical exfoliation from high quality crystals is the most common method to 

produce single crystal flakes of 2D MoS2. While scotch tape is still the standard, gold film-based 

exfoliation processes have in certain conditions shown superior results.65 Heating in hydrogen is 

often used to remove tape residues to produce clean interfaces.66 

When large area monolayers are needed, chemical vapor deposition (CVD) is used. There 

are two broad methods of CVD production of MoS2: powder, and metal-organic.67 Powder CVD 

uses solid sulfur and MoO3 heated in an inert carrier gas upstream from the target substrate,68 

while metal-organic CVD uses more reactive gaseous precursors such as Mo(CO)6 and H2S.69 

Further development of precursors and substrate treatments are an active area of research.70–72 

Other related production methods include atomic layer deposition (ALD)73 and heating solution-

based precursors,74 though these methods tend to produce nanocrystalline or amorphous material. 

 Large scale production of 2D MoS2 is possible by liquid phase exfoliation (LPE),27 

though often with a tradeoff in material quality. The most common lab-scale method is 

sonication in a high-boiling solvent like N-methyl-2-pyrrolidone (NMP)75 or a mixture of ethanol 



37 

 

 

 

 

 

and water.28 Chemical exfoliation by intercalating Li atoms, followed by dissolving/exploding in 

water produces largely monolayer 1T MoS2.
31 Other LPE methods include shear mixing76 and 

electrochemical exfoliation.32  

MoS2 Spectroscopy 

 The UV-Vis absorption spectrum of MoS2 has two primary peaks, corresponding to its 

excitonic absorption. They are centered at 670 nm and 620 nm for monolayer MoS2 (Figure 1.5a) 

and are referred to as the A and B excitons, respectively. Both of these peaks are due to direct 

K→K transitions, and are split in energy due to spin-orbit coupling.77,78 MoS2 absorbs strongly in 

the visible spectrum due to large overlap between the orbitals in the CBM and VBM resulting in 

high oscillator strengths.79 The high absorption makes MoS2 attractive for photovoltaic 

applications – it has been estimated that a monolayer of MoS2 can absorb as much as 10% of 

incoming solar radiation with a layer less than one nm thick.79  
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Figure 1.5 MoS2 spectroscopy. (a) UV-Vis absorption spectrum and PL spectrum at room 

temperature. (b) Schematic of different excitonic states in MoS2 and their relative energies. (c) 

Low temperature PL spectrum of MoS2 showing deconvolution of different excitonic states. (d) 

Schematic of trapping and radiative recombination pathways illustrating temperature dependence 

of defect PL. (e) Layer dependent Raman spectra of the MoS2 E2g and A1g modes. (f) Change of 

peak position in (e) versus thickness, as well as the change in A1g – E2g. (a) reproduced from 68. 

Copyright 2016 American Chemical Society. (b) and (c) reproduced from 80. Copyright 2019 

Elsevier. (d) reproduced from 81. Copyright 2017 American Physical Society. (e) and (f) 

reproduced from 82. Copyright 2010 American Chemical Society. 

 As expected from its direct bandgap, MoS2 has relatively bright PL,83 with 

photoluminescence quantum yields (PLQY) up to 100% following chemical treatments and at 

low incident powers.84 The photoluminescence (PL) spectrum of MoS2 contains a multitude of 

information about a given flake. Due to geometric confinement reducing out-of-plane dielectric 
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screening, excited electrons and holes have a strong Coulomb interaction which results in very 

high exciton binding energies on the scale of 100s of meV.85 In addition to neutral excitons, 

other bound states also exist at room temperature in MoS2 such as trions,86 biexcitons,87 and 

defect-bound excitons.81 A schematic representation of each of these species is shown in Figure 

1.5b, and their contribution to the PL spectrum shown in Figure 1.5c.  

The trion is a bound state of three charge carriers, in MoS2 usually two electrons and a 

hole. This species is usually convoluted with the A exciton PL and must be extracted by careful 

fitting of the PL spectrum. The binding energy of negative trions in MoS2 is 20 – 50 meV86 and 

both their binding energy and population are strongly responsive to gate voltages.86 The neutral 

exciton to trion ratio is also sensitive to doping and can be changed using molecular dopants.88 

As a result, the ratio of neutral exciton to trion emission is typically used as a proxy for doping in 

MoS2 samples, with red-shifted PL typical of increased trion emission (n-doping) while blue-

shifted PL typical of dominant A-exciton emission (intrinsic or p-doping).89 Trions also have 

higher rates of nonradiative decay than neutral excitons, so many strategies to improves PLQY 

revolve around doping TMDs to be closer to intrinsic semiconductors.90–92 

Interest in biexcitons has increased in recent years because their recombination produces 

entangled photon pairs,93 which has potential applications in quantum information science. The 

biexciton is a bound state of four carriers, two electrons and two holes. These exist a few meV 

lower than trions, but are typically only observable at very high excitation power and their 

spectra must be carefully deconvoluted from trions and defect-bound excitons.80,87,94 While 
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biexcitons can be formed by the combination of two neutral excitons, experimentally they have 

been shown to form more readily from the combination of a trion and a free carrer of opposite 

charge, forming an excited-state biexciton.80,95  

The defects in MoS2 are also optically active. The most prominent of these is a PL peak 

that appears at low temperatures (< 100 K) centered around 1.7 eV, originating from localized 

states of mixed 0D-2D character.96 The temperature dependence of the defect emission is due to 

thermal equilibrium with the neutral exciton, shown schematically in Figure 1.5d.81 The defect 

bound exciton has a long PL lifetime on the order of ten microseconds, so despite being heavily 

favored thermodynamically compared to the neutral exciton, the much faster recombination of 

the neutral exciton makes it dominate PL at high temperatures.81 The defect PL will be discussed 

in greater detail in Chapter 3.  

 Raman scattering is widely used to characterize the thickness of MoS2. There are two 

prominent Raman active modes, the E2g (near 380 cm-1) and A1g (near 405 cm-1).82 The E2g 

corresponds to in-plane shear modes while the A1g is an out-of-plane chalcogen vibration.82  The 

A1g decreases in energy as MoS2 is thinned below six layers, while the E2g stiffens, and as a 

result the difference between these two peaks reduces from 25 cm-1 in bulk MoS2 to 19 cm-1 at 

the monolayer limit (Figure 1.5e, f).82 This difference is a common method of determining MoS2 

thickness. Strain can also shift the position of these peaks by a 1 – 3 cm-1.97 

 

MoS2 Devices 
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 Much of the early interest in MoS2 was around its application as a 2D semiconductor in 

electronic devices. Early monolayer MoS2 field-effect transistors (FETs) fabricated on SiO2 had 

mobilities on the order of 0.1 - 10 cm2 V-1 s-1, but notably high on/off ratios of 108.98,99 This 

mobility limitation is likely due to scattering from traps in the SiO2 substrate which cause the 

conduction mechanism in to be thermally-activated, with variable range hopping transport at low 

temperatures (Figure 1.6a).98,100 Mobilities above 100 cm2 V-1 s-1 have been measured in hBN – 

encapsulated MoS2 FETs,101 but these are still far below the predicted room-temperature phonon-

limited mobility of 410 cm2 V-1 s-1.102 Due to its mechanical strength and flexibility,103 MoS2 has 

also found application in flexible electronics,104  and LPE MoS2 has been used in inks for printed 

electronics.105 

Other electrical devices have been fabricated which use the unique physical properties of 

MoS2. Heterojunctions with graphene have exploited the dimensionality of MoS2 to create 

tunneling FETs.106 Mobile grain boundaries and point defects in MoS2 have been used to 

fabricate memristors107 and memtransistors (Figure 1.6b).108 Porous composites of MoS2 with 

nanocarbons have found use as supercapacitors109 and battery electrodes.110 

The high absorption of MoS2 has also motivated its application in photonic and 

optoelectronic devices.79 Efforts at photonic engineering have shown near-unity absorption of 

solar radiation in ultrathin films (Figure 1.6c).111 Bulk MoS2 was explored as a photovoltaic 

material as far back as the 1980s, and ultrathin photovoltaics of MoS2 p-n junctions have 
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achieved a modest power conversion efficiency (PCE) of 2.8%.112 MoS2 – 2D photovoltaic 

heterojunctions have also shown modest performance,113 and TMDs have also been explored as a 

 

 

Figure 1.6 MoS2 electrical and optical devices. (a) Temperature dependence of conductivity of a 

monolayer MoS2 FET on SiO2. Linear dependence on T1/3 is characteristic of variable range 

hopping. Inset shows mobility versus temperature behavior. (b) Partial I-V plot of an intersecting 

MoS2 grain boundary memristor. Inset shows the full I-V characteristics of on switching cycle. 

(c) Absorbance spectra of thin MoS2 flakes of different thicknesses with a micrometer-scale ring 

electrode. The semiconductor/metal interface increases the local density of states, resulting in 

near-unity absorption from ultrathin films. (d) Linear sweep voltammetry curves illustrating the 

relative performance of 2H and 1T MoS2 electrocatalysts at the hydrogen evolution reaction 

versus platinum. (a) is reproduced from 100. Copyright 2011 American Chemical Society. (b) is 



43 

 

 

 

 

 

reproduced from 107. Copyright 2015 Springer Nature. (c) is reproduced from 111. Copyright 2016 

American Chemical Society. (d) is reproduced from 114. Copyright 2018 Wiley-VCH 

  

ternary additive in organic photovoltaic (OPV) active layers.115 The excellent optical and 

electrical properties of MoS2 has also motivated its use in high performance photodetectors.116 

MoS2 has also seen tremendous interest as a photoelectrocatalyst,117 particularly in the 

application of the 1T phase for the hydrogen evolution reaction (Figure 1.6d).118  

 Hexagonal boron nitride 

Aside from TMDs, hexagonal boron nitride (hBN) will be used prominently in this work, 

particularly in Chapter 4. hBN is widely used as a 2D insulator, acting as an inert substrate or a 

dielectric layer. Its low density of defects compared to substrates like SiO2, as well as its ability 

to encapsulate materials and expel adsorbed molecules, make it attractive for studying the high-

performance limits of 2D materials.25,119 It also possesses a wide bandgap of 5-6 eV,25,120 making 

it useful as an electrical insulator. While outside the topic of this dissertation, hBN also has 

extraordinary thermal and mechanical properties, with a measured thermal conductivity of 360 

W m-1 K-1 121 and a Young’s modulus above 1 TPa.122 

hBN Structure 

HBN is a honeycomb lattice of sp2-hybridized B and N. Bulk hBN is a layered crystal 

with the individual layers held together by vdW forces at a spacing of 0.333 nm (Figure 1.7a).120 

Theory has predicted both indirect- and direct- bandgaps in hBN at a variety of bandgaps, but 

experimentally its optical properties are dominated by a direct bandgap of 5-6 eV, depending on 
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the hBN quality and thickness.25,120 The valence band of hBN is composed of overlapping σ and 

π bands,123 and both the VBM and CBM have strong π character, with the VBM localized on the 

nitrogen atoms while the CBM is localized on the boron atoms.124 The experimentally measured 

valence band structure is shown in Figure 1.7b. 

 

Figure 1.7 Structure of hBN. (a) Crystal structure of hBN. (b) Valence band structure of 

monolayer hBN grown on Ni(111), Pd(111), and Pt(111), measured by angle-resolved ultraviolet 

photoelectron spectroscopy (ARUPS). (b) reproduced from 71. Copyright 1995 American 

Physical Society. 

hBN Spectroscopy 

HBN is transparent through the visible range, only absorbing light in the deep UV above 

5 eV.125 Its absorption spectrum shows a series of peaks from 5.822 eV to 5.968 eV, in a 

progression characteristic of free-exciton s-like absorption.120 Bulk hBN shows a single PL peak 

5.765 eV due to direct bandgap recombination of free excitons.120 Figure 1.8a shows 

representative absorption and emission spectra of bulk hBN. In contrast to many other 2D 

materials, the PL energy of hBN is not strongly thickness dependent – in the monolayer form it is 
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still 5.76 eV,126 likely due to strongly localized excitons. In addition to direct-bandgap PL, lower 

quality hBN will also exhibit defect-associated PL in the 1.5 – 4 eV range,126,127 At low 

temperatures, narrow defect PL in hBN has been investigated as a single-photon emitter for 

quantum information technologies.127 Representative defect PL spectra are shown in Figure 1.8b. 

 

Figure 1.8 Spectroscopy of hBN. (a) Absorption and cathodoluminescence spectra of bulk hBN 

taken at low temperature. The absorption spectrum shows higher wavelength peaks 

corresponding to the excitonic Rydberg series, with the direct bandgap absorption occurring at 

207 nm. The peaks 215 nm and below in the cathodoluminescence spectrum are due to the 

excitonic recombination, while the lower energy peaks are due to defect-bound excitons.  (b) PL 

spectrum of hBN defect center in monolayer hBN, taken at 77 K. The inset shows the zero 

phonon line. (c) FTIR spectrum of few layer hBN grown on Si/SiO2. (d) Position of the hBN E2g 
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Raman mode versus thickness for mechanically exfoliated hBN. (a) adapted from 120. Copyright 

2004 Springer Nature. (b) reproduced from 127. Copyright 2016 Springer Nature. (c) reproduced 

from 125. Copyright 2010 American Chemical Society. (d) reproduced from 128. Copyright 2011 

Wiley-VCH. 

The vibrational spectra of hBN show relatively few features, showing two IR absorptions 

and one characteristic Raman peak in addition to weaker two-phonon peaks.125,129 The two IR 

modes are an E1u in-plane ring vibration at 1369 cm-1 and an out-of-plane A2u mode at 823 cm-

1,125,129 shown in Figure 1.8c. The Raman spectrum shows a single peak near 1370 cm-1 (Figure 

1.8d) associated with an E2g B-N vibration.125,130 The position of his peak will can vary by 

several wavenumbers in response to stress on the hBN due to growth conditions, interactions 

with the substrate, and applied external forces.130 Following mechanical exfoliation, the Raman 

peak will be 1368-1370 cm-1 for monolayer hBN and 1363 – 1367 cm-1 for thicker layers.128 

hBN Production 

 As with other 2D materials, hBN is produced by either top-down exfoliation (mechanical, 

liquid-phase) or bottom-up growth (CVD). At the moment, mechanical exfoliation of high-

quality crystals produces the best results when the crystal source and cleaning procedure are 

optimized.131 Large area growth is typically done by CVD using borazine132 or ammonia 

borane133 precursors on a Cu film, though improved large-area monolayer growth using other 

methods, precursors, and substrates is an active area of research.25  Typical 2D hBN films by 

these two production methods are shown in Figure 1.9a and 1.9b. 

hBN Devices 
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 As mentioned at the beginning of this section, hBN is often used as an inert substrate for 

other nanomaterials. Its large bandgap and high energy surface optical phonons reduce substrate 

induced carrier scattering, and its dielectric constant of 3-4 make it usable as a gate dielectric in 

transistors.25 As an example of the advantages of hBN in this context, the first hBN-gated 

graphene FET had a mobility of 60,000 cm2 V-1 s-1, a large improvement over the state-of-the-art 

on SiO2 (Figure 1.9c).134 In addition to better performance, hBN encapsulated materials, making 

it an attractive capping layer for ambient reactive 2D materials such as InSe,135 CrI3,
136 and 2D 

perovskites.137 This inertness has also found application as a substrate for templating the 

epitaxial growth of organic molecules,138 which will be discussed in detail in a later section.  
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Figure 1.9 hBN production and devices. (a) Photograph of large area CVD hBN transferred onto 

an Si substrate. (b) White light microscope image of mechanically exfoliated monolayer and 

few-layer hBN. (c) Temperature dependent resistance versus gate voltage of hBN-encapsulated 

Graphene. Inset shows the corresponding conductivity. (d) Temporal response of a drop cast 

hBN photodetector with 254 nm illumination. (a) adapted from 130. Copyright 2010 American 

Chemical Society. (b) adapted from 128. Copyright 2011 Wiley-VCH. (c) reproduced from 134. 

Copyright 2010 Springer Nature. (d) reproduced from 139. Copyright 2021 American Chemical 

Society. 
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 Its direct, wide bandgap has also made hBN a promising material for UV optoelectronics. 

Photodetectors using an hBN absorber have demonstrated high performance (Figure 1.9d).139,140 

As mentioned above, engineering the defect PL in hBN for single-photon emission is a 

promising area of research in quantum information sciences.127,141 hBN has also been suggested 

as a candidate material for deep ultraviolet lasing,120 but to date this has not been conclusively 

demonstrated. 
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  Phthalocyanines 

Phthalocyanines (Pc) are a broad class of conjugated macrocycles with the structural 

framework shown in Figure 1.10a. Pc are most commonly synthesized from o-phthalonitrile, 

with the metal phthalocyanines (MPc) formed by the addition of a metal salt to the synthesis.142 

They are widely produced industrially as pigments, with annual production of nearly 108 kg per 

year.143 Copper phthalocyanine (CuPc) is widely used as a textile dye and is the single largest 

volume colorant sold, and other Pc have found use in ink toners, plastic plastic coloring, and 

other applications.144 Their popularity as a dye stems from their facile synthesis and exceptional 

stability to high temperatures, light, and solvents.142 

Phthalocyanine Chemistry 

The variety of synthetic modifications possible on Pc has contributed to their variety of 

uses. The fully organic Pc has two hydrogens in the center bonded to opposite nitrogens with a 

D2h symmetry and is referred to as H2Pc. These hydrogens are tautomeric and readily move 

between the central nitrogens.142 MPc can be formed from nearly any metal atom (formally a 2+ 

cation) with smaller metal cations forming planar complexes of D4h symmetry. Larger metals can 

form nonplanar puckered structures, as is the case of PbPc,145 or form larger sandwich complex 

as with many rare-earth metals.146 In the case of smaller, trivalent cations such as boron, three-

fold symmetric subphthalocyanines will form.147  

In addition to changing the central metal, MPc can be chemically modified at several 

points in their structure. Axial bonding of ligands to the central metal can be performed in many 
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cases,148,149 and coordinating solvents like pyridine are known to transiently bond with central 

MPc metals.150 The aromatic periphery of the MPc is also a point for modification. Solubility 

 

Figure 1.10 Phthalocyanine structure. (a) Chemical structure of MPc molecule. (b-i) Electron 

density of frontier and near-frontier orbitals of MPc molecules. (j) Orbital energy levels for 

H2Pc, MPc (M = Fe, Co, Ni, Cu, Zn, Mg) and select fluorinated derivatives. (b-i) Electron 

density of frontier and near-frontier orbitals of MPc molecules. (j) Orbital energy levels for 

H2Pc, MPc (M = Fe, Co, Ni, Cu, Zn, Mg) and select fluorinated derivatives. (b)-(j) reproduced 

from 151. Copyright 2020 the authors, licensed under CC BY-NC-ND. 
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modifying side chains such as alkyl chains152 and sulfonic acids153 are routinely added many 

unmodified  MPc are only soluble in concentrated sulfuric acid.142 Fluorine is another common 

peripheral functionalization group, which generally raises the work function of the MPc154 and 

switches its conduction from p-type to n-type.155 Due to their optical and electronic properties, 

there has also been work on incorporating MPc in polymers156 and 2D networks.157,158  

Due to their planar structure, synthetic diversity, and facile vapor phase deposition, Pc 

molecules are used extensively as model compounds in surface science.159 Films prepared in 

ultrahigh vacuum (UHV) are can imaged by scanning tunneling microscopy (STM) at atomic or 

molecular resolution, and often form ordered monolayers on a variety of surfaces.159 The out-of-

plane orbitals of the MPc metal can interact with surfaces, inducing a “surface-trans effect” on 

axial ligands, or even changing the spin state of the metal.160 

Phthalocyanine Electronic Structure, Spectroscopy 

 The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) orbitals are primarily aromatic π orbitals with little metal character. The 

contributions of the out-of-plane d-orbitals (dxz, dyz, and dz
2) are important to consider as they can 

interact with surfaces The d-orbital contribution to the electronic structure varies with the choice 

of metal, with illustrated by the late 3d block metals (Fe through Zn) and is shown in Figure 

1.10c. The HOMO is entirely C and N π-orbitals, while the LUMO has a small contribution from 

dxz,yz that decreases from 6.5% to 0.3% going across the period from FePc to ZnPc.151 The 

energy and d-character of the HOMO-1 orbital varies strongly with  central metal, going from 
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70% dxz,yz and 0.6 eV below the HOMO in FePc to 30% dxz,yz and 1.9 eV below the HOMO for 

ZnPc.151 It is notable that proper prediction of these trends requires careful DFT calculations. 

