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Abstract 

 
While electronics sits at the forefront of logic processing and data communication in 

microprocessors, the ever-increasing trend of on-chip power density has rendered the sustainability 

of device scaling questionable. This has also predominantly inspired the exploration of alternative 

pathways for energy-efficient data communication and information processing. Excitonics, not 

only offers a viable alternative for low-power logic processors but also, low-footprint 

communication. At room temperature, excitons only exist in a handful of semiconducting media - 

organic materials and recently discovered transition metal dichalcogenides (TMD) monolayers. 

While the room temperature existence makes it technologically relevant, controlling the exciton 

dynamics remains a challenge. 

The thesis addresses the challenge by exploring strain-based approaches. We first 

investigate the uniaxial strain modulated photophysics in an organic excitonic guest: host blend 

Alq3: DCM, where the excited state properties are governed by a phenomenon called solid-state 

solvation. We utilize buckled SiO2 microbeams to apply axial strain on an overlying host: guest 

thin film and tune the excited state photoluminescence from the guest molecules. We further verify 

that the observed spectral shift indeed originates from modulation in local dielectric polarization 

triggered by the molecular density under axial strain. We also demonstrate dynamic tuning of the 

molecular fluorescence by electrostatic actuation of a Si3N4 microbeam fabricated on a Si3N4/Si 

substrate. Later, we study piezoelectric modulation of excitonic photoluminescence in a monolayer 

semiconductor at room temperature under strong dielectric screening. As an archetype system, we 

study the photoluminescence spectral modulation in monolayer WSe2 transferred on piezoelectric 
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LiNbO3 substrate. Strong screening from the substrate leads to enhanced exciton dissociation and 

electric field-dependent shift of exciton emission energy – both can be further tuned by optically 

generated free carrier density. Finally, we investigate exciton transport under traveling strain in 

monolayer WSe2 encapsulated by bulk h-BN (h-BN/WSe2/h-BN). We generate high-frequency 

Rayleigh type SAW on piezoelectric Y-cut LiNbO3 substrate by patterning interdigitated 

electrodes (IDTs). Traveling strain generated by the SAW wave creates out-of-phase modulation 

of the monolayer energy bands - also known as the Type – I modulation. We also demonstrate 

acoustic steering of the photogenerated exciton density by precision control over the instantaneous 

SAW phase using phase synchronized time-correlated single photon counting scheme (TCSPC). 

We find that the acoustic transport of excitons in monolayer TMDs at room temperature is limited 

by the intrinsic exciton mobility and the spatial extent of the monolayer. Lower intrinsic mobility 

results in the ‘weak coupling’ of the photo-generated excitons to the traveling strain wave.  
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Chapter 1 Introduction 

1.1 The promise of excitons in van der Waals solids 

An exciton is a coulombically bound state of two fermions - an electron and a hole, 

generally found in low-dimensional semiconducting systems. These species strongly govern the 

photophysical properties of some classes of van der Waals solids. Van der Waals solids are 

materials where the constituents (atoms or molecules) are held together by a short range, weakly 

interacting force known as the van der Waals force [1], [2]. In this dissertation, we use the term 

‘van der Waals solids’, for referring to two specific classes of materials – organic molecular solids 

- where van der Waals force acts as the primary intermolecular force and the recently discovered 

inorganic layered two-dimensional materials such as semiconducting transition-metal 

dichalcogenides (TMDs) - where thin sheets of covalently bonded atoms are held together by out 

of plane van der Waals force [3]. 

When a low-dimensional semiconducting system is optically excited above or around its 

bandgap energy, an electron (a negatively charged fermion) is elevated from the valance to the 

conduction band, leaving behind an empty state – a hole, also a fermion, and conceived to be of 

equal and opposite charge of an electron. Therefore, an attractive Coulomb force exists between 

these fermions that results in a bound state called an exciton. The binding energy of such a bound 

pair state depends strongly on the dielectric surrounding of the media. In material systems with 

relatively small dielectric constant (organic materials), the binding energy can be more than 1 eV 

[1], [4], [5]. Such excitons are referred to as Frenkel excitons [6]. Being a largely disordered 

system, excitons in organic materials are strongly localized and show poor transport 
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characteristics. On the contrary, in inorganic semiconductors, due to the large dielectric constant, 

the binding energy is smaller (~ 10 meV). Commonly referred to as Wannier excitons [7], these 

species exist in low dimensional III-V semiconducting structures – quantum well, quantum dots, 

or quantum wires. Although, room temperature thermal energy (kBT) limits the exploration of 

exciting excitonic physics in inorganic III-V media, monolayer 2D materials with ultra-scaled 

dimension and out-of-plane confinement [8], [9] can sustain excitons with large binding energy 

and therefore offer a unique platform for studying exciting physical aspects and applications of 

Wannier excitons at room temperature.  The tunability of excitonic properties in van der Waals 

solids under external strain can be quite different in the two material systems. For example, the 

excitonic energy in TMDs undergoes blueshift/redshift due to an increase/decrease in bandgap 

under compressive/tensile strain [10], [11]. In molecular organic solids, the excitons primarily 

show redshift when external pressure is applied and vice versa.  

The enriched and diverse photophysical nature of excitons in these two different media 

largely shapes the motivation behind excitonic research. Excitons in organic semiconductors have 

been traditionally investigated for flexible, low-cost, high-performance optoelectronic applications 

such as photovoltaics, organic light emitting diodes (OLEDs), thin film transistors (TFTs), and 

displays. Application-specific tailoring of excitonic photophysics in these materials is achieved 

primarily through artificial synthesis and chemical engineering. On the other hand, the naturally 

occurring band properties in TMDs make them extremely sensitive to external strain and allows 

long rage exciton transport.  Contrary to electronic devices where energy-efficient operation is 

largely limited by lossy stray and parasitic capacitance, excitons, being chargeless entities, can 

provide a viable alternative for low-loss, energy-efficient logic processing, and data 

communication, and sensing. Furthermore, the monolayer nature of TMDs allows excitonic device 
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scaling down to sub-nanometer dimension. Therefore, engineering pathways to modulate 

photophysics of excitons at room temperature in these media is of paramount importance to 

research communities across the world.   

Over time, various approaches have been adopted, studied, and explored to engineer 

exciton photophysics in organic and inorganic semiconducting systems – strain engineering [12]–

[16], external electric field [17], [18], magnetic field modulation [19]–[21], modulating molecular 

concentration [22], [23], and so on. In the organic semiconductor domain, strain engineering 

traditionally refers to the application of external pressure to alter the intermolecular interaction in 

small molecular systems, morphology in polymer chain organic thin films, inter-chain molecular 

interaction, background dielectric polarization of the medium, etc. using apparatus like diamond 

anvil cell (DAC) [15], [24], [25] or linear pressure gauge [14], [21] or an AFM tip [26], [27]. Such 

apparatus have intrinsic large footprint and therefore are not viable for integration into traditional 

on-chip nanofabrication platforms. To harness the true potential of organic semiconductor 

photophysics for optoelectronic applications, an on-chip device platform that can leverage 

traditional nanofabrication techniques is still required and therefore should be investigated. 

Another widely adopted approach for tuning exciton photophysics in organic semiconductors has 

been the utilization of solid-state solvation effect reported by Bulovic et al. [28]–[30] where the 

background dielectric environment is modulated by the addition of external molecular entities [22].    

In the inorganic III-V semiconductor domain, strain has been widely used  to control the 

exciton photoluminescence emission from quantum wells [31], [32], quantum wires [33], [34] and 

quantum dots [35]–[37] Excitons in these systems have very low binding energy and therefore can 

only be studied at cryogenic temperatures which severely limits their application bandwidth. More 

recently discovered 2D semiconductors provide a unique advantage in this regard not only due to 
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their large exciton binding energy (ranging over a few hundreds of meV [38], [39]) but also due to 

their intrinsic strong mechanical strength and rigid nature [40], [41]. These materials can be bent, 

extended, stretched beyond the limits of traditional bulk III-V semiconductors, and therefore offer 

a larger range for studying strain-tuned exciton photophysics. These materials also show larger 

sensitivity to external strain when compared to bulk III-V semiconductors. Traditional means of 

strain tuned exciton manipulation in monolayer 2D semiconductors includes utilization of flexible 

substrates [42], [43], patterned nanostructures [44], [45], MEMs actuators [46], local dynamic 

strain engineering [47], [48]. Static non-uniform strain generated by patterned nanostructures 

triggers room-temperature directional exciton transport in these semiconductors, a phenomenon 

commonly referred to as exciton funneling [48], [49]. In recent years, exciton transport under static 

strain modulated non-uniform energy landscape has been extensively studied.  

On the other hand, a traveling strain wave is typically generated by surface acoustic waves 

(SAW) propagating at the surface of a piezoelectric material [50], [51]. In such a scheme, 

photogenerated excitons with high mobility can get trapped at the local potential pockets created 

by the traveling strain wave and are transferred over a long distance at the velocity of the wave 

[52], [53]. While static strain is traditionally utilized for exciton engineering, traveling strain 

generated by surface acoustic wave (SAW) has remained largely unexplored as means for 

achieving control over exciton photophysics and directional transport at room temperature. Such 

a scheme has been used to demonstrate the transport of indirect excitons up to a few hundred µms 

at cryogenic temperatures. Such long-range transport is attributed to large exciton mobility of 

excitons in III-V semiconductor quantum wells at cryogenic temperatures as well as the long 

lifetime of spatially indirect excitons. Excitonic circuits operating at cryogenic temperatures have 

also been demonstrated based on the long-range transport of indirect excitons in such material 
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systems [54]. Traveling strain, therefore, can be used not only to expand the application bandwidth 

of 2D monolayer semiconductors in the exciton transport domain but also to add new explorative 

domains to the already enriched excitonic physics. Moreover, with recent reports of exciton 

transport under dynamic strain in TMD heterostructures [55], a detailed understanding of the 

dynamic interaction of excitons at room temperature in monolayer TMDs and traveling strain 

waves is also of great importance.  

 

1.2 Organization of this thesis 

In the second chapter, we present a brief review on the field of strain engineering of exciton 

photo-physics in organic and inorganic van der Waals solids by summarizing the recent progresses. 

We briefly introduce the physical properties of excitons in molecular solids and in inorganic 

semiconductors. We also revisit the recent works and progresses in the field of strain-engineered 

excitonics in these two material systems.   

In the third chapter, we demonstrate a small footprint on-chip platform that can be utilized 

for strain-tuned photophysical manipulation of excitons in molecular solids. We use buckled SiO2 

microbeams to apply axial strain an organic thin film grown by vapor thermal evaporation and 

trigger the solid-state solvation effect. As an archetype media, we use a widely used organic host: 

guest media Alq3: DCM. Axial strain generated by the buckled microbeam modifies the local 

molecular density of the overlying thin film and local polarization field in the media. This triggers 

a proportional blueshift in the dopant emission energy. We estimate that for 1.5% doped thin film, 

the axial strain can modify the emission energy of the dopant at a rate of 16 meV/%. We also show 

that the solvatochromic shift in such a molecular media under external strain depends on the guest 

doping. We also show dynamic modulation of DCM emission energy by fabricating micro 
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electromechanical structures (MEMs) on Si3N4/ Si substrates in a 1.5% doped Alq3: DCM thin 

film. We also discuss a possible application of such a self-strained platform as means for the 

determination of mechanical properties of the thin film under study. 

In the fourth chapter, we use strong environmental dielectric screening to trigger 

piezoelectric modulation of photoluminescence in an inorganic monolayer van der Waals 

semiconductor – WSe2. When transferred on a strong piezoelectric substrate (LiNbO3), the 

monolayer WSe2 experiences strong substrate-induced dielectric screening. This results in a large 

reduction in binding energy and an increase in exciton polarizability. We estimate the exciton 

polarizability to be 8.5×10-6 Dm/V from the photoluminescence spectral shift under RF electric 

field. We also observe a strong electric field-dependent dissociation that can be further tuned by 

photoexcitation. We further verify our observation from optical fluence-dependent transient 

photoluminescence measurement under RF excitation. 

In the fifth chapter, we demonstrate room-temperature exciton transport by traveling strain 

wave in h-BN/ monolayer WSe2/ h-BN system. Encapsulation by bulk h-BN moderates the 

monolayer’s dielectric surrounding and helps reduce exciton dissociation under SAW electric 

field. h-BN encapsulation also improves exciton transport properties by reducing the scattering 

centers.  From our measurements, we estimate exciton mobility in monolayer WSe2 to be in the 

region of 900 cm2/eV/s. We also observe that exciton transport under traveling strain is limited in 

the weak coupling regime due to the small intrinsic mobility of room temperature excitons in 

monolayer WSe2 leading to an estimated exciton velocity of 600 m/s which is significantly smaller 

than the SAW velocity in LiNbO3 (3980 m/s).   
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In the sixth chapter, we summarize the results shown in this work and discuss possible 

future applications of strain-tuned excitonic manipulation in van der Waals monolayer 

semiconductors and their heterostructures. Finally, we conclude our discussion in chapter seven. 
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Chapter 2 Strain Engineering of Excitons in Van der Waals Solids: A Brief Overview 

 

2.1 A brief introduction to Van der Waals materials 

Simply stated, van der Waals solids are materials where the constituent entities are held 

together by a type of weak cohesive force known as the van der Waals force. As mentioned before, 

in this dissertation, be the term ‘Van der Waals solids’, we refer to two classes of materials: organic 

molecular compounds where van der Waals force is one type of the cohesive force that bind the 

molecules together and most recently discovered transition metal dichalcogenides (TMDs) where 

thin sheets of covalently bonded atoms are held together by an out-of-plane attractive force.  

Organic materials can be broadly classified into three different types: small molecules, 

polymers, and biological. The excited-state properties in these materials are strongly governed by 

the nature of inter-atomic and inter-molecular forces within the material. Weak cohesive forces 

such as van der Waals forces, dipole-dipole, dipole-induced dipole, hydrogen bonds, London 

dispersion forces, etc. [1] give rise to the amorphous or polycrystalline nature in small molecular 

organic thin films. Weakened inter-molecular interaction leads to strongly localized molecular 

orbitals that are sequentially occupied by electrons. This gives rise to the highest occupied 

molecular energy (HOMO) level and lowest unoccupied molecular orbital (LUMO) energy levels 

and an energy separation between them, commonly referred to as the energy gap. Following the 

absorption of a photon, an electron is promoted from a HOMO molecular orbital to a LUMO 

molecular orbital forming a coulombically bound state known as an exciton. These spatially 

confined molecular excited states have large binding energy (more than one or two orders of 
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magnitude larger, when compared to excitons in low-dimensional III-V quantum wells at 

cryogenic temperatures [56], [57]) and thus, are stable even at room temperature [4]. Additionally, 

the excitonic states can be either spin paired (also known as singlet states, having a net spin of 

zero) or spin unpaired (also known as triplets, having a net spin of one). The transition between 

the singlet and triplet states occurs via inter-system or reverse intersystem crossing and can be 

manipulated under external pressure [21]. The energy stored in such excited states can be 

transported from one molecular site to the neighboring site (hopping) via short-range energy 

transfer processes such as Förster Resonance Energy Transfer (FRET) [58], [59] or Dexter [60], 

[61] energy transfer. Thus, the transport distance primarily depends on the spectral (FRET) and/or 

the wavefunction (Dexter) overlap between molecules. Additionally, morphology (amorphous, 

polycrystalline, crystalline) leads to the energetic disorder that directly influences energy transport. 

In spite of the resulting random nature of the diffusion process [62], energy transport over large 

distances (>µm) has been reported [63]–[65]. 

Contrary to molecular organic materials, the bulk material structure of layered transition 

metal dichalcogenides (TMDs) is formed by the stacking of many monolayers by weak out-of-

plane van der Waals force. The constituent monolayers form strong electron-sharing covalent 

bonds among the atoms in two dimensions and therefore show strong in-plane mechanical stability 

[66], [67]. These materials are generally represented by the chemical composition MX2; M refers 

to the transition metal atom; X refers to the chalcogen atom. The monolayer in these materials 

generally consists of three atomic planes. The top and bottom planes contain chalcogen atoms in 

a triangular lattice configuration. The middle plane is constituted by a transition metal atom in a 

different triangular lattice configuration [68]. Of the many possible combinations of these 

materials, group VIB ones have been studied by the research community due to their exotic optical 
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and electronic properties [69], [70]. These materials can be synthesized in a variety of ways- 

mechanical exfoliation [71], [72], chemical vapor deposition (CVD) [73], [74], molecular beam 

epitaxy (MBE) [75]–[77]. As these materials are scaled down from the bulk phase to the monolayer 

phase, their electronic bandstructure undergoes exciting changes due to the out-of-plane quantum 

confinement at the two-dimensional limit. For example, these materials show indirect to direct 

bandgap transition in the monolayer limit [11], [78], [79]. The band extrema (conduction band 

minima and valance band maxima) for the monolayers are typically located at K points in the 

hexagonal Brillouin zone. The valance band shows strong spin-orbit splitting due to the presence 

of heavy metal transition atoms [80]–[82]. The monolayer electronic bandstructure is further 

complicated by variation of the mixture of the atomic orbitals at different symmetry points in the 

Brillouin zone– mostly d orbitals from the transition metal atoms and the p orbitals from the 

chalcogen atoms [83]–[85]. As multiple monolayers of these materials are stacked together, this 

complex orbital hybridization further alters the energy of conduction of valance band at different 

symmetry points, rendering direct to indirect bandgap transition [39], [86]. Reduced dimensional 

feature at the monolayer level results in significantly weakened dielectric screening from the 

surrounding environment and strong Coulomb interaction – leading to the formation of room-

temperature stable bound electron-hole pairs in monolayer TMDs, known as excitons. Broken 

inversion symmetry in the monolayer lattice, orbital hybridization, and strong spin-orbit 

interaction further give rise to exciting spin-valley properties and optical selection rules [87]–[89]. 

The excitons in TMDs are not as strongly localized as in organic compounds and show excellent 

transport properties [90]–[92] due to a well-defined bandstructure. For example, exciton diffusivity 
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in TMDs is more than two orders of magnitude higher than that reported for organic 

semiconductors [62], [93], [94]. The overall transport behaviors, however, are strongly influenced 

by the surrounding environment and factors, such as impurity and defects [95], [96], energetic 

disorders [97], surface roughness [98], and dielectric environment [99], etc. The contrasting nature 

of excitons in organic molecular solids and 2D materials is briefly shown in Figure 2-1. 