Standard functionals like B3LYP do not properly balance long-range Coulomb interactions and 

shorter range exchange, resulting in errors in the d-character of orbitals and orbital energies that 

disagree with experiment.151,161 

 Pc molecules have strong absorption features, as expected given their applications as 

dyes. Their primary absorption (the Q band, S0→S1) is near 670 nm for most MPc in solution, 

with a secondary peak (the Soret or B band, S0→S2) near 340 nm.162 Both of these bands are 

π→π* transitions. An representative absorption spectrum is shown in Figure 1.11a. The Q band 

typically shifts to lower energy in the solid state due to coupling between Pc transition dipoles (J-

aggregates),162 and shifts in the Q band can also be induced by redox, potentially introducing 

new metal to ligand or ligand to metal charge transfer bands.162 

 

Figure 1.11 Phthalocyanine absorption and Raman spectra. (a) example UV-vis absorption 

spectrum of ZnPc in chloroform. The Soret and Q bands are labelled. (b) Raman spectrum of 

ZnPc and (c) CuPc. (d) Polarized Raman spectra of CuPc and H2Pc films on MoS2 with the A1g 

modes highlighted. The change in parallel versus cross polarization in CuPc suggests a π-face-on 
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orientation to MoS2 while the H2Pc is unchanged, suggesting an edge-on orientation. (a) adaped 

from 163. Copyright 2017 Elsevier. (b) and (c) reproduced from 164. Copyright 2001 The Royal 

Society of Chemistry. (d) adapted from 165. Copyright 2019 American Chemical Society. 

 Raman spectroscopy is used extensively to characterize Pc films. The Pc aromatic 

framework is very polarizable, giving rise to intense Raman bands in the region of 600 – 1600 

cm-1 that can uniquely identify each Pc molecule (Figure 1.11b).164,166,167 Group theory can be 

used to deduce the molecular orientation of Pc thin films by collecting Raman spectra in parallel 

and perpendicular polarizations.165,168 The mathematical basis of this method is as follows: D4h 

Pc vibrations of A1g and B1g symmetry have Raman tensors with only diagonal elements. When 

the laser polarization is in the same plane as the Pc molecule,  those diagonal vibrations will not 

alter the polarization of Raman scattered photons. This condition is met when the Pc molecule is 

lying π-face-on for a linear polarized laser normal to the surface. As a result, Raman modes of 

A1g and B1g vibrations will have full intensity when the collected spectrum is parallel polarized 

to the incident laser, and zero intensity when the collection is perpendicularly polarized. When 

those modes have non-zero intensity, the Pc molecule is not lying π-face-on. This method can be 

used to qualitatively compare Pc films as ‘face-on’ or ‘edge-on’, as in Figure 1.11c. 

Phthalocyanine Optoelectronic Devices 

 Due to their intense absorption, Pc molecules have been the subject of intense study for 

organic photovoltaics (OPVs).169 In fact, the first OPV with a non-negligible efficiency was 

fabricated by Tang using a CuPc donor molecule and a perylene acceptor.170 The Pc - C60 

heterojunction was used as a model system for many years after higher efficiency systems were 
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discovered due to the fine control in fabrication that is enabled by vapor deposition.171,172 Pc 

molecules have also found use in photodetectors,173 organic light-emitting diodes (OLEDs),174 

and organic field-effect transistors (OFETs).175 They have also been used in heterojunctions with 

2D materials, which will be discussed in more detail in Chapter 1.4. 

 Pentacene 

Pentacene is a simple five membered fused ring, as shown in Figure 1.12a. It is among 

the most heavily studied organic semiconductors due to its high p-type mobility above 1 cm2 V-1 

s-1.176 It has also drawn intense interest from the spectroscopy and organic photovoltaics 

communities due to  its ability to undergo ultrafast singlet fission on the 100-fs timescale,177 

which may be used for multiexciton generation in solar cells to exceed the Shockley-Queisser 

limit.178 

Structure 

Two polymorphs of single crystal pentacene are discussed in the literature – the 

Campbell phase179 and the Siegrist phase,180 as well as a few minor variations.181 These are 

characterized by their d(001)-spacings, with 14.1 Å corresponding to the Campbell phase and 

14.5 Å corresponding to the Siegrist phase.181 In both phases the pentacene forms a herringbone 

structure with molecules packed edge-to-face to their nearest neighbors. As a thin film, 

pentacene adopts different structures, the most common of which is the aptly named thin-film 

phase.182,183 Figure 1.12b shows a comparison of these three primary phases. Other thin film 

phases are possible, differing mostly in the orientation of the pentacene molecules with the  
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Figure 1.12 Pentacene structure and film morphology. (a) Chemical structure of pentacene. (b) 

Comparison of the Siegrist, Campbell, and thin-film phases of pentacene based on their (001) 

distances. (c) Atomic force microscopy (AFM) images of the morphology contrast between thin-

film and π-face-on phases of pentacene. The dendritic thin-film phase grows on the SiO2 while 

the needle-like π-face-on phase grows on hBN.  (d) Comparison of deposition rate and substrate 

bandgap of representative studies of pentacene film growth. Epitaxial growth typically occurs on 

metallic or vdW substrates at very slow growth rates. Sources: a,184 b,185 c,186 d,187 e,188 f,189 g,190 

h,191 i,192 j,193 k,183 l,194 m,195 n,195 o,196 p,197 q,198 r.199 (a) reproduced from 200. Copyright 2016 

The Royal Society of Chemistry. (c) reproduced from 201. Copyright 2021 American Chemical 

Society. 

substrate – the thin-film phase has pentacene’s long axis nearly perpendicular to the substrate 

while other phases show π-face-on growth with the long axis parallel to the substrate.201,202  

In addition to impacting the crystal structure, the thin film morphology is also impacted 

by substrate and growth conditions.182 The thin-film phase typically appears on oxide substrates 

and grows in a dendritic manner,203,204 while face-on growths will tend instead to form long, 

needle-like structures.201,205 Figure 1.12c illustrates these phases with pentacene grown on both 

SiO2 and hBN. In certain cases, it is possible to grow epitaxial phases of pentacene, where the 

orientation and spacing of the pentacene is determined by the underlying substrate. These films 

are typically grown on a metallic or vdW substrates by molecular beam epitaxy in ultrahigh 



57 

 

 

 

 

 

vacuum.138,192,206 Figure 1.12d summarizes a variety of different substrates, growth rates, and the 

resulting pentacene phase. 

Pentacene Spectroscopy 

 The UV-Vis absorption spectrum of solution and crystalline pentacene is shown in Figure 

1.13a. The lowest energy features at 675 nm and 630 nm correspond to the singlet absorption 

with a large Davydov splitting.207 The magnitude of this splitting and the large energy shift from 

liquid to solid phase indicates strong intermolecular coupling in films.208 The nature of the higher 

energy peaks below 600 nm is debated, with the leading candidates being charge transfer 

excitations209 and vibrational sidebands.207 

 The steady-state photoluminescence spectrum of solid pentacene is dominated by 

excitonic recombination. At high temperatures, only the free exciton recombination is 

measurable at 1.8 eV, while at cryogenic temperatures a lower energy feature at 1.65 eV appears 

that is attributed to the self-trapped exciton.210–212 In addition, higher and lower energy features 

are sometimes measured, corresponding to recombination of charge transfer states197 and 

excitons trapped at extrinsic defects, respectively.212 The structure of pentacene effects the 

energy of these states, with the single crystal pentacene free exciton emitting 40 meV lower 

energy than thin-film free exciton.210,211 This difference is shown clearly in Figure 1.13b. which 

shows the low temperature PL of thin-film pentacene (grown on SiO2) versus a π-face-on phase 

grown on hBN. 

 Most of the interest in pentacene’s optical properties stems from its ability to undergo 

ultrafast triplet fission. In this process, a singlet excited state will relax into two triplet excited 
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states on adjacent molecules. To obey conservation of energy, these triplet states must have less 

than half of the energy of the singlet state. Aside from fundamental photochemical interest, this 

process is interesting in organic photovoltaics. A major assumption of the Shockley-Queisser 

limit is that one absorbed solar photon generates one charge carrier. By creating  more than one 

charge carrier per absorbed photon (multiexciton generation), pentacene can theoretically 

achieve photovoltaic efficiencies higher than the Shockley-Queisser limit.178 For triplet fission to 

be efficient, it must occur faster than competing excited-state process (summarized in Figure 

1.13c), and thus extensive effort has been made into understanding the ultrafast dynamics of 

pentacene.199,208,213 
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Figure 1.13 Pentacene spectroscopy. (a) UV-Vis absorption spectrum of solution phase and 

single crystal pentacene. (b) PL spectra of thin-film pentacene (on SiO2) and π-face-on 

pentacene (on hBN) showing the free- and self-trapped excitonic emission peaks at 1.8 and 1.65 

eV respectively. (c) Jablonski diagram of optical processes in pentacene, illustrating the relevant 

energy levels for singlet fission. (a) reproduced from 207. Copyright 2011 American Institute of 

Physics. (b) reproduced from 201. Copyright 2021 American Chemical Society. (c) reproduced 

from 208. Copyright 2013 American Chemical Society. 

Optoelectronic Devices 

Pentacene has been studied heavily in the context of organic electronics due to its high p-

type mobility. The morphology and purity of pentacene plays an important role in its transport. 

Single crystals produced by chemical vapor transport (CVT) have shown OFET charge 

mobilities up to 58 cm2 V-1 s-1.214 While single crystal CVT pentacene shows the best 
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performance, it is not practical for most applications, which focus on pentacene films produced 

by thermal evaporation. Though early OFETs showed poor performance, shifting focus to the 

pentacene – dielectric interface in the 90s caused a rapid increase in mobilties,215 with self-

assembled monolayer (SAM) – treated SiO2 pentacene OFETs showing mobilities above 1 cm2 

V-1 s-1.216 More recent improvements have incorporated advances to dielectric engineering, such 

as lanthanum niobium oxide (LaxNb1-xOy)
217 or ionic liquids,218 achieving mobilities as high as 

10.6 cm2 V-1 s-1 on LaNbO on Pd-coated Si.219 Another major trend is in synthetic modification 

of pentacene for n-type conductivity.220 

While other molecules now dominate the top performance in OPVs, pentacene continues 

to be studied in this context as a model system.221–223 There is also continued interest in 

pentacene for multiexciton generation.224 These include OPVs with greater than 100% external 

quantum efficiency (EQE),225 as well as application in hybrid organic – nanoparticle226 and dye-

sensitized systems.227 
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 Organic / 2D Heterostructures 

While organic and 2D materials have exceptional properties on their own, there are 

significant opportunities in combining the two into mixed-dimensional heterostructures.228 The 

goal for these interfaces is to synergistically combine the useful properties of the constituent 

materials, as well as to realize new physical phenomena that are not possible in either constituent 

system alone. Both material classes bring different advantages that can be leveraged in such 

heterointerfaces. Organics are synthetically tunable and easy to process through solution or 

vacuum based methods, while 2D materials bring in high electrical performance, strong optical 

responses, and a number of exotic physical phenomena. When combined, organic molecules can 

allow tuning of 2D properties with finer control than is possible in other heterostructures, and 

they enable new device concepts that are not possible with other material systems. 

 Electronic Structure 

When considering the electronic structure of a heterojunction, it is easiest to start by 

considering the materials in isolation. This is used to produce a band alignment diagram, which 

can give a first-order approximation of how the electrons will move when put into the 

heterostructure. A schematic of a band alignment diagram and the types of band alignment is 

shown in Figure 1.14a. This can be used to predict properties like ground state charge 

transfer,229,230 photoinduced charge or energy transfer,165,231,232 photovoltaic effects,68,233 and 

others. 
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While band alignment is useful as a first order prediction, it assumes that the electronic 

structure of the heterojunction constituents does not change after they are put together. This seems 

to be a reasonable assumption at first glance, given that there is no chemical bonding occurring at  

 

Figure 1.14 Electronic structure in organic – 2D heterojunctions. (a) Band alignment and 

heterojunction types. (i) Schematic of a band alignment diagram, with the frontier orbitals of the 

molecule and band edges of the 2D material labelled. The z axis is implicitly energy in these 

diagrams. Possible alignments for a (ii) type-I straddling gap heterojunction, (iii) type-II 

staggered gap heterojunction, and (iii) type-III broken gap heterojunction. (b) Schematic of a 

MoS2 transistor on a self-assembled monolayer (SAM) and a plot of the change in carrier 

concentration in the MoS2 transistor with different SAM end groups, plotted versus the amount 

of transferred charge and the dipole moment. (c) Structures of PTCDA, PTCDI-Ph, schematic of 
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their heterojunctions with MoS2, and the z-direction charge difference in PTCDA and PTCDI-

Ph/MoS2 heterojunctions with isosurface plots of the charge density difference. The red and 

green isosurfaces represent electron accumulation and depletion, respectively. The LUMO π-

orbital energies determine the direction of the charge transfer. (d,e) Energy-momentum angle-

resolved photoelectron spectroscopy (ARPES) intensity maps (hν = 75 eV) of (d) pristine MoS2 

and (e) 0.6 nm of FePc on MoS2. The lowest binding energy features of FePc have intensity 

maxima close to K and M, indicating hybridization between MoS2 states and those of the 

adsorbed molecule. (b) Adapted from 234. Copyright 2014 American Chemical Society. (c) 

adapted from 235. Copyright 2020 Wiley-VCH. (d) and (e) reprinted with permission from 154. 

Copyright 2020 American Chemical Society. 

the interface. But strong interactions can occur even across van der Waals gaps. Consider, as an 

example, the large change to the MoS2 band structure that occurs as it is thinned to the monolayer 

limit, which occurs due to repulsion of orbitals between layers.52 Perturbations to the state band-

alignment model include orbital-specific effects such as hybridization, as well as more general 

effects due to charge transfer and electrostatics. Hybridization in this case refers to the formation 

of emergent mixed-character electronic states in the combined organic-2D system that contain 

contributions to their density from both the organic molecule and the 2D material. If this 

hybridization results in a net change in electron density distribution, then ground state charge 

transfer occurs, effectively donating a fraction of an electron from one material to the other. 

Dipoles and charges in molecules can also change the electronic structure of the 2D material in a 

manner similar to a gate voltage in a transistor, causing the 2D material Fermi level to be displaced 

up or down in energy. All of these effects are interdependent and challenging to deconvolute.        

An informative  system for studying the interdependence of electrostatic and hybridization effects 

are 2D materials exfoliated onto self-assembled monolayers (SAM).234,236 The end group of the 

SAM can be altered with various substituents, which has predictable effects on both charge transfer 

and electrostatics, while its orientation and packing density remain constant. By systematically 
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investigating the change in carrier density in an MoS2 field-effect transistor (FET) versus the 

calculated dipole and charge transfer from the SAM, the relative impact of these two effects can 

be assessed with dipoles typically dominating over ground state charge transfer (Figure 1.14b).5 

Beyond dipole effects, control over molecular charge provides opportunities for dynamically 

tuning organic-2D heterostructure electronic properties. For example, redox of ferrocene237 and 

manipulation of molecular zwitterions238 have been leveraged to alter the electronic response of 

2D material substrates. In addition, molecules with high or low redox potentials can also directly 

transfer charge to 2D material substrates, as shown for benzyl viologen.229 

Many commonly used organic semiconductors such as planar phthalocyanines, acenes, and 

perylenes are neutrally charged and have either small dipoles or no net dipole moment. In these 

cases, hybridization and ground state charge transfer determine the movement of charge carriers. 

For instance, in perylenetetracarboxylic dianhydride (PTCDA)/MoS2 heterojunctions (Figure 

1.14c), hybridization mixes the S pz and Mo dz
2 orbitals near the CBM and the conjugated C pz 

orbitals.239 This hybridization results in a narrowing of the MoS2 bandgap and increases the density 

of states (DOS) near the band edges, causing a large intensity increase and red shift in its 

photoluminescence (PL) spectrum. A net charge transfer also occurs due to redistribution of 

electron density in the resulting hybrid orbitals. This effect becomes more evident when the 

behavior of PTCDA is contrasted with other perylene derivatives such as N,N′‐diphenyl‐3,4,9,10‐

perylenedicarboximide (PTCDI-Ph). In contrast to the planar geometry of PTCDA, PTCDI-Ph 

possesses a bent structure, which results in reduced overlap of the molecular π-orbitals with the 

out-of-plane orbitals in the MoS2 conduction band.235 As a result, the net charge transfer between 
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PTDCI-Ph and MoS2 is reduced (Figure 1.14c), and the surface binding energy calculated from 

density functional theory (DFT) is 30% lower for PTCDI-Ph compared to PTCDA.235 In another 

example, angle-resolved photoelectron spectroscopy (ARPES) has shown that iron phthalocyanine 

(FePc) hybridizes with MoS2 near the Κ point (Figures 1.14d and 1.14e).154 

 Morphology 

The same techniques that are used for organic and 2D materials on their own are used in 

combination to fabricate organic – 2D mixed-dimensional heterojunctions. As with any multi-

step fabrication process, care must be taken to insure material compatibility. Aqueous deposition 

of an organic molecule onto a water-soluble 2D material, for example, is not advisable.  

While fabrication of organic – 2D interfaces is relatively straightforward, predicting and 

understanding the interface structure is more of a challenge. Organic film thickness, morphology, 

and molecular orientation are important but often neglected factors in organic-2D heterojunctions. 

The essential role of these parameters in all-organic electronics is well known. Thus, vdW 

materials provide a unique platform for tuning these properties, even enabling the growth of 

organic phases not observed on other substrates. The orientation of a molecule on a surface is a 

key parameter in controlling its interactions with the surface. The role of orientation has been 

shown in H2Pc and CuPc films on MoS2 (Figures 1.15a and 1.15b). These two similar molecules 

have different orientations on MoS2, with CuPc lying π-face-on while H2Pc stands approximately 

edge-on on MoS2.
165 This orientational difference affects recombination times upon 

photoexcitation, with excitons more readily dissociating into long-lived free carriers in the CuPc-

MoS2 case. Many other large π-conjugated molecules have been shown to orient face-on to 2D 
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materials including pentacene201 and perylenes.240 This orientation is often in contrast to the edge-

on orientations on more common surfaces such as SiO2 and sapphire.165,201 This qualitative 

difference in thin-film growth has led to the emergence of vdW materials, particularly hexagonal 

boron nitride (hBN), as promising substrates for templating the epitaxial growth of functional 

organic molecules.138  

 

Figure 1.15 Organic – 2D morphology (a) Transient absorption traces of monolayer MoS2 and its 

heterojunction with CuPc and H2Pc. A long-lived charge separated state is present only in the CuPc 

heterojunction. (b) Polarized Raman spectra of CuPc and H2Pc on MoS2. The change in intensity 

of the highlighted modes in parallel and perpendicular polarizations indicates that CuPc has a face-

on orientation with respect to the MoS2 plane, whereas H2Pc has a significant tilt angle. (c) Optical 

microscopy image of a 20 nm pentacene film deposited on multilayer hBN and a SiO2 substrate. 
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Pentacene forms a typical dendritic thin-film phase on SiO2 but grows in a unique needle-like π-

face-on phase on hBN.(d) HOMO-VBM energy offset as a function of ZnPc thickness at the 

interface of ZnPc-monolayer-MoS2 and ZnPc-bulk-MoS2 heterostructures as deduced from 

photoelectron spectra. The film thickness can change the band alignment in this organic-2D 

heterostructure by several hundred meV. (a) and (b) adapted from 165. Copyright 2019 American 

Chemical Society. (c) reproduced from 201. Copyright 2021 American Chemical Society. (d) 

reproduced from 241. Copyright 2019 American Chemical Society 

       The orientation of organic adlayers has clear effects on the resulting properties of organic-2D 

heterostructures. As noted above, pentacene grows π-face-on for hBN substrates versus edge-on 

for SiO2 substrates.184,201,242 Thus, hBN templates a unique thin-film phase for pentacene that 

exhibits a needle-like morphology in contrast to the dendritic motif typical of the thin-film phase 

of pentacene on SiO2 (Figure 1.15c).201 Interestingly, the optical response of the π-face-on phase 

is notably different from the edge-on phase, showing PL more closely resembling that of single-

crystal pentacene than that of thin-film pentacene, as well as different temperature dependencies 

and decay times.201 At thicknesses greater than 10-20 nm, pentacene growth on hBN can transition 

from π-face-on to an edge-on phase similar to its bulk crystalline phase. Ambipolar transport is 

also observed in pentacene FETs on hBN due to differing charge transport characteristics in the 

edge-on compared to face-on regions of the film.184 This transition in orientation also depends on 

the growth method. In particular, pentacene grown by organic molecular beam epitaxy on MoS2 

does not exhibit the face-on to edge-on transition and instead grows π-face-on uniformly.242 The 

deterministic growth of different organic thin-film phases on vdW materials is just beginning to 

be explored and thus represents significant opportunities at the intersection of organic 

optoelectronics and 2D inorganic materials. 
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        Beyond orientation and morphology, the thickness of the organic film is another critical 

parameter in organic-2D heterojunctions. For example, the performance of CuPc-MoS2 

photodetectors is dependent on the thickness of the CuPc adlayer with the performance peaking at 

a CuPc thickness of 2 nm, which suggests that it is not limited by optical absorption or exciton 

diffusion.243 Instead, band bending can be a major thickness-dependent factor. Specifically, 

photoelectron spectroscopic measurements on the ZnPc-MoS2 heterojunction in Figure 1.15d 

show that the ZnPc HOMO energy changes by over 100 meV in the range of 0.5 - 5.0 nm ZnPc 

thickness, with an even greater change on bulk MoS2 compared to monolayer MoS2.
241 This band 

bending influences the dynamics of photoinduced charge transfer, changing the energies of charge 

transfer states, the energetic barriers to electron transfer, and the dynamics of back electron 

transfer.241 Organic bandwidth also varies with thickness. Thicker molecular layers create a greater 

density of states for donating or accepting electrons, which can significantly influence charge 

transfer.244,245 It should be emphasized that these effects are not captured in simple energy level 

alignment diagrams since these models are typically based on isolated molecules and thus do not 

include the influence of molecular adlayer thickness. 

 Spectroscopy 

The formation of an organic – 2D interface will alter the photonic response of the 

materials and potential host emergent phenomena.246 These spectroscopic changes contain rich 

information about the coupling between the two materials, and can potentially be used in novel 

applications. 
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Figure 1.16 Spectroscopy of organic – 2D heterojunctions. (a) UV-Vis absorption of a CuPc – 

MoS2 heterojunction shows an a new peak associated with delocalization of the CuPc Q band 

into the MoS2. This will be discussed in more detail in Chapter 2. (b) Raman spectra of an equal 

thickness of CuPc deposited on graphene, hBN, MoS2, and SiO2, showing Raman enhancement 

of the CuPc on different the 2D substrates. (c) PL spectra of the OPV polymer PTB7, MoS2, and 

their heterojunction shows mutual PL quenching characteristic of photoinduced charge transfer 

in a type-II heterojunction. Inset shows the small remnant PL signal from the heterojunction. (a) 

reproduced from 66. Copyright 2019 American Chemical Society. (b) reproduced from 247. 

Copyright 2014 American Chemical Society. (c) reproduced from 68. Copyright 2016 American 

Chemical Society. 

 Electronic coupling between the molecule and 2D material, for example, can alter various 

spectra. Pc deposited on MoS2, for example, shows a significant red-shift of its Q band as 

electrons in the Pc delocalize on the MoS2 (Figure 1.16a).66 New absorption peaks can appear 

due to charge transfer excitations.248 Raman enhancement of molecules on 2D materials is also 

inherently related to this electronic coupling via the ‘chemical’ mechanism of surface enhanced 

Raman scattering.249,250 The results in moderate enhancement factors (10-100) when the 

molecular orbitals are coupling to the 2D bands (Figure 1.16b),66,247 and even higher 

enhancement (>105) when the Raman laser is tuned to a charge transfer excitation.248 

 The PL spectra of heterojunctions also contains a multitude of information about the flow 

of charges in the system. Mutual PL quenching in a type-II heterojunction is a tell-tale sign of 



70 

 

 

 

 

 

charge transfer, (Figure 1.16c)68 which has been shown to occur in organic – 2D systems on 

ultrafast (<1 ps) timescales.165,231 In addition, type-I heterojunctions can also enhance the PL of 

narrow bandgap component through energy transfer.251 Existing PL peaks can shift due to doping 

or charge addition/depletion changing neutral exciton to trion ratios in TMDs. New peaks can 

also emerge in PL spectra that correspond to formation of unique organic phases201 or 

recombination of charge-transfer excitons.252 Molecular adsorbates can also enhance PLQY by 

passivating defects,84,253 though this process only works at low powers and above cryogenic 

temperatures.81,254 

 Devices 

Organic materials are often used to modify the properties of a 2D material-based device. 

They can be used as dopants by directly transferring charge due to high or low redox 

potential,229,230 or they may alter the carrier density of a 2D device through ground state charge  
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Figure 1.17 Organic – 2D devices. (a) Threshold voltage and carrier concentration in an MoS2 as 

a function of CuPc thickness. CuPc depletes carriers in MoS2, increasing the threshold voltage 

and acting effectively as a p-dopant. (b)Transfer curves of an MoS2, pentacene, and overlapping 

pentacene - MoS2 transistors. MoS2 and pentacene act as typical n- and p-type FETs, 

respectively, but when a gating electric field can penetrate both components, their overlapping 

film produces a unique anti-ambipolar transfer curve. (c) J-V curve of a PTB7 – MoS2 20 nm 

thick photovoltaic cell shows an open circuit voltage of 0.2 V and short circuit current of ~2 

mA/cm2. (d) Photoresponse of MoS2 only and H2Pc – MoS2 hybrid photodetector, normalized to 

the performance at 2.5 eV. Absorption and excited state charge transfer by the H2Pc greatly 

improves the photoresponse and spectral range of the photodetector. (a) reproduced from 243. 

Copyright 2015 The Royal Society of Chemistry. (b) reproduced from 233. Copyright 2016 

American Chemical Society. (c) reproduced from 68. Copyright 2016 American Chemical 

Society. (d) reproduced from 255. Copyright 2020 American Chemical Society. 
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transfer or charge depletion (Figure 1.17a).256 Molecular layers have also been used extensively 

in the semiconductor – dielectric and semiconductor – contact interface to passivate traps, unpin 

Fermi levels, and improve performance.257 The ability to apply a gate voltage through the 2D 

layer also enables novel device concepts in mixed-dimensional heterojunctions, such as 

antiambipolar transistors, as shown in Figure 1.17b.233 

The charge and energy transfer characteristics of organic – 2D heterojunctions can also 

be used in optoelectronic devices. Ultrathin polymer – MoS2 junctions have shown high record 

performance per unit thickness, (Figure 1.17c)68 and 2D materials have been used as a mobility-

improving additive in bulk heterojunction OPVs.115 Deposition of molecules can be used to 

extend the spectral range of 2D photodetectors (Figure 1.17d)243,255 as well as speed their 

performance.258 Using photoswitches or photochromic molecules in devices also enables 

reconfigurable responses.259 This can be used to alter the electronic coupling between two 

heterojunction components,260 or to change the electrostatic environment of an FET.261 
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*Chapters 1.5.1 and 1.5.2 were adapted with permission from 262. Copyright 2021 American 

Chemical Society.   



74 

 

 

 

 

 

 

2. Electronic Coupling in Metal Phthalocyanine – MoS2 

Heterojunctions 
 

  Abstract 

Mixed-dimensional heterojunctions, such as zero-dimensional (0D) organic molecules deposited 

on two-dimensional (2D) transition metal dichalcogenides (TMDCs), often exhibit unique 

interfacial effects that enhance the properties of the individual constituent layers. Here we report 

a systematic study of interfacial charge transfer in metallophthalocyanine (MPc) – MoS2 

heterojunctions using optical absorption and Raman spectroscopy to elucidate M core (M = first 

row transition metal), MoS2 layer number, and excitation wavelength effects.  Observed 

phenomena include the emergence of heterojunction-specific optical absorption transitions and 

strong Raman enhancement that depends on M identity. In addition, the Raman enhancement is 

tunable by excitation laser wavelength and MoS2 layer number, ultimately reaching a maximum 

enhancement factor of 30x relative to SiO2 substrates. These experimental results, combined with 

density functional theory (DFT) calculations, indicate strong coupling between non-frontier MPc 

orbitals and the MoS2 band structure as well as charge transfer across the heterojunction interface 

that varies as a function of the MPc electronic structure. 

  Introduction 

Transition metal dichalcogenides (TMDCs) are an emerging class of two-dimensional (2D) 

materials with many desirable semiconducting characteristics.263–265 In particular, their tunable 
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optical and electronic properties offer applications in diverse nanoscale optoelectronic devices, 

ranging from field-effect transistors (FETs)266 to photonic circuits.267 The van der Waals bonding 

between the 2D layers of TMDCs also facilitates the realization of lateral233,268,269 and vertical270–

272 heterojunctions composed of TMDC layers and other distinctive low-dimensional 

materials.243,248,267,273 Organic π-electron molecules are attractive components of such 

heterojunctions due to their facile film processing as well as widely tunable structural and 

electronic properties.228 Within this class, metallophthalocyanines (MPcs) are particularly 

intriguing due to their planar, conjugated structures and well-defined surface chemistries,159 which 

offer significant electronic tunability as a function of the metal M274,275 or peripheral substituents, 

while maintaining near-constant molecular core geometries.161,276  

       Mixed-dimensional heterojunctions based on zero-dimensional (0D) organic dye molecules 

and 2D TMDC heterojunctions have been realized for diverse classes of TMDCs,247,248,277–280 

where the organic dye molecules have often been used to enhance the response of 

photodetectors.243,258 While these early studies revealed the potential utility of organic–TMDC 

heterojunctions in optoelectronic applications, the underlying physical mechanisms that govern 

electronic and optical properties are not fully understood.  For example, the optical cross-sections 

and Raman response of MPc–TMDC heterojunctions as a function of TMDC layer number and 

transition metal (M) identity have been sparsely investigated.247,281,282 

       Here we systematically probe MPc–MoS2 heterojunctions with ultraviolet-visible (UV–Vis) 

optical absorption spectroscopy and Raman scattering. The emergence of new optical transitions 

arising from the formation of the MPc–MoS2 heterojunction provides insight into charge transfer 
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that is sensitive to the MPc transition metal (M = Co, Ni, Cu, Zn). Furthermore, density functional 

theory (DFT) modeling of the phthalocyanine–MoS2 heterojunction reveals a type-II band 

alignment with the highest occupied molecular orbital localized on the Pc ligand and the lowest 

unoccupied orbital on MoS2 in addition to further details concerning charge transfer.  Raman 

enhancement of key MPc skeletal modes upon heterojunction formation is also observed, and is 

similarly dependent on the M identity, the excitation laser wavelength (473 nm, 532 nm, and 633 

nm), and the number of MoS2 layers (monolayer, bilayer, trilayer, and bulk). The electronic 

structure calculations provide molecular-scale insight into these phenomena, including a 

correlation between the Raman enhancement and the energy of the MPc out-of-plane d-orbitals. 

Overall, this work highlights the role of the MPc electronic structure in modulating charge transfer 

across MPc-TMDC heterojunctions, which will inform ongoing efforts to utilize these mixed-

dimensional heterojunctions in both fundamental studies and optoelectronic applications. 

  Results and Discussion 

MoS2 samples were prepared by chemical vapor deposition (CVD) on sapphire substrates or 

micromechanical “Scotch Tape” exfoliation on SiO2 substrates (see Methods for details). The 

resulting samples were characterized by optical microscopy (Figure 2.1a), atomic force 

microscopy (AFM) (Figure 2.1b), and Raman spectroscopy (Figure 2.1c) to identify the number 

of MoS2 layers. Films of various metallophthalocyanines (CoPc, NiPc, CuPc, ZnPc) and metal-

free phthalocyanines (H2Pc) were purified by vacuum temperature gradient sublimation, and then 

deposited by thermal evaporation on the MoS2 samples in addition to pristine reference SiO2 and 

single-crystal sapphire substrates (see Methods for details). After deposition, the presence of the 
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Pc was confirmed by Raman spectroscopy,247 and X-ray photoelectron spectroscopy (XPS) 

quantification was performed to verify that the Pc sticking coefficients are equal on MoS2 and 

sapphire (Figure 2.2). Figures 2.1d-f schematically depict the MPc and MoS2 atomic-level 

structures and the anticipated face-on adsorption geometry of MPc molecules on the MoS2 

surface.283  

                     

Figure 2.1 (a) Optical image of an exfoliated MoS2 film. (b) The AFM profile indicates 

monolayer thickness. (c) Raman signal of a MoS2 film corresponding to monolayer response. (d) 

Structure of an MPc molecule where M = Co, Ni, Cu, Zn or metal-free H2Pc. (e) Schematic 

cross-sectional structure of single-layer MoS2. (f) Schematic of the anticipated adsorption 

geometry of MPc molecules on the MoS2 basal plane. 

   Optical absorption measurements were performed on CVD-derived MoS2 films grown on 

sapphire substrates. UV–Vis spectra of the MPc – MoS2 heterojunctions show an emergent feature 
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near 700 nm that is absent in both the MoS2 and MPc reference spectra (Figure 2.3a). Subtraction 

of the pre-deposition MoS2 spectrum from the heterojunction shows features similar to the pristine 

MPc absorption in addition to the new peak (Figure 2.3b), confirming that this is a new transition 

rather than an extreme redshift of the MPc absorption. The gas-phase type-II alignment of the MPc 
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Figure 2.2 X-ray photoelectron spectra (XPS) of MPc metal core electrons (a, b: Co 2p; c, d: Ni 

2p; e, f: Cu 2p; g, h: Zn 2p) with identical film thickness on sapphire or CVD MoS2 – sapphire 

substrates. Peak integrations indicate similar amounts of MPc is deposited on sapphire vs. MoS2.  

Due to the insulating substrate and long collection times, significant charging effects occur 

despite the use of a charge compensation gun. This causes large shifts in the peak positions, 

meaning subtle changes in chemical state on sapphire vs MoS2 are not observable. The charge 

compensation also causes reduction of the Cu2+ species over time, which yields the different 

peak structure in the Cu 2p spectra on sapphire vs MoS2. 

orbitals with respect to the MoS2 bands (Figure 2.3c)41,258,274,275 suggests that this feature is a 

charge-transfer transition from the MPc highest occupied molecular orbital (HOMO) to the MoS2 

conduction band minimum (CBM), in agreement with a previous assignment based on MoS2 

quantum dots suspended in an H2Pc solution284 and photoelectron spectroscopy of ZnPc on 

MoS2.
285 The present ACT peak is also evident in metal-free H2Pc–MoS2 heterojunctions, which 

suggests that the MPc HOMOs participating in the charge transfer have a primarily π-character. 

The ACT peak energy weakly depends on the metal in the MPc, varying from 730 nm for metal-
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free H2Pc to 700 nm for CoPc and NiPc, with Cu and Zn slightly redshifted (~710 nm). See Figure 

2.4 for the full absorption spectra. This 80 meV shift in the ACT peak energy correlates with the 

frontier Pc metal d-orbital, with Co (d7) and Ni (d8) at similar wavelengths. Likewise, Cu (d9) and 

Zn (d10) have similar energies. The dependence on orbital filling indicates that d-electrons, while 

only weakly involved in the ACT transition, play a role in the electronic band-offsets between the 

MPc and MoS2. Similar effects have been reported for the coupling of MPc molecules to other 

semiconductor surfaces.286  
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Figure 2.3 (a) Optical absorption spectra of pristine MoS2, CuPc, and CuPc – MoS2 

heterojunction films. The new transition at 710 nm is denoted ACT. (b) Optical absorption spectra 

of a pristine CuPc film, the CuPc – MoS2 heterojunction, and the difference spectrum of the 

CuPc – MoS2 heterojunction and pristine MoS2 absorption. (c) Proposed origin of ACT as a direct 

transition from the MPc HOMO to the MoS2 CBM. 
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Figure 2.4 Absorption spectra of monolayer chemical vapor deposition grown MoS2, 0.4 nm of 

Pc, and MoS2 with 0.4 nm Pc deposited. The emergent charge-transfer absorption is labeled ACT. 

All spectra were taken on sapphire substrates. 
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      Further evidence for this interpretation of the optical absorption spectra is provided by DFT 

modeling. Figure 2.5 shows the computed vacuum level alignment of the individual 

phthalocyanine–MoS2 system components. Following literature approaches,275 the HSE hybrid 

functional287 was employed to describe the MPc gas-phase electronic structures. For all cases, we 

find that the HOMO is localized primarily on the organic sublattice (a1u). All molecules are found 

to be in their low-spin configurations with the b2g (dxy) and b1g (dx2-y2) orbitals singly occupied for 

CoPc and CuPc, respectively, in agreement with experiment. While consistent with previous 

hybrid functional descriptions of MPc, these results differ qualitatively from local and semilocal 

density functional descriptions that predict a change in the HOMO composition based on the d-

shell  

              

Figure 2.5 (a) Electronic structure of Co, Ni, Cu, Zn, and metal-free phthalocyanines in the gas 

phase computed using the HSE functional. For all molecules, the HOMO has a strong π-character. 

Orbital symmetries are labelled for the MPc (H2Pc has a lower symmetry and distinct irreducible 

representations). All molecules are found in their low-spin configuration with the b2g (dxy) and b1g 
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(dx2-y2) orbitals being singly occupied for CoPc and CuPc, respectively. The density of states of 

MoS2 with respect to vacuum energy is shown at the right, along with the change in level alignment 

(PBE) of an H2Pc molecule upon forming a heterojunction with MoS2. (b) Representative electron 

densities of the indicated orbitals as well as their symmetry labels. 

 

 

occupancy, indicating the significant effect of self-interaction corrections. The HOMO–LUMO 

gap in the gas phase contracts weakly with the d-shell occupancy, from 1.85 eV in CoPc to 1.80 

eV in ZnPc. In contrast, the HOMO – HOMO-1 energy difference strongly varies with d 

occupancy from 1.14 eV in CoPc to 1.43, 1.29, and 1.66 eV in NiPc, CuPc, and ZnPc, respectively.  

       Using Tkatchenko-Scheffler van-der-Waals corrections,288 we find that the H2Pc molecule 

adsorbs with a binding energy of 1.635 eV/molecule and an equilibrium distance of 3.3 Å above 

MoS2 basal plane. The resulting electronic structure is fully consistent with the present 

experiments since H2Pc/MoS2 is found here to be a type-II heterojunction, with a HOMO energy 

~0.4 eV lower than in the gas phase and well within the MoS2 band gap (see Figures 2.3c and 2.5). 

This energy difference is a consequence of the pronounced interface dipole, with all molecular 

levels experiencing a similar downshift.   

       To further probe the nature of the MPc – MoS2 coupling at smaller length scales and without 

the spatial variability in defect density and doping inherent in CVD-derived MoS2 films, we 

investigated the MPc dependence in the heterojunction by surface-enhanced Raman spectroscopy 

(SERS) on mechanically exfoliated (“Scotch Tape”) MoS2.  SERS has been observed in similar 

organic–MoS2 and MPc–MoS2 systems,247,248,277,278 where the semiconductor is known to be 

strongly responsive to charge transfer dynamics.248,249,273,289–292  The MoS2 in this case was 
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exfoliated onto 285 nm thick SiO2 (see Methods) to increase optical contrast and allow collection 

of sufficient MPc Raman signal on this substrate as compared to sapphire substrates. AFM images 

of the MoS2 before and after deposition of MPc (Figure 2.6) show the presence of ~50 nm diameter 

aggregates uniformly distributed across the surface, though more precise characterization is 

limited by strong AFM tip – MPc interactions that cause extensive streaking and tip artifacts in the 

images. The laser spot used for prolonged Raman and photoluminescence collection (> 120 sec) 

is readily apparent in Figure 2.6b as a circle of larger aggregates. To prove that heating is the cause 

of this increased aggregation, the sample was then placed on a 250 °C hot plate in an inert N2 

atmosphere for 30 min. This treatment caused the small CuPc particles to coalesce into a few large 

aggregates as seen in Figure 2.6b inset. To avoid this local heating induced aggregation, the laser 

excitation conditions were maintained below 150 μW and 60 sec.  

 

Figure 2.6 (a) AFM image of SiO2, monolayer, and bilayer MoS2 flakes before deposition of MPc. 

(b) AFM of the same location following deposition of 0.4 nm CuPc. Note the circle of larger CuPc 

aggregates due to prolonged exposure to the Raman laser. (b inset) The same location following a 
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30 minute anneal at 250 °C under an N2 atmosphere. Note that the CuPc particles have coalesced 

into larger aggregates. 

      The Raman intensity enhancement factor, EREL, is calculated by dividing the signal intensity 

of a given MPc vibrational mode on the MoS2 by the signal intensity on bare SiO2 (eq. 1).  

                              𝐸𝑅𝐸𝐿 =
𝐼𝑀𝑜𝑆2

𝐼𝑆𝑖𝑂2

                                                                                     (1) 

      Based on prior XPS quantification (Figure 2.2), we assume that the MPc coverage is nearly 

equal on MoS2 and SiO2. Previous work has shown that the first deposited layer of MPc on bulk 

MoS2 lies face-on.283 Since the MPc Raman peaks maintain identical intensity ratios for all 

thicknesses, we expect the same orientation for the Pc molecules from bulk down to monolayer 

MoS2.
293

 Representative spectra and layer-dependent enhancement results are presented in Figure 

2.6. 

      The effects of laser wavelength and MPc metal identity on Raman scattering are summarized 

in Figure 2.6a. EREL is far greater at 633 nm than at shorter wavelengths. The observed 

enhancement near the resonance at 633 nm follows an M atomic number trend (Figure 2.7a). Going 

across the period, CoPc shows the highest EREL followed by NiPc and then CuPc, with ZnPc and 

H2Pc exhibiting essentially negligible Raman enhancement. In terms of wavelength dependence, 

the Raman enhancement factor increases with increasing wavelength. At 473 nm, the intensity of 

most MPc Raman modes is immeasurably low, whereas at 532 nm excitation, the enhancement is 

2 – 4x that of the signal on SiO2. Ultimately, at 633 nm excitation, the enhancement at the 

heterojunction increases by another 10x, up to an overall 30x for CoPc. This wavelength coincides 

with major optical absorption features of both the CoPc and MoS2. Prior work and theory has 
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shown that large Raman enhancement factors of other organic dye molecules on MoS2 can be 

achieved by matching the laser excitation energy to excitonic or charge transfer resonances in the 

dye–MoS2 system,248,249 in agreement with the present observations. The trend in resonant 

enhancement is not correlated with the MPc optical absorption but does track the Periodic Table 

first-row transition metal progression with a maximum EREL for CoPc, decreasing for NiPc and 

CuPc, and with almost no enhancement for ZnPc. This trend can be understood in terms of the 

decreasing energy of orbitals with strong out-of-plane d-character (i.e., dxz, dyz, and dz
2) lying 

below the predominantly π-HOMO, which should also fall in energy relative to vacuum due to the 

is further confirmed by Raman spectroscopy of metal-free H2Pc similarly deposited on MoS2, 

which shows negligible enhancement of the Raman signal despite 633 nm being resonant with the 

intense H2Pc optical absorption. 
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Figure 2.7 (a) Relative MPc-MoS2 heterojunction Raman enhancement factors (633 nm laser 

excitation) showing a decrease with increasing M atomic number. (top inset) Excitation 

wavelength-dependent enhancement shows a steady increase as the wavelength is changed from 

non-absorbing (473 nm) to on-resonance with the MPc Q-band π → π* absorption and MoS2 

exciton absorption. (b) Dependence of CuPc Raman spectra (532 nm laser source) on MoS2 

thickness.  