 

Figure 2-1: Types of excitons in semiconducting media. (a) Wannier type excitons are 
classically observed in inorganic semiconductors. Such excitons have very low binding 
energy (~ a few meV) and very large Bohr radius (~ 100 Ao), and therefore are not stable at 
room temperature. They are traditionally observed in small scale III- V semiconducting 
media like quantum well, quantum dots at cryogenic temperatures. (b) On the other hand, in 
organic molecular systems, excited states are strongly localized at molecular sites and are 
therefore strongly bound. Such excitons are stable at room temperature and can have binding 
energies ranging from several hundreds of meV up to 1 eV. These excitons are referred to as 
Frenkel excitons.   
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2.2 Strain-engineered exciton photophysics in organic materials 

External pressure has been a widely used tool to perturb the electronic and vibrational 

spectra of molecular materials and compounds. High-pressure manipulation of physical properties 

of organic small molecules, conjugated polymers, and their derivates has been studied extensively 

for a long time [25], [100]. The net effect of external pressure on molecular compounds is to reduce 

the interaction volume in the medium. External pressure, therefore, reduces intermolecular 

distance, enhances orbital wavefunction overlap between adjacent molecular sites, and alters the 

electronic configuration within the molecule. If the pressure is high enough, the molecular 

structure and the configuration may be altered [26], [27]. Such modifications shift the relative 

energetic positions of the molecular orbitals which can be measured using optical absorption or 

fluorescence spectra. A variety of pressure-induced shifts or modifications have been studied in 

literature such as π electrons in aromatic hydrocarbon crystals, charge transfer between donors and 

acceptors in molecular complexes, or between ligand and metal in transition metal complexes 

[100]. The extent of pressure-induced perturbation of electronic spectra in organic molecular 

semiconductors strongly depends on the nature, geometry, and structure of the molecular 

compound, nature, and types of intermolecular forces, nature of frontier molecular orbital i.e. 

bonding or antibonding [101], [102].   

The semiconducting properties of conjugated organic compounds and polymers depend 

strongly on the nature of conjugation among constituent unsaturated units in the polymer chain 

backbone, the overlapping strength of π orbitals between the molecules of the adjacent chains [15], 

[103]. Pressure-induced photophysics in these materials, therefore, provides important insights 

into the nature of structural morphology of the organic polymer, reconfiguration of the polymer 

backbone [104], [105], the intermolecular interaction within the polymer chain (intra-chain 
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interaction) [106], [107], inter-chain interaction and so on. In general, all π conjugated polymers 

show a characteristic redshift in photoluminescence under pressure, which is in stark contrast to 

inorganic semiconductors. As polymers are compressed, a strong intermolecular interaction due to 

increased overlap of the π- orbital wavefunctions within the polymer chain leads to increased 

conformational ordering. This results in a reduction of excited-state energy and eventually a 

redshift in the photoluminescence [106], [108]. The experimentally observed pressure coefficients 

for different vibrionic transitions suggest a strong influence of the backbone conformation on the 

pressure-induced photophysics. The energetic redshift in the electronic transition under pressure 

is often followed by planarization of the polymer backbone which leads to possible phase transition 

or co-existence of two different phases in the same polymer system [109], [110]       

Along with redshift in the photoluminescence (PL) spectra, the linewidth broadening under 

pressure shed light on strong interchain and intermolecular interactions in the polymer. Such 

linewidth broadening strongly depends on the conformation of the polymer backbone, the 

crystallinity of the polymer structure, molecular weight of the polymer [105], [111].  Increased 

pressure also opens up an additional non-radiative decay channel accelerated by increased 

interaction between adjacent polymer chains in the material [112], [113].    

Weak electrostatic forces within the molecular chains result in low dielectric constant and 

therefore, increased exchange-interaction in organic semiconductors. This also leads to highly 

localized long-lived triplet excited states [114]. In addition to modulation of singlet excited state 

properties, external pressure also modifies the energetic configuration of long-lived spin unpaired 

triplet excited states in organic polymers. The energetic modification of the triplet excited states is 

manifested in the observed redshift in the triplet-triplet absorption using photo-indued absorption 

spectroscopy [115]. In comparison to energetic modification of the singlet excited states, the triplet 
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states show a much weaker redshift under pressure, which is attributed to their localized nature 

[15], [111]. In addition, the narrowing linewidth of triplet-triplet absorption under pressure also 

shows reduced conformational freedom as the molecules come closer together [116].   

 The excited state photophysics of organic molecules is strongly affected by a local change 

in the dielectric environment. Emission from the molecular excited state shows a pronounced 

redshift as the polarization field in the background environment increases. In solid-state thin films, 

this phenomenon is known as solid-state solvation. Although the conventional method of 

triggering such a phenomenon has been changing the doping of highly polar guest molecules in a 

relatively non-polar host matrix, recent work from Cheng and co-workers showed, for the first 

time, the solvatochromic shift in molecular thin films can take place under external pressure [14]. 

Using a motorized mechanical pressure stage, a pronounced spectral redshift was shown in two 

different guest: host media – PS: DCM2 and Alq3: DCM2 [14].  
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Figure 2-2: Pressure induced photophysical manipulation in organics. (a) Pressure induced 
photophysical change in conjugated polymers at 300K. The photoluminescence from 
polymers show redshift under increased pressure due to increased wavefunction overlap 
between molecules alongside pressure induced smearing of the vibrionic progression. 
Reprinted (adapted) with permission from Guha, S., and M. Chandrasekhar. "Photophysics 
of organic emissive semiconductors under hydrostatic pressure." physica status solidi (b) 
241.14 (2004): 3318-3327. (b) Shift in optical absorption spectra for thin films of small 
molecule organics PTCDA and NTCDA under pressure. A gradual redshift is observed under 
pressure in both the molecules. Reprinted (adapted) with permission from Jayaraman, A., M. 
L. Kaplan, and P. H. Schmidt. "Effect of pressure on the Raman and electronic absorption 
spectra of naphthalene‐and perylenetetracarboxylic dianhydrides." The Journal of chemical 
physics 82.4 (1985): 1682-1687. (c) Experimental set-up for in-situ photoluminescence 
measurement from an organic thin film under pressure. The motorized micrometer and the 
spring together apply a linear pressure on the thin film sandwiched between quartz substrate 
and a cover slip. (d) Dynamic pressure induced solvatochromic shift in PS: DCM2 and Alq3: 
DCM2 systems. A clear pronounced red shift is observed as a function of pressure in both 
thin films. (c) and (d) - Reprinted (adapted) with permission from Chang, Wendi, Gleb M. 
Akselrod, and Vladimir Bulovic. "Solid-state solvation and enhanced exciton diffusion in 
doped organic thin films under mechanical pressure." ACS nano 9.4 (2015): 4412-4418. 
Copyright 2015 American Chemical Society. (e) Pressure induced spectral red-shift in a 
donor: acceptor blend (1:1 m-MTDATA: 3TPYMB). The redshift in photoluminescence is 
attributed to both solvation and reduced molecular proximity under increased pressure. 
Reprinted (adapted) with permission from Chang, Wendi, et al. "Spin-dependent charge 
transfer state design rules in organic photovoltaics." Nature communications 6.1 (2015): 1-
6.   
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2.3 Strain engineered exciton photophysics in inorganic van der Waals materials 

Strain engineering has long been used as a powerful tool for enhancing the performance of 

semiconductor electronic and optoelectronic devices [43], [117]–[120]. As seen in traditional bulk 

semiconductors, the electronic bandstructure of TMD monolayers demonstrates sensitivity to 

externally applied mechanical strain albeit the sensitivity is much stronger. For instance, while the 

excitonic deformation potential modulation in ZnO microwires is about 27.3 meV/% [121], 

monolayer TMDs show modulation in excess of 45 meV/% [122]. Theoretical bandstructure 

calculation predicts a lowering of bandgap in these material monolayers with increasing tensile 

strain and an eventual transition from semiconducting to metallic phase at high enough strain 

amplitudes [84], [123]. This gradual lowering of the bandgap is not typically accompanied by 

equal modulation of quasiparticle energies at the conduction and valance band extrema [124], 

[125] i.e. the conduction and valence band energies at their respective extrema do not get 

modulated equally under strain. Furthermore, external strain modifies the energy band curvature 

at different symmetry positions leading to changes in the carrier effective mass at different valleys 

[126], [127]. Recent experimental reports on strained layered semiconductors have led to many 

new opportunities and challenges for fundamental physical investigations and exciting device 

applications [12], [128], [129]. 

In strain engineering, 2D semiconductors offer a unique advantage over their bulk 

counterparts due to their ability to withstand large mechanical deformation [40], [43], [128], [130] 

For instance, monolayer MoS2 has been reported to withstand external strain greater than 10% 

while the direct to indirect bandgap transition point reportedly occurs at 2%. The monolayer finally 

undergoes semiconducting to metallic phase transition at tensile strains of about 10-15% [123], 

[131]. On the contrary, bulk materials like silicon can only sustain strains up to 1.5% [83]. Strain 
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engineering also modifies the enriched excitonic properties in the monolayer TMDs. A direct 

consequence of bandgap modulation under strain is observed from the measurement of the 

excitonic photoluminescence (PL) and absorption spectra [43], [132], [133]. For instance, the 

absorption spectra of monolayer WSe2 reportedly show uniaxial strain tunability of about 47 

mev/% - 60 meV/% [134], [135] on an absolute scale, determined from experiments. Besides, 

external strain causes modification in the exciton-phonon scattering in the monolayer [136], 

evident from the strain modulation of exciton linewidth [134], [137], increases exciton population 

in the lower-energy K valley by reducing KQ intervalley exciton scattering and, enhances the 

radiative recombination rate of K valley excitons, resulting in an increase in the PL emission [48]. 

    

 In recent years, several approaches have been followed and studied by research groups 

across the world for controlled strain application on TMD monolayers. One of the most common 

approaches includes controlled bending of flexible substrates like polydimethylsiloxane (PDMS) 

[45][138], polyethylene terephthalate (PET) [139], polyethylene napthalate (PEN) [140] etc. 

following the mechanical transfer of the monolayer. The advantages of the flexible substrate 

approach include possible dynamic control over the applied strain, reproducibility, ease of 

operation, possible application of both compressive and tensile strain using the same substrate, and 

many more [42], [128].  However, the poor strain transfer efficiency of substrates with low 

Young’s modulus, and monolayer slippage due to weak van der Waals interaction during the 

bending process are some of the limitations of such a method [128]. A more controlled approach 

has been demonstrated by the usage of micro-mechanical actuation [46], [141]. The mechanical 

transfer of TMD monolayers on pre-patterned substrates has been another widely studies way to 

apply large strains on the monolayers. Using nanofabrication techniques like lithography, ion- 
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etching, wet etching, ion- milling, and deposition various types of surface structures like periodic 

ripple [142], nano-pillar [94], [143]–[145], nano-cone [146] have been fabricated on traditional Si 

substrates. More recently, III-V nanowires have been used to create uniform strain over monolayer 

TMDs [147]. Other methods of applying large strains in monolayer TMDs include wrinkle 

generation by using elastomeric substrates [45], [148], proton-irradiation [149].   

 Solid-state single photon emitters or quantum emitters find their application niche in 

technologies like computing, sensing, metrological investigation, and so on [150], [151]. Strained 

monolayer TMDs have been explored as an attractive media for quantum confined light sources 

due to their strong light-matter interaction, scalability, large elastic deformation limit, and promise 

for integration with nano-scale on-chip photonic platforms [152]. Such quantum emitters are 

realized by transferring TMD monolayers on top of pre-patterned geometries like nanopillars 

[143], [144], etched patterns [153], monolayer nano-indentation [154], gate electrostatics [155], 

[156], artificial functionalization for transition to other excitation modes [157], [158]. More 

recently, quantum emitters operating up to the range of 150K through strain engineered emission 

from defect states have been demonstrated in monolayer WSe2 [159].      

As excitons are charge-neutral species, they are not influenced by a spatial electric field 

gradient. However, directional exciton flux control can be achieved under a spatial modulation in 

the exciton energy landscape i.e., exciton potential. A spatial modulation in exciton potential 

would exert a directional force on an exciton resulting in drift velocity, 𝑣𝑣 = 𝜇𝜇 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

; where  𝑣𝑣, 𝜇𝜇, 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 

refer to the exciton velocity, mobility, and exciton potential respectively. Since external strain 

modulates the band structure of TMD monolayers and therefore, the exciton potential, directional 

exciton transport can be achieved by applying a non-uniform strain gradient in an excitonic 

semiconducting medium. Fu and co-workers reported the first experimental observations on the 
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dynamics of excitons in bent ZnO microwires [121] using picosecond resolved 

cathodoluminescence. Due to their giant bandgap tunability, flexible nature, and ability to 

withstand large mechanical deformation and strong light-matter interaction, TMDs are also an 

attractive platform for studying directional exciton transport under a non-uniform strain gradient 

– a phenomenon commonly referred to as exciton funneling [48], [124], [160], [161]. Room 

temperature exciton funneling in TMD monolayers has been experimentally reported using 

patterned substrates [94], controlled nano-scale deformation under AFM tips [48], or metallic 

probes [49]. Under high strain, such funneling can also lead to quasiparticle inter-conversion [47]. 

However, the efficiency of such a funneling process is limited by the balance between drift and 

diffusion processes at thermal equilibrium, exciton lifetime in the medium under study, and non-

radiative recombination processes that dominate at high excitation density [162]. At room 

temperature, the theoretical limit of such a funneling process has been reported to be 50% which 

can be further improved at low temperatures where exciton drift dominated over diffusive transport 

[162]. The funneling efficiency and the transport distance can be largely improved by using TMD 

hetero bilayers with a long radiative lifetime [163], [164]. Some key results of strain tuned exciton 

modulation in inorganic layered semiconductors from different research groups are summarized 

in Figure 2-3 and Figure 2-4.          
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Figure 2-3: Static strain induced excitonic photophysical manipulation in TMDs. (a) 
Schematics of strain application on monolayer TMD by bending flexible substrates. Reprinted 
(adapted) with permission from Conley, Hiram J., et al. "Bandgap engineering of strained 
monolayer and bilayer MoS2." Nano letters 13.8 (2013): 3626-3630. Copyright 2013 
American Chemical Society. (b) Absorption spectra of strained (2.1%) and unstrained 
monolayer WSe2. The strained monolayer absorption shows a clear redshift and reduction in 
linewidth due to bandgap reduction and reduced exciton-phonon coupling. Reprinted 
(adapted) with permission from Aslan, Ozgur Burak, Minda Deng, and Tony F. Heinz. "Strain 
tuning of excitons in monolayer WSe2." Physical Review B 98.11 (2018): 115308. (c) Strain 
induced exciton photoluminescence modulation in monolayer MoS2 that shows a clear 
redshift. Reprinted (adapted) with permission from Castellanos-Gomez, Andres, et al. "Local 
strain engineering in atomically thin MoS2." Nano letters 13.11 (2013): 5361-5366. Copyright 
2013 American Chemical Society.  (d) Local strain profile as a function of spatial co-ordinates 
normal to the nanowire direction. The nanowires are used to strain the monolayer. The bottom 
panel shows the PL spectra of strained and unstrained monolayer flake as a function of energy 
relative to the neutral exciton (X0) resonance. The neutral exciton (X0) PL spectra for strain 
and unstrained monolayer is shown in the inset figure. Reprinted (adapted) with permission 
from Dirnberger, Florian, et al. "Quasi-1D exciton channels in strain-engineered 2D 
materials." Science advances 7.44 (2021): eabj3066." (e) AFM micrograph of a monolayer 
WSe2 transferred on a nanopillar geometry. The AFM line profile of the pillar (shaded blue) 
and the monolayer flake (pink line) are shown in the bottom figure. (f) PL spectra of 1L-WS2 
at 10 K. The PL spectra taken on an unstrained region (panel 1) shows no fine peak features. 
Panels 2 and 3 shows the PL spectra from monolayer WS2 on 170 and 190 nm nanopillars 
respectively. (e) and (f) - Reprinted (adapted) with permission from Palacios-Berraquero, 
Carmen, et al. "Large-scale quantum-emitter arrays in atomically thin semiconductors." 
Nature communications 8.1 (2017): 1-6. 
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Figure 2-4: Static strain induced exciton transport in monolayer TMDs. (a) Schematics of 
strain induced exciton funneling in monolayer TMD under local tension. Excitons funnel 
towards the position of minimum energy and undergo radiative recombination there, 
enhancing the PL emission. Reprinted (adapted) with permission from Castellanos-Gomez, 
Andres, et al. "Local strain engineering in atomically thin MoS2." Nano letters 13.11 (2013): 
5361-5366. Copyright 2013 American Chemical Society. (b) Schematic illustration of 
generating dynamically controlled local strain in monolayer TMDs using an AFM tip. (c) 
Experimental results of exciton funneling under AFM tip induced strain in monolayer WSe2. 
The CCD images show PL intensity without (top), and under AFM indentation (middle) on 
the monolayer. The bottom image shows the difference that shows the funneled fraction of 
excitons. The scale bar is 1 μm. (d) Reversible control over PL excitation due to exciton 
funneling under AFM indentation. (b), (c), and (d) - Reprinted (adapted) with permission from 
Moon, Hyowon, et al. "Dynamic exciton funneling by local strain control in a monolayer 
semiconductor." Nano Letters 20.9 (2020): 6791-6797. Copyright 2020 American Chemical 
Society. (e) Normalized PL spectra from monolayer WS2 under strain that shows a clear shift. 
Two gaussian fitting of the PL spectra at different strain levels show conversion from exciton 
to trion under large strain in the monolayer. Reprinted with permission from Harats, Moshe 
G., et al. "Dynamics and efficient conversion of excitons to trions in non-uniformly strained 
monolayer WS2." Nature Photonics 14.5 (2020): 324-329. (f) Room temperature PL centroid 
map of a monolayer WSe2 transferred on a SiO2 nano-pillar pattern that shows clear redshift 
at the position of the nano-pillar. (g) Normalized exciton density extracted from diffusion 
measurement at room temperature. The measurement position is marked in (f). The exciton 
flux shows a clear drift towards the position of maximum strain on the monolayer alongside 
diffusive transport at room temperature. (f) and (g) - Reproduced from Cordovilla Leon, 
Darwin F., et al. "Exciton transport in strained monolayer WSe2." Applied Physics Letters 
113.25 (2018): 252101, with the permission of AIP Publishing.   
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Although spatially varying static strain provides a unique way of directing exciton flux in 

semiconductors, traveling strain wave can also be used to achieve directional exciton transport. 

Such traveling strain waves can be generated by surface acoustic waves (SAW) propagating on 

piezoelectric substrates [165], [166]. The dynamic strain generated by such a propagating surface 

wave produces an out-of-phase band edge modulation in a semiconducting media, resulting in 

periodic modulation of exciton potential, thereby creating potential pockets moving at a velocity 

of the SAW wave [52], [167]. Such out-of-phase modulation is commonly referred to as type- I 

modulation. Using such a scheme, Rudolph et al. [53], [167] demonstrated the transport of indirect 

excitons up to several hundreds of μms at cryogenic temperatures. Such long-range transport is 

primarily attributed to the long recombination lifetime of indirect excitons in the III-V quantum 

well system, which can extend up to several hundred on ns [168], [169] and high low-temperature 

intrinsic exciton mobility which allows efficient coupling of photogenerated excitons to the 

traveling potential lattice [53], [170]. Such long rage transport phenomenon has been successfully 

extended for the realization of scalable interconnects at cryogenic temperatures [54]. More 

recently, such a traveling acoustic field has been successfully used to achieve long-range exciton 

transport in TMD monolayers [171] and hetero- bilayers [55].  Some key results of surface acoustic 

wave-mediated exciton transport in III-V semiconductors and TMDs are summarized in Figure 

2-5.  



 23 

 

 

Figure 2-5: Acoustic field induced manipulation of excitons. (a) Schematic illustration of the 
GaAs/ AlGaAs device geometry with the patterned IDTs and the generation and excitation 
positions. The prolonged lifetime of the indirect excitons is sustained along the channel by 
applying an out-of-plane electric field. (b) Schematic illustration of type – I band edge 
modulation where the conduction and valance bands are modulated out of phase under strain. 
(a) and (b) - Reprinted (adapted) with permission from Violante, Adriano, et al. "Dynamics 
of indirect exciton transport by moving acoustic fields." New Journal of Physics 16.3 (2014): 
033035. (c) Spatial PL profiles from indirect excitons for different gate voltages Vg in the 
absence (dashed lines) and presence (solid lines) of a SAW with Prf 24 dBm. The inset shows 
the diffusion length Lex extracted from the decay of the profiles towards negative X. 
Reprinted (adapted) with permission from Rudolph, J., R. Hey, and P. V. Santos. "Long-
range exciton transport by dynamic strain fields in a GaAs quantum well." Physical Review 
Letters 99.4 (2007): 047602. (d) Cryogenic excitonic multiplexing circuit based on the 
concept of dynamic strain induced exciton transport. Acoustic transport of IX excitons under 
10 dBm RF excitation at (e) input port 1 (SAW1) and (f) input ports 1 and 2 (SAW1 and 
SAW2 inputs are active at the same time). (d), (e), and (f) - Reprinted (adapted) with 
permission from Lazić, S., et al. "Scalable interconnections for remote indirect exciton 
systems based on acoustic transport." Physical Review B 89.8 (2014): 085313. Long range 
exciton transport under dynamic strain in 2D heterostructure at 100 K. (g) When the SAW 
is off the indirect excitons shows diffusive transport behavior. As the SAW is turned on, two 
bright peaks appear at the far end of the flake due to the exciton transport by dynamic 
acoustic lattice. (h) Acoustic lattice mediated exciton transport in TMD heterostructure 
under different RF excitations (i) 0 mW (ii) 4.5 mW (iii) 6 mW. (g) and (h) - Reprinted 
(adapted) with permission from Peng, Ruoming, et al. "Long-range transport of 2D excitons 
with acoustic waves." Nature communications 13.1 (2022): 1-7.        
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Chapter 3 Strain Tuned Solvatochromism in a Molecular Host: Guest Blend  

 

 

3.1 Authorship and copyright disclaimer statement 

The contents of this chapter were published in ACS Applied Nanomaterials in December 

2019 [172] and Optical Materials Express in December 2020 [173]. I retain the rights to include 

the results and contents of the publications in this dissertation provided that it’s not used 

commercially. The other co-authors were Parag B Deotare from the University of Michigan, Ann 

Arbor, Michigan, USA.  

3.2 Background 

In recent years, organic semiconductors have been extensively used in electronic, 

optoelectronic, and photovoltaic devices due to their unique photo-physical properties such as 

tunable energy gap, high exciton binding energy, and thermal independence along with the 

mechanical flexibility and compatibility with large-scale continuous production processes such as 

roll-to-roll printing and solution processing [174]–[178].  Particularly, in applications demanding 

mechanical flexibility and light weight such as wearable devices, organic materials offer unique 

advantages over their inorganic counterparts [179]–[181]. However, since the molecules in organic 

semiconductors are held together by weak van der Waals forces, the elastic properties of an organic 

thin film can largely vary from its bulk form [182]. To harness the full potential of organic 
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materials for flexible thin film nanoscale devices, a proper understanding and knowledge of 

mechanical properties such as elastic modulus are important.  

Over time, various techniques and methods have been employed to estimate the elastic 

modulus of organic thin films (both polymers and small molecules), with reported values ranging 

from 1-120 GPa [181], [183]–[189]. Such a large discrepancy mostly stems from the dependence 

and interaction of the measurement technique with the substrate material. For instance, buckling 

techniques based on the formation of sinusoidal wrinkles on a compliant substrate rely on the 

elastic modulus of the compliant substrate [183]–[185]. Another standard method to determine the 

elastic modulus of thin films is nanoindentation, which consists of applying a load and measuring 

the displacement of the indenter to determine the mechanical properties of the thin films. This 

technique too is strongly affected by the nature of the substrate material due to the substrate-

indenter interaction [188]. In addition, the difference in the thin film density and aggregate 

formation that may occur during the vacuum deposition of thin films on substrates could also 

trigger a discrepancy in elastic modulus estimation [188]. The difference in molecular packing and 

distribution in bulk and thin film forms could also trigger changes in the measured elastic 

properties. For instance, a 70% increase in elastic modulus was observed as the thickness of vapor-

deposited Tris-(8-hydroxyquinoline)aluminum (Alq3) thin film was reduced to 10 nm [187]. In 

addition, time of flight-based techniques such as laser-generated surface acoustic waves as well as 

picosecond ultrasonics has been successfully used to determine the elastic properties of low-

dielectric constant(low-k) material. [165], [190]–[194] However, both the techniques are limited 

to certain thicknesses of films. [193], [195]. Another non-contact approach is based on Brillouin 

Light Scattering (BLS), where experimentally measured dispersion of acoustic phonon modes in 

a thin film medium is used to extract elastic properties [195]–[197]. This method requires 
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knowledge about the mass density of the thin film which could be different in bulk and thin film 

forms [195]. Some other non-contact methods reported include those based on ellipsometric 

porosimetry [198], [199] and elastocapillary bending [200]. Besides experimental methods, the 

elastic modulus of organic small molecules has also been computed using molecular dynamics 

simulation which further adds to the discrepancy [189].  In this work, we report a non-invasive 

technique based on strain-generated solvatochromism in a solid-state organic medium that 

overcomes some of the underlying issues discussed earlier and can be used for bulk as well as thin 

films. 

We use the residual stress in silicon dioxide (SiO2) thin films to generate controlled axial 

strain on an overlying organic thin film. Residual stress is generated due to differential thermal 

expansion of the substrate and the thin film during the growth phase. The microbeams were 

patterned on the substrates using optical lithography, followed by reactive ion etching, and released 

from the substrate using a gas-phase etching process, followed by the evaporation of the organic 

thin film. Please refer to Appendix A for detailed fabrication steps. From our measurements, we 

show that microbeams fabricated on a thin film under residual stress can generate as high as 1% 

local strain when released from the substrate. The elastic modulus of the organic thin film was 

extracted by fitting a model based on solid-state solvation with the observed shift in the 

photoluminescence (PL) spectrum of the strained organic thin films. We further verify the 

estimated value by dynamically tuning the tensile strain on the organic thin film using a MEMS 

device fabricated on low stress, low-pressure chemical vapor deposited (LPCVD) silicon nitride 

(Si3N4) platform. In the current work, we choose to work with Tris-(8-hydroxyquinoline)aluminum 

(Alq3) and 4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) as a 

representative of a guest: host system of organic semiconductors. Alq3 is widely used as an electron 
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transport layer as well as an active emission layer in organic light-emitting diodes (OLEDs) [201]. 

Further, the emission wavelength and the electroluminescence efficiency of Alq3 based OLEDs 

can be modulated by introducing small molecule dopant materials in specific concentrations and 

thereby changing the non-radiative energy transfer from host Alq3 molecules to guest dopant 

molecules [202]. In this regard, DCM has been widely used as a luminescent red dopant in Alq3 

host matrix due to high Förster energy transfer efficiency [203], [204]. Hence, we believe that 

estimation of mechanical properties of such a representative system using an optical non-contact 

approach could be helpful for flexible optoelectronic device applications. 

3.3 Estimating axial strain along a buckled SiO2 microbeam 

The axial strain along the microbeam axis was measured using white light interferometry 

and polynomial fitting of the out-of-plane deflection of the microbeam [172]. The 2D surface map 

of a representative microbeam obtained using white light interferometry is shown in Figure 3-1(a). 

The maximum out-of-plane deflection and tensile strain at the point of maximum deflection for 

different beam lengths are shown in Figure 3-1(b). Although, out-of-plane microbeam deflection 

increases as the beam length increases, the resulting axial strain at the maximum deflection point 

decreases with beam length. The measurements show that the microbeam geometry can generate 

an axial strain of about 0.9% at the position of maximum deflection which is lower than the 

reported yield strain of Alq3, extracted from atomistic simulation [189]. In addition, the generated 

axial strain is lower than the strain applied in most bucking-based methods as well as the reported 

yield point for similar small-molecule organic materials [183], [185], [205], [206]. Since the 

maximum strain applied in this work is within the yield limit of the thin film under study, the 

mechanical properties of the organic thin film in this work are expected to be governed by the 

linear regime of the stress-strain relationship. Figure 3-1(c) – (e) shows the out-of-plane deflection 
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(obtained from the 2D surface map and polynomial fitting), the radius of curvature, and the axial 

tensile strain respectively, along the linear section, labeled M – N in Figure 3-1(a).  

Due to the uneven nature of gas-phase XeF2 etching [207], the microbeams tend to deflect 

asymmetrically when released. This deflection may be non-uniform along the normal to the beam 

axis as can be found elsewhere [172]. This asymmetric deflection could also strain the thin film 

normal to the beam axis. We extracted the strain profile along the normal to the beam axis at the 

position of maximum deflection [172]. Along the normal direction, the measured surface profile 

does not show any significant curvature and hence the strain along this direction was found to be 

negligible. Therefore, any modulation in the emission spectrum of the organic thin film is expected 

to be dominated by the axial strain on the deflected microbeam. Besides the generated strain being 

lower than the yield point of the thin film, from our estimation, the force on the fluorescent organic 

emitters generated by the axial tensile strain is insufficient to cause any change in the molecular 

structure or strain in the molecular bonds [172].  
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Figure 3-1: Axial strain on buckled SiO2 microbeam: (a) Surface profile of a doubly 

supported SiO2 microbeam released by gas-phase XeF2 etching step. The surface profile is 

extracted using non-contact white light interferometry. (b) Maximum deflection of buckled 

microbeam, and the corresponding axial strain measured at the maximum defection point 

for different beam lengths. The axial strain at maximum deflection point decreases with 

increased beam length. (c) Deflection profile of the buckled microbeam shown in (a), along 

a linear section labeled M-N, through the middle of the buckled beam. The figure also shows 

a polynomial fit of the extracted surface profile along the linear section. (d) Radius of 

curvature extracted from the fitted deflection profile. (e) Axial strain profile calculated from 

the radius of curvature using the formulation discussed in the text.  
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3.4 Solid-state solvation in a strained amorphous organic thin film 

In our study, we use Alq3: DCM as an archetype host: guest system (Figure 3-2(a) and (b)) 

[208]–[210]. DCM molecules suspended in a relatively non-polar Alq3 background matrix undergo 

solid-state solvation (under no mechanical stimuli) which triggers a pronounced redshift of the 

emission spectrum. Following the electronic transition by absorption of a photon, the solute 

molecules reach an initial excited state commonly referred to as the Franck- Condon state [211]. 

For molecules having a large transition dipole moment, an equilibrium excited state is established 

by the interaction between the excited solute molecules and the surrounding electrostatic medium. 

In a doped host: guest medium, this local polarizable medium is created by polar guest molecules 

and the local electric field becomes stronger with guest doping. This phenomenon is called self- 

polarization. Figure 3-2(c) shows a simple schematic of the mechanism of solvatochromism in an 

amorphous organic thin film under external mechanical tension. As the thin film is axially 

stretched, the local molecular density decreases triggering a decrease in self polarization and a 

reduction in the energy required for relaxation from the short-lived Franck-Condon state. As a 

result, a blueshift in the emission spectrum of the molecule is observed. From the measured 

spectral variation of DCM emission and axial strain on the thin film, we can extract the spatial 

modulation of the dielectric polarizability under axial strain and estimate the strain sensitivity of 

dielectric polarization in the host: guest medium. 
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The solvatochromic spectral shift due to solute-solvent interaction in a dielectric medium 

is generally represented by the Lippert- Mataga equation [212], [213]:  

𝜐𝜐𝑎𝑎 − 𝜐𝜐𝑓𝑓 = 2
ℎ𝑐𝑐

( 𝜀𝜀−1
2𝜀𝜀+1

− 𝑛𝑛2−1
2𝑛𝑛2+1

) (𝜇𝜇𝐸𝐸−𝜇𝜇𝐺𝐺)2

𝑎𝑎3
+ 𝐶𝐶                (Equation  3.1) 

    

Here, 𝜐𝜐𝑎𝑎 and 𝜐𝜐𝑓𝑓 refer to the peak absorption and emission wavenumbers of solute molecule 

in cm-1, 𝜀𝜀 and n refer to the dielectric constant and refractive index of the surrounding solid-state 

solvent medium respectively, h and c refer to the Planck’s constant and the speed of light 

respectively, μE and μG refer to the dipole moment of the solute molecules in the excited and 

ground-state respectively, a is the radius of the cavity from Onsager reaction field theory [214], 

 

Figure 3-2: (a) Molecular structures of the materials used in this work: (a) Alq3 & (b) DCM. 

(c) Simple schematic representation of solid- state solvation under tensile strain. Here the 

center molecular dipole is shown to be surrounded by solvent molecules. Under tensile strain, 

the molecular density decreases and the resulting reduction in self-polarization triggers a 

blueshift in the emission of DCM molecules at a specific doping. 
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and C refers to a constant that represents the unperturbed spectral shift of the solute emission. The 

term 𝜀𝜀−1
2𝜀𝜀+1

− 𝑛𝑛2−1
2𝑛𝑛2+1

 generally referred to as the orientational polarizability [215], represents the local 

dielectric polarization of the medium. The first term 𝜀𝜀−1
2𝜀𝜀+1

 represents the effect on Stokes shift due 

to both electronic and molecular reorientation of the solvent dipoles around the excited solute 

molecules. On the other hand, the second term  𝑛𝑛
2−1

2𝑛𝑛2+1
 represents the high-frequency response due 

to electronic re-orientation. Therefore, the difference between the two terms accounts for the net 

dielectric polarization due to molecular reorientation in a solute-solvent medium. In solid-state 

doped thin films, orientational polarizability increases as the concentration of polar guest 

molecules in a relatively non- polar background host matrix is increased.  

Figure 3-3 shows the effect of axial strain on the emission properties of Alq3: DCM thin 

film for 1.5% DCM doping. Figure 3-3(a) shows false-color SEM micrographs of representative 

SiO2 released microbeams with an overlying organic thin film. Figure 3-3(b) shows normalized 

PL intensity profiles at three different positions on the microbeam – positions M, N, and P. Figure 

3-3(c) shows the axial strain along the microbeam calculated from the out-of-plane deflection. Due 

to the nature of deflection, the strain generated along the microbeams can range from 0.2 - 0.3% 

compressive (at the anchor position) to about 0.9% tensile (at the position of maximum deflection). 

In Figure 3-3(c), positions M & N represent the location of zero strain on the released microbeams. 

Position P represents the maximum strain location on the beam and the position of maximum out-

of-plane deflection. From the figure, we see that the axial strain gradually increases as we approach 

position P from position M, reaches the maximum value at position P (~0.9%), and gradually 

decreases as we approach position N. Figure 3-3(d) shows the peak photoluminescence emission 

wavelength measured along the microbeam on the left y-axis. We observe a gradual blueshift in 

the peak emission wavelength from the zero strain positions (M & N) to the maximum strain 
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position (position P). We observe a blueshift of nearly 6 nm for an axial tensile strain of about 0.9 

% (also seen in Figure 3-3(b)) as a result of solvatochromism under tensile strain. We note that no 

significant change in the PL linewidth was observed, suggesting that the axial strain did not affect 

the homogeneous distribution of molecules in the host: guest medium. We also estimated the axial 

strain profile and the measured peak emission wavelength of DCM for 2.5% and 5% doped thin 

films [173].    
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Figure 3-3: Effect of axial strain on solvatochromic shift for a 1.5% DCM doped Alq3: DCM 

thin film.  (a) False color SEM micrograph of SiO2 microbeams (length 15 μm) released 

using XeF2 gas phase etching following thermal evaporation. (b) Normalized PL intensity 

profile at three different positions on the beam. The normalized PL intensity at position P 

(maximum strain) shows a clear blueshift with respect to normalized intensity at positions 

M and N (zero strain). (c) Axial tensile strain along the released SiO2 microbeams with the 

zero strain positions (M & N) and maximum strain position highlighted (P). (d) Peak 

emission wavelength of DCM and fractional change in orientational polarizability along the 

microbeam extracted from photoluminescence measurements. 
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From the measured peak PL emission, one can extract the local orientational polarization 

(Δf) along the strained thin films for different DCM doping concentrations. We rewrite Equation 

3.1 as:  

𝜐𝜐𝑎𝑎 − 𝜐𝜐𝑓𝑓 = 𝑚𝑚𝑚𝑚𝑚𝑚 + 𝐶𝐶                      (Equation  3.2)  

where,  
𝑚𝑚 = 2

ℎ𝑐𝑐
(𝜇𝜇𝐸𝐸−𝜇𝜇𝐺𝐺)2

𝑎𝑎3
                   (Equation  3.3) 

       

𝑚𝑚𝑚𝑚 = 𝜀𝜀−1
2𝜀𝜀+1

− 𝑛𝑛2−1
2𝑛𝑛2+1

                   (Equation  3.4) 
           

 

We use the reported values of m and C of 7.94×103  cm-1 and 2.74×103 cm-1 respectively 

[212], [216] and the DCM absorption peak wavelength of 480 nm [217] to extract the orientational 

polarizability based on the measured PL emission peaks. We assume a negligible change in the 

absorption spectrum of DCM due to axial tension on the thin film. The solvatochromic shift due 

to molecular reorientation takes place over a long time scale (~10-9 s) compared to light 

absorption(~10-15 s), justifying the assumption [211]. The spatial variation of the change in 

orientational polarizability along the 1.5% doped DCM doped thin film is plotted in Figure 3-3(d) 

(right y-axis). The orientational polarizability decreases gradually from the zero-strain position 

and reaches its minimum value at the maximum tensile strain position on the microbeam. Based 

on the results, ~9% change in the orientational polarization was estimated under axial tension of 

0.9%. The spatial variation of the orientational polarizability for a 2.5 % and 5 % DCM doped 

strained thin film has also been estimated from PL measurements [173]. 