       The d-orbital hypothesis is also supported by DFT calculations (Figure 2.5a), which show that 

the energy of the eg (dxz, dyz) orbitals decreases from 1.14 eV below the HOMO in CoPc to 1.43, 

1.78, and 1.85 (eV) below the HOMO for NiPc, CuPc, and ZnPc, respectively (Figure 2.5a). We 

hypothesize that the energy of these orbitals relative to the MoS2 valence band maximum controls 

the mixing of the optical excitations of MoS2 and MPc, which becomes less effective as the d-
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orbital energies decrease. A similar but lesser trend is evident in the MPc LUMO, which also has 

out-of-plane d-orbital character (eg) and decreases in energy across the period from -3.19 eV in 

CoPc to -3.28 eV for ZnPc. Consequently, mixing/back-bonding from the MoS2 CBM to the MPc 

LUMO may also play a role.  

      Theoretical and experimental work on non-plasmonic (chemical) SERS points to the important 

role of hybridization between adsorbed molecules and the surface in increasing polarizability and 

thus increasing the Raman signal enhancement.249,273,292 A similar trend has also been observed in 

the high-resolution electron energy loss Raman spectrum of MPcs on graphene–Ni(111),294 which 

show decreasing metal–graphene bonding character as the MPc d-orbitals are filled. This behavior 

highlights the important role of non-frontier orbitals (i.e., not HOMO or LUMO) in tuning the 

properties of mixed-dimensional heterojunctions. 

       As shown in previous work, Raman enhancement of adsorbate spectra on TMDCs depends on 

the number of TMDC layers, with decreasing enhancement as TMDC layer number increases as 

studied under 532 nm illumination.247,248,295 This behavior has been attributed to increased 

absorption by the underlying MoS2.
247 Similar trends are noted in the present study with CuPc, 

ZnPc, and H2Pc. In these cases, as exemplified by the CuPc data (Figure 2.8), the trend of 

decreasing Raman enhancement with increasing MoS2 layer number is clearly evident.  A notable 

exception to this trend is the CoPc- and NiPc–MoS2 heterojunction under 633 nm excitation, which 

both increases in enhancement on bilayer MoS2, to 48.2 and 26.5 respectively, before ultimately 

decreasing at the bulk limit. This exception has not been reported in the previous literature since 

MPc–MoS2 heterojunction systems have not been studied systematically under near-resonant 
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conditions. We hypothesize that this divergence from previously reported trends is due to 

particularly favorable charge transfer between CoPc and MoS2. A full listing of EREL values of the 

MPc at different MoS2 thicknesses are found in Table 2.1 (633 nm excitation) and Table 2.2 (532 

nm excitation). 

 

Figure 2.8 (a) Mean Raman enhancement factors for CoPc- and NiPc-MoS2 heterojunctions 

using 532 nm and 633 nm lasers reveal the general trend of decreasing enhancement as the MoS2 

layer number increases from monolayer to bulk. (b) Optical image of a MoS2 flake with areas of 

single-layer (1L), bilayer (2L), trilayer (3L), and multilayer (ML) (> 30 nm). (c) Corresponding 

map of Raman intensity of the CuPc B2g ring stretching mode at 1530 cm-1. 
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Table 2.1 EREL (standard deviation) for each phthalocyanine and layer number with 633 nm excitation laser 

 1L 2L 3L Bulk 

CoPc 25.8 (3.2) 48.2 (10.2) 14.8 (2.1) 1.7 

NiPc 23.4 (3.6) 26.5 (7.2) 14.1 (1.3) 0.5 

CuPc 9.2 (0.9) 6 (0.8) 5.1 (1.0) * 

ZnPc 4.9 (0.7) 4.9 (1.7) 2.1 (0.3) 0.6 

H2Pc * * * * 

*Signal too weak to measure 

 

Table 2.2 EREL (standard deviation) for each phthalocyanine and layer number with 532 nm excitation laser 

 1L 2L 3L Bulk 

CoPc 2.5 (0.3) 2.1 (0.1) 1.7 (0.2) * 

NiPc 2.9(0.2) 1.8 (0.2) 2.2(0.1) * 

CuPc 3.9 (0.1) 2.7 (0.2) 1.6 (0.1) * 

ZnPc 0.6 (0.1) 0.5 (0.2) * * 

H2Pc 1.6 (0.4) 1.4 (0.6) 0.9 (0.3) * 

*Signal too weak to measure 

      In summary, we have systematically probed the coupling in mixed-dimensional 

heterojunctions between 0D metallophthalocyanine molecules and 2D MoS2 using UV–Vis 

absorption, Raman spectroscopy, and DFT modeling. The appearance of a new optical absorption 

feature arising from MPc–MoS2 heterojunctions demonstrates optically-stimulated charge transfer 

that is dependent on the MPc transition metal core identity.  Raman enhancement studies further 

characterize the interfacial charge transfer and reveal a trend correlating with MPc metal d-orbital 

occupancy, which is analogous to a charge transfer absorption model. Together these results point 

to the critical role of non-frontier orbitals in mediating the exchange of charge across the interface 

in phthalocyanine–MoS2 heterojunctions. By providing mechanistic insight into charge transfer 

between MPcs and TMDCs, this work provides direct guidance to ongoing efforts to utilize mixed-

dimensional heterojunctions in electronic and optoelectronic applications.  
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  Methods 

Monolayer to few-layer samples of MoS2 were prepared using the “Scotch Tape” method of 

micromechanical exfoliation onto SiO2 substrates. This technique ensures single crystal quality and 

clean surfaces as mono to few layer stacks are left behind in cleaving the bulk crystal. Following 

exfoliation, samples were annealed at 300 °C in an inert Ar/H2 atmosphere to remove any remnant 

tape residues.  Monolayer CVD MoS2 films were grown directly on single-crystal sapphire 

substrates (MTI) using MoO3 (Millipore Sigma) and sulfur (Millipore Sigma) powder precursors, 

following a previously reported procedure.68 Samples were characterized before MPc deposition 

using AFM, Raman, and photoluminescence measurements at room temperature to confirm their 

quality and pre-deposition behavior. AFM was used to confirm smooth surface morphology as 

well as to determine the flake thickness (Asylum Cypher AFM, tapping mode with NanoWorld Si 

cantilever NCHR-W, resonant frequency ~300 kHz). Raman and photoluminescence 

measurements were carried out with 473 nm, 532 nm, or 633 nm laser excitation (Horiba Raman 

XPlora for 473 nm and 532 nm, Princeton Instruments Acton TriVista Raman System for 633 nm), 

with less than 150 μW power and an 1800 grooves/mm diffraction grating. 

      Metallophthalocyanines were purchased from Sigma Aldrich and purified by temperature 

gradient sublimation. Films were deposited by thermal evaporation following published 

methods:243 a bell jar containing the Pc in an alumina boat under a shutter was pumped below 10-

5 Torr, after which current was passed through the boat until a steady deposition rate of 0.10 to 

0.20 Å/s was reached, as monitored by a quartz crystal microbalance (QCM). Once a steady rate 

was reached, the shutter was opened and 4 Å of MPc was deposited, which is approximately one 
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monolayer. Following MPc deposition, the films were again evaluated by AFM and Raman. Due 

to the strong interactions between the MPc molecules and the AFM tip, post-deposition images 

were difficult to collect and as a result can only qualitatively verify the presence of MPc but 

provide no quantitative information about film thickness.  Sticking coefficients were evaluated by 

monitoring typical depositions on sapphire substrates and thin layers of MoS2 grown by CVD. The 

amount deposited was quantified by X-ray photoelectron spectroscopy by comparing the 

integration of the M peak from the MPc on the different substrates following charge correction to 

the adventitious C 1s peak at 284.8 eV. 

      Density functional theory calculations were carried out using the plane wave basis set code 

Quantum-Espresso.296 Exchange and correlation interactions were described using the Perdew-

Burke-Ernzerhof (PBE) of the generalized gradient approximation (GGA)297 unless otherwise 

stated. Optimized norm-conserving pseudopotentials298 were used to describe electron-nuclei 

interactions. A wavefunction cutoff of 85 Ry and Gamma-centered k-point sampling was used. K-

point mesh of 9  9  1, and 2  2  1 were used for monolayer MoS2 with unit cell dimension of 

3.18  3.18  31.13 (Å), and H2 Pc – MoS2 system with supercell of 16.43  15.81  31.13 (Å), 

respectively, both with vacuum region larger than 24 Å. All parameters were tested in order to 

achieve convergence of 0.001 eV/atom in total energy and 10-6 eV in electronic energy. The 

supercell dimension and number of atoms (30 Mo and 60 S atoms) for H2Pc – MoS2 system were 

similar to a previous study.299 Tkatchenko-Scheffler dispersion corrections288 were used to 

describe van der Waals interactions between H2 Pc and MoS2. MPc molecules were calculated 

using Heyd–Scuseria-Ernzerhof287 (HSE06) screened hybrid functional as it could predict correct 
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HOMO–LUMO gaps, closest to experimental results, as opposed to PBE or other hybrid 

functionals for those systems.275 

*This chapter was originally published in ACS Nano in 2019. Reprinted with permission from 66. 

Copyright 2019 American Chemical Society.  
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3. Quenching of MoS2 Defect Photoluminescence by Non-Frontier 

Orbitals in Metal Phthalocyanines 
 

  Abstract 

Point defects play an important role in determining the optical and electrical properties of 

monolayer semiconductors such as MoS2. Although structure of various defects in monolayer 

MoS2 is well studied, very little is known about the optical properties of fluorescent defect species 

in MoS2. Here we demonstrate quenching of the low-temperature defect photoluminescence (PL) 

in MoS2 by the deposition of metallophthalocyanines (MPc). The quenching is found to 

significantly depend on the identity of the phthalocyanine metal, with the quenching efficiency 

decreasing in the order CoPc, CuPc, ZnPc, with almost no quenching by metal-free H2Pc. Time 

correlated single photon counting (TCSPC) measurements corroborate the observed trend, 

showing decreased defect PL lifetime in MPc – MoS2, and gate voltage dependent PL also reveals 

suppression of the defect emission even at large Fermi level shifts.  Computational analysis reveals 

that the MPc complexes stabilizes dark, negatively charged defects over luminescent neutral 

defects. Furthermore, there is a correlation between the observed PL quenching and the energy of 

the out-of-plane MPc d-orbitals, suggesting that resonant hole tunneling provides a secondary 

nonradiative decay pathway for defect-bound excitons. These results demonstrate the possibility 

of controlling excited state pathways of specific defects via molecular electronic structure tuning 

and thus have implications in the design of mixed-dimensional optoelectronic devices. 
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  Introduction 

The transition metal dichalcogenides (TMDs) have emerged as an important class of two-

dimensional (2D) semiconductors,263 with applications as diverse as flexible electronics,300 

biosensors,301  photovoltaics,113 and other photonic devices,302 neuromorphic computing,108 as well 

as catalysis.303 Among the TMDs, MoS2 is the most widely studied and serves as a model system 

for exploring the fundamental physics and chemistry of the TMDs.265 While MoS2 has exceptional 

inherent optoelectronic properties, there are new opportunities in combining it with other classes 

of materials to form mixed-dimensional heterojunctions.246 These interfaces leverage the unique 

capabilities of their constituent materials to realize new performance metrics, novel heterojunction 

device concepts, and emergent phenomena that are not possible in either isolated system. In this 

regard, the interface of organic molecular materials with monolayer MoS2 is of particular interest 

due to the broad synthetic tunability, controllable assembly, and facile processing of the former, 

as well as the exceptional optical and electrical properties of the latter.304–306 Molecular 

heterojunctions have been used extensively to modulate the photoluminescence (PL) of monolayer 

MoS2, including quenching of PL by charge transfer,68,307 enhancing of emission via energy 

transfer,251 enhancing Raman scattering,66 and increasing PL quantum yield (PLQY) by defect 

passivation.84           

       Understanding and controlling the defect-related optical response in monolayer MoS2 is 

essential to realizing its potential in electronic, optoelectronic, and quantum technologies.257,308 

Defects in MoS2 play an important role in electronic transport,309,310 doping,64 and exciton 

recombination.81 At low temperatures (<150 K), the defects in MoS2 become luminescent, 
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exhibiting PL at wavelengths greater than 700 nm of similar or greater intensity than the MoS2 A 

exciton at 650 - 670 nm. While this defect PL is ubiquitous in MoS2 at low temperatures, the 

structural and chemical origin of these bright defects is still unlcear.89,311 While these emissive 

defect states are expected to have a negative impact on conventional optoelectronic devices, under 

certain circumstances they have also been shown to be efficient single photon emitters for quantum 

information applications.312,313  

        To date no molecular strategy has been devised to quench the defect PL in MoS2. 

Encapsulation with hexagonal boron nitride (hBN) can reduce the background defect PL,314 but 

this strategy is labor intensive and not scalable. Molecular approaches to MoS2 defect passivation 

have been explored,60,256,299 but these strategies do not efficiently quench the defect PL.81  

Understanding the interactions of molecular adsorbates with defects in MoS2 will be essential to 

any future attempts at rational chemical modification of these defects.  

Based on theoretical predictions and experimental observation, the most common intrinsic 

point defect in MoS2 is thought to be sulfur vacancy (Svac), which creates localized states near the 

conduction band edge.59,61 Recent work has shown that previously undetected oxygen substitutions 

(Osub) also represent a significant fraction of the point defects in MoS2.
62,63 While point defects in 

MoS2 are correlated with defect PL, there is some evidence of  the partially extrinsic character of 

this emission peak. For example, helium ion bombardment induces point defects in MoS2 with 

bright and narrow PL,22,313 but these defects are not luminescent until exposed to gases.315 

Furthermore, defect emission is enhanced by exposure to water and light, but not O2 alone.316 The 

location of the Fermi level plays a critical role in the PLQY of MoS2 defects by changing the 
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relative electron occupancy of the mid-gap trap states, exciton states, trion states, and free carrier 

conduction band. For example, decreasing the gate voltage (lowering the Fermi level) increases 

the defect PL while increasing the gate voltages (raising the Fermi level) suppresses it.89 Defects 

and adsorbed gaseous species can also change the doping level of MoS2. For example, inducing 

point defects by He ion bombardment as noted above64 or heating in ultrahigh vacuum256 

degenerately dopes MoS2 as n-type while electron withdrawing O2 acts as a p-dopant.64 Recent 

efforts to decouple the influence of doping and chemical interactions of gases on defect emission 

showed that adsorbed O2 reduces defect emission compared to pristine MoS2 of equal Fermi 

level.89 In order to extend this work and use molecular adsorbates to manipulate defect PL, a more 

complete understanding of the mechanism of MoS2 defect PL quenching is needed.  

 

Figure 3.1 (a) Structure of the MPc molecule. (b) Schematic of the MPc – MoS2 heterojunction. 
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Metallophthalocyanines (MPcs) present an ideal system for exploring the chemical control  

of optically-active defects in monolayer MoS2. The electronic structure of MPcs can be altered in 

systematic ways by changing the central metal atom while retaining its aromatic macrocycle 

framework (Figure 3.1a).151  Thus, phthalocyanine-MoS2 mixed dimensional heterojunctions, 

shown schematically in Figure 3.1b, have been studied to probe PL quenching,307 Raman 

enhancement,66 ultrafast dynamics,165,241 and interfacial charge transfer and hybridization.154 On 

the subject of MoS2 defects, adsorbed titanyl phthalocyanine (TiOPc) has been investigated for 

passivating mid gap states in MoS2,
256,299 and adsorbed ZnPc has been shown to suppress persistent 

photocurrent in MoS2 photodetectors originating from trap states.258 

        In this work, we systematically explore the interactions of various metallophthalocyanines 

(MPc) with defects in monolayer MoS2 to better understand defect – adsorbate interactions. It will 

be shown that MPcs quench the defect emission of MoS2, with the quenching efficiency decreasing 

in the order CoPc, CuPc, ZnPc, and H2Pc. Experimental data rule out charge depletion and 

nonradiative energy transfer as the mechanism of this defect PL quenching, while theoretical 

considerations rule out charge transfer. Gate voltage-dependent measurements reveal that this 

quenching persists to very low Fermi energies. Moreover, computation of the defect formation 

energies shows that the adsorbed MPcs render negatively charged defects more favorable than 

neutral defects, and the relative defect formation energies agree with the experimentally observed 

trends. The results provide a molecular level understanding of emergent adsorbate interactions 

with luminescent defects in MoS2 and suggest routes for further control of this PL through 

molecular design.  
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 Results and Discussion 

In initial experiments, CoPc was deposited to a thickness of 1.0 nm on mechanically exfoliated 

monolayer MoS2 as shown in Figure 3.2a. The monolayer thickness of the MoS2 was verified by 

Raman spectroscopy (Figure 3.2a), while the CoPc deposition was confirmed by its characteristic 

Raman modes in the region of 1100 – 1600 cm-1. The Raman modes of CoPc are visible despite 

the nm film thickness due to known Raman enhancement by the underlying monolayer MoS2.
66,247 

PL spectra were collected before and after CoPc deposition on the same MoS2 flake. At 300 K, 
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Figure 3.2 (a) Optical micrograph of mechanically exfoliated MoS2 with the monolayer region 

highlighted. (b) Raman spectra of monolayer MoS2 before and after deposition of 1 nm CoPc. The 

separation of the A1g and E2g is ~19 cm-1, indicating monolayer MoS2. Raman modes that appear 

in the 1100 – 1500 cm-1 range are characteristic of CoPc. (c) 300 K PL spectra of mechanically 

exfoliated MoS2 and MoS2 - 1 nm CoPc. The A-exciton and associated trion are prominent at 675 

nm, and a small higher-energy shoulder is visible due to the B-exciton (d) 10 K photoluminescence 

of MoS2 and MoS2 – 1 nm CoPc. At this temperature, the MoS2 defect emission becomes apparent 

at 700 nm in addition to the A- and B- excitons at 660 nm and 600 nm, respectively. The defect 

PL is completely quenched by the CoPc and the A- exciton is partially quenched. 

the overlapping neutral MoS2 A-exciton and trion emissions are prominent at 670 nm, as well as a 

higher energy shoulder assignable to the B-exciton (Figure 3.2c). Following CoPc deposition, the 
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MoS2 PL is partially quenched. This is likely due to mutual charge transfer via formation of a type-

II heterojunction.165 In addition, the PL is shifted to lower wavelengths, likely a result of an 

increased ratio of neutral excitons to trions resulting from depletion of free MoS2 carriers as a result 

of the CoPc overlayer. At cryogenic temperatures, the MoS2 defect emission becomes apparent 

above 700 nm, in addition to the previously observed A- and B- excitons (Figure 3.2d). The A- 

and B- excitons have shifted to shorter wavelengths  (650 nm and 600 nm respectively) as expected 

for MoS2 excitons at low temperature.315 Following deposition of CoPc/creation of the 

heterojunction, the MoS2 A-exciton and trion PL are quenched as in the room temperature PL, and 

complete quenching of the defect PL is also observed. Furthermore, the excitonic PL is also 

quenched, as at room temperature. 

 To investigate the mechanism of defect PL quenching, the variation in defect PL was 

compared over a wide range of MPc derivatives (M = Co, Cu, Zn, H2). For a direct comparison 

between different molecules, the MoS2 growth technique was changed to  chemical vapor 

deposition (CVD), which yields a higher concentration of defects.317 This makes the defect PL an 

order of magnitude more intense than the A-exciton nd thus accentuates the differences in the 

quenching behavior between different MPcs. To avoid spatial inhomogeneity, MPc films were 

deposited in different regions of a large area MoS2 monolayer film via shadow masking (Figure 

3.3a). Since the crystalline quality and stoichiometry of CVD-derived MoS2 can vary along the 

growth direction, this masking approach allows the defect PL to be compared between pristine 

MoS2 and the nearby MPc – MoS2 heterojunction that has nominally the same growth quality. 
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Figure 3.3b compares the defect PL quenching efficiency of different MPc-structures. As 

expected from higher defect density in CVD MoS2, the defect emission is more intense than the 

excitonic emission in these samples compared with mechanically exfoliated samples in Figure 

3.2d. There is a clear trend in intensity of the defect PL peak between MPcs, with CoPc being the 

 

Figure 3.3 (a) Optical microscopy of representative MPc films on monolayer CVD MoS2. PL 

spectra of MoS2 were collected near the edges of the MPc film to ensure the observed quenching 

was not due to inhomogeneity in CVD growth. (b) Low temperature photoluminescence spectra 

of representative CVD MoS2 and MoS2 with 1 nm films of H2Pc, ZnPc, CuPc, and CoPc. The 

spectra are normalized to the intensity of the MoS2 A exciton peak. (c) Comparison of quenching 

fraction of each MPc. 

strongest quencher, followed by CuPc, ZnPc, and finally H2Pc showing the least quenching 

efficiency. This is compared graphically in Figure 3.3c, using the quenching fraction, which is 

defined as in eq. 1.  Here QF is the quenching fraction, PL(MPc – MoS2) is the PL spectrum of the 

                                  𝑄𝐹 = 1 −  
∑ 𝑃𝐿(𝑀𝑃𝑐−𝑀𝑜𝑆2)900

675

∑ 𝑃𝐿(𝑀𝑜𝑆2)900
675

                                                                   (1) 

MPc – MoS2 heterojunction, PL(MoS2) is the PL of the nearby bare MoS2, and the Σ operator 

denotes a Riemann sum of the curves over the indicated wavelengths. A quenching fraction of 1 

means complete disappearance of the defect PL peak and 0.0 indicates no change in the defect PL. 
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Thus, the peak areas follow the same trend as the peak height shown in Figure 3.3b, with the 

quenching fraction following the order, CoPc > CuPc > ZnPc > H2Pc. The non-normalized PL 

plots, including the MoS2 reference PL used for each MPc– MoS2 are shown in Figure 3.4. 