From our measurement, we observe a linear relationship between the peak DCM emission 

energy and the axial tensile strain for different DCM doping concentrations as shown in Figure 

3-4. However, the rate of a solvatochromic shift under strain was different at different DCM doping 
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concentrations. We observed the highest slope of 0.016 eV/% in the 1.5 % doped film, reduced to 

0.006 eV/% for 5% doped film.  

  

 

Figure 3-4: Linear fit of DCM peak emission energy with axial strain at for different DCM 

doping. (a)  1.5%; (b) 2.5%; (c) 5% DCM doping concentrations. Even though DCM peak 

emission energy shift consistently follows a linear relationship with axial strain, the range 

of peak emission energy modulation under strain decreases with DCM doping. The error bar 

in the figures represents the range of DCM peak emission energies from different samples. 
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To understand the relationship of DCM peak emission energy to external axial strain, we 

use the Clausius- Mossoti relation that relates the dielectric response of a homogeneous medium, 

1
2

ε
ε
−
+

with molecular polarizability, α as [218]: 

𝜀𝜀−1
𝜀𝜀+2

= 𝑛𝑛𝑛𝑛
3𝜀𝜀0

                       (Equation  3.5) 
        

Here, n refers to the molecular density of the medium (N/V where we assume the number of 

molecules dispersed in volume V is N), and ε0 refers to the free space dielectric constant. Since the 

high-frequency refractive index is not affected by axial tension on the thin film, any effect on the 

dielectric polarizability under external strain must be due to changes in the dielectric function, 

 𝑚𝑚𝑚𝑚(𝜀𝜀) = 𝜀𝜀−1
2𝜀𝜀+1

                       (Equation  3.6)  

Under strain, the thin film undergoes local volumetric change (Δv) that modulates the 

molecular density at a specific doping level. We estimate the volumetric change under axial tension 

by considering a small volumetric segment of the thin film as shown in Figure 3-5(a). The length, 

width, and height of the segment are presented as X, Y, and Z. The out-of-plane deflection of the 

microbeams elongates the thin film uniaxially (along the x-direction in Figure 3-5(a)) and 

therefore, due to the Poisson effect, the thin film is compressed along y and z directions. We 

represent the elongation of the thin film along the microbeam axis as Δx and the orthogonal 

compression as Δy and Δz. Defining the Poisson ratio of the thin film as ν, the orthogonal 

compressions can be written as 𝑚𝑚𝛥𝛥 = −𝜈𝜈𝜈𝜈𝜀𝜀𝑑𝑑and 𝑚𝑚𝛥𝛥 = −𝜈𝜈𝜈𝜈𝜀𝜀𝑑𝑑. 

Therefore, under uniaxial strain, the volumetric change in the thin film (Δv) due to small axial 

elongation under strain, can be related to the initial volume, V as [219]:  

𝑉𝑉 + 𝑚𝑚𝑣𝑣 = 𝑋𝑋𝜈𝜈𝜈𝜈(1 + 𝜀𝜀𝑑𝑑)(1 − 𝜈𝜈𝜀𝜀𝑑𝑑)2 

⇒ 1 +
𝑚𝑚𝑣𝑣
𝑉𝑉

= (1 + 𝜀𝜀𝑑𝑑)(1 − 2𝜈𝜈𝜀𝜀𝑑𝑑) + 𝜈𝜈2𝜀𝜀𝑑𝑑2(1 + 𝜀𝜀𝑑𝑑) 
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⇒
𝑚𝑚𝑣𝑣
𝑉𝑉

= (1 − 2𝜈𝜈)𝜀𝜀𝑑𝑑  

In the first order, the dielectric polarizability under tensile strain ( )f ε∆  is related to the 

volumetric change by the following linear relationship: 

𝑚𝑚𝑚𝑚(𝜀𝜀) ≈ 𝑁𝑁𝑛𝑛
3𝜀𝜀0(𝑉𝑉+𝛥𝛥𝛥𝛥)

≈ 𝑁𝑁𝑛𝑛

3𝜀𝜀0𝑉𝑉(1+𝛥𝛥𝛥𝛥𝑉𝑉 )
≈ 𝑁𝑁𝑛𝑛

3𝜀𝜀0𝑉𝑉
(1 − 𝛥𝛥𝛥𝛥

𝑉𝑉
) ≈ 𝑀𝑀(1 − (1 − 2𝜈𝜈)𝜀𝜀𝑑𝑑)            (Equation  3.7) 

  

where M is a proportionality constant. Therefore, for a specific DCM doping, under small 

volumetric deformation, the local dielectric property in the thin film is linearly proportional to the 

axial strain. This leads to a linear shift in solvatochromic energy in the DCM emission under 

mechanical strain. From the observed peak DCM emission energy under strain, we estimated the 

orientational polarization of the host: guest medium at different guest molecule doping 

concentrations that shows a linear relationship with the applied tensile strain [173].  

3.5 Strain tuned solid-state solvation at different DCM doping 

From our steady-state PL measurement on different DCM doped strained thin films, we 

can estimate the strain sensitivity of DCM peak emission energy in the Alq3 background matrix. 

We define the DCM strain sensitivity as 𝐸𝐸𝑝𝑝𝑝𝑝𝑎𝑎𝑝𝑝(𝜀𝜀) − 𝐸𝐸𝑝𝑝𝑝𝑝𝑎𝑎𝑝𝑝(0), where 𝐸𝐸𝑝𝑝𝑝𝑝𝑎𝑎𝑝𝑝(𝜀𝜀) and 𝐸𝐸𝑝𝑝𝑝𝑝𝑎𝑎𝑝𝑝(0) refer 

to DCM peak emission energy in strained and unstrained thin films respectively. The observed 

modulation of DCM peak emission energy is a direct consequence of strain-modulated dielectric 

polarization in the thin film and hence corresponds to the sensitivity of dielectric polarizability to 

external strain. Figure 3-5(b) shows the estimated strain sensitivity of DCM peak emission shift in 

Alq3: DCM thin films at different DCM doping concentrations. As the DCM doping increases, 

orientational polarizability and the resulting solvatochromic shift in the thin film become less 

sensitive to the external uniaxial strain and so does the observed spectral shift. 
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The observed trend in strain sensitivity of orientational polarization for different doping 

concentrations can be explained by the physical origin of the solvatochromic shift in the host: guest 

Alq3: DCM system. At very low concentrations, the emission properties of organic fluorophores 

are strongly affected by the electric field from surrounding fluorophores in a host: guest medium 

[220]. The increase in DCM doping reduces the intermolecular separation between DCM dipoles 

and enhances the dielectric polarization and the net local field on a molecular dipole.  This leads 

to an increase in the energy required for molecular orientation after photoexcitation and a stronger 

stabilization of the excited state. In our experiment, the mechanical properties of the system are 

dominated by the host Alq3 matrix. Therefore, under uniaxial tensile strain, the intermolecular 

distance between neighboring DCM molecules dispersed in the Alq3 matrix increases. Besides, as 

the thin film is uniaxially elongated, compression due to the Poisson effect also reduces 

intermolecular distance orthogonal to the elongation axis. These two mechanisms result in a net 

molecular density and net dielectric polarizability in the medium that governs the energy shift due 

to solvatochromism. At a low DCM doping level, due to low molecular density and large 

intermolecular distance, uniaxial elongation of the thin film leads to a reduction in net molecular 

density and reduces the net local electric field on a molecular dipole. Therefore, we observe a 

larger modulation of the orientational polarizability under strain at lower DCM doping 

concentration. However, as the DCM doping increases, due to reduced intermolecular separation, 

orthogonal compression of the thin film due to the Poisson effect reduces the net change in 

orientational polarization due to elongation under axial tensile strain. To further support this 

argument, we performed PL measurements on 5% DCM doped compressively strained organic 

thin films and observed a similar trend in the orientational polarizability and peak DCM emission 

to compressive strain [173]. Since we observe similar modulation in orientational polarizability 
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and emission energy under both uniaxial compressive and tensile strain for a 5% DCM doped thin 

film, we conclude that the orientational polarizability (and in turn dielectric polarizability) of the 

medium under external strain indeed becomes less sensitive as the guest molecular doping 

increases. Our observation of solvatochromic shift under strain, therefore, reveals the critical role 

of molecular doping in the modulation of dielectric polarizability of host: guest medium under 

external mechanics. 

  

 

Figure 3-5: (a) Simple schematic representation of an organic thin film under axial tensile 

strain. While the dimensions of the unstrained thin film are mentioned in the figure, the figure 

is not drawn to scale. (b) Strain sensitivity of the orientational polarization in Alq3: DCM host: 

guest medium at different DCM doping. The error bars represent the range of strain sensitivity 

extracted from PL measurements on microbeams at different DCM doping. 
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3.6 Dynamically tuned solid-state solvation using MEMs actuator 

Since the axial strain generated on the self-strained silicon oxide microbeams changes 

gradually along the beam axis, such microbeam-generated strain may or may not accurately 

portray the dynamic behavior of a strained organic thin film.  To address this, we fabricated MEMS 

thin film membrane devices on low-stress Si3N4/Si substrate that utilizes electrostatic actuation of 

a proof mass structure to dynamically strain an organic thin film evaporated on top of the devices. 

We numerically modeled the dynamic actuation behavior of the MEMS thin film membrane device 

structure under applied electrostatic force using COMSOL Multiphysics [221] and extracted the 

device dimensions for fabrication [172]. The fabrication process of the MEMS thin film devices 

has been discussed in Appendix B. 

Figure 3-6 (a) shows the SEM micrograph of a representative MEMS membrane device 

fabricated on low-stress Si3N4. A higher magnification SEM micrograph of the area of the device 

structure where axial tensile strain is generated is also shown. As the proof mass structure deflects 

downward due to electrostatic actuation, tensile strain is generated along the microbeams AA´ and 

BB´. Under electrostatic actuation, each of the microbeams AA´ and BB´ acts as a cantilever beam 

under point load applied at the free end.   For a cantilever beam under point load, the maximum 

axial tensile strain is generated at the fixed end [219]. The fixed end position of beam AA´ is 

marked as F. To determine the position of maximum tensile strain along the beam (the fixed end 

position of the microbeam), we performed PL scan at 1 µm steps along the microbeam under 

applied electrical bias of 0 V to 150 V and extracted the DCM emission energy from the centroid 

of the measured PL spectra. From the evolution of DCM emission energy with applied bias 

voltage, measured at different positions along the microbeam, we estimated the position of the 

maximum tensile strain. The results of PL measurements at different positions along the 
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microbeam are discussed in Datta et al. [172]. Figure 3-6(b) shows a schematic drawing of the 

MEMS thin film device structure (not drawn to scale). The electrostatic actuation of the proof mass 

generates axial strain (ε) along the support beam (beam AA´ in Figure 3-6(a)) with the maximum 

strain generated at the fixed end position (position F in Figure 3-6(a)).  

Figure 3-6(c) shows the centroid of the measured PL spectra  (1.5 % DCM doped thin film)  

at the position of the maximum tensile strain on the microbeam at different applied voltages along 

with the axial tensile strain simulated using COMSOL Multiphysics [221]. As the axial tensile 

strain increases with applied voltage, the PL centroid shows a gradual blueshift due to a reduction 

in local molecular density. The fitting of DCM emission energy from the measurements with 

simulated axial tensile strain is shown in Figure 3-6(d). Figure 3-6(e) shows the normalized PL 

intensity at the position of maximum tensile strain under two different applied voltages – 0V and 

150V. The normalized PL intensity at 150 V applied voltage shows a clear blue shift due to the 

tensile train.  
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Figure 3-6: Dynamic strain on organic thin film using a MEMS thin film membrane actuator: 

(a) SEM micrograph of a representative MEMS membrane device used in this work. The 

higher magnification figure shows microbeams AA´ and BB´ along which axial tensile strain 

is generated under applied voltage. The fixed end position of microbeam AA´ is marked by F.  

(b) Schematic drawing of the MEMS device (not drawn to scale) under electrostatic actuation 

showing the position of axial strain (ε) generation. (c) Axial tensile strain at the fixed end 

positions from COMSOL simulation and measured PL centroid under applied voltage. The 

PL centroid shows a gradual blue-shift under applied voltage due to increasing axial tensile 

strain. (d) Fitting of DCM emission energy under applied voltage with simulated tensile strain 

at maximum strain position with error bar. Here error bar represents the range of DCM 

emission energy from PL measurement at maximum strain position.  (e) Normalized PL 

intensity profile at the measurement position in (c) at two different applied bias voltages: 0V 

and 150V that shows a blueshift under applied voltage due to tensile strain.  
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3.7 A possible non-destructive approach toward the estimation of Young’s modulus 

Since external strain(pressure) reduces(increases) the volumetric molecular density of a 

guest: host medium and therefore the dielectric susceptibility, for small deformation, the 

polarizability of the background matrix has been shown to be linearly proportional to applied 

mechanical strain. Therefore, for a homogeneous guest: host medium under compression, the 

measured spectral shift, ∆𝐸𝐸𝑃𝑃𝑃𝑃 under axial tension, 𝜀𝜀 can be written as: 

∆𝐸𝐸𝑃𝑃𝑃𝑃 = 𝐴𝐴𝛼𝛼𝑃𝑃 = 𝐴𝐴𝛼𝛼𝜈𝜈𝜖𝜖                   (Equation  3.8) 

 

Here, P refers to the applied pressure on the organic guest: host medium under study. α is 

the proportionality constant that relates the volumetric change in molecular density to applied 

uniaxial pressure. For a host: guest system, the parameter is found to be dependent on the host 

molecules. It depends on the Poisson’s ratio and elastic modulus of the thin film material and has 

been extracted from the solvatochromic shift of organic guest: host thin film under pressure [14]. 

The value of parameter A depends on the organic molecule under study and has been reported to 

have similar values for similar molecules in different dielectric environments [22]. Under small 

deformation, the applied pressure, P can be related to axial strain by P=Yε, where 𝜈𝜈 refers to the 

Young’s modulus of the thin film. Therefore, by measuring the photoluminescence from a dopant 

molecule embedded in a background matrix under external pressure and strain, one can estimate 

the Youngs modulus using Equation 3.8.  In our work, we have estimated the Young’s modulus of 

the background Alq3 matrix using the photoluminescence shift from the dopant DCM molecules. 

From our measured photoluminescence shift under axial strain, we extract the Young’s modulus 

to be 2.81±1.28 GPa. The value of Young’s modulus extracted using the solvatochromic shift 

appears to be slightly higher than those reported using buckling method for Alq3 thin film [187] 
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although they are of the same order of magnitude. The estimated values are also in the same order 

of magnitude as other amorphous organic materials [183],[222]. However, the reported values are 

much smaller than the one reported using nano-indentation that overestimates the elastic modulus 

due to substrate-indenter interaction [188]. Such a non-invasive approach based on local electric 

field properties of molecular thin films is extremely beneficial for on-chip determination of elastic 

properties and could be extended for extraction of other relevant mechanical properties.   

3.8 Comment on solid state solvation and possible alteration of the molecular morphology 

under strain 

The observed blue shift in DCM emission energy with axial tensile strain along the SiO2 

buckled microbeams and its dependence on the DCM doping strongly suggests that axial strain 

triggered the solvatochromic shift in the doped guest: host thin film. However, previously observed 

photoluminescence spectral shift under external pressure in small molecule thin film [24] and 

conjugate organic polymers [15], [104] suggests that such spectral modification could also be 

triggered by a change in the morphology, and structure of the guest molecule under study [24], 

[25], [102]. To note, the hydrostatic pressure required to induce spectral modification due to 

possible deformation in molecular morphology has been reported to be more than 10 kbar or 1 

GPa [15], [27]. However, from our estimated axial strain on the thin film, using Young’s modulus 

[187], we estimate the maximum applied pressure range on the Alq3: DCM to be 0.02 GPa, which 

is two orders of magnitude lower than the ones reported in the literature [15], [24], [104]. We also 

note that, under a possible pressure-induced morphological modification of the DCM molecule, 

the spectral shift under similar axial strain range, from thin films at different DCM doing, is 

expected to be similar, which is not observed in our PL measurements. These results, therefore, 

strongly suggests that the observed spectral shift in our work is primarily triggered by a strain 
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induced change in molecular density that results in a decrease in background polarizability as axial 

strain on the thin film is increased.  

3.9 Summary 

Using self-strained -SiO2 microbeams to apply controlled axial tensile strain on an organic 

host: guest medium, we show precise modulation of the solvatochromic spectral shift in a 

molecular doped host: guest medium at different guest doping concentrations. Our measurements 

show that the spectral shift due to solvation at different doping concentrations of the guest 

molecule follows a linear relationship with applied strain. From the solvatochromic spectral shift, 

using Lippert- Mataga equation we show that the dielectric polarizability of the host: guest medium 

shows greater sensitivity at low guest molecule doping. As the dielectric nature of the medium is 

externally increased by guest molecular doping, short-range intermolecular interactions strongly 

dominate the solvation properties in the medium and the dielectric properties of the medium 

become less sensitive to external mechanical stimuli. The reported results can greatly aid in the 

design of wearable and large-scale flexible optoelectronic devices based on excitonic modulation 

under external mechanical stimuli. Moreover, the use of self-strained SiO2 microbeams and 

MEMS thin film devices fabricated on the Si3N4 platform enable a non-contact and hence non-

destructive method to measure the mechanical properties of organic thin films by changing the 

local dielectric properties. The microstructures allow the application of controlled tensile strain on 

the overlying thermally evaporated organic guest: host thin film. Using solvatochromic spectral 

shift, we have successfully extracted Young’s modulus of the organic thin film to be within 2.81-

3.88 GPa. Such strain-based optical non-contact method can be used for accurately measuring the 

elastic modulus of organic semiconductor thin films for flexible and wearable nanoscale devices 

for optoelectronic and photovoltaic applications. The method described in this work can be 
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extremely useful for on-chip characterization of elastic properties of small molecule organic 

semiconductor thin films and can be extended for estimating other relevant nanoscale mechanical 

properties as well as precise and dynamic tuning of nanoscale exciton energy transfer in organic 

thin film devices.     
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Chapter 4 Exciton Photoluminescence Modulation under Strong Piezoelectric Screening in 

Monolayer Semiconductors  

 

 

4.1 Authorship and copyright disclaimer statement 

The contents of this chapter were published in ACS Nano in  June 2021 [223]. I retain the 

rights to include the results and contents of the publications in this dissertation provided that it’s 

not used commercially. The other co-authors were Zidong Li, Zhengyang Lyu, Parag B Deotare 

from the University of Michigan, Ann Arbor, Michigan, USA.  

 

4.2 Background 

In recent years, semiconducting transition metal dichalcogenide (TMD) monolayers have 

garnered widespread interest and persistent investigation from research communities across the 

world [224], [225]. The optical properties of these materials are dominated by excitons: coulomb-

bound electron-hole pairs that are known for very large oscillator strength [226]. The strong 

quantum confinement and reduced dielectric screening results in large excitonic binding energy 

[227]–[229] that enables manipulation of the excitonic response even at room temperature using 

an external electric field or strain. Surface acoustic waves (SAW) on a piezoelectric substrate 

provide a universal platform to simultaneously study the effect of both manipulation approaches. 

While SAW devices have been widely used in wireless RF communication, they have been 
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profoundly influential in advancing fundamental research. For instance, SAW has been used as an 

effective tool for spatial and temporal manipulation of excitonic properties [50], [51] in embedded 

semiconducting nanostructures such as quantum well [230], [231], quantum wire [232], [233] 

quantum dot [234], [235] and more recently monolayer two-dimensional materials such as MoS2 

[236], [237] and hexagonal boron nitride (h-BN) [238]. Surface acoustic wave has also been used 

to realize high-performing optoelectronic devices that operate on the principles of piezoelectric 

dissociation [239], [240] and to study charge transport in low-dimensional materials [241]–[245]. 

More importantly, SAW devices can generate a large in-plane piezoelectric field, which aligns 

with the large polarizability in TMDs [246]–[248]  compared to a few orders of magnitude lower 

out-of-plane polarizability [249]–[251].  

In this section, we discuss the interaction of excitons in monolayer WSe2 with SAW 

generated using Lithium Niobate (LiNbO3) as the piezoelectric material at room temperature. The 

interaction of SAW with excitons in semiconducting nanostructures strongly depends on the type 

of band edge modulation in the semiconducting medium. In type-I band edge modulation, the 

spatial modulation of the conduction and valence bands with opposite phases creates periodic 

spatiotemporal traps [52] that act as an efficient conveyor for excitons [53]. On the other hand, in 

type-II modulation, strong built-in electric fields generated by the same spatial phase modulation 

of conduction and valence bands result in exciton dissociation into electron-hole pairs trapped at 

the piezoelectric potential pockets [252]. Under the latter scheme, the dissociated charges may be 

transferred and later recombined at a remote location as the electric field due to SAW is 

screened/removed by external means [252]. In our experiment, we observed the dominance of 

type-II modulation using high-frequency Rayleigh SAW waves [253] that were generated on a 

1280 Y-cut LiNbO3 substrate using interdigitated transducers (IDTs, period (λSAW) of 6 μm). The 
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finger width of the IDTs was kept at half the IDT period and the acoustic aperture (the IDT finger 

overlap length) was > 30λ (acoustic measurements of the SAW transducers are shown in Figure 

4-1(a)). Mechanically exfoliated WSe2 monolayer was transferred on the delay line of the SAW 

device. We observed that the high dielectric constant of the piezoelectric substrate contributed to 

the increased dielectric screening [39], [254]–[256] of the coulomb interaction between bound 

electron-hole pairs in the monolayer reducing the exciton binding energy. Probing the monolayer 

photoluminescence (PL), we observed dissociation of excitons and trions under RF excitation 

along with a gradual shift of the overall distribution towards trion. The dissociation was 

accompanied by a strong Stark shift of the PL spectrum by the in-plane electric field of the SAW 

and PL linewidth broadening due to exciton ionization under the piezoelectric field. The observed 

dissociation, spectral shift, and broadening of the PL were strongly dependent on the optically 

generated free carrier screening in the monolayer. Based on the results, we estimated the in-plane 

polarizability of neutral excitons to be 8.43 ± 0.18×10-6 Dm/V, which agrees well with the 

theoretically predicted and experimentally reported values [247], [257]. Such controlled 

manipulation of different excitonic species under external stimulus in a dielectrically screened 

environment can prove useful for next-generation excitonic devices serving applications from 

sensing, and detection to on-chip communication, as well as integration of TMDs to substrates 

beyond silicon.   

4.3 Dissociation of exciton and trion in monolayer WSe2 under strong piezoelectric 

screening 

A brightfield image of a mechanically exfoliated monolayer WSe2 transferred along the 

SAW delay line is shown in Figure 4-2(a), where the arrow marks the propagation direction of the 

acoustic wave. Under increased RF input power, the native band structure of the material is 
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modified by the SAW’s piezoelectric field (type-II band edge modulation dominates due to the 

proximity of the monolayer to the piezoelectric material) resulting in potential pockets, which are 

spatially separated by half of the acoustic wavelength (λSAW/2) [252]. A simple schematic 

representation of such modulation is depicted in Figure 4-2(b). The strong piezoelectric field 

dissociates the optically generated excitons and confines the electrons and holes in the lateral 

potential pockets (conduction band minima (Ecmin, SAW) and valence band maxima (Evmax, SAW)). 

Figure 4-2(c) shows the PL intensity (at 6μW optical power) and centroid maps of the monolayer 

at RF input power levels of -60 dBm (the minimum RF power used in this work) and 20 dBm. The 

observed uniform spatial quenching of the integrated PL intensity with SAW confirms type – II 

band edge modulation by the traveling piezoelectric field as reported previously in III-V 

semiconducting nanowires [233]. The PL quenching is accompanied by a redshift of the 

monolayer’s PL centroid as evident from the centroid histogram for various RF input power as 

shown in Figure 4-2(d). The redshift is attributed to the stark shift by the in-plane component (in 

the direction of propagation) of the propagating electric field of the SAW [248] which is discussed 

later.  

The effect of SAW piezoelectric potential on the dissociation of trions and excitons can be 

analyzed separately by extracting the integrated intensity of trions (∫ 𝐼𝐼𝑃𝑃𝑃𝑃,𝑡𝑡𝑡𝑡(𝜆𝜆)𝑑𝑑𝜆𝜆𝜆𝜆 ) and excitons 

(∫ 𝐼𝐼𝑃𝑃𝑃𝑃,𝑝𝑝𝑑𝑑(𝜆𝜆)𝑑𝑑𝜆𝜆𝜆𝜆 ) at different RF input power levels as shown in Figure 4-3(a) and Figure 4-3(b) 

respectively. Here, 𝐼𝐼𝑃𝑃𝑃𝑃,𝑝𝑝𝑑𝑑(𝜆𝜆), 𝐼𝐼𝑃𝑃𝑃𝑃,𝑡𝑡𝑡𝑡(𝜆𝜆) refer to the estimated PL spectrum for the excitons and 

trions. These are extracted by fitting the spectra using two Gaussian functions corresponding to 

neutral A-excitons and trions respectively [258]–[263] (We show two Gaussian fitting of a 

representative PL spectrum at 0.5 μW optical power at -60 dBm RF excitation in Figure 4-4(a). 

The neutral A- exciton and trion Gaussian peaks are located at ~1.664 eV and ~1.638 eV 
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respectively. Consistent with the dissociation model due to the piezoelectric field, we observe a 

gradual reduction in the neutral and charged exciton PL with the increase in the RF power. The 

corresponding PL spectra can be found in the supporting information section 6 of Datta et al. [223]. 

For a given RF level, the dissociation is reduced for higher optical incident powers [223]. This is 

because the SAW piezoelectric field is screened by the optically generated free carriers, thereby 

reducing the effective electric field that contributes to PL quenching. As a result, a higher electric 

field is required to achieve the same level of PL quenching. We observed no spectral shift or 

broadening in the monolayer PL for a range of optical incident power between 0.5 μW to 6 μW at 

very low RF input power levels of -60 dBm [223]. Hence, we rule out the contributions from 

optically induced heating and/or, possible scattering with free carriers at higher excitation power. 

In addition, the integrated PL intensity of the exciton and trion peaks showed no signature of 

excitation-dependent nonlinearity [223], [264]. Further analyses are thereby limited to the linear 

response regime.  

We investigated the effect on the steady-state equilibrium between the excitonic species in 

the monolayer by extracting the spectral weight of trion, 𝜂𝜂𝑃𝑃𝑃𝑃 ,𝑡𝑡𝑡𝑡 = ∫ 𝐼𝐼𝑃𝑃𝑃𝑃,𝑡𝑡𝑡𝑡(𝜆𝜆)𝑑𝑑𝜆𝜆𝜆𝜆
∫ 𝐼𝐼𝑃𝑃𝑃𝑃(𝜆𝜆)𝑑𝑑𝜆𝜆𝜆𝜆

and exciton, 𝜂𝜂𝑃𝑃𝑃𝑃 ,𝑝𝑝𝑑𝑑 =

∫ 𝐼𝐼𝑃𝑃𝑃𝑃,𝑒𝑒𝑒𝑒(𝜆𝜆)𝑑𝑑𝜆𝜆𝜆𝜆
∫ 𝐼𝐼𝑃𝑃𝑃𝑃(𝜆𝜆)𝑑𝑑𝜆𝜆𝜆𝜆

; where∫ 𝐼𝐼𝑃𝑃𝑃𝑃(𝜆𝜆)𝑑𝑑𝜆𝜆𝜆𝜆 = ∫ 𝐼𝐼𝑃𝑃𝑃𝑃,𝑝𝑝𝑑𝑑(𝜆𝜆)𝑑𝑑𝜆𝜆𝜆𝜆 + ∫ 𝐼𝐼𝑃𝑃𝑃𝑃,𝑡𝑡𝑡𝑡(𝜆𝜆)𝑑𝑑𝜆𝜆𝜆𝜆 . We observe a gradual evolution 

of the spectral weight towards trions with an increase in the RF input power as shown in Figure 

4-3(c). The results indicate that the ionization rate for excitons is larger than that of trions [223]. 

Furthermore, we found no variation in the spectral weight with respect to optical excitation power 

at RF input power levels of -60 dBm [223]. Hence, we conclude that the observed spectral weight 

shift in the PL is triggered by the exciton dissociation due to the in-plane electric field component 

of the traveling SAW field. This results in an increase in the trion formation rate as more free 

carriers become available due to the piezoelectric dissociation [265], [266]. The conclusion is 
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further supported by the observed increase in the trion binding energy at high RF power, which is 

strongly correlated to the free carrier density in the system  [223], [267], [268]. 

We also compare the observed PL quenching in our work with exciton dissociation in other 

low-dimensional excitonic media like GaAs [252], [269] and ZnCdSe [270] quantum wells. Even 

though almost complete quenching of photoluminescence under the piezoelectric field has been 

reported in these works, we do not observe such strong dissociation within our experimental range. 

This is explained by large exciton binding energy in monolayer semiconductors. This observation 

also aligns with recent theoretical work by Huang et al.[271] where exciton ionization under 

electric field in monolayer semiconductors was shown to be significantly weaker than in GaAs 

system.  

  

 

Figure 4-1: (a) Reflection co-efficient(S11) of the SAW transducer that shows a sharp 

resonance at ~610 MHz. (b) Simulated surface displacement profile of the SAW transducer 

resonance frequency using COMSOL Multiphysics. 
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Figure 4-2: Exciton dissociation under surface acoustic wave in monolayer WSe2. (a) 

Transferred monolayer WSe2 (marked by black lines) on the delay line of the SAW device. 

The arrow in the figure shows the propagation direction of the acoustic wave. (b) A 

schematic representation of SAW induced exciton dissociation by type – II band edge 

modulation. Dissociated electrons and holes are accumulated at the conduction band 

minima (Ecmin, SAW) and valence band maxima (Evmax, SAW) respectively. (c) Integrated PL 

intensity and PL centroid map of the monolayer WSe2 at -60 dBm and 20 dBm RF input 

power levels (6 μW optical excitation power). The SAW propagation direction is shown 

by the arrow on top.  Strong PL quenching is observed as the SAW power is increased due 

to dissociation of excitons and trions into free carriers by the in-plane electric field. The 

centroid map shows stark effect induced redshift under SAW excitation. (d) Histogram of 

the PL centroid extracted from the PL map in (c). The centroid distribution in the 

histogram shows a gradual redshift as the RF input power is increased. 
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Figure 4-3: Effect of SAW on (a) trion and (b) exciton PL intensity with RF power at 

different optical excitations. To improve clarity of presentation, the exciton and trion PL 

intensities at 0.5 μW have been multiplied by a factor of 4.6. Accumulation of dissociated 

free carriers results in screening that leads to a decrease in the steady state exciton and trion 

dissociation. The screening effect increases with optical excitation power. (c) Change in the 

exciton and trion spectral weight by the SAW electric field.  An increase in the trion spectral 

weight and decrease in exciton spectral weight is observed with increased RF excitation 

input. The total range of spectral weight change varies with optical excitation, which 

confirm screened piezoelectric field in the monolayer at high optical excitations.      
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4.4 Stark shift in monolayer semiconductor under piezoelectric field 

As mentioned earlier, alongside dissociation, the piezoelectric field also triggers PL Stark 

shift. The spectral redshift of the excitonic energy level due to the electric field of a SAW has been 

reported for low dimensional quantum well structures [272]–[274]. The excitonic spectral redshift 

(ΔE) is generally represented by:  

𝑚𝑚𝐸𝐸 = −1
2
𝛼𝛼𝐸𝐸𝑋𝑋2                   (Equation  4.1) 

 

whereα and XE refer to the in-plane neutral exciton polarizability and the applied electric 

field respectively. The net spectral redshift of the neutral exciton due to the piezoelectric field 

varied with optical incident power [223].  Figure 4-4(a) shows two Gaussian fitting of monolayer 

PL spectra at 0.5 μW optical input power under -60 dBm acoustic excitation. Figure 4-4(b) and 

Figure 4-4(c) show the redshift of the neutral exciton with the estimated electric field at 0.5μW 

and 4 μW optical incident power respectively. The electric field is estimated from the observed PL 

quenching as described in [223]. The error bar represents the spread from PL measurements at four 

locations on the monolayer. We extract the exciton polarizability by fitting the spectral redshift of 

the exciton peak with the estimated electric field using Equation 4.1. Based on the experiments at 

different optical excitation power [223], we estimate the neutral exciton polarizability in the 

monolayer to be 8.43 ± 0.18x10-6 Dm/V.  We attribute the observed spectral shift to the in-plane 

electric field of the SAW since the out-of-plane polarizability of monolayer excitons is smaller by 

a few orders of magnitude [249], [250]. The estimated in-plane polarizability is about an order 

higher than the reported values in a lower dielectric constant environment (h-BN) [248] and SiO2 

[275]. The observed large in-plane polarizability in this work is due to the strong screening effect 

from the LiNbO3 substrate that weakens the interaction between the bound electron and hole, 
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thereby causing the excitonic state to be more susceptible to the applied electric field. This leads 

to a larger spectral shift in the monolayer PL. In general, it is difficult to verify such an effect due 

to challenges in fabricating device structures that can apply the in-plane electric field. However, 

the transfer of monolayer TMD on a piezoelectric substrate such as used in this work offers a 

simple platform to probe spectral change due to an in-plane electric field. We note that the 

observed spectral redshift cannot be accounted for due to heating by the surface acoustic wave 

[223]. In addition, as discussed in the earlier section, we rule out any possible heating due to optical 

excitation.   

  

 

Figure 4-4: Spectral modulation of monolayer WSe2 excitons under SAW electric field. (a) 

Two gaussian fit of measured monolayer PL spectra at 0.5 μW optical input power and -60 

dBm input RF excitation. Fit to the excitonic redshift at (b) 0.5 μW average optical power 

using the quadratic stark shift equation that yield the in-plane neutral exciton polarizability 

of 8.36×10-6 Dm/V and (c) 4 μW average optical power that yields a neutral exciton 

polarizability of 8.49×10-6 Dm/V. The error bar in (b) and (c) corresponds to the spread of PL 

measurements at different location on the monolayer sample. The quadrature dependence of 

the exciton spectral shift with the screened electric field confirms that the observed spectral 

shift is induced by the piezoelectric SAW field. 
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4.5 Exciton photoluminescence broadening under acoustic modulation 

In low dimensional semiconductor systems, the broadening of PL can be attributed to 

various physical mechanisms such as elastic and inelastic scattering with free carriers, phonons, 

exciton ionization under applied electric field, and dynamic modulation of the bandgap through 

lattice deformation due to strain [50]. We observe no broadening of the PL spectra with optical 

input power [223], and hence we rule out broadening due to lattice heating under optical excitation. 

Alongside, we rule out substrate heating as the dominant mechanism for spectral modulation [223]. 

Linewidth broadening due to exciton-free carrier scattering takes place at high excitation densities 

>1012 cm-2 [276], which is one-two orders of magnitude higher than the excitation density used in 

the current experiments. Hence, we assume a negligible contribution from scattering with free 

carriers. Therefore, we attribute the linewidth broadening of the exciton PL to dynamic strain [52] 

(type-I modulation) in the monolayer and piezoelectric field-induced ionization (type-II 

modulation). 