 

Figure 3.4 Non-normalized PL spectra comparing (a) CoPc, (b) CuPc, (c) ZnPc, and (d) H2Pc with 

a nearby clean MoS2. There is a clear trend in quenching efficiency, with CoPc > CuPc > ZnPc > 

H2Pc. Within the MPc, the quenching efficiency follows the Periodic Table, becoming less 

efficient as d-electrons are added to the central metal center in the MPcs. Note that the shape of 

the defect emission does vary between spectra due to inhomogeneity in the CVD MoS2. All 

comparisons in this figure are done for MoS2 - Pc areas within 10 μm of the representative pristine 

MoS2 in a given spectrum. Thus the MoS2 varies between panels but is comparable within a given 

panel. 
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          To verify the observed PL quenching behavior, time-resolved PL measurements were 

carried out at low temperatures (10 K) using time correlated single photon counting (TCSPC), as 

shown in Figure 3.5. The defect PL in pristine MoS2 is known to have a lifetime of several μs--far  

longer than the exciton lifetime of ~100 ps.81 Due to instrumental limitations, we are only able to 

collect TCSPC traces out to 2 μs, which does not allow accurate fitting of the long defect PL decay 

times. 

 

Figure 3.5 Time correlated single photon counting (TCSPC) traces collected at 10 K with a 450 

nm laser showing the photoluminescence decay for MoS2 and the MoS2 – MPc systems. Due to 

instrumentation limits, the μs-scale decay of the defect emission cannot be accurately fit but can 

allow qualitative comparisons by using a linear fit to the median intensity for times > 100 ns. 
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However, a qualitative estimation of defect-associated exciton decay rates can be obtained by 

fitting to the trace for times greater than 100 ns since the exciton emission has a significantly 

shorter lifetime (600 ps at 300 K, 150 ps at 77 K)81 and is not expected to contribute at these longer 

times. The slopes of these lines then represent the relative magnitude of defect PL decay occurring 

due to MPc - MoS2 heterojunction related processes. The pristine MoS2 shows the expected  μs 

scale decay of the defect signal,81 while MoS2-H2Pc exhibits a smaller slope, and ZnPc, CuPc, and 

CoPc are qualitatively similar, revealing no μs decay dynamics associated with defect-bound MoS2 

excitons. This result indicates that the MPcs are either creating a new decay pathway that 

outcompetes radiative decay from defect-bound excitons, or they are eliminating the defect-bound 

exciton radiative decay pathway altogether.  

        The mechanisms for quenching the defect PL include creating faster, competing 

recombination pathways through energy or charge transfer, or by eliminating the defect-exciton 

recombination pathway altogether, either through changing the Fermi level or altering the 

chemistry of the defect itself.  Let us first consider nonradiative energy transfer (NRET), in which 

the defect excited state transfers to the MPc, where it decays without emitting a photon. For 

systems in the weak electronic coupling regime, the rate of energy transfer is proportional to the 

spectral overlap of the donor PL spectrum and the acceptor absorbance spectrum.318 These 

overlaps are shown in Figure 3.13 in Chapter 3.6 and calculated in Table 3.1; they indicate that the 

observed quenching fraction has no correlation with the spectral overlap, implying that NRET is 

not the mechanism of defect PL quenching. Damping of the MoS2 dielectric function by the MPcs 

is a similar PL quenching mechanism,319,320 but this too does not reproduce the observed trend in 
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quenching fraction (Co > Cu > Zn > H2), instead predicting more quenching of the defect PL by 

H2Pc than CuPc (Figure 3.13). More information about this mechanism can be found in Chapter 

3.6.  

          The possible mechanism of defect PL quenching was further probed by studying the gate 

voltage dependence of the defect emission at a low temperature (10 K) which allows tuning of 

well-defined Fermi level by quenching thermionic processes. Bare MoS2 devices (Figure 3.6a) 

show expected Fermi level dependence, with defect emission dramatically increasing with 

decreasing gate voltage, in agreement with the literature.89 In contrast, CoPc – MoS2 devices 

(Figure 3.6b) suppress defect emission out to large negative gate voltages, only showing 
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Figure 3.6 Low temperature PL with applied gate voltages of (a) mechanically exfoliated MoS2 

alone and (b) CoPc – MoS2. Negative gate voltages enhance the defect emission in MoS2, but 

this effect is suppressed by CoPc. (c) Comparison of defect PL integration for MoS2 and CoPc – 

MoS2 at the measured gate voltages. 

substantial defect emission below -100 V. These results are summarized in Figure 3.6c.  



109 

 

 

 

 

 

        Note that at positive gate voltage both MoS2 and CoPc - MoS2 show little change in defect 

PL emission (Figure 3.7), however CoPc – MoS2 shows a greater shift in excitonic emission to 

lower energy. This is consistent with CoPc having a larger population of neutral excitons at 0 V,  

 

Figure 3.7 (a) MoS2 with positive voltages shows no change in the defect PL except for lower 

energy emission from trions. (b) MoS2-CoPc at positive voltages show a larger shift to lower 

energy emission at high gate voltages, suggesting a lower initial population of trions at 0 V due to 

p-doping from CoPc. 

 

as observed in Figures 3.3 and 3.8, which shifts to trion dominated emission at 100 V, while the 

MoS2 alone is trion dominated at both 0 V and 100 V, causing a greater apparent shift for MoS2 – 

CoPc. This is to be explained by MoS2 being naturally electron doped and able to accommodate a 

greater fraction of trions at zero gate voltage versus the depleted MoS2-CoPc p-n heterojunction 

diode. This observation rules out doping as an explanation of the observed defect quenching. The 

shift in neutral exciton to trion ratio in CoPc – MoS2 can be explained by reduced density of free 

carriers in the depleted heterojunction. From this perspective, one should expect more defect PL 

following CoPc deposition since charge depletion or doping should have the same effect as a 
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negative gate bias as in Figure 3.6a. Comparing the MoS2 excitonic PL energy before and after 

MPc deposition (Figure 3.8), we see that all of the investigated MPcs form depleted 

heterojunctions to varying degrees. This is in agreement with electrical measurements on MPc – 

MoS2 field-effect transistors, which all exhibit an increase in threshold voltage consistent with 

reduced free carriers following MPc deposition.243,258,307 This rules out doping or ground state 

charge transfer as an underlying mechanism for any of the observed defect PL quenching. 

 

Figure 3.8 Normalized room temperature photoluminescence comparison with and without MPc 

films for (a) CoPc (b) CuPc (c) ZnPc and (d) H2Pc. For all spectra there is either no change to the 
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energy of the exciton emission or a slight shift to lower wavelengths due to a decrease in trion 

emission characteristic of p-doping. This is also consistent with the low temperature results in 

Fig 2. 

       To narrow the possible mechanisms of the observed defect PL quenching, detailed DFT 

analysis was applied. First, the interaction between MPc molecules and MoS2 point defects was 

verified to be energetically favorable. Figure 3.9 shows that the MPc binding energy is positive at 

both sulfur vacancies (Svac) and oxygen substitutions (Osub), with the outer carbon aromatic ring 

directly above the defect being the most energetically favorable position.   

 

Figure 3.9 Binding energy calculation of Pc on MoS2 defects at different locations relative to the 

Pc. (a) Schematic of the MPc structure on MoS2 used for the binding energy calculations. The 

yellow sulfurs correspond to the yellow dots, which indicate the location of the defect used in each 

binding energy calculation for (b) H2Pc on Svac, (c) CuPc on Svac, (d) ZnPc on Svac, (e) H2Pc on 

an oxygen substitution (Osub), and (f) ZnPc on Osub. 
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As mentioned above, another potential mechanism of defect quenching is charge transfer. 

While thermally activated electron transfer processes are typically vibration-coupled and thus 

require more thermal energy than is available at 10 K (kBT ≈ 7 cm-1), charge transfer can still occur 

by tunneling mechanisms.321 To investigate the possibility of tunneling-assisted charge transfer in 

the heterostructure systems, we calculate the project density of states (pDOS) of localized defect 

states (Figure 3.14a and 3.14b). Next, we obtain orbital energy levels for the MPc and H2Pc on 

MoS2 (Figure 3.14c) by applying self-energy corrections to the orbital energies of MPc molecules 

from OT-RSH calculations and to band edges of MoS2 from PBE in order to account for non-local 

dielectric screening effects. Using these energy levels, the expected tunneling currents do not 

match our observed trends in quenching efficiency, thus ruling out charge transfer as a mechanism 

of the defect quenching. See Chapter 3.6 for further discussion. 

Next, the energy of defect formation with and without MPc adsorption was investigated. 

Figure 3.10 shows the different charged states as a function of Fermi energy for the Svacs. A 

similar calculation was also performed for the Osubs in Figure 3.11. The major change induced by 

the MPc is a shift in the Fermi level at which the lowest energy defect charge state changes from 

0 to -1. When looking at Svac defects in MoS2 alone, we see a crossover from 0 to -1 charge when 

the Fermi level approaches the conduction band minimum (CBM). This corresponds to the gate 

voltage dependent defect PL in Figure 3.6a and observed by others.89 At higher gate voltages, the 

Fermi level is near the CBM, the defect PL is low, and the defects are negatively charged. As the 

gate voltage is lowered, the defect PL increases as the defect charge changes from negative to 

neutral. Furthermore, it can be seen in the CoPc – MoS2 case that the 0 to -1 crossover occurs at 
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lower Fermi levels than the bare MoS2 case, and in the H2Pc – MoS2 case it occurs at a Fermi 

level between the CoPc – MoS2 and the bare MoS2, reproducing our observed quenching trend in 

Figure 3.3c (Co > Cu > Zn > H2). In the Pc – MoS2, the population of negative (dark) defects is 

greater, and a far lower gate voltage is needed to drive the defects to neutral (bright), in 

agreement with the observations in Figure 3.6b. Having ruled out other potential PL quenching 

mechanisms, our results suggest that the MPc quench defect PL by altering the charge of the 

defects themselves, rather than creating competing nonradiative decay paths. 

Figure 3.10 Formation energy of neutral and charged Svac vs Fermi energy for MoS2 alone, CoPc 

- MoS2 and H2Pc - MoS2. For a given Fermi energy, the dominant defect state is the charged 

state corresponding to the lowest energy line. For the MoS2 case, at the VBM this is neutral, 

while at the CBM this is -1. At a Fermi level near the CBM, the formation energy of the negative 
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Svac is CoPc < H2Pc < MoS2 only. The Fermi energy where the defect charge changes from 

neutral to negative is highlighted with a gray arrow. 

 

Figure 3.11 Formation energy of charged and neutral Osub versus Fermi energy for MoS2 alone 

and CoPc – MoS2. (b) pDOS of MoS2 with charged and neutral oxygen substitutions (Osub). 

  Conclusion 

We have demonstrated quenching of the defect photoluminescence of the MoS2 by deposition of 

MPc thin films, with the quenching efficiency depending sensitively on the central transition 

metal. Experiments rule out non-radiative energy transfer,charge depletion, and charge transfer 

as the mechanism of this quenching. Gate-voltage dependent measurements and DFT analysis 

suggest the mechanism is stabilization of negatively charged defects by MPc. The different 

quenching behavior of the various MPc suggest a powerful route to controlling defect chemistry 

through molecular adsorbates. This result has significant implications for improving MoS2 based 

single photon emitters by quenching background defect PL and may also be used to manipulate 

populations of defect-bound excitons to increase PLQY at high excitation powers. 

  Methods 

Preparation of Monolayer MoS2 
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        Monolayer samples of MoS2 were exfoliated via micromechanical exfoliation using Scotch 

tape on SiO2/Si substrates. To improve the yield of monolayer MoS2, the substrate was heated 

while in contact with tape for 15 min at 60 C and gently exfoliated while still warm. MoS2 

monolayers were identified via optical microscopy based on color contrast and then confirmed 

with Raman microscopy. Identified monolayer samples were then annealed for 4 h at 400 C in an 

Ar/H2 environment (constant flow of 600/200 sccm respectively) to remove unwanted tape 

residues and improve layer adhesion to the SiO2.  

Chemical Vapor Deposition of MoS2 Films 

Monolayer flakes of MoS2 were synthesized using an atmospheric pressure chemical vapor 

deposition process in which 5 mg of MoO3 (Sigma-Aldrich) powder was spread evenly within an 

alumina boat and capped with two 1 cm2  SiO2/Si (300 nm oxide) substrates. The alumina boat 

was placed inside a 1” diameter quartz tube located in the center of a tube furnace. Then, 300 mg 

of sulfur pieces (Alfa-Aesar) were similarly placed in a second alumina boat which was located 

upstream and outside of the tube furnace. After purging the sealed quartz tube for 15 min with 

argon gas, the center of the furnace was heated from room temperature to 700 C over a span of 

40 min. The temperature was then held constant for 3 minutes. During this entire process, the argon 

flow rate was maintained at 13 sccm. When the furnace temperature reached 575C during the 

ramp process, the alumina boat containing the sulfur was moved to a region inside the furnace 

where the temperature was approximately 150C as verified by a thermocouple. This movement 
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was enabled using two magnets. Once the growth process was completed, the furnace was allowed 

to cool to room temperature.  

Metallophthalocyanine Film Deposition 

Metallophthalocyanines were purchased from Sigma-Aldrich and purified by temperature 

gradient sublimation by heating one end of a tube furnace containing the crude material under a 

vacuum of  <10-2 Torr. Films were grown by thermal evaporation at a pressure below 10-5 Torr at 

a rate of 0.1 – 0.2 Å/s, as monitored by a calibrated quartz crystal microbalance, to obtain 

thicknesses of 1.0 nm.  

Low Temperature Photoluminescence Measurements 

Photoluminescence (PL) at room temperature (300 K) and low temperature (10 K) was 

characterized in a vacuum environment within a variable temperature optical cryostat (ARS 

DE204PF), using a 532 nm laser as excitation source (Lighthouse Photonics - Sprout). The 

excitation spot was ~1 μm with a 100x objective (Nikon T-PLAN with NA 0.6), with incident 

power at ~100 μW. and a 20 s integration time.Emission spectra were collected on a spectrometer 

(Andor SHAMROCK SR-750 with i-DUS Camera DU-420A). 

Raman Microscopy 

Confocal Raman microscopy spectra were collected using a Horiba Raman Xplora with a 532 

nm laser, 150 μW power, a 100x objective, and a 1800 grooves/mm diffraction grating. 

TCSPC Microscopy 

Low temperature Time Correlated Single Photon Counting (TCSPC) was carried out in a 

variable temperature optical cryostat (Montana Instruments Cryostation S100). A 450 nm pulsed 
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laser (Picoquant PDL200b) operating at 500 kHz excited the sample through an objective lens 

(Zeiss Epiplan-Neofluar 100x/0.90 NA), and the collected fluorescence was directed to an 

avalanche photodiode detector (APD; Micro Photon Devices PDM). The timing electronics 

(Picoquant Picoharp 300) measures the relative time between the arrival of a photon at the APD 

and a trigger signal from the pulsed laser.  

Theoretical  

The defect formation energy and pDOS calculations were performed by employing spin-polarized 

density functional theory (DFT) implemented in Vienna Ab initio Simulation Package (VASP) 

code.322,323 The structural optimization and self-consistent total energy calculations were based on 

the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) 

exchange-correlation functional along with the projector-augmented wave (PAW) potentials. 

Electronic wave functions were expanded in a plane wave basis set with the kinetic energy cutoff 

of 400 eV. For the Brillouin zone integration a 2 × 2 × 1 Monkhorst-Pack k-point mesh was used 

and the k-point density is approximately 32 Å−1. The energy convergence criterion for the 

electronic wavefunction was set to be 10−5 eV. A vacuum layer of about 13.6 Å (periodic length 

in z direction =20 Å) was chosen to guarantee that no spurious interaction occurred between the 

layers in monolayer simulations using periodic boundary conditions.  

       The defect formation energy 𝐸𝑓𝑜𝑟𝑚
𝑞

 at charge state q is calculated by eq 2, where 𝐸𝑑𝑒𝑓𝑒𝑐𝑡
𝑞

 and 

         𝐸𝑓𝑜𝑟𝑚
𝑞 = 𝐸𝑑𝑒𝑓𝑒𝑐𝑡

𝑞 − 𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡 − ∑ 𝑛𝑖𝜇𝑖𝑖 + 𝑞𝐸𝐹𝑒𝑟𝑚𝑖 + 𝐸2𝐷_𝑐𝑜𝑟𝑟                                                (2) 
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and 𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡 are the total energy of the system with charged defect and perfect one, respectively. 

ni is the number of atoms added/removed by the defect, µi is the chemical potential, and EFermi is 

the Fermi level energy. E2D_corr is the correction term to overcome the energy divergence in 

charged 2D system, and here we apply the scheme developed by Freysoldt and Neugebauer.324 

      For the electronic structure of mixed-dimensional 0D/2D heterojunctions, an electrostatic 

model that has been found to provide results comparable to full screened range-separated hybrid 

functional (SRSH) calculations and experimental band gaps, was used and was found to be 

superior over standard DFT calculations. Specifically, we apply self-energy corrections following 

Neaton et al325,326 to the molecular levels of gas-phase phthalocyanine molecules obtained from 

optimally-tuned range-separated hybrid functional (OT-RSH),151 and to band edges of MoS2 to 

account for the non-local dielectric screening effect. Effects of the interface charge redistribution 

on the energy levels are obtained from DFT calculations with PBE functional for the 0D/2D 

heterojunctions. Binding energies of phthalocyanine molecules on MoS2 with S-vacancy and O-

substitutions are calculated with van der Waals interactions. 
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 Supporting Information – Charge and Energy Transfer 

 

Energy Transfer 

 

Figure 3.12 Spectra of MoS2 defect PL and MPc absorption, normalized to a maximum value of 

1.0 for ease of comparison, of (a) CoPc, (b) CuPc, (c) ZnPc, (d) H2Pc. The overlap area is 

highlighted in blue. Absorption spectra were collected by subtracting the absorption of CVD 

MoS2 on sapphire and 4 Å of the MPc on MoS2 on sapphire. This was done to account for the 

large shift in Pc absorption upon deposition on MoS2 documented elsewhere.66 MoS2 defect PL 

spectra are the same as presented in Figures 3.2b-e, using CVD MoS2 on SiO2 at 10 K. Both 

absorption and PL spectra were normalized to 1.0 as their maxima. 
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Spectral overlap integrals J are calculated using the formula, 

(3)           𝐽 =  ∫ 𝐹𝐷(𝜆) 𝜀𝐴(𝜆) 𝜆4 𝑑𝜆    
∞

0
                

Where FD is the normalized donor (MoS2) PL, λ is wavelength, and εA is acceptor (Pc) molar 

extinction coefficients. εA was calculated from the Pc absorption spectra (A) using Beer’s Law (ε 

= A / c l), where the concentration, c, was 2.7 M for all Pc as calculated from the density of solid 

Pc, and l, the path length was 0.4 nm for all Pc.  

Table 3.1 Calculated Overlap Integrals and Quenching Factors 

 CoPc CuPc ZnPc H2Pc 

Overlap Integral 

(M-1cm-1nm4 x 

1015) 

9.4 8.8 8.6 11 

Quenching Factor 0.914 0.809 0.444 0.156 

 

Dielectric Screening Model 

 

Another factor of non-radiative energy transfer (NRET) is dielectric screening of the dipole of the 

donor, which has been found to affect the NRET rate significantly in the mixed-dimensional 

quantum dot/2D systems.320 Here we investigate the dielectric screening effect of the MPc films 

on the rate of NRET from MoS2 to MPc, by using an electromagnetic model320 where the key 

factors are the in-plane and out-of-plane dielectric tensor (𝜀 = 𝜀′ + i𝜀′′) for both the donor and 

acceptor at the wavelength of the photoluminescence, the distance between the acceptor and donor 

h, and thickness of the accepter layer d. From previously published spectroscopic ellipsometry 
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data of CuPc,327 and H2Pc,328 we obtain in-plane (out-of-plane) dielectric function of ε//=3.9+1.9i 

(ε⊥=4.9+3.0i), and ε//=3.3+2.9i (ε⊥=5.4+2.5i) for CuPc and H2Pc, respectively, at the defect 

emission wavelength of ~691 nm. At the A-exciton emission wavelength of ~650 nm, the dielectric 

functions are ε//=3.71+2.2i (ε⊥=4.93+2.4i), and ε//=2.7+2.8i (ε⊥=4.8+1.8i), respectively, for CuPc 

and H2Pc. The dielectric function for MoS2 is ε//=18+9.3i (ε⊥=16+2.2i).320 The interlayer distances 

h as obtained from DFT calculations are 0.64 nm for both CuPc and H2Pc, which is the distance 

from the Pc layer to the center of monolayer MoS2. The ratio of NRET rate at MoS2 defect 

emission to that at A-exciton emission as a function of Pc thickness is shown in Figure 3.13. Based 

on these calculations, we would expect greater quenching from H2Pc than CuPc, in opposition to 

our observed trend, indicating no form of NRET explains the quenching of the MoS2 defect 

emission. 