We estimate the effect of dynamic strain on the exciton spectral linewidth by calculating 

the strain tensor, 

 𝜀𝜀𝑝𝑝 = ∑ 𝑑𝑑𝑖𝑖𝑝𝑝𝐸𝐸𝑖𝑖3
𝑖𝑖=1          (Equation  4.2) 

  

where d is the matrix for the converse piezoelectric effect in the material (1280 LiNbO3 for 

this work) and E is the piezoelectric field. Based on the strain tensor, we estimate a maximum 

volumetric strain of ~0.05% at maximum RF input power of 100 mW using the estimated 

piezoelectric field in the substrate at acoustic resonance. Finally, we use the strain sensitivity (58 

meV/%) of the bandgap of monolayer WSe2 reported in the literature [122], [277] and estimate the 

broadening ( εΓ ) due to dynamic strain by the formulation presented in Weiβ et al. [50].  
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We estimate the linewidth broadening due to piezoelectric field (𝛤𝛤𝑖𝑖𝑖𝑖𝑛𝑛) by following a two-

dimensional exciton ionization model [278]. However, to account for strong screening from the 

surrounding dielectric environment, we use a scaled version of the relationship:  

 𝛤𝛤𝑖𝑖𝑖𝑖𝑛𝑛(𝐸𝐸) = 𝛽𝛽𝐸𝐸𝑏𝑏�
𝛾𝛾𝐹𝐹0
𝐹𝐹
𝑒𝑒𝑒𝑒𝑒𝑒( − 32

3
𝛾𝛾𝐹𝐹0
𝐹𝐹

)                   (Equation  4.3)   

 

 

 

 

 

 

 

Figure 4-5: Exciton linewidth modulation by piezoelectric interaction in monolayer WSe2. (a) 

Extracted linewidth broadening of the exciton peak from PL spectra at different RF input 

power. A clear dependence on the free carrier screening process can be observed from the 

figure. We observe the maximum broadening at the minimum optical power input. (b) 

Linewidth broadening fitted as a combined effect of dynamic strain and field induced 

ionization (as shown in Equation 4.4). The black squares in the figure represent the median of 

our extracted broadening from PL measurement. The error bar in both the plots represents the 

spread of PL measurements at different positions on the sample.   
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where 𝛽𝛽 and 𝛾𝛾 are dimensionless parameters that account for substrate-induced dielectric 

screening that modifies the Coulomb interaction in the monolayer. A smaller value of the scaling 

factor (𝛾𝛾 <1) refers to a stronger screening and hence, a larger linewidth broadening change under 

electric field and vice versa. 𝐹𝐹0 represents the field required for exciton ionization under substrate-

induced screening: 𝐹𝐹0 = 𝐸𝐸𝑏𝑏
∗

𝑝𝑝𝑎𝑎𝑏𝑏
∗ ; where, 𝐸𝐸𝑏𝑏∗ and 𝑎𝑎𝑏𝑏∗  are the screened exction binding energy and Bohr 

radius respectively and 𝑒𝑒 is the electronic charge. The total linewidth broadening under RF 

excitation can now be written as: 

 

𝛤𝛤𝑅𝑅𝐹𝐹 − 𝛤𝛤−60𝑑𝑑𝑑𝑑𝑑𝑑 = 𝛤𝛤𝑖𝑖𝑖𝑖𝑛𝑛(𝐸𝐸) + 𝛤𝛤𝜀𝜀                                                            
                              

                            = 𝛽𝛽𝐸𝐸𝑏𝑏�
𝛾𝛾𝐹𝐹0
𝐹𝐹
𝑒𝑒𝑒𝑒𝑒𝑒( − 32

3
𝛾𝛾𝐹𝐹0
𝐹𝐹

) + 𝛤𝛤𝜀𝜀                 (Equation  4.4) 

 

As seen from Figure 4-5(a), the neutral exciton peak broadens with RF power, but the 

broadening effect decreases with an increase in optical power. The results imply that the PL 

linewidth broadening is primarily affected by exciton dissociation.  

Figure 4-5(b) shows the measured linewidth broadening of the neutral exciton peak and the 

fitted broadening using Equation 4.4 for 0.5 μW optical input power. We obtain best fit for 𝛽𝛽 = 

9.054± 1.491 and 𝛾𝛾 = 0.245± 0.009. Contrary to the electric field dependence derived from the 

simple Hydrogen atom model (𝛾𝛾 =1) [278], our experimentally measured broadening of the neutral 

exciton state shows a stronger dependence on the SAW electric field, - a clear signature of 

substrate-induced screening of Coulomb interaction. The strong substrate screening is also 

observed from the linewidth broadening at different optical input power [223]. Therefore, we 

conclude that the observed broadening in the excitonic linewidth has contributions from both, the 
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piezoelectric field (i.e., exciton ionization by the electric field), and dynamic modulation of the 

monolayer bandgap by the acoustic strain field. The contribution due to the field-induced 

ionization is significantly larger than the strain-induced broadening.  

4.6 Acoustically modulated exciton time-resolved photoluminescence under strong 

piezoelectric screening 

To obtain more insight into the piezoelectric dissociation of excitons under RF excitation, 

we have performed transient photoluminescence (TRPL) using 405 nm pulsed excitation source. 

In the absence of piezoelectric dissociation, the TRPL from WSe2 monolayer can be fitted with 

two exponential functions: 

𝐼𝐼(𝑡𝑡) = 𝐴𝐴 𝑒𝑒𝑒𝑒𝑒𝑒( − 𝑘𝑘𝑓𝑓𝑡𝑡) + 𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒( − 𝑘𝑘𝑠𝑠𝑡𝑡)                (Equation  4.5)     

where the fast (𝑘𝑘𝑓𝑓) component is attributed to the decay (radiative and nonradiative) from 

the excitonic state and slow (𝑘𝑘𝑠𝑠) component is typically attributed to the emission from defect-

bound states [279]–[282]. For TRPL under RF excitation, we define, an effective decay rate, 𝑘𝑘𝑝𝑝𝑓𝑓𝑓𝑓 

that is written as: 

𝑘𝑘𝑝𝑝𝑓𝑓𝑓𝑓 = 𝑘𝑘𝑑𝑑𝑝𝑝𝑐𝑐𝑎𝑎𝑑𝑑,−60𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑘𝑘𝑖𝑖𝑖𝑖𝑛𝑛,𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑡𝑡𝑡𝑡𝑖𝑖𝑐𝑐                   (Equation  4.6) 

where, 𝑘𝑘𝑑𝑑𝑝𝑝𝑐𝑐𝑎𝑎𝑑𝑑,−60𝑑𝑑𝑑𝑑𝑑𝑑 = 1
𝜏𝜏𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑𝑑𝑑,−60𝑑𝑑𝑑𝑑𝑑𝑑

 refers to the decay rate of the excitons due to 

radiative and non-radiative processes (without any RF excitation, i.e. at -60 dBm), 𝑘𝑘𝑖𝑖𝑖𝑖𝑛𝑛,𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑡𝑡𝑡𝑡𝑖𝑖𝑐𝑐 

refers to the ionization of photogenerated excitons by the SAW piezoelectric field [283].  

A representative biexponential fit under no RF excitation is shown in Figure 4-6(a). Using 

𝑘𝑘𝑝𝑝𝑓𝑓𝑓𝑓 =  𝑘𝑘𝑓𝑓, we extracted the ionization rate of excitons at various RF power. Using Equation 4.6 

the ionization rate, therefore, can be written as: 

 𝑘𝑘𝑖𝑖𝑖𝑖𝑛𝑛,𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑡𝑡𝑡𝑡𝑖𝑖𝑐𝑐 = 𝑘𝑘𝑝𝑝𝑓𝑓𝑓𝑓 − 𝑘𝑘𝑑𝑑𝑝𝑝𝑐𝑐𝑎𝑎𝑑𝑑,−60𝑑𝑑𝑑𝑑𝑑𝑑                (Equation  4.7)   
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Figure 4-6: Time resolved photoluminescence (TRPL) measurement under RF excitation. (a) 

Bi-exponential fit of the TRPL measured from our work at 0.18 μJ/cm2 under -60 dBm RF 

excitation. (b) Normalized TRPL measurements from monolayer WSe2 showing dependence 

on RF excitation at 0.18 μJ/cm2. (c) Percentage change in the exciton decay under RF 

excitation within our experimental range for 0.18 μJ/cm2 excitation fluence. Our experiment 

reveals that the decay rate increases by > 140%. The increase in decay rate can be fitted using 

a power law (∝ (RF power) β); β = 0.49±0.08, confirming that the decay rate shows a linear 

dependence with the SAW electric field. (d) Estimated exciton ionization rate, that shows an 

increase with RF power. The ionization rate also shows an inverse relationship with optical 

fluence due to optically generated free carrier screening process. 
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 Figure 4-6(b) shows monolayer TRPL Figure 4-6(c) shows the percentage change in the 

decay rate under RF excitation at 0.18 μJ/cm2 excitation fluence. We observe that at 100 mW RF 

power, keff changes from ~0.64 ns−1 to ~ ~1.49 ns−1, an increase of >140 %. Figure 4-6 (d) 

shows the ionization rate for various RF excitations at three different optical pump fluences: 0.18 

μJ/cm2, 0.62 μJ/cm2 and 2.18 μJ/cm2. In all the cases, we see an increase in the ionization rate of 

the TRPL signal intensity under RF excitation. At a constant optical fluence, the effective decay 

rate 𝑘𝑘𝑝𝑝𝑓𝑓𝑓𝑓 increases with RF excitation due to increased piezoelectric dissociation of 

photogenerated excitons. In addition, the observed ionization rate shows an inverse dependence 

with optical fluence due to the optically generated free carrier screening process. This agrees with 

the steady-state PL quenching observed at different optical input powers.  

 

4.7 Summary 

In conclusion, we have experimentally investigated the interaction of excitons in 

monolayer WSe2 with the piezoelectric field of a surface acoustic wave. The strong dielectric 

screening from the LiNbO3 substrate weakens the Coulomb interaction between the electron and 

hole of the bound excitonic state, thereby increasing the neutral exciton polarizability. Under RF 

input excitation, the photogenerated excitonic species are readily dissociated via field-induced 

ionization. We show that the spectral modulation of the monolayer PL can be controlled by the 

optically generated free carrier screening. The study, therefore, demonstrates two simultaneous yet 

independent approaches to control excitonic properties in TMDs. Such control using artificially 

engineered environmental screening can prove to be extremely beneficial for the realization of 

next-generation high-speed optoelectronic devices that require rapid and strong dissociation of 

photogenerated excitonic species.    
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Chapter 5 Room Temperature Exciton Transport Under Traveling Strain in Monolayer 

Semiconductors 

 
 

5.1 Authorship and copyright disclaimer statement 

The contents of this chapter were published in Nature Photonics in  March 2022 [171]. I 

retain the rights to include the results and contents of the publications in this dissertation provided 

that it’s not used commercially. The other co-authors were Zhengyang Lyu, Zidong Li, Parag B 

Deotare from the University of Michigan, Ann Arbor, Michigan, USA, Takashi Taniguchi from 

the International Center for Materials Nanoarchitectonics, National Institute for Materials Science, 

Tsukuba, Japan, Kenji Watanabe from Research Center for Functional Materials, National Institute 

for Materials Science, Tsukuba, Japan.  

 

5.2 Background 

Coulombically bound electron-hole pair commonly known as an exciton provide an 

effective platform to transport energy at the nanoscale. The small dimension and seamless 

transition with a photon make excitons an ideal candidate for applications in energy conversion 

[58], light emission [284], chemical sensing [285], and information processing and communication 

[286], [287]. Such applications can significantly benefit under controlled spatial manipulation of 

exciton fluxes, especially at room temperature. With the recent emergence of 2D semiconductors 

such as transition metal dichalcogenides (TMDs) that support excitons with high diffusivity and 
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binding energy (>100 meV) [224], [227], the feasibility of room temperature excitonic devices is 

no longer questionable [288]. Unlike charged particles that drift under an externally applied 

electric field, directed transport of charge-neutral exciton flux is achieved by spatial tuning of 

exciton potential by external stimuli such as mechanical strain [48], [94] or electric field [163], 

[289]–[292]. Traveling surface acoustic waves (SAWs) can utilize both effects dynamically to 

achieve long-range transport. While most of the reported SAW-assisted transport is based on 

transporting the individual charges following exciton dissociation by the piezoelectric field, 

exciton transport under dynamic strain from SAWs has also been achieved in III-V quantum well 

systems [52]–[54]. However, it is limited to cryogenic temperatures and utilizes indirect excitons 

that are created using an external electrical field. With large sensitivity of the bandgap to external 

strain [11], [43], TMDs are well suited to achieve room temperature, and directional transport of 

direct excitons, solely under dynamic strain. In monolayer materials, SAWs have been successfully 

utilized for long-range carrier transport [241], [242], improved photoconductivity [293], and 

modulation of phonons [294] and excitonic photoluminescence [223], [237]. In this work, we study 

spatiotemporal control of exciton flux in a monolayer tungsten diselenide (WSe2) system at room 

temperature. High frequency (~745 MHz resonance frequency) Rayleigh type SAWs are generated 

in a piezoelectric 1280 Y-cut lithium niobate substrate (LiNbO3) using interdigitated electrodes 

(IDTs). For a detailed fabrication process of SAW filters on piezoelectric LiNbO3, please refer to 

Appendix C. Mechanically exfoliated monolayer WSe2 encapsulated in hexagonal boron nitride 

(h-BN) was transferred on the SAW delay line using a dry transfer technique. Using phase-

synchronized spatiotemporal measurements and utilizing photogenerated free carriers to screen 

the in-plane electric field, we report directed exciton transport under type-I bandgap modulation. 
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5.3 Sample description and room temperature photoluminescence characterization 

Figure 5-1(a) shows a schematic of the device geometry used in this work. Figure 5-1(b) 

and (c) show a false-color brightfield optical image of the sample and the photoluminescence (PL) 

map of the h-BN encapsulated monolayer WSe2. The h-BN encapsulation is critical to improving 

the transport properties of the excitons by suppressing non-radiative recombination processes 

[295], surface roughness [98], energetic disorder [97], and scattering from impurities and surface 

states [296]. More importantly, the underlying bulk h-BN moderates the dielectric environment 

surrounding the monolayer thereby increasing the exciton binding energy when compared to the 

monolayer directly placed on LiNbO3 substrate. This reduces exciton dissociation under SAW 

piezoelectric field (type-II modulation) due to increased binding energy [223], [255]. The 

dissociation can be further reduced by screening the piezoelectric field, thereby enabling the study 

of excitonic interactions with type-I modulation (bandgap change due to strain). In this work, we 

achieve it by utilizing the optically generated free carriers to screen the in-plane electric field of 

the traveling SAW wave. Figure 5-1(d) plots the PL quenching (𝑟𝑟𝑄𝑄 = 𝐼𝐼𝑃𝑃𝑃𝑃,𝑅𝑅𝑅𝑅
𝐼𝐼𝑃𝑃𝑃𝑃,−60𝑑𝑑𝑑𝑑𝑑𝑑

) due to 

dissociation as a function of RF input power for various optical excitations. Here, 𝐼𝐼𝑃𝑃𝑃𝑃,𝑅𝑅𝐹𝐹 =

∫ 𝐼𝐼𝑅𝑅𝐹𝐹(𝜆𝜆)𝑑𝑑𝜆𝜆 and 𝐼𝐼𝑃𝑃𝑃𝑃,−60𝑑𝑑𝑑𝑑𝑑𝑑 = ∫ 𝐼𝐼−60𝑑𝑑𝑑𝑑𝑑𝑑(𝜆𝜆)𝑑𝑑𝜆𝜆 refer to integrated PL intensity measured at a 

given RF input power and at -60 dBm (1 nW, the minimum RF input power used in this work), 

respectively. The net quenching at a given RF power, reduces with increase in optical excitation 

density due to optically generated free carrier screening [223], [269]. Thus, the excitation optical 

fluence provides a knob to control the dissociation and thereby investigate effects of type-I 

modulation on exciton transport.   
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Figure 5-1: Modulation of h-BN encapsulated monolayer WSe2 photoluminescence (PL) by 

traveling piezoelectric field of the surface acoustic wave. (a) A schematic representation of 

the transferred monolayer WSe2 on the SAW delay line. (b) Brightfield optical image of a h-

BN encapsulated monolayer WSe2 transferred on lithium niobate substrate. (c) Integrated PL 

intensity map of monolayer area represented by the square in (b). (d) PL intensity modulation 

under increased RF power at various optical excitation densities. The monolayer PL emission 

decreases with increase in RF power. The net PL quenching, however, reduces with increasing 

optical power density due to screening from optically generated free carriers. 
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5.4 Exciton transport under dynamic strain wave 

Figure 5-2 shows the results of excitonic energy transport measured using a scanning 

SPAD technique described in our previous work [94]. A detailed diagram of the experimental 

setup can be found in Appendix D. Figure 5-2(a) and (b) show the spatiotemporal exciton density 

distributions at -60 dBm (~1 nW) and 13 dBm (~20 mW) RF input power respectively at an optical 

fluence of 1.2 μJ/cm2 (type-I modulation dominates since PL quenching was under ~2 % under the 

experimental conditions). Figure 5-2(c) and (d) show the exciton density distribution normalized 

along space at each time instance from Figure 5-2(a) and (b), respectively. The symmetric exciton 

density distribution at -60dBm resembles typical anomalous exciton diffusion in monolayer WSe2 

[94], [171]. In this case, the peak position of the distribution does not show any spatial drift with 

time, indicating the absence of a local strain gradient in the monolayer. When the RF excitation is 

turned ON, the exciton density distribution shifts along the propagation direction of the SAW. 

Exciton density distribution at two-time instances t =0 ns and t =3.5 ns along with the Gaussian 

fits are shown in Figure 5-2(e) and Figure 5-2(f) for -60 dBm and 13 dBm RF excitation 

respectively.  The black arrow indicates the direction of SAW propagation. 
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Figure 5-2: Spatiotemporal exciton density profile (log scale) from phase synchronized 

TCSPC measurement for (a) – 60 dBm; (b) 13 dBm RF excitation input. Spatiotemporal map 

of exciton density (normalized for each time instance along space) for (c) -60 dBm and (d) 

13 dBm RF input power at optical fluence of 1.2 μJ/cm2. A spatial shift in exciton density can 

be observed under RF excitation. Normalized exciton density profiles at different time 

instances as a function of space along with the Gaussian fit under (e) -60 dBm and (f) 13 dBm 

RF input power. At minimum RF input power (-60 dBm), the exciton density broadens 

symmetrically in space due to exciton diffusion in the monolayer. At high RF input, an 

asymmetric spatial shift of the exciton density in the direction of the acoustic wave 

propagation is observed with the observed shift increasing with time. To improve the signal 

to noise ratio, the raw data was binned using a 100 ps window. 
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Figure 5-3 (a) shows the spatial evolution of the gaussian exciton density peak as a function 

of time. With increasing RF power, we see a gradual increase in the spatial shift. In addition, we 

observe periodic oscillations corresponding to the SAW period. This suggests a weak coupling 

regime between the excitons and the traveling strain wave (discussed in the following section), 

where the exciton drift velocity is insufficient to keep up with the traveling wave and hence, results 

in a net spatial shift over time of the exciton density. We model the evolution of the gaussian peak 

under dynamic strain over time using a linear relationship (solid line in Figure 5-3(a)): 

ℎ(𝑡𝑡) = 𝑣𝑣𝑎𝑎𝛥𝛥𝑎𝑎𝑡𝑡 + ℎ𝑖𝑖𝑓𝑓𝑓𝑓𝑠𝑠𝑝𝑝𝑡𝑡        (Equation  5.1) 

          

where ℎ(𝑡𝑡) refers to the net displacement of the generated exciton density over many SAW 

periods, 𝑣𝑣𝑎𝑎𝛥𝛥𝑎𝑎 refers to the average drift velocity of the exciton density under applied dynamic 

strain, and hoffset is a constant to accommodate the fitting error. Figure 5-3(b) plots the 𝑣𝑣𝑎𝑎𝛥𝛥𝑎𝑎 for 

various volumetric strain estimated at different RF input power. A linear trend with volumetric 

strain indicates a proportional increase in exciton coupling efficiency with the dynamic strain field. 

Further improvement in 𝑣𝑣𝑎𝑎𝛥𝛥𝑎𝑎 can be achieved by increasing the strain gradient or increasing 

exciton diffusivity by suppressing scattering from impurity states and surface roughness [296].  

We determine the extent of exciton coupling to the dynamically varying strain field of the 

SAW by estimating the instantaneous velocity from the measured instantaneous displacement of 

the exciton density. The time derivative of the measured displacement at 13 dBm RF input power 

gives the instantaneous velocity of the exciton flux as shown in Figure 5-3(c). The instantaneous 

drift velocity reaches a maximum value of 600 m/s, which is smaller than the SAW velocity (vsaw) 

in LiNbO3 (3979 m/s [166]). Since the maximum drift velocity of the exciton flux is nearly six 

times smaller than the acoustic wave velocity (vmax,13 dBm < vsaw), the exciton flux cannot keep pace 
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with the traveling strain wave (weak coupling regime). This results in asymmetric exciton 

funneling (in opposite directions) during each SAW period. Hence, we observe oscillations in the 

peak position of the exciton distribution and a net spatial shift over time in the direction of the 

traveling strain field as seen in Figure 5-2(d) and Figure 5-3(a). The observation closely resembles 

carrier drift under a dynamic electric field in the weak coupling regime presented in García-

Cristóbal et al. [283]. Under strong coupling, the excitons would funnel to the lowest potential, 

followed by transport of the trapped excitons with the strain wave. In such a case, the transport 

distance is expected to be limited by the radiative lifetime and sample size. Such a regime of 

exciton transport has been observed in III-V semiconducting quantum wells at cryogenic 

temperatures [52], [53]. 
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Figure 5-3: Exciton transport in monolayer WSe2 under incremental RF power at 1.2 μJ/cm2 

optical fluence. (a) Spatiotemporal evolution of the exciton density peak extracted using 

gaussian fits (circles) and the approximate linear fit (solid lines) at various acoustic power. 

The error bars represent the uncertainties in the gaussian fit. (b) Effective shift in the position 

of the gaussian peak extracted from the model introduced in the text that shows an increase 

in transport length as RF input power is increased. The maximum shift of the Gaussian peak 

increases with applied RF input power, clear signature of long-range energy transport under 

dynamic strain in the monolayer. (c) The time derivative of the 13 dBm data in (a). The 

instantaneous velocity of the exciton flux reaches 600 m/s but is still lower than the acoustic 

wave velocity (3979 m/s). To improve the signal to noise ratio, the raw data was binned using 

a 100 ps window. 
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Under a dynamically varying strain field, the maximum exciton drift velocity can be 

written as:   

𝑣𝑣𝑑𝑑𝑎𝑎𝑑𝑑 = 𝜇𝜇 �
𝜕𝜕𝐸𝐸𝑎𝑎
𝜕𝜕𝜀𝜀

�
𝜕𝜕𝜀𝜀
𝜕𝜕𝑒𝑒

|𝑑𝑑𝑎𝑎𝑑𝑑 

          = 𝜇𝜇 �𝜕𝜕𝐸𝐸𝑔𝑔
𝜕𝜕𝜀𝜀
� 𝑘𝑘𝜀𝜀0         (Equation  5.2) 

          

where 𝜇𝜇, 𝜕𝜕𝐸𝐸𝑔𝑔
𝜕𝜕𝜀𝜀

, 𝑘𝑘 = 2𝜋𝜋
𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆

, and 𝜀𝜀0 refer to the exciton mobility, strain sensitivity of monolayer 

bandgap [122], acoustic wave momentum, and maximum dynamic strain in the monolayer, 

respectively. λSAW refers to the wavelength of the acoustic wave (𝜆𝜆𝑆𝑆𝑆𝑆𝑆𝑆 = 4.7 𝜇𝜇𝑚𝑚). Based on the 

measured PL quenching (Figure 5-1(d)), we calculate the maximum dynamic strain amplitude (𝜀𝜀0) 

to be ~ +0.086 % (tension) at 13 dBm RF power using the converse piezoelectric matrix [297] of 

1280 LiNbO3 and the estimated piezoelectric field in the substrate [171]. Using the estimated value 

of maximum drift velocity at 13 dBm RF input power (600 m/s, about 15% of the SAW velocity) 

in Equation 5.2, we extract the exciton mobility in the monolayer to be 900 cm2/eV/s. The extracted 

exciton mobility is nearly two orders lower (exceeding 104 cm2/eV/s [52], [170], [298]) compared 

to indirect excitons in III-V quantum well structures at cryogenic temperatures that show long-

range transport [52], [53]. The small exciton mobility, resulting from scattering with defects and 

phonons at room temperature, along with short radiative lifetime results in a smaller transport 

distance (~μm) under dynamic strain in monolayer TMDs. However, the results show the potential 

of the material system for future room-temperature excitonic devices, especially as defect densities 

get lowered with rapid progress in material growth. 

We note that the total bandgap modulation (𝛿𝛿𝐸𝐸𝑎𝑎 = 2 ∗ 0.086 ∗ 60 = 10.3 𝑚𝑚𝑒𝑒𝑉𝑉) is smaller 

than the room-temperature thermal energy (25.7 meV). However, the observed directional 
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transport primarily results from the combination of the strong bandgap sensitivity of TMD 

monolayers, and the strain gradient generated by the SAW wave, which leads to drift dominating 

over diffusion transport at room temperature [171]. At the same time, we assume negligible 

decoupling of the dynamic strain to the WSe2 monolayer through the underlying h-BN flakes due 

to the high mechanical strength [299] and small thickness (20-30 nm; measured using white light 

interferometry) compared to the acoustic wavelength (4.7 μm) [53], [54]. Therefore, the extracted 

values of average drift velocity set the lower limit at room temperature. We also expect negligible 

contributions to the observed transport from strain-induced binding energy change of neutral 

excitons as such modulations are significantly smaller compared to strain-induced bandgap 

modulation based on theoretical calculations [69], [125], [300]. Finally, we expect a negligible 

contribution to the quasiparticle conversion (exciton to trion) under strain [47], [301] and type-II 

bandgap modulation [223] due to much lower strain amplitude (<0.1%) and screening due to the 

underlying h-BN spacer.  

Exciton transport under type-I modulation takes place by spatial trapping at the minimum 

energy locations [167] (please refer Figure 5-4(a)-(d) for a schematic representation of the exciton 

potential under a dynamic strain field. We verified that the observed spatiotemporal modulation in 

the exciton density is due to type-I modulation by performing three experiments. First, we conduct 

transport measurements at an order of lower optical fluence. Since the effective mobility of the 

photogenerated excitons increases with optical fluence [302], the excitons experience efficient 

coupling with the traveling strain field at high optical excitation densities. For the same set of RF 

powers (constant strain), we observed reduced modulation in the exciton density and a decrease in 

average exciton spatial drift for lower optical fluence (as discussed in a later section). Second, we 

measured time-dependent photoluminescence (TRPL) as a function of optical fluence. At low 
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fluence, the TRPL decays faster with an increase in RF power due to increased ionization [223], 

[278] (additional decay) resulting from type-II modulation. At high fluence, the reduction in TRPL 

decay rate is slower [171], confirming the screening of the in-plane piezoelectric field by the free 

carriers. Under this condition, type-I modulation dominates and the TRPL oscillates at the SAW 

frequency. The strain-induced oscillations result from the dynamic modulation of the energy 

separation between K and Q valleys under the traveling strain wave [171]. We also note that the 

observations have been reproduced on multiple samples with different RF resonance frequencies 

[171].  
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5.5 Acoustic steering of photogenerated excitons 

The dynamic acoustic strain field generated by a SAW wave can be represented by: 

 𝜀𝜀(𝑒𝑒, 𝑡𝑡) = 𝜀𝜀0 𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝑡𝑡 − 𝑘𝑘𝑒𝑒 + 𝜑𝜑)       (Equation  5.3) 

                              

where, 𝜀𝜀0 refers to the amplitude of the strain field, 𝜔𝜔 refers to the angular frequency (𝜔𝜔 =

2𝜋𝜋𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆; 𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆refers to the acoustic resonance frequency), and 𝜑𝜑 refers to the instantaneous phase 

of the acoustic wave. Therefore, for a given optical excitation position from the IDT, the generated 

exciton density interacts with a certain phase of the traveling strain field. Using Equation 5.3, the 

dynamic strain-induced drift velocity of the exciton flux can be written as [94]: 

 𝑣𝑣𝑝𝑝𝑑𝑑(𝑒𝑒, 𝑡𝑡) = 𝜇𝜇𝜀𝜀
𝜕𝜕𝜀𝜀(𝑑𝑑,𝑡𝑡)
𝜕𝜕𝑑𝑑

= 𝜇𝜇𝜀𝜀𝑘𝑘 𝑐𝑐𝑠𝑠𝑠𝑠(𝜔𝜔𝑡𝑡 − 𝑘𝑘𝑒𝑒 + 𝜑𝜑)     (Equation  5.4) 

  

where 𝜇𝜇𝜀𝜀 = 𝜇𝜇 𝜕𝜕𝐸𝐸𝑔𝑔
𝜕𝜕𝜀𝜀

 refers to the strain mobility of the excitons [94]. At photoexcitation (t=0), 

the instantaneous velocity of the exciton flux is a function of the acoustic phase,  𝑣𝑣𝑝𝑝𝑑𝑑(𝑒𝑒, 0) =

𝜇𝜇𝜀𝜀𝑘𝑘 𝑐𝑐𝑠𝑠𝑠𝑠( − 𝑘𝑘𝑒𝑒 + 𝜑𝜑). Therefore, precise control over the direction of photogenerated exciton flux 

can be achieved by controlling the relative phases as shown in Figure 5-4(a) – (d). We achieve 

such control by introducing a delay, τ (𝜑𝜑 = 2𝜋𝜋
𝑇𝑇
𝜏𝜏;𝑇𝑇 = 1

𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆
) in the laser trigger signal (refer 

Appendix D for schematics of the characterization setup).  Figure 5-4(e) plots the spatiotemporal 

evolution of the center of the exciton density distribution as a function of the time delay (τ) with 

increments of T/4, which were further numerically modeled using the following modified drift-

diffusion equation [94]:  
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𝜕𝜕𝑛𝑛𝑒𝑒𝑒𝑒(𝑑𝑑,𝑡𝑡)
𝜕𝜕𝑡𝑡

= 𝐷𝐷𝑝𝑝𝑑𝑑
𝜕𝜕2𝑛𝑛𝑒𝑒𝑒𝑒(𝑑𝑑,𝑡𝑡)

𝜕𝜕𝑑𝑑2
+ 𝜕𝜕(𝛥𝛥𝑒𝑒𝑒𝑒𝑛𝑛𝑒𝑒𝑒𝑒(𝑑𝑑,𝑡𝑡))

𝜕𝜕𝑑𝑑
+ 𝐺𝐺 − 𝑛𝑛𝑒𝑒𝑒𝑒(𝑑𝑑,𝑡𝑡)

𝜏𝜏𝑒𝑒𝑒𝑒
− 𝑛𝑛𝑒𝑒𝑒𝑒(𝑑𝑑,𝑡𝑡)

𝜏𝜏𝑖𝑖𝑖𝑖𝑖𝑖
               (Equation  5.5)             

𝑣𝑣𝑝𝑝𝑑𝑑 = 𝜇𝜇𝜀𝜀
𝜕𝜕𝜀𝜀(𝑑𝑑,𝑡𝑡)
𝜕𝜕𝑑𝑑

                   (Equation  5.6) 

 
1

𝜏𝜏𝑖𝑖𝑖𝑖𝑖𝑖
= 𝜀𝜀2𝐷𝐷

ℏ
8

√2𝜋𝜋
�𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖

|𝐸𝐸|
𝑒𝑒𝑒𝑒𝑒𝑒( − 4

3
𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖
|𝐸𝐸|

)                    (Equation  5.7) 

𝐸𝐸𝑖𝑖𝑖𝑖𝑛𝑛 = 𝜀𝜀2𝐷𝐷
𝑎𝑎2𝐷𝐷

                       (Equation  5.8)      

 

Here, exD  refers to diffusion co-efficient of neutral excitons, respectively. exµ  refers to the 

mobility of electron/hole/ neutral excitons respectively, 𝐸𝐸(𝑒𝑒, 𝑡𝑡) and 𝜀𝜀(𝑒𝑒, 𝑡𝑡) refer to SAW 

piezoelectric field and dynamic strain field, respectively. G refers to the photogenerated exciton 

density under optical excitation. 𝜏𝜏𝑝𝑝𝑑𝑑 refers to the radiative recombination lifetime of neutral 

excitons. 𝜇𝜇𝜀𝜀 refers to the strain mobility of neutral excitons in the monolayer. 𝜏𝜏𝑖𝑖𝑖𝑖𝑛𝑛 refers to the 

ionization time of the photogenerated neutral exciton [283] which effectively introduces an 

additional decay channel for the excitons. 𝐸𝐸𝑖𝑖𝑖𝑖𝑛𝑛 refers to the electric field required for ionization 

[278], [283] of excitonic species in the monolayer. 𝜀𝜀2𝐷𝐷 and 𝑎𝑎2𝐷𝐷 refer to the exciton binding energy 

and the Bohr radius in the monolayer WSe2 [171].The photogenerated exciton density, G was 

estimated to be 2.4x1011/cm2 [171], assuming 10% absorbance for monolayer WSe2 [303]. For 

simulation, we used the time-dependent exciton diffusivity under no RF [171]. The parameters 

used for simulation are shown in Table 5-1. 
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Table 5-1: Parameters used for simulating the exciton density modulation under dynamic strain 

Parameter Value 

Exciton drift mobility 65 cm2/%/s 

Exciton radiative lifetime, τex 0.7 ns (Refer [171]) 

Electric field, E 5 x106 V/m (Refer [171]) 

 

 

The solid lines in Figure 5-4(e) are fits from the numerical simulation that successfully 

captures the observed dynamics at different SAW phases [171] under the same RF excitation 

power. Consistently, we observed similar progressive evolution with the instantaneous phase in 

the TRPL [171].   
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Figure 5-4: Spatiotemporally controlled energy transport under phase modulated optical 

excitation for 15 dBm RF excitation. Schematic presentation of photogenerated excitons at 

different SAW phases along with exciton potential: (a) τ; (b) τ + T/4; (c) τ + T/2; (d) τ + 

3T/4. The vertical blue line represents the position of excitation pulse on SAW wave. For τ, 

the excitons are generated at a position such that the energetically stable position lies in the 

opposite direction of SAW propagation. Therefore, immediately after photogeneration, the 

exciton density distribution shifts in the opposite direction of SAW propagation. However, 

as the excitons couple to the traveling strain field, a net drift in the direction of SAW was 

observed. For τ+T/4, excitons are generated at the positions of lowest bandgap (position of 

maximum tensile strain corresponding to minimum exciton potential but lowest energy 

gradient). Hence, the exciton density distribution does not undergo immediate spatial shift 

after photogeneration. At τ+T/2, following photoexcitation, the energy gradient drives the 

exciton flux forward towards the stable position of maximum tensile strain. Therefore, the 

generated density distribution moves immediately in the direction of SAW propagation. For 

τ+3T/4, the excitons are generated at the position of maximum compressive strain i.e., 

maximum bandgap and hence results in no spatial shift immediately after photogeneration. 

(e)Phase synchronized evolution of the gaussian peak position(circles) extracted by fitting 

the normalized exciton density measured using TCSPC technique. The gaussian peak 

position oscillates at the period of the SAW wave. A progressive delay in the Gaussian peak 

is also observed as the time delay is increased at an increment of T/4. Alongside oscillations, 

a net drift in the Gaussian peak is observed in the direction of acoustic wave propagation. 

The solid line in the figure shows numerical fit using the model discussed in the text.  
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5.6 Optical fluence as a possible control knob for exciton transport 

In monolayer semiconductors, the exciton transport properties are strongly influenced by 

density-dependent non-linear phenomenon such as non-radiative Auger scattering [280], [304], 

halo formation [93], hot exciton effects [305], [306], non-equilibrium phonon drug effects [307]. 

While exciton transport under low optical excitation follows Fick’s law [302], at elevated 

excitations, strong non-linear interactions result in a highly mobile excitonic species with large 

kinetic energy, and therefore density-dependent increment in mean squared displacement is 

observed [93], [302]. We also observe similar effects in our optical excitation-dependent transport 

measurements without RF excitation. We present the results of transport measurement at different 

exciton densities in the absence of RF excitation in Figure 5-5(a). As the exciton density is 

increased, a clear monotonic increase in the mean squared displacement is observed with the time 

evolution of the mean squared displacement becoming non-linear with excitation fluence, 

highlighting an increase in exciton diffusivity due to non-linear interactions. We note that the 

generated exciton density is still an order lower than the reported exciton-Mott transition in 

monolayer TMDs [227], [276] and therefore, the increase in mean squared displacement is not 

triggered by the exciton transition into the electron-hole liquid phase [308].    

The results of transport measurement at a lower exciton density (0.2 μJ/cm2) under -60 

dBm and 13 dBm RF excitation are shown in Figure 5-5(b) and Figure 5-5(c) respectively. In 

contrast to the normalized spatiotemporal exciton density presented in the previous section (Figure 

5-2) under a higher excitation fluence, the average drift in the exciton population over time is 

suppressed. This is more clearly seen in the temporal evolution of the fitted gaussian peak under 

RF excitation (Figure 5-5(d)). Even though, the gaussian peak position shows signatures of 

oscillatory behavior under RF excitation, the average drift of the exciton population is smaller than 
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Figure 5-3(a) (discussed later in this section). This is attributed to the decrease in exciton kinetic 

energy at lower densities that further weakens the effective coupling of excitons to the traveling 

strain field. Figure 5-5(e) shows the TRPL measured at the minimum exciton density as a function 

of RF excitation that shows enhancement in exciton decay rate with RF power due to exciton 

dissociation which is also observed in the CW PL measurement.  
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Figure 5-5: Optical excitation dependent exciton diffusion in h-BN/WSe2/h-BN sample. (a) 

Mean squared displacement as a function of time at two exciton densities i.e. optical fluence 

under -60 dBm RF excitation. A clear increase in the mean squared displacement can be 

observed because of density dependent non-linear interactions. Spatiotemporally resolved 

normalized exciton density profile at the minimum optical fluence under (b) -60 dBm and 

(c) 13 dBm RF excitation. In comparison with the observed spatial translation in Figure 3-

2, the spatial exciton drift is small. (d) Spatial shift in the gaussian peak position at different 

RF excitation. The error bars represent the uncertainties in the gaussian fitting of the 

measured exciton densities. (e) Time resolved photoluminescence at the minimum exciton 

density at different RF excitation. A strong RF excitation dependent increase in the exciton 

decay rate is observed due to reduced free carrier screening at lower optical fluence. 
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In Figure 5-6 we show the comparison between the transport dynamics at two optical 

generation densities under RF excitation. To capture the spatial transport of the exciton density 

under the surface acoustic wave, we subtract the spatiotemporal exciton density map at -60dBm 

RF excitation from 13 dBm RF excitation at two optical fluences. The subtracted spatiotemporal 

density contour maps are shown in Figure 5-6(a) and Figure 5-6(b) respectively. We observe that 

the exciton density shows stronger modulation under the SAW wave at higher optical fluence, a 

clear signature of higher kinetic energy, and therefore stronger coupling to the traveling strain 

wave. The stronger exciton coupling to the SAW wave at higher optical excitation is more clearly 

seen in Figure 5-6(c) and Figure 5-6(d) which shows normalized exciton densities at different time 

instances under 13 dBm RF excitation. Clearly, at higher optical excitation, excitons travel further 

due to improved coupling to the traveling strain wave. To verify this observation, we also fit the 

spatial shift of the gaussian peak position at 0.2 μJ/cm2 optical fluence under13 dBm RF excitation 

using linear fit and extract the average drift velocity to be 79± 3 m/s which is close to an order 

smaller than the average drift velocity extracted at higher optical fluence (1.2 μJ/cm2)(Figure 

5-6(e)). The extracted average drift velocity, therefore, indicates stronger coupling at higher optical 

excitation due to highly mobile exciton species.  
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From our observations, we thereby conclude that the exciton transport by the SAW wave 

is triggered by exciton coupling to the traveling strain field in the medium under RF excitation 

(type – I band edge modulation). Even though we operate in the weak coupling regime (discussed 

in the previous section), the density-dependent transport properties of excitons also strongly affect 

 

Figure 5-6: Optical excitation dependent exciton dynamics under RF excitation. Change in 

the spatiotemporally resolved exciton density map (density at lowest RF excitation (-60 dBm) 

subtracted from high RF excitation (13 dBm)) at (a) 0.2 μJ/cm2 and (b) 1.2 μJ/cm2 excitation 

fluence. Normalized exciton density at different time instances under 13 dBm RF excitation 

for (c) 0.2μJ/cm2 and (d) 1.2 μJ/cm2.  (e) Peak position of the exciton density extracted from 

the gaussian fitting for two exciton densities under 13 dBm RF excitation. The average drift 

of exciton density under RF excitation is clearly higher for higher exciton density. 
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the extent of the coupling. At the same time, at lower excitation densities, exciton dissociation is 

strengthened by the weaker free carrier screening process (type – II band edge modulation). This 

further lowers the kinetic energy of the exciton density by exciton dissociation and further reduces 

the coupling efficiency to the traveling strain field. This results in a smaller average drift velocity 

for the same RF excitation power at lower optical fluence.  

 

5.7 Summary 

 

In summary, we demonstrated room-temperature, directed exciton energy transport in 

monolayer WSe2 under a traveling strain field. The dynamic strain gradient obtained under the 

experimental condition was sufficient to study the weak coupling regime between excitons and the 

strain wave. Our results show that the weak coupling leads to oscillations in the transported exciton 

density since the exciton drift velocity is lower than the velocity of the traveling wave. Based on 

the measurement, we estimate the neutral exciton mobility in the monolayer to be 900 cm2/eV/s 

which is in good agreement with the values reported in the literature for the same material. The 

results show that coupling between excitons and dynamic strain waves in TMDs strongly depends 

on the transport properties and therefore, is expected to be influenced by various factors like 

intrinsic and extrinsic defect states, lattice disorders, substrate roughness, scattering from charged 

and neutral impurities. Hence, an improved material system with higher strain gradients would 

provide a pathway to reach the strong coupling regime. In addition, the use of TMD 

heterostructures that offer a long lifetime could aid in improving the overall transport length. 

Finally, we also demonstrated controlled acoustic steering of the photogenerated excitons by 

precisely tuning the exciton photogeneration with respect to the phase of the acoustic wave and 
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provide a modified drift-diffusion model to describe the observations. The reported results pave 

the way for exciting future applications that include efficient energy conversion, sensing, 

detection, and room temperature on-chip excitonic information processing and communication.  
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Chapter 6 Summary and Future Directions 

 

In the previous chapters, we have included experimental results on manipulating excitonic 

photophysics in van der Waals solids – organic semiconductors and monolayer TMDs at room 

temperature. In chapter 3, we have demonstrated solid-state solvation in a doped host: guest media 

under axial tensile strain. Photoluminescence measurement reveals that the strain sensitivity of 

such organic doped host: guest media varies inversely with the guest doping. We have further 

demonstrated dynamic control over local molecular density by fabricating MEMs electrostatic thin 

film actuators. Contrary to traditional approaches like chemical synthesis or direct doping of the 

host media by guest molecules, such a platform that utilized residual stress of SiO2 thin films can 

be highly beneficial for on-chip applications.  

In chapter 4, we have discussed the photophysical manipulation of excitons at room 

temperature in a monolayer TMD system under strong dielectric screening by a piezoelectric field. 

A reduction in exciton binding energy under dielectric screening results in strong dissociation and 

photoluminescence quenching which can be further controlled by optical excitation. The observed 

excitation-dependent photophysical manipulation is further supported by the experimentally 

extracted neutral exciton polarizability, excitation-dependent broadening of exciton 

photoluminescence, and transient photoluminescence decay.  

In chapter 5, we have tried to elucidate the physics of exciton transport under traveling 

strain waves in a monolayer semiconductor using phase synchronized picosecond resolved 

diffusion measurement techniques. We have demonstrated a delicate interplay between type – I 



 88 

and type – II band edge modulation under a traveling acoustic field that governs the coupling of 

photogenerated excitons to the traveling strain field. From our observation, we conclude that the 

excitons in monolayer TMDs are expected to couple weakly to the traveling strain field at room 

temperature due to limited intrinsic mobility. We have demonstrated room-temperature acoustic 

steering by controlling exciton generation at different phases of the traveling acoustic field.   

Although the results and analyses presented in this work show that exciton transport under 

dynamic strain wave in monolayer semiconductors at room temperature is expected to take place 

in the weak coupling regime, further improvements toward the strong coupling regime can be 

made by adopting approaches such as increasing RF power, increasing SAW frequency and so on. 

While such traditional approaches can lead to larger strain amplitude, the substrate-induced 

piezoelectric field is also expected to increase which would lead to larger exciton dissociation. 

Although optical excitation can be increased to screen the piezoelectric field, in TMD monolayers 

non-linear density-dependent processes such as exciton-exciton annihilation [309], transition to 

electron-hole plasma regime [310], [311] are expected to increase with excitation density and 

therefore such results need to be analyzed carefully. 

Another viable approach could be the artificial enhancement of exciton coupling to the 

traveling strain wave by increasing the exciton mobility through strain engineering at room 

temperature. As the extent of coupling between photogenerated exciton density and traveling strain 

wave strongly depends on the intrinsic exciton mobility, exciton in strained TMDs should be 

highly suitable for transport under SAW. Theoretical bandstructure calculation shows that under 

tensile strain the electron and hole effective mass get reduced [126], [312], [313]. As a result, an 

exciton in a strained monolayer TMD is expected to have a lower translational mass and therefore 

can attain higher mobility and achieve better coupling to the traveling strain wave. 
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Further enhancement can be obtained by suppressing the lattice scattering at a lower 

temperature where the exciton mobility is expected to be limited by scattering from defect sites or 

impurities. Therefore, exciton coupling to traveling strain can be further improved in materials 

with ultra-low defect density at low temperatures.  

Even though we have investigated exciton transport under traveling strain waves in TMD 

monolayers, other excitonic media that can sustain excitons with high binding energy and high 

exciton mobility can be utilized. With the recent progress of crystallization methods [314], [315] 

the intrinsic exciton mobility in various disordered systems can be improved to be used as the 

exciton transport media.   

As discussed in Chapter 2, patterned substrates are traditionally used for generating non-

uniform strain gradients in monolayer semiconductors. Due to their large flexibility and 

mechanical strength, once mechanically transferred on such patterned substrates, the monolayer 

adopts the pattern geometry without deformation and gets strained. The strain gradient generated 

using this approach can be used for directional exciton flux control. Such patterned substrates 

traditionally have fixed spatial dimensions and are typically fabricated using dry phase etching 

techniques [129], [316], [317]. However, due to the possible roughness of the etched sidewalls, 

the patterned regions can result in local strain hot-spots [318], [319]. An alternative and cost-

effective approach for obtaining such nanoscale geometries can be wet chemical etching. In 

traditional substrates like thermally grown SiO2/ Si, the etch rate of SiO2 can be precisely 

controlled by the temperature and the concentration of the etchant solution [320], [321].  

Gate tunable electrostatic potential modulation has long been used traditionally to direct 

exciton flux in III-V quantum well structures at cryogenic temperature [287], [289], [322], TMD 

heterostructures at cryogenic [288], [292], [323]–[325] and room temperature [291].  Application 
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of an electrostatic field normal to the exciton flow generated by a nonuniform strain gradient can 

be utilized to achieve excitonic switching.   

Spatially indirect long-lived interlayer excitons in TMD hetero- bilayers are uniquely 

suited for achieving long-range exciton transport under strain not only because of their long 

lifetime but also for their larger deformation potential constant than the constituent monolayers 

[326], [327]. The exciton dipole moment in such hetero- bilayers is oriented out-of-plane and 

therefore the exciton energy can be tuned by applying an out-of-plane electric field. Under such a 

modulation scheme, the strained interlayer exciton potential can be gradually tuned along a 

fabricated nano-ridge geometry. This allows the creation of an interlayer exciton link.      

Strained monolayer TMDs have been explored as potential candidates for realizing ultra- 

low dimensional single photon emitters that can be seamlessly integrated to nanophotonic 

platforms. Although waveguide coupled single photon emitters have been realized using 

monolayer WSe2 on SiN/ Si substrates [318], [319] using anisotropic reactive ion etching 

techniques. The single photon emission takes place from the defect-bound states on the edge of 

the waveguide geometry and therefore such emitters suffer from inefficient modal overlap with 

the fundamental transverse electric (TE) mode of the waveguide. An improved single photon 

quantum source self-coupled to a waveguide can be realized by incorporating isotropic etching of 

silicon nitride [328], [329] into the widely used and well-understood anisotropic etching of silicon 

nitride.  
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Chapter 7 Conclusion 

 

Engineering excitonic properties in van der Waals materials is critical for enhancing the 

integration bandwidth of excitonic devices ranging from low-loss, efficient applications such as 

energy conversion, information processing, and transfer to highly sensitive operations like sensing, 

and transduction. While chemical synthesis has long been investigated and traditionally adopted 

to be the go-to approach for engineering exciton photophysics in organic semiconductors, 

mechanical strain can offer an alternative route to enhance application as well as modular 

integration with current nanofabrication techniques. Despite extensive study on the effect of 

hydrostatic pressure on organic polymer and related materials, pressure-induced photophysical 

manipulation of small-molecule organic thin films has remained a largely unexplored area. On the 

other hand, high flexibility, ability to undergo large mechanical deformation, and high strain 

sensitivity makes external strain an exciting and aggressively studied tool for application-specific 

exciton engineering in TMDs. In this work, we have experimentally demonstrated pathways for 

exciton engineering in van der Waals materials at room temperature using strain as the primary 

modulation scheme for on-chip applications and possible modular integration with nano-

fabrication and processing techniques. We have demonstrated a low-footprint reliable platform for 

modulating background polarizability in a small molecule host: guest media by decreasing the 

local molecular density. On the monolayer TMD materials, we have utilized strong background 

screening and optical generation as effective means for modulating excitonic photoluminescence 

under a traveling piezoelectric field. Finally, we have demonstrated directional exciton transport 
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under a traveling strain wave in a monolayer semiconductor at room temperature. We have also 

discussed possible future application directions and pathways to explore and further enhance the 

conceptual demonstrations discussed in this work. The results and observations noted in this work 

demonstrate that the strain-induced exciton engineering in van der Waals materials is still in 

infancy and significant research efforts are required to further understand and explore the exciting 

excitonic properties in TMDs under strain in both static and dynamic realms. 
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Appendix A: Fabrication of Self-strained SiO2 Microbeams for Solid-state Solvatochromism in 

Organic Host: Guest Media 

 

The fabrication of the self-strained SiO2 microbeams was carried out on thermally grown 300 nm 

SiO2/ Si substrates. The fabrication process includes standard optical lithography and reactive ion 

etching (RIE) of the patterned oxide geometry. The fabrication of the microbeams includes the 

following steps: 

 

1. Optical lithography 

a. The sample substrates were cleaned using acetone and isopropyl alcohol (IPA) in 

gentle to moderate sonication.  

b. Following solvent cleaning, vapor phase deposition of hexamethyldisilazane 

(HMDS) was performed to promote photoresist adhesion.  

c. As a photoresist, SPR 220 (3.0) was spin-coated at 5000 rpm (approximate 

thickness ~ 2 µm). The pre-exposure baking of the photoresist was carried out at 

115º C for 90 sec.  

d. The samples were exposed in a contact aligner tool for 3.7 seconds. Post-exposure 

baking was carried out at 115º C for 90 sec. The exposed patterns were developed 

using AZ 726 in a double puddle recipe.       
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2. Reactive ion etching of thermal SiO2 

a. The patterned SiO2 regions were etched using CF4 and CHF3 gases (flow rate 15 

sccm for both the gases). The RIE chamber pressure was kept at 20 mTorr. The RF 

power was set at 150 W.  

b. A short deep reactive ion etching (DRIE) step was performed for 60 seconds to etch 

exposed silicon to facilitate the access of XeF2 gas used in the release of SiO2 

microbeams.  For DRIE, SF6 (flow rate 390 sccm) was used as the etchant gas with 

C4F8 (flow rate 0-30 sccm, ramped) acting as the inert passivation layer.  

c. A short plasma stripping step was performed at low RF power (100 W) and low 

temperature (60º C) for 40 seconds to remove the C4F8 deposited on the sidewalls 

of the etched silicon region.  

 

3. Photoresist stripping:  

a. The photoresist was stripped from the samples by immersing them in PRS 2000 at 

60º C for 10 minutes. 

b. PRS immersion was followed by solvent cleaning using acetone and isopropyl 

alcohol (IPA) in moderate sonication. 

4. Evaporation of organic thin film 

a. The organic thin film (Alq3: DCM at different DCM doping) was evaporated using 

the vapor thermal deposition technique at 2e-6 Torr base pressure. The material 

thickness was kept at 30 nm. A further 50 nm TPBi was evaporated following the 

same vapor thermal deposition technique following the evaporation of Alq3: DCM.    
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5. Post-evaporation XeF2 etching for releasing the microbeam structures 

a. To release the microbeam structures, a short 3-cycle XeF2 etching was performed 

at XeF2 pressure kept at 3.0 Torr and N2 pressure kept at 0.0 Torr. The cycle time 

was kept fixed at 20 s.   

 

The detailed process flow can be found in Figure A1.  

 

 

 

 

 

 

 

 

  

   
 

Figure A1: Process flow for fabrication of self-strained SiO2 microbeams (not drawn to scale). 

The bottom figure in each of the process steps shows the top view of the device in XY plane. 

The red dashed line shows the line along which the YZ cross-section is taken. The top figure 

shows the YZ cross-section of the device structure in each process step. Reprinted with 

permission from ACS Appl. Nano Mater. 2020, 3, 2, 992–1001. Copyright 2019 American 

Chemical Society. 
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Appendix B: Fabrication and Characterization of MEMS Thin Film Membrane Devices on 

Si3N4/ Si Substrates  

 

The fabrication of MEMs thin film membrane devices was carried out on low-pressure chemical 

vapor deposited (LPCVD) 300 nm Si3N4/ Si substrates. The fabrication process includes standard 

optical lithography and reactive ion etching (RIE) of the patterned oxide geometry. The fabrication 

of the microbeams includes the following steps: 

1. Optical lithography 

a. The sample substrates were cleaned using acetone and IPA in gentle to moderate 

sonication.  

b. Following solvent cleaning, vapor phase deposition of hexamethyldisilazane 

(HMDS) was performed to promote photoresist adhesion.  

c. As a photoresist, SPR 220 (3.0) was spin-coated at 5000 rpm (approximate 

thickness ~ 2 µm). The pre-exposure baking of the photoresist was carried out at 

115º C for 90 sec.  

d. The samples were exposed using a contact aligner tool for 3.8 seconds. Post-

exposure baking was carried out at 115º C for 90 sec. The exposed patterns were 

developed using AZ 726 in a double puddle recipe.       
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2. Reactive ion etching of LPCVD Si3N4 

a. The patterned silicon nitride regions were etched in RIE chamber using CF4(flow 

rate 40 sccm) and O2 (flow rate 2 sccm). The RF power and the chamber pressure 

were kept at 80 W and 100 mTorr respectively.  

b. Following RIE, the photoresist mask was stripped by immersing the samples in 

PRS 2000 at 60º C. The samples were also cleaned in acetone and IPA using gentle 

to moderate sonication. 

 

3. Metal electrode patterning using optical lithography and deposition:     

a. Following photoresist stripping and solvent cleaning from the last step, a second 

HMDS vapor phase deposition was performed to promote photoresist adhesion. 

b. Following the vapor prime step, SPR 220 (3.0) was spin-coated at 5000 rpm, 

followed by a pre-exposure bake at 115º C for 90 sec. 

c. The samples were exposed in a contact aligner for 3.8 seconds for patterning the 

metal electrodes. The exposed samples were baked for 90 sec at 115º C. 

d. A short photoresist descum step was performed at 60º C for 20 sec. The RF power 

was set at 100 W for the descum step. 

e. Following the photoresist descum, the metal evaporation (10 cm Cr / 150 nm Au) 

was carried out in an EBeam evaporator at a base pressure of 2e-6 Torr.  

f. The metal lift-off was carried out by immersing the samples in Acetone for 12 

hours. Later the samples were cleaned using acetone and IPA in gentle sonication. 
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4. XeF2 vapor phase etching for the release of the MEMs membranes: 

a. To release the MEMs