 

Figure 3.13 Ratio of NRET rates of the MoS2 defect to A exciton induced by H2Pc and CuPc as a 

function of Pc thickness. The greater expected quenching of the defect by H2Pc vs CuPc 

contradicts the observed patterns. 
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Charge Transfer 

 

Figure 3.14 (a) Projected density of states (pDOS) of MoS2 with sulfur vacancies or oxygen 

substitutions of different charge. The Svac or Osub nearest neighbor (NN) orbitals correspond to 

the localized states induced by the Svac or Osub. (b) Band alignment diagram showing the energy 

of the out-of-plane MPc dxz and dyz orbitals moving from the valence band edge in the case of 

CoPc to lower energy in the case of CuPc and ZnPc, while H2Pc has no such orbitals. 

As Figure 3.14a shows, the Svac induces localized states below the conduction band and near 

the valence band edge, while Osub induces states near the valence band edge. These are the 

potential charge donor sites. The Pc orbitals shown in the Figure S8b are potential acceptor 

states. As discussed in the main text, thermally assisted charge transfer will not be possible at 10 

K,321 but so any charge transfer will have to occur through tunneling. We can predict the relative 
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rates of tunneling using the following expression the  tunneling current I through a vacuum 

gap329 

(4)      𝐼 = (2𝜋𝑒/ℏ) ∑ 𝑓(𝐸𝜇)[1 − 𝑓(𝐸𝜈)] × |𝑀𝜇𝜈|2𝛿(𝐸𝜇 − 𝐸𝜈)𝜇𝜈  

Where f(E) is the Fermi function, Mμν is the tunneling matrix element between states φν in the 

acceptor and φμ in the donor, Eμ is the energy of state φμ, and δ is the Kronecker delta function. 

Given the delta function, we only expect tunneling to be significant to MPc orbitals near the 

localized states of the defects. Based on Figure S8 this immediately rules out charge transfer 

from Svac trapped electrons near the conduction band. This similarly rules out hole tunneling to 

the MPc HOMO, which is much higher energy than the valence band localized states of the Osub 

and Svac.  

 At first glance the HOMO-1 states of the MPc are good candidates as hole transfer 

acceptors from valence band edge defect states. They have significant out-of-plane electron 

density (highlighted in Figure S8b) which should increase their tunneling matrix elements, and 

their alignment to the valence band edge reproduces the trend in PL quenching factors. Closer 

inspection, however, reveals this to be implausible. The HOMO-1 energy decreases by 0.5 eV 

from CoPc to ZnPc (0.9 eV if only counting out-of-plane d-orbitals). According to the delta 

function dependence, the tunneling rate to ZnPc should be near zero, but its quenching fraction is 

above 0.4. This could be explained by ‘spreading’ of the ZnPc states due to interfacial band 

bending241 or increased bandwidth from film thickness,330 but neither of these effects should 

create states more than 200 meV above the orbital of the isolated molecule. 
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*Chapter 3 is a preprint version of an article that will be submitted for publication in 2021.  
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4. Tailoring the Optical Response of Pentacene Thin Films via 

Templated Growth on Hexagonal Boron Nitride 
 

  Abstract 

The optoelectronic properties of organic thin films are strongly dependent on their molecular 

orientation and packing, which in turn is sensitive to the underlying substrate. Hexagonal boron 

nitride (hBN) and other van der Waals (vdW) materials are known to template different organic 

thin film growth from conventional inorganic substrates such as SiO2. Here the morphology and 

temperature-dependent optical properties of pentacene films grown on hBN are reported. 

Pentacene deposited on hBN forms large-grain films with a molecular π-face-on orientation in 

contrast to the dendritic edge-on thin-film phase on SiO2. This pentacene/hBN film exhibits a 40 

meV lower free exciton emission than pentacene/SiO2 and an unconventional temperature 

dependence of emission energy. Time-resolved photoluminescence (PL) decay measurements 

show a long-lived signal in the π-face-on phase related to delayed emission from triplet-triplet 

fusion.  This work demonstrates that growth on vdW materials provides an informative pathway 

for controlling optoelectronic functionality in molecular thin films. 

  Introduction 

      Pentacene is a technologically relevant organic semiconductor, both for its high mobility in 

thin-film transistors216 and as a model system for carrier multiplication in organic photovoltaics 

via singlet fission.208 Since the optoelectronic properties of pentacene thin films strongly depend 

on their morphology,194,204,210 control over their growth microstructure has been an area of intense 
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study.182,187,331,332 However, the relationship between thin-film structure and optical properties of 

pentacene films has been investigated primarily on conventional inorganic substrates, most 

commonly amorphous SiO2. These studies have demonstrated some degree of control over optical 

anisotropy through constrained growth196 and tunable molecular orientation,202,333 but require 

fabrication or annealing procedures that are unique to the interface between pentacene and 

amorphous SiO2 and do not exploit molecular templating that could be enabled by atomically well-

defined substrates. 

      Layered van der Waals (vdW) materials have attracted significant interest as substrates for 

organic thin-film growth to create mixed-dimensional heterostructures,228 which combine the well-

understood features of the component materials to engender emergent properties not possible in 

either isolated system.66,165,246,304,306,334 Pentacene films have been studied on graphene187,331 and 

MoS2,
231,233 however the charge transfer processes with the underlying semimetallic or 

semiconducting substrate complicate identification of new morphological-optical relationships 

within the pentacene films. In contrast, due to its electrically insulating character and exceptionally 

low density of trapped charges, hexagonal boron nitride (hBN) substrates have the potential to 

address these issues. Moreover, hBN has been shown to template the epitaxial growth of organic 

films,138 making it an exemplary model system to investigate structure-property relationships in 

organic-vdW heterojunctions.  

      Prior reports of pentacene film growth on hBN are limited to investigations of structural and 

electrical properties.184,205,335,336 Pentacene film growth on hBN yields long needle-like crystals, a 

different morphology than the dendrites formed on SiO2.
184,335 A similar needle-like phase with π-
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face-on molecular orientation has also been observed in pentacene grown on HOPG.337 This 

orientation was found to significantly alter the pentacene ionization energy compared to the thin-

film molecular edge-on phase on SiO2,
337 suggesting other pentacene optical properties may also 

change in the needle-like phase. While the low-temperature photoluminescence (PL) of the 

dendritic pentacene phase (commonly referred to as the thin-film phase) has been thoroughly 

analyzed,183,210 it is not yet known whether and to what degree the different needle-like pentacene 

morphology on hBN alters the optoelectronic response. Given the importance of structural 

parameters such as stacking geometry and angle for singlet fission,338 control over the pentacene 

thin-film phase with a vdW substrate is expected to have implications for pentacene photonic 

applications including the design of emerging organic-vdW optoelectronic devices.  

       Here we report that PL in pentacene thin films grown on hBN exhibit free exciton emission at 

a substantially lower energy and with a narrower linewidth than pentacene on amorphous SiO2. 

This difference is accentuated at 10 K, where the PL of pentacene thin films on hBN approaches 

the limiting case of emission from single-crystal pentacene.210,211 In addition, the PL emission 

energy from the pentacene/hBN thin-film phase increases with elevated temperatures, whereas PL 

from the pentacene/SiO2 thin-film phase exhibits the opposite trend. The PL of pentacene/hBN 

also possesses a long-lived emission component that is not present for pentacene/SiO2. Attributed 

to recombination from singlets formed by delayed triplet-triplet fusion, this long-lived component 

has implications for the harvesting of carriers produced by singlet fission in carrier multiplication 

devices.  Overall, this work highlights that vdW-templated growth of pentacene thin films provides 

unique optical property control that can be utilized for fundamental studies and photonic 
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applications.  

  Results and Discussion 

      To fabricate pentacene/hBN thin-film samples, hBN was mechanically exfoliated onto 300-

nm SiO2/Si substrates and then coated with 20 nm of pentacene by thermal evaporation at a base 

pressure of ~5×10-6 Torr. Figure 4.1a shows an optical micrograph of pentacene covering both an 

hBN flake and the surrounding SiO2 substrate. Large, needle-like crystals of pentacene are visible 

only on the hBN (Figure 4.1a). AFM profilometry shows that the needles have a width of 1-2 μm  

and a height of 10 - 20 nm (Figure 4.2a).  

                    

Figure 4.1 (a) Optical images showing the assembly of thermally evaporated pentacene into 

needle-like grains on 5-10 nm hBN. (b) AFM topographic image showing the transition from 

predominantly needle-like pentacene on hBN to the dendritic structure on SiO2. (c)  Raman 

spectra of pentacene grown on hBN and SiO2 using a 532 nm excitation wavelength, normalized 
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to the respective maxima at 1370 cm-1 and vertically offset to highlight the different modes. 

Arrows indicate the Ag vibration at 1533 cm-1 in pentacene/SiO2 and the B3g vibration at 1597 

cm-1 in pentacene/hBN. (d) Schematic illustration of the π-face-on growth of pentacene/hBN and 

the edge-on growth of the pentacene/SiO2 thin-film phase. 

Note that this morphology is only apparent when the hBN is cleaned to be free of polymer 

residues. AFM images of the hBN–SiO2 interface in Figure 4.1b indicate an abrupt change in the 

pentacene morphology. The dendritic structures on SiO2 are typical of the well-known pentacene 

thin-film phase with characteristic 1.6 nm terraces (Figure 4.2b)182,183,339 and a molecular tilt 

angle of 17° with respect to the surface normal. 38 The coverage of the needle-like phase on hBN 

is not complete in some cases, likely due to polymer residues that are known to limit achievable 

grain size in similar organic-vdW heterojunctions,340 and the gaps between the crystals exhibit 

either a dendritic thin-film phase or nanoscale grains of indeterminate phase. To avoid this 

ambiguity, subsequent measurements were carried out only on regions with full needle coverage.  
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Figure 4.2 (a) AFM profilometry of large pentacene needles on hBN showing heights of 10 – 20 

nm and widths of 1 – 2 μm. (b) AFM profilometry of pentacene terraces on SiO2. The step height 

is 1.6 nm, consistent with the thin-film phase. 

      Similar needle-like growth occurs for pentacene thin films on WS2 and MoS2 as observed in 

optical and AFM images (Figure 4.3). This result suggests that the atomically abrupt and dangling 

bond-free surfaces of layered vdW substrates promote the needle-like phase of pentacene. Special 

care must be taken to ensure that the substrate is free of polymer residue in order to observe the 

needle-like phase (see Experimental Methods), which accounts for its absence in some prior 

reports of pentacene/MoS2 heterojunctions.231,233 Similarly, recent work has shown that highly 

defective hBN also disrupts the formation of epitaxial films of pentacene.205  
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Figure 4.3 π-Face-on and thin-film phase of pentacene on semiconducting vdW materials. (a,c) 

Optical images at 100x magnification of pentacene on WS2 (a) and MoS2 (c). (b, d) AFM scans of 

(a, c) respectively. Needle-like structures are apparent on both. They also show a greater 

coverage of nanoscale grains and dendritic thin-film phase than on hBN.  

      Figure 4.1c shows the Raman spectra of the two pentacene phases. The ratio of the intensities 

of the two highlighted vibrational modes, B3g (1597 cm-1) to Ag (1533 cm-1), is determined by the 

orientation of the pentacene with respect to the surface normal. The dominant B3g Raman mode 

indicates that the pentacene is lying flat on the substrate, whereas the dominant Ag Raman mode 

indicates that the pentacene is oriented in an edge-on geometry, with the long axis perpendicular 

to the substrate.341,342 Therefore, the Raman spectra confirm that pentacene thin films grow π-face-

on for hBN but predominantly edge-on for SiO2, as shown schematically in Figure 4.1d. This 

agrees with prior observations of pentacene needle-like growth on highly oriented pyrolytic 

graphite (HOPG), which also has a π-face-on molecular orientation,337 as well as structural 

transitions of similar systems such as 6-hexaparaphenyl films grown on graphene flakes on an 

SiO2 substrate.343 We expect the π-face-on phase to transition to an edge-on orientation at greater 
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film thickness, in accordance with prior observations.184 Throughout this discussion, we will refer 

to pentacene/hBN as the π-face-on phase and pentacene/SiO2 as the thin-film phase to match with 

prior literature.183,333,339 While growth of π-face-on pentacene/SiO2 has also been reported,202,333 it 

requires precise temperature control and involved thermal annealing. In contrast, the present films 

are grown at 25 °C, and measured without further processing, highlighting a key advantage of vdW 

substrates for achieving the π-face-on pentacene phase. 

        The 298 K PL spectra of pentacene on hBN and SiO2 (Figure 4.4a) have low intensities since 

ultrafast singlet fission is the dominant decay pathway, resulting in low-yield fluorescence from 

the singlet state.177 At 10 K, each PL spectrum is better resolved (Figure 4.4b) and exhibits the 

peaks corresponding to free excitons (FE) and self-trapped excitons (STE) near 1.8 eV and 1.65 

eV, respectively, typical of pentacene single-crystals and thin-films.210–212 In addition, there is a 

broad low-energy shoulder extending through 1.5 eV that can be assigned to extrinsic defects in 

pentacene crystals,212 as well as a broad peak near 2.1 eV that has been attributed to the 

recombination of charge transfer excitons in neighboring pentacene molecules.197 Note that the FE 

and STE emission peaks are 40 meV lower in the π-face-on phase than in the thin-film phase. This 

difference is similar to the difference in free exciton emission energies between the pentacene 

single-crystal and thin-film phases (1.78 eV vs 1.82 eV),210,211 further corroborating that the 

observed shift is the result of the different crystal structures of the two phases. A similar shift in 

the emission energy is also observed for pentacene thin films on WS2 and MoS2 (Figure 4.5), 

suggesting that this feature is intrinsic to the vdW-templated π-face-on phase and not due to 

coupling with a particular vdW substrate. 
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Figure 4.4 (a) Comparison of the 298 K photoluminescence spectra of π-face-on pentacene/hBN 

and thin-film phase pentacene/SiO2. (b) Photoluminescence spectral comparison of 

pentacene/hBN and pentacene/SiO2 at 10 K. The higher and lower energy peaks are assigned to 

pentacene free exciton (FE) emission and self-trapped exciton (STE) emission, respectively. 

Emission from pentacene/hBN (blue) has a narrower linewidth and a lower energy relative to 

pentacene/SiO2 (gray). (c) Temperature dependence of the FE emission energy for the two 

pentacene phases extracted from Gaussian fits. (d) Temperature dependence of the FE emission 

full-width at half maximum (FWHM), showing that both phases have narrower emission at lower 

temperatures. 

       The PL from pentacene thin films on hBN (π-face-on) and on SiO2 (thin-film) also exhibit 

different temperature dependencies (Figure 4.4c). The optical bandgap of pentacene is known to 

change with temperature depending on substrate and thickness.183,194 In bulk pentacene, as with 

most molecular solids, the bandgap decreases due to thermal contraction increasing the orbital 

overlap.194 In thinner pentacene films such as those investigated here, the thermal expansion 
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mismatch between the film and substrate can induce strain that changes the temperature 

dependence of the optical response.183,332 The observed pentacene/hBN PL behavior closely  

 

Figure 4.5 (a,b) PL spectra at 10 K of pentacene thin films on the indicated vdW substrates 

compared to SiO2. Red-shift of the pentacene peak on WS2 is apparent since the WS2 exciton is 

well-separated from the pentacene emission. The pentacene/MoS2 spectrum is more complicated 

since the pentacene emission overlaps spectrally with the MoS2 emission. XA denotes the A-

exciton emission of the vdW material, XFE denotes the pentacene free exciton emission, and XSTE 

denotes the pentacene self-trapped exciton. The STE emission of pentacene on WS2 is hidden by 

the large intensity of the A-exciton emission. (c) The pentacene/MoS2 spectrum broken down by 

a series of peak functions in order to better identify the constituent components of the broad, 

convoluted emission.  In addition to the peaks in (b), there is contribution from the MoS2 B-

exciton (XB), the MoS2 defect emission (XD), and both the thin-film and π-face-on phase 

pentacene FE emission (XFE and XFE’ respectively). 

follows that of pentacene/polyethylenterephthalate (PET),183 in accord with the similar in-plane 

thermal expansion coefficients of 5-15 × 10-5 K-1 for PET344 and 2-4 × 10-5 K-1 for hBN,345 both of 

which are close to the bulk pentacene value of 1.1 × 10-4 K-1 along the a-direction and 2.9 ×10-5 

K-1 along the b-direction.183 The significantly lower coefficient of thermal expansion for SiO2 (5 

× 10-7 K-1)346 leads to a larger strain in the pentacene film at lower temperature, which shifts the 

PL to higher energy. A similar but lower magnitude temperature shift is observed in 

pentacene/WS2 (Figure 4.6), which supports the conclusion that thermal expansion mismatch is 

the principal driver of this phenomenon since WS2 has an approximate in-plane thermal expansion 

coefficient of 10-6 K-1, based on temperature-dependent Raman measurements,347 which is between 
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that of hBN and SiO2. The temperature dependence of the PL linewidths for pentacene/hBN and 

pentacene/SiO2 are similar (Figure 4.4d). However, the PL band of the π-face-on phase is narrower 

at all temperatures, suggesting a higher degree of ordering and fewer defects.210 The narrower 

linewidth and lower energy FE emission show that the π-face-on phase pentacene/hBN approaches 

the limiting case of pentacene single-crystals, except with a slightly larger PL linewidth due to the 

presence of grain boundaries within the laser spot.210  

 

Figure 4.6 Temperature-dependent PL of pentacene/WS2. (a) PL plots of the pentacene thin films 

on WS2 and SiO2. The WS2 exciton emission at 2 eV is more efficient than the pentacene free 

exciton at 1.8 eV. (b) Energy of pentacene free exciton emission versus temperature. The 

epitaxial film on WS2 behaves similarly to the film on hBN, although with a lower overall 

energy shift. The in-plane thermal expansion coefficient of WS2 is on the order of 10-6 K-1, based 

on temperature-dependent Raman measurements.347 This thermal expansion coefficient is 

between hBN (2 - 4 × 10-5 K-1 )345 and SiO2 (5 × 10-7 K-1),346 which aligns with the temperature-

dependent PL shift of pentacene/WS2 being between those two other substrates. 

        Figure 4.7a shows a PL decay lifetime map of pentacene/hBN and the surrounding SiO2 

substrate 298 K. The PL decay of the pentacene on SiO2 can be fit with a biexponential function, 

where an instrument response function (IRF) limited (<50 ps) component accounts for more than 

99% of the decay, and a component with lifetime 400 ps accounts for the remainder (Figure 4.7b). 

The emission from pentacene/hBN is more intense than that of pentacene/SiO2. The PL decay of 
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pentacene/hBN consists of the two components already mentioned plus a third 3.2-ns component 

(see Table 4.1 for a full table of fitting parameters).  

 

                                      

Figure 4.7 (a) PL map of the pentacene/hBN thin film, acquired with an excitation wavelength of 

570 nm and detection range 650-950 nm. The grayscale bar indicates the signal intensity and the 

color bar indicates the average PL lifetime (ns) at each pixel. (b) Decay of PL intensity at 

representative spots of the map ON (green) and OFF (blue) the hBN flake, along with IRF (gray). 

The “fastest” two components of PL decay (i.e., <50 ps and 400 ps; convolved with the IRF) in 

both phases correspond to a singlet fission process, while the 3.2 ns component of the PL from 

pentacene deposited on top of hBN arises from triplet-triplet recombination. 
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Table 4.1 Fitting parameters for the photoluminescence decay histograms of pentacene deposited 

on an hBN flake and on a non-hBN part of the substrate, excited at 570 nm. Three spots were 

evaluated at each region on the image. The IRF was fitted to a Gaussian (a1, τ1) and a 

biexponential decay (a2, τ2, a3, τ3). 

Spot a1 [%] 1 [ps] a2 [%] 2 [ns] a3 [%] 3 [ns] <  > [ps] 

Off 1 > 99.99 < 50 < 0.01 0.40±0.02 --- --- < 50 

Off 2 > 99.99 < 50 < 0.01 0.40±0.03 --- --- < 50 

Off 3 > 99.99 < 50 < 0.01 0.39±0.02 --- --- < 50 

On 1 > 99.99 < 50 < 0.01 0.40±0.02 < 0.01 3.20±0.28 < 50 

On 2 > 99.99 < 50 < 0.01 0.40±0.02 < 0.01 3.10±0.24 < 50 

On 3 > 99.99 < 50 < 0.01 0.40±0.02 < 0.01 3.10±0.19 < 50 

Wrinkle 1 > 99.99 < 50 < 0.01 1.20±0.11 < 0.01 4.20±0.18 60±10 

Wrinkle 2 99.97±0.01 < 50 0.03±0.02 0.85±0.03 < 0.01 3.40±0.14 200±10 

Wrinkle 3 > 99.99 < 50 < 0.01 1.10±0.14 < 0.01 4.10±0.17 < 50 

IRF (Gaussian) 29±1 95.6±0.3 0.011±0.001 4.4±0.1 0.219±0.001  

 

       The photophysics of pentacene and most of its derivatives are dominated by ultrafast singlet 

fission to a coherent triplet pair on the 100-fs timescale.177 Other studies reported that the PL decay 

of pentacene thin films on SiO2 occur with components of 3 ps and 52 ps.348 Because our 

experimental IRF is 220 ps, it is likely that singlet fission is the principal cause for the >99% IRF-

limited decay in pentacene films on both SiO2 and hBN. The 400-ps component may also arise 

from the singlet fission process convolved with the IRF (see Experimental Methods). 
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        In addition to the biexponential PL decay observed for both pentacene/SiO2 and 

pentacene/hBN, there is a 3.2-ns decay component for pentacene/hBN. Such long-lived PL from 

pentacene has been assigned to two sources: decay of isolated pentacene molecules199,348,349 and 

delayed emission from the singlet state formed after triplet-triplet annihilation (where the triplet is 

formed by singlet fission).177,213,350 Since these experiments are conducted on pure pentacene films, 

rather than pentacene in a matrix of other molecules, we do not expect to see decay dynamics of 

isolated molecules. Ruling out this pathway, we suggest that delayed triplet-triplet recombination 

following singlet fission is the source of the 3.2-ns feature. A number of factors could make this 

recombination pathway more favorable for pentacene/hBN thin films than for pentacene/SiO2. 

Bimolecular recombination, including the fusion of non-geminate triplets, would be enhanced by 

the increased order (indicated by narrower PL linewidths) in the π-face-on phase compared to the 

thin-film phase.351 Furthermore, greater charge mobility, which growth on hBN substrates  

promotes,187,352 should increase the likelihood of triplet-triplet encounters. Finally, greater optical 

absorption by the π-face-on phase molecular orientation353 increases the density of excitons and 

promotes bimolecular recombination pathways. The production of a higher density of mobile 

triplets by the π-face-on phase suggests that the use of hBN as a templating substrate or charge 

transport layer in pentacene devices may enhance the yield of mobile carriers from singlet fission. 

  Conclusions 

       We have demonstrated that thermal evaporation results in a needle-like π-face-on pentacene 

thin-film phase on hBN. The optical response of this phase differs from that of the usual thin-film 

phase on SiO2, as evidenced by a narrower, lower energy free exciton emission, a qualitatively 
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different photoluminescence temperature dependence, and an emergent delayed emission state that 

is not present in the thin-film phase. This result will inform the future design of organic 

optoelectronic devices on hBN and points to compelling opportunities for using layered vdW 

materials to template unique phases of organic thin films in mixed-dimensional heterostructures. 

We anticipate the discovery of other emergent optical processes in such films that are likely to 

have implications for the creation of anisotropic optical devices and the design of solid-state 

systems for singlet fission, triplet upconversion, and other spintronic applications. 

  Experimental Methods 

hBN samples were prepared using micromechanical exfoliation from bulk crystals on 285 nm thick 

SiO2/Si substrates. Suitable samples of 5 – 10 nm thickness were identified by optical microscopy. 

To maximize surface quality, samples of desired thicknesses and sizes were annealed at 400 °C 

for 3 h in an Ar/H2 (~70%/30%) environment. After annealing, samples were again inspected by 

optical microscopy for any remaining tape-adhesive residues on the hBN flakes or the surrounding 

SiO2 substrate, and then annealed again for 3 h if any residues remained. No chemical treatments 

were performed on the samples to avoid introducing any potential external contaminants on the 

material surfaces. Samples that are contaminated with residual polymers do not exhibit the large 

needle-like grains of pentacene characteristic of the π-face-on phase. 

       Pentacene was purchased from Sigma-Aldrich and purified by temperature gradient 

sublimation. Films were deposited by thermal evaporation. In particular, the pentacene powder in 

an alumina-coated tungsten boat and the target substrate were loaded into a bell jar in an N2 

glovebox and evacuated below 10-5 Torr. The pentacene was resistively heated, and thin films were 
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grown at a rate of 1.0 – 3.0 Å / s, monitored by quartz crystal microbalance, to a final thickness of 

20 nm. 

       Raman spectra were collected with a Horiba Raman Xplora using a 532 nm laser at 150 μW 

power with a 100x microscope object and 1800 grooves/mm diffraction grating. AFM was 

performed in tapping mode with an Asylum Cypher AFM using a Si cantilever with a resonant 

frequency ~300 kHz. Temperature-dependent PL measurements were taken in vacuum using a 

continuous wave 532 nm laser at 150 μW with a 50x microscope objective. A cryogen-free cryostat 

(Advanced Research Systems DE204PF) was used to vary the sample temperature from 7 K to 

295 K. PL spectra were filtered by a 550 nm long-pass filter and recorded by a spectrometer (Andor 

Shamrock SR-750) equipped with a thermo-electrically cooled CCD (Andor iDUS DU420-A). 

      PL lifetime imaging microscopy experiments were carried out in a custom-built microscope 

equipped with a piezo scanner (NanoPI, Physik Instrumente), an APD detector (MicroPhoton 

Devices), and a photon counting board (PicoHarp300, PicoQuant) where correlation times between 

the excitation pulses and detected photons were recorded. The excitation pulses were synchronized 

from an amplified Yb laser head (Pharos) that pumped an OPA (Orpheus) tuned to 570 nm. The 

pulses, at a repetition rate of 200 kHz, were focused with a long working distance objective 

(0.7 NA, 100X, Mitutoyo), and the detected PL was filtered with a long-pass dichroic (Chroma 

ZT640rdc-UF1) and a long-pass filter (Thorlabs FLG610). The IRF of the instrument was 

measured by reflecting an attenuated excitation pulse with a silver mirror placed in the sample 

plane. The fit of the IRF with one Gaussian and two exponential functions yields a width of 
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0.030 ns and decays of 0.011 ns (95.6%) and a 0.219 ns (4.4%). It should be noted that the lifetime 

analysis convolves this IRF in the fit of recorded kinetic traces. Image reconstruction and lifetime 

analysis were carried out using commercial software (SymphoTime 64, PicoQuant). 

 

 

 

 

*This chapter was originally published in the Journal of Physical Chemistry Letters. Reprinted 

with permission from 201. Copyright 2021 American Chemical Society. 

5. Summary and Future Outlook 

  Thesis Summary 

This thesis provided several examples of systematic exploration of the properties of organic – 

2D heterojunctions, showing emergent behavior that would not appear in either material in 

isolation. These examples provide valuable information about the specific systems studied, as 

well as more general guidance about how to think about design of future molecule – 2D 

interfaces. 

 Chapter 2 discussed the electronic coupling between metallophthalocyanines (MPc) and 

MoS2, as revealed through absorption and Raman spectroscopy. A significant red-shifting of the 

MPc absorption Q-band results from delocalization of the π-electrons into the MoS2. This 
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coupling of electrons also manifests as Raman enhancement of the MPc by MoS2. The 

magnitude of this Raman enhancement was found to depend on the identity of the Pc metal, with 

the enhancement decreasing in the order CoPc, NiPc, CuPc, ZnPc, and with little enhancement of 

metal-free H2Pc. Density functional theory (DFT) calculations show a similar trend in the mixing 

of the MPc LUMO and HOMO-1 orbitals with the MoS2 conduction and valence bands, pointing 

to the chemical origins of these spectroscopic features. 

 The MPc - MoS2 heterojunction was also the topic of Chapter 3, this time focusing on the 

interaction of the MPc molecules with defects in MoS2. MPc were found to quench the low 

temperature (10 K) photoluminescence (PL) associated with defect-bound excitons in MoS2, 

while H2Pc was found not to quench those defects. Furthermore, a similar trend was found in the 

quenching efficacy as in the Raman enhancement, with quenching decreasing in the order CoPc, 

CuPc, ZnPc, and H2Pc. Room temperature PL and low temperature gate-voltage dependent PL 

ruled out charge depletion or doping as a potential mechanism of this quenching, while careful 

consideration of spectral overlap and dielectric constants of the films ruled out nonradiative 

energy transfer. The DFT calculation of the electronic structure show that charge transfer is an 

unlikely quenching mechanism, which points to chemical changes in the nature of the MoS2 

defects induced by the MPc as the mechanism of defect PL quenching. This was confirmed by 

DFT calculation of the energy of formation of defects with different charges, which found that 

MPc stabilize negatively charged non-emissive defects over bright neutral defects. Adsorbate-

defect interactions in MoS2 are still poorly understood, and this work represents an advance in 
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both fundamental knowledge of this topic, as well as a potential route to fine-tuning the optical 

and electronic responses of these defects. 

 The focus of Chapter 4 moved to a larger scale view of these heterojunctions, focusing on 

the morphology changes in organic thin films that are templated by 2D material substrates, and 

how these morphologies may result in new optical properties. The material system studied was 

the pentacene – hexagonal boron nitride (hBN) heterojunction. Pentacene films grown by 

thermal evaporation on hBN form a long, needle-like morphology, in contrast to the dendritic 

structure typically observed in thin-film phase pentacene on SiO2. Raman measurements show 

that the pentacene lies π-face-on to the hBN, in contrast to edge-on to SiO2. PL measurements of 

the pentacene at 10 K reveals that both the free-exciton (FE) and self-trapped exciton (STE) 

emissions are shifted to lower energy in the π-face-on phase. Further comparisons of the 

temperature dependence of the FE and STE emission of pentacene films grown on hBN and SiO2 

show contrasting behavior due to thermal-expansion induced strain. This results in relatively 

strain-free films on hBN, versus highly strained films on SiO2. Finally, time-dependent PL 

measurements of the pentacene films show the presence of a long-lived PL decay only in the π-

face-on phase, likely a result of long-lived triplet states fusing back into singlets and 

recombining. This work connects pentacene – hBN interactions from morphology to molecular 

orientation to optical properties and electronic structure and demonstrates the power in using 

hBN as a templating substrate to discover new structures even in materials as well studied as 

pentacene. 
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  Future Directions: Tuning Organic / 2D Heterojunctions Beyond Band Alignment 

       The surface sensitivity and lack of dielectric screening in 2D materials provide numerous 

opportunities to tailor their properties using adsorbed π-electron organic molecules. These organic-

2D mixed-dimensional heterojunctions are often considered solely in terms of their energy level 

alignment – i.e., the relative energies of the frontier molecular orbitals versus the 2D material 

conduction and valence band edges. While this simple model is frequently adequate to describe 

doping and photoinduced charge transfer, the tools of molecular chemistry enable additional 

manipulation of properties in organic-2D heterojunctions that are not accessible in other solid-state 

systems. Fully exploiting these possibilities requires consideration of the details of the organic 

adlayer beyond its energy level alignment, including hybridization and electrostatics, molecular 

orientation and thin-film morphology, non-frontier orbitals and defects, excitonic states, spin, and 

chirality. This chapter explores how these relatively overlooked molecular properties offer unique 

opportunities for tuning optical and electronic characteristics, thereby guiding the rational design 

of organic-2D mixed-dimensional heterojunctions with emergent properties. 

       Mixed-dimensional heterojunctions between zero-dimensional (0D) organic molecules and 

atomically thin two-dimensional (2D) materials are a rapidly growing area of scientific and 

technological research interest.228,246,354 The aim of studying these organic-2D heterojunctions is 

to understand and leverage the unique properties of their constituent materials in order to realize 

physical phenomena not possible with either material alone. When predicting the properties of 

interfaces between dissimilar materials, including organic-2D mixed-dimensional heterojunctions, 

the simplest initial model reduces the system to an energy level diagram. In the organic-2D case, 
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the relevant energy levels are the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) relative to the 2D material valence band maximum (VBM) 

and conduction band minimum (CBM). From this energy level alignment, the likely flow of 

charges in the ground and excited states can be anticipated. Indeed, this approach is often used to 

identify candidate organic-2D material combinations for photovoltaic cells, photodetectors, 

diodes, and related electronic and optical devices. 

 

Figure 5.1 Summary of molecular characteristics beyond frontier orbital energy level alignment 

that can provide tunability over the electronic and optical properties of organic-2D mixed-

dimensional heterojunctions. 

While this simple model provides a useful first-order approximation, it does not fully 

capture many of the relevant details of the heterojunction. The band and orbital energies, for 

instance, are not static and will be displaced when the molecule and 2D material are in intimate 

contact due to electrostatic and hybridization effects. In addition, beyond the frontier HOMO and 
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LUMO, non-frontier molecular orbitals can participate in the photophysical dynamics of the 

organic-2D heterojunction. Furthermore, electrons and holes may not be free carriers in the 

heterojunction but can instead exist in bound electron-hole-pair excitonic states. Simple energy 

level alignment also fails to capture details related to magnetism or molecular spin states, 

molecular orientation, thin-film morphology, or chirality. These additional molecular 

characteristics present significant opportunities for further tuning the properties of organic-2D 

heterojunctions. 

As summarized in Figure 5.1, this Perspective explores the current understanding and 

implementation of these relatively overlooked molecular properties (i.e., hybridization and 

electrostatics, orientation and morphology, non-frontier orbitals, excitonic states, spin, and 

chirality) in organic-2D mixed-dimensional heterojunctions. While most of the prominent 

examples are heterojunctions between 2D transition metal dichalcogenides (TMDs) and 

conjugated metallophthalocyanines (Pcs), perylenes, or acenes, the conclusions of this perspective 

article can be applied more generally to the broader array of synthetically available 2D materials 

and π-electron organic molecules. The aim is not an exhaustive review, but rather to highlight 

informative model systems that are representative of the larger field. Ultimately, by focusing on 

key fundamental issues, this perspective article will help define general design rules for next-

generation organic-2D mixed-dimensional heterojunctions.  

 Hybridization and Electrostatics 

       When two disparate materials are brought into contact in a heterojunction, their 

electronic states are not static. Even in van der Waals (vdW) interfaces that are only weakly 
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bonded, interactions between orbitals can perturb the energy level alignment. The impacts of 

hybridization, charge transfer, and electrostatics are discussed in more detail in Chapter 1.4.1. 

 

Figure 5.2 Proposed hybridization-driven direct-to-indirect bandgap transition in monolayer MoS2 

or indirect-to-direct bandgap transition in bilayer MoS2. Repulsion between out-of-plane MoS2 pz 

orbitals drives the direct-to-indirect transition in monolayer to bilayer MoS2. Similarly, by 

designing molecular systems that have strong bonding or antibonding interactions with the MoS2 

pz orbitals, the energy at Γ in the valence band structure can be raised or lowered while leaving K 

relatively unchanged. 

While it is known that hybridization with organic adlayers can influence the band structure 

of 2D materials, the fundamental limit of this effect remains unknown. To develop and verify 

chemical intuition about this topic, systematic DFT and ARPES studies of a wide variety of 

organic-2D heterojunctions are needed. In this manner, hybridization can be more systematically 

exploited to open new avenues of band engineering in 2D materials. For instance, it is known that 

the direct-to-indirect bandgap transition in monolayer to bilayer MoS2 is induced by repulsion 

between out-of-plane S pz orbitals at the valence band Γ point.52 A monolayer of strongly 

interacting molecules could potentially have a similar effect. In particular, repulsive interactions 
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between organic adsorbates and the S pz orbitals may allow a direct-to-indirect bandgap transition 

in monolayer MoS2, or conversely stabilizing interactions may induce an indirect-to-direct 

bandgap transition in bilayer MoS2 (Figure 5.2).  

      Variations in the underlying 2D material band structure can also change the interaction strength 

with organic molecules. Moiré patterns in 2D materials are an excellent demonstration of this 

phenomenon. For instance, sub-monolayer films of phthalocyanines follow the Moiré patterns of 

graphene grown on certain metal surfaces,355–357 indicating that the periodic changes to the 

graphene electronic structure drive molecular assembly. Twistronics, the emerging field that is 

exploring the impact of twist angle between the two planes in 2D-2D heterostructures, is rapidly 

growing. In the same way that 2D-2D heterostructures preceded work on organic-2D 

heterostructures, the intriguing addition of organic adsorbates to twistronic 2D-2D heterostructures 

is a logical next step of investigation. The addition of a third layer to a twistronic heterostructure 

has been proposed as a means of modifying the Moiré potential.358 Instead of using another 2D 

material for this purpose, organics may find use as a precise means of introducing periodic changes 

in the electron density, doping characteristics, dielectric constant, dipole moment, and/or spin 

within these heterostructures. 

 Adlayer Orientation and Morphology 

Given the anisotropy of electronic transport and optical properties in organic solids, 

detailed understanding of molecular orientation is critical for the design of organic-2D 

heterojunction. For experiments that seek to isolate other effects, molecules with more isotropic 

geometries such as fullerenes should be ideal.359  The role of orientation and morphology in organic 
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charge transport has been studied heavily in the organic photovoltaic (OPV) literature.360 While 

not every insight from OPVs will apply to hybrid organic-2D heterojunctions, the state-of-the art 

in OPVs should be a source of inspiration. For instance, the tools and approaches used to 

understand the complex, disordered interfaces in OPV bulk heterojunctions may be useful in 

understanding the behavior of bulk heterojunction films consisting of organics and liquid-phase-

exfoliated 2D materials.361,362 Furthermore, next-generation non-fullerene acceptors such as the 

ITIC and Y6 families may find use in organic-2D photodetectors and photovoltaics. 

        A key question within the organic-2D heterojunction field is whether simple descriptors can 

predict growth orientation. While it is tempting to assume that all large aromatic systems will lie 

π-face-on, the difference in orientation between H2Pc and CuPc on MoS2 indicates that additional 

factors need to be considered. While some work on this topic has been performed,205,363 many 

questions remain unanswered. One difficulty in studying organic adlayer orientation and 

morphology is the common presence of surface contaminants. For example, polymer residues from 

exfoliation or lithography are known to disrupt the formation of films on 2D surfaces,201,340 and 

high densities of defects in the 2D substrate can also alter film growth morphology.242 Given the 

impact of orientation and morphology on the optoelectronic properties of organic-2D 

heterojunctions, it is critical to employ clean, high-quality 2D materials whenever possible. 

Experimental details on material synthesis, handling, cleaning, and fabrication must be published 

in detail since careful control of all of these factors are essential for reproducibility. 
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 Non-Frontier Orbitals 

        Orbitals beyond the HOMO and LUMO, including non-frontier molecular orbital defect 

states in 2D materials, often play important roles in the electronic structure of organic-2D 

heterojunctions. Careful consideration of these effects is essential to understanding the 

optoelectronic response of organic-2D heterojunctions, and potentially permits enabling or tuning 

functionality beyond charge or energy transfer.  When considering charge transfer in organic-2D 

heterojunctions, it is often neither the HOMO nor LUMO that has the optimal alignment with the 

2D band edges. For instance, hole transfer rates from MoS2 to PTB7 depends on the density of 

states below the PTB7 HOMO,245 and hole transfer from MoS2 to pentacene is fastest to the 

HOMO-1 near the VBM (Figures 5.3a and 5.3b).364 Other optical responses are also affected by 

these non-frontier orbitals such as the Raman enhancement of MoS2-Pc heterojunctions arising 

partially from mixing of the phthalocyanine HOMO-1 orbital with the MoS2 VBM.66 

An area where non-frontier orbitals are critical is so-called ‘ping-pong’ energy transfer, 

where an excited state in a non-frontier molecular orbital is transferred to the 2D substrate and 

then back to a lower energy state on the molecule. This form of energy transfer is possible in 

organic-2D heterojunctions when two conditions are met: (1) Charge transfer occurs on 

femtosecond timescales that are faster than internal conversion; (2) Sufficiently large energetic 

separation exists between different molecular orbitals, which is not possible in 2D bands alone. As 

a specific illustration, consider a molecule that has a LUMO below the 2D CBM but a LUMO + 1 

that is above the 2D CBM. Exciting to the LUMO + 1 would normally result in efficient internal 

conversion to the LUMO, but in this case it is faster for the LUMO + 1 electron to instead transfer 
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to the 2D CBM. Since the LUMO is below the CBM, a driving force exists for back electron 

transfer from the 2D material to the LUMO. This ping-pong energy transfer has been observed in 

MoS2 heterojunctions with porphyrins365,366 and graphene quantum dots.367 

 

Figure 5.3 (a) Calculated density of states (DOS) of a pentacene-MoS2 heterojunction at 300 K 

using the HSE06 functional. (b) Calculated time-dependent state populations from nonadiabatic 

dynamic simulations of interfacial hole transfer in a pentacene-MoS2 heterojunction. Hole transfer 

proceeds from the MoS2 VBM to the pentacene HOMO-1 on ultrafast timescales before relaxing 

to the pentacene HOMO over the following picoseconds. (c) Schematic proposal of an azulene-

2D heterojunction that utilizes ping-pong electron transfers to allow gate-tunable emission at two 

wavelengths. (d) Azulene exhibits bright fluorescence from its S2 state in isolation. (e) If the S1 

state is within the bandgap of a 2D semiconductor, photoexcited azulene would likely undergo 

back electron transfer via S2 → CB → S1, allowing emission from the S1 state. (f) At high gate 

voltages, band bending may prevent electron transfer from the azulene, allowing it to fluoresce 

from its S2 state as it does under normal conditions. (g,h) Photoluminescence intensity and 

wavelength histograms of WS2 treated with (g) Oleic acid and (f) 

Bis(trifluoromethane)sulfonimide (TFSI). Both treatments dramatically increase the WS2 

photoluminescence quantum yield (PLQY), but the narrowness of the emission from the oleic acid 
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treatment suggests chemical specificity in the defect passivation. (a) and (b) reprinted with 

permission from 364. Copyright 2019 American Chemical Society. (g) and (h) reprinted with 

permission from 253. Copyright 2019 American Chemical Society. 

A potential application of these ping-pong energy transfers is shown in Figure 5.3c. 

Azulene is a famous exception to Kasha’s Rule, showing bright fluorescence from the S2 state. If 

azulene is deposited on an appropriately chosen 2D semiconductor such that its S2 state is above 

the CBM but its S1 state is in the bandgap, it would likely undergo a ping-pong transfer and 

fluoresce from the S1 state. An external stimulus, such as an applied gate voltage can manipulate 

the interfacial band bending, thus allowing modification of the rate of charge transfer from the S2 

state to the CBM. In this manner, the fluorescence could be dynamically tuned between the S2 and 

the S1 state. For information processing applications, this phenomenon would allow conversion of 

binary electrical signals to optical information. In addition, it could be used for lighting 

applications by tuning the ratio of S2 and S1 fluorescence, thereby allowing the hue of the emission 

to be altered by the voltage within a single device. 

         Like non-frontier orbitals, 2D material defects are often not considered within a simple 

energy level alignment picture despite their importance to the electrical and optical properties of 

organic-2D heterojunctions. While a wide range of defects in 2D materials have been identified,59 

the relative abundance and role of specific defects remain topics of debate.62,63 Organic molecules 

often interact strongly with defects,256,299 further complicating the effects of defects in organic-2D 

heterojunctions. An example of the need to understand the chemistry of adsorbate-defect 

interactions is the study of MoS2 photoluminescence quantum yield (PLQY). At room temperature 

and low excitation powers, an effective strategies for enhancing MoS2 PLQY have included 
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superacid treatments84 or applied voltages368 to suppress the formation of negative trions, which 

can contribute to nonradiative recombination in MoS2.
91 At higher excitation powers, exciton-

exciton annihilation (EEA) further limits PLQY,254,368 which in turn has hindered the use of MoS2 

in lasing applications. At high temperatures, neutral excitons are in thermal equilibrium with 

defect-bound excitons that luminesce at cryogenic temperatures.81 It is believed that EEA is 

promoted by these defect-bound excitons.254 Substrate choice has been shown to play a major role 

in EEA,254 and defect photoluminescence has been shown to have partially extrinsic character,89 

suggesting that organic layers could be used to tune the energetic distribution of defect states and 

thus limit the impact of EEA at high powers.   

        Fundamental questions about the chemical identity and energy levels of 2D defects are 

beginning to be answered. While a number of organic materials have been used to passivate 

defects,256,257,299,369 relatively little work has focused on molecular design to target specific defects 

in 2D materials. An important exception is the passivation of WS2 defects with oleic acid, which 

results in greater PLQY and narrower emission than TFSI treatments (Figures 5.3g and 5.3h).253 

The next level of sophistication in these schemes would be to go beyond passivation to fine-tuning 

of the defect levels and their occupancy. In addition to altering the defect energy for suppressing 

EEA, potential uses of this approach include influencing defect drift kinetics in TMD 

memristors370 and/or altering the wavelength of single photon emitting defects.312 

 Excitonic States  

         Both organic and 2D materials have high exciton binding energies and as such can host 

diverse excitonic and many-body phenomena. In the case of organic materials, low dielectric 
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screening reflects their inherently low dielectric constants, whereas the reduced dimensionality of 

2D materials increases electron-hole Coulomb interactions.85,371 By combining organic and 2D 

materials, excitons can be tuned or even new types of bound states can be hosted at their interfaces.  

For example, doping 2D materials with strongly electron donating or accepting molecules can 

change the neutral exciton to trion ratio,88,90,92 which in turn tunes PLQY since radiative 

recombination is more efficient in neutral excitons than trions.91 The density of excitons in the 2D 

layer can also be changed by energy transfer with organic adsorbates.251 

         While neutral excitons and trions have been studied extensively, 2D materials can also host 

higher order excitonic states such as biexcitons (i.e., bound states consisting of two electrons and 

two holes). Biexcitons have drawn interest in quantum information sciences since their radiative 

recombination can produce entangled photon pairs.93 Although the combination of two neutral 

excitons can form a biexciton, it has been found that biexcitons can be more efficiently generated 

by combining a charged trion with an oppositely charged free carrier.95 Efficient generation of 

excited-state biexcitons has been demonstrated in graphene-WS2 heterostructures. In this case,  

exciton dissociation at the graphene-WS2 interface transfers electrons to graphene, leaving behind 

positive holes to bind to negative trions in WS2 as shown schematically in Figure 5.4a.372 By 

carefully controlling the hole and negative trion populations by an applied gate voltage, the 

emission can be biased towards biexcitons as shown in Figure 5.4b. 

Since molecular adsorbates can control carrier type and density in 2D materials, organic-

2D heterojunctions provide significant opportunities for tailoring biexciton populations and 

resulting emission. For example, the direction of doping induced by a molecule and the charge that 
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it injects via excited-state charge transfer are independent. As a specific case, a properly oriented 

molecule with a large dipole moment and a high LUMO could act as a p-type dopant 

electrostatically but also donate free electrons when photoexcited. Molecular adlayers can also 

play a role in the study of electron-hole liquids and plasmas in 2D materials at high exciton 

densities. These excited states have recently been observed in MoS2
373,374 and MoTe2

375 at high  

   

Figure 5.4 (a) Schematic band diagram of a graphene-WS2-hBN heterostructure for excited-state 

biexciton formation. Electrons from photoexcited neutral excitons in the WS2 transfer to the 

graphene, leaving behind free holes that can combine with negative trions (light grey shaded 

area) to form an excited-state biexciton (light orange shaded area). (b) Integrated PL intensity of 

the excitonic emission from the heterostructure in (a) as a function of gate voltage. Higher gate 

voltage increases the negative trion population, promoting formation and emission of biexcitons 

(X). (c) Schematic of a tetracene-WS2 heterojunction, its energy level alignment, and the energy 

levels of a charge transfer exciton. (d) Photoluminescence spectrum of the tetracene-WS2 
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heterojunction. An extra peak is present near 1.7 eV that is attributed to recombination of the 

charge transfer exciton. (e,f) Exciton population profiles of (e) WS2 and (f) tetracene-WS2. The 

excitons diffuse further in the case of the tetracene-WS2 heterojunction due to equilibrium with 

the long-lived charge transfer exciton. (a) and (b) reproduced from 372. Copyright 2019 Royal 

Society of Chemistry. (c), (d), (e) and (f) reproduced from 252. Copyright 2018 The Authors, 

American Association for the Advancement of Science, licensed under CC BY-NC. 

optical pumping powers. Rather than using high powers on a 2D monolayer that could potentially 

damage it, another route could be pumping a wide-bandgap organic adsorbate in a type-I 

heterojunction with the 2D layer, which can greatly increase the charge carrier density through 

energy transfer.251 The low dielectric constant of the organic adlayer will minimally screen 

Coulomb interactions and could permit study of these many-body states at lower powers. 

       In addition to promoting the formation of bound states within 2D layers, organic-2D 

heterojunctions can also host their own emergent excitonic phenomena. Prominent examples are 

interlayer or charge transfer (CT) excitons, in which one charge carrier is localized on the 2D 

material and the other is localized on the organic molecule, as has been observed in tetracene-WS2 

heterojunctions.252 The energy levels of the CT exciton can be approximated using the HOMO and 

CBM (as in Figure 5.4c) or the LUMO and VBM, depending on which has the smaller energy 

spacing. CT excitons often exhibit PL, which appears as a new peak in the spectrum that is not 

attributable to either the 2D material or the molecule alone (Figure 5.4d). In the case of tetracene-

WS2 heterojunctions, the CT excitons are highly mobile with long lifetimes, as shown in the 

exciton population profiles in Figures 5.4e and 5.4f. 

      Since CT exciton emission is often weak and convoluted with trions, biexcitons, and defects, 

photoelectron spectroscopy presents an alternative means for identifying CT states.241,285 The large 
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and oriented dipole moments for CT excitons also suggest that they should be particularly 

responsive to applied voltages perpendicular to the heterojunction plane, which allows them to be 

differentiated from other in-plane excitonic states that do not have intrinsic orientation. Other 

classes of interlayer excited states may also be possible in organic-2D heterojunctions. While most 

work has focused on neutral CT excitons, interlayer trions and biexcitons have been observed in 

2D-2D heterojunctions,376,377 which suggests that they should be achievable in organic-2D 

heterojunctions. High-temperature superfluidity and exotic forms of superconductivity have also 

been predicted in interlayer exciton systems, and thus represent future targets for organic-2D 

heterojunction research. 

 Spin Degree of Freedom 

       Studies of magnetically ordered 2D materials is accelerating,378 although there has been 

comparatively little work on the interactions of 2D materials with molecular spins in 

heterojunctions. Molecules provide a diversity of spin states and magnetic phases that are tunable 

during synthesis and through their interactions with the environment. This tunability and 

reconfigurability enable unique capabilities and introduce new physical possibilities for organic-

2D heterojunctions that are not possible in conventional 2D-2D heterojunctions. Organic or metal-

organic paramagnets on thin metal films are promising model systems for identifying opportunities 

for on-surface magnetochemistry.160 The spin configuration of metal complexes on surfaces is 

dependent on the metal-surface distance,379 and modification of this configuration can be achieved 

through axial coordination of ligands.380 For example, FePc on Au(111) can transition from high 

spin to low spin via coordination of H atoms.381 These spin changes can also alter electrical 
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transport in metal films through the Kondo effect.382 The Kondo effect has also been observed for 

H2Pc on Ag despite the diamagnetic molecular ground state since electron donation from Ag 

creates a sufficiently large spin on H2Pc.383 

Changes to molecular spin configuration induced by surface interactions have been 

observed in organic-2D heterojunctions. Representative examples include spin crossover in MPc 

molecules hybridized with graphene defects (Figures 5.5a and 5.5b)384,385 in addition to measurable 

transport effects from spin crossover being observed in graphene-nanoparticle heterojunctions.386 

Moreover, magnetoresistance in MoS2 FETs can be changed with adsorbed free radicals, including 

 

 

Figure 5.5 (a) Constant height AFM images of FePc molecules on nitrogen-doped graphene 

show a change in electron density in the FePc adsorbed above an N-dopant, corresponding to 

triplet FePc on graphene and singlet FePc above the dopant. (b) Proposed change in electronic 
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structure of Fe2+ d-orbitals when adsorbed on an N-dopant. On graphene, the dyz, dxz, and dz
2 

orbitals are not strongly split and form a high-spin triplet ground state. Repulsion from the N-

dopant results in a higher energy dz
2 orbital and a low-spin singlet ground state. (c) Two-photon 

photoemission spectra at selected delay times in a ZnPc-MoS2 heterostructure. Upon 

photoexcitation, the emission evolves through three states as depicted in (d). Upon 

photoexcitation of ZnPc (i), charge transfer occurs (ii), followed by back electron transfer to the 

ZnPc triplet state (iii). (e) Structure of quinoidal dithienyl perylenequinodimethane (QDTP) and 

SQUID measurements showing a spin transition around 360 K as QDTP switches from a singlet 

to a triplet state. (f) Temperature-dependent magnetoconductivity of a QDTP-MoS2 

heterojunction. A clear transition from negative to positive magnetoconductivity is observed as 

the QDTP switches from a singlet to a triplet spin state. (a) and (b) reprinted from 385. Copyright 

2018 The Authors, Springer Nature under a CC-BY license. (c) and (d) reprinted with permission 

from 285. Copyright 2017 American Chemical Society. (e) and (f) reprinted from 387. Copyright 

2017 The Authors, Springer Nature, under a CC-BY license. 

        

dynamic change in response to temperature (Figures 5.5c and 5.5d).387 Spin crossover will likely 

see continued interest as a means of dynamically altering the properties of organic-2D 

heterojunctions, either by modulating magnetoresistance or in combination with other properties 

discussed below. 

       Other thin-film magnetic effects may also be induced by organic adsorbates. For example, 

Kondo scattering and Ruderman–Kittel–Kasuya–Yosida (RKKY) interactions are enabled by 

hybridization of spins with a 2D band. Specifically, Kondo scattering has been observed in gated 

MoS2 due to unpaired spins at defects.388 The tunability of both orbital energetics and symmetry 

will be critical in designing molecules for these applications. Experiments with magnetically 

ordered 2D metal halides or superconducting 2D materials are also an area of significant promise. 

In particular, hydrazine adsorbed on superconducting NbSe2 has been shown to induce coexisting 

ferromagnetic and superconducting phases.389 While research on these magnetic and 
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superconducting heterojunctions remains in an exploratory phase, the growing number of 2D 

materials in this family will accelerate progress along these lines. 

        The valley physics of TMDs also present opportunities for integration with organic molecular 

spins. Since small magnetic fields from ferromagnetic materials in a heterojunction with WSe2 or 

MoS2 are known to greatly influence valley polarization,390,391 ferromagnetic organic adlayers are 

expected to display similar effects. Another application that may leverage the unique properties of 

organic molecules is adsorbate-mediated intervalley spin-flip scattering.392,393 An organic 

paramagnet with unpaired spins of appropriate symmetry and energy could participate in this type 

of process. By pumping a TMD with circularly polarized light, it should be possible to orient the 

spins of organic molecules by creating unequal rates of spin-flip scattering. In this manner, the 

spin orientation of the organic layer can be optically aligned, potentially inducing magnetic 

ordering in molecules that were previously disordered. 

        Even for diamagnetic molecules, spin can play a role in organic-2D heterojunctions. Due to 

its large spin-orbit coupling, MoS2 facilitates singlet-to-triplet transitions in ZnPc by back electron 

transfer as shown in Figures 5.5e and 5.5f.285 Since this process of back electron transfer may allow 

populating triplet states in molecules that may otherwise have slow intersystem crossing, MoS2 

and other high spin-orbit TMDs are attractive sensitizers for solid-state triplet upconversion.394 A 

diphenylanthracene-TMD heterojunction is a promising candidate for this process, although any 

upconversion experiment will require care in understanding the thickness and orientation 

dependent energy level alignment. Large spin-orbit coupling in the organic layer is another 

interesting and tunable parameter, potentially enabling bright phosphorescence or spin-valley split 
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hybridization in organic-2D heterojunctions. A library of phosphorescent metal complexes that 

have been developed for organic light emitting diodes may be especially useful for this application. 

       Exciton recombination is also influenced by spin.  Excitons can be classified as bright or dark 

depending on whether their radiative recombination is spin-forbidden. In cases of large spin-orbit 

coupling, these bright and dark excitons have different energies. In particular, tungsten-based 

TMDs have dark excitons that are lower in energy and thus have limited PLQY.395 Nevertheless, 

the dark excitons can still undergo energy transfer,396 providing one route for interaction with 

organics. Furthermore, they can be brightened by external magnetic fields,397 which could be 

achieved with organic ferromagnets. Dark-to-bright exciton interconversion by adsorbate 

scattering has also been shown in carbon nanotubes (CNTs).398 With greater control over excited 

state decay pathways, it is likely that molecular adsorbates can be designed to amplify dark-to-

bright scattering in organic-2D heterojunctions. 

 Chirality Effects 

         Despite many potential applications, chirality is an underexplored degree of freedom in 

organic-2D heterojunctions. Early work in this direction includes the liquid phase exfoliation of 

MoS2 in the presence of chiral molecules that has been shown to induce a chiral buckling in the 

resulting nanoplatelets that leads to measurable circular dichroism (Figures 5.6a and 5.6b).399 

Chiral buckling has also been observed in graphene quantum dots and results in chirality-

dependent cytotoxicity,400 which suggests that chiral functionalization of 2D materials may be a 

fruitful area of research for biomedical applications. In addition, chiral-functionalized MoS2 and 

WS2 show enantioselectivity in certain chemical reactions.401 Achiral molecules may also exhibit 



162 

 

 

 

 

 

chirality when they are confined to a 2D surface,402 allowing them to seed chiral supramolecular 

structure growth such as covalent organic frameworks.403 The ability to seed larger scale chirality 

has potential uses in optics and enantioselective catalysis. 

The link between spin and chirality, through the chiral-induced spin selectivity (CISS) 

effect, has yet to be explored the context of organic-2D heterojunctions. This effect is known to 

promote spin-dependent tunneling probabilities through chiral molecules, as well as spin-selective 

polarization of chiral molecules adsorbed on ferromagnetic surfaces.404 The latter effect has been 

shown to result in chirality-dependent magnetic orientation in thin-film heterojunctions consisting 

of chiral molecules, metals, and ferromagnetic materials (Figure 5.6c-e).405 Since spin-chirality 

linkage is surface sensitive, magnetic 2D materials are prime candidates for exploring thin-film 
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Figure 5.6 (a) Liquid phase exfoliation of MoS2 in the presence of chiral penicillamine induces 

chiral bending in the resulting nanoplatelets. (b) Circular dichroism spectra of these platelets 

shows that the bent nanoplatelets are optically active and oppositely polarized for the D- and L- 

enantiomers. (c) Schematic of patterned chiral α-helix polyaniline molecules (AHPA-L and 

AHPA-D) on a ferromagnetic thin film, separated by a conductive gold layer. (d,e) Magnetic 

force microscopy (MFM) of patterned AHPA-L and AHPA-D, respectively, show opposite 

magnetization orientation of the Co thin film induced by the chiral molecule. (f,g) Schematic 

proposals to use chirality to manipulate magnetically ordered 2D materials. (f) CrI3 bilayers are 

known to be antiferromagnetically (AFM) oriented in the z-direction. By coating both sides of a 

CrI3 bilayer with a conductive layer of molecules of the same chirality in a manner similar to (c), 

it may be possible to induce a ferromagnetic (FM) phase transition. (g) A ferromagnetic 

monolayer is patterned with a conductive layer and domains of opposite chirality. (a) and (b) 

reprinted with permission from 399. Copyright 2018 American Chemical Society. (c), (d), and (e) 

reprinted from 405. Copyright 2017 American Chemical Society. 

CISS. Demonstrations of this effect could include changing the out-of-plane magnetic ordering of 

bilayer CrI3 from antiferromagnetic to ferromagnetic by coating both sides with molecules of the 

same chirality (Figure 5.6f) or patterning domains of different chirality on a ferromagnetic 
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monolayer to create domains of opposite spin orientation (Figure 5.6g). Furthermore, these effects 

might be dynamically controlled by altering the chirality of the adsorbate (e.g., by using the B-Z 

transition of DNA).  The deposition of chiral molecules onto valleytronic 2D materials may also 

be a fruitful research direction. Moreover, there is evidence that chiral molecules can alter the 

superconducting symmetry of Nb films from s-wave to p-wave or d-wave.406 Since the previous 

section noted that organic-2D superconductor interfaces have already shown interesting effects, 

chiral paramagnets on NbSe2 or FeSe are likely to display rich physical phenomena. 

 Summary of Future Directions 

       This perspective has focused on many underexplored areas of molecular tunability in organic-

2D heterojunctions including hybridization and electrostatics, molecular orientation and thin-film 

morphology, non-frontier orbitals and defects, excitonic states, spin, and chirality.  All of these 

phenomena can be further tuned and enhanced through structural and/or electronic 

reconfigurability, which is a rapidly growing field in mixed-dimensional heterojunctions.237,259,260 

Since many organic molecules can be driven to undergo conformation changes (e.g., 

photoisomerization), nearly every molecular feature that was discussed in this Perspective offers 

the potential to be dynamically altered.  Consequently, organic-2D heterojunctions are likely to be 

of high interest to application areas that rely on reconfigurability such as non-volatile memory,108 

neuromorphic computing,407 and quantum information sciences.408 

        While the fundamental understanding of charge transfer and doping in organic-2D 

heterojunctions is maturing, there are areas where deeper investigation is needed. Specific 

examples include the role and potential uses of hybridization, rules for vdW templating of organic 
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morphology, and the chemistry of defects. Furthermore, other aspects of organic-2D 

heterojunctions are at a more nascent stage such as manipulating higher order excitonic states, 

spin, and chirality to realize new physics and chemistry. Overall, organic adlayers in mixed-

dimensional heterostructures must be understood at a level beyond HOMO and LUMO energetics, 

and molecular properties should not be considered in isolation from the 2D material. While this 

reality increases the complexity of designing organic-2D heterojunctions, it also implies a richness 

that has only begun to be harnessed. 
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*Chapter 5.2 adapted with permission from 262. Copyright 2021 American Chemical Society. 
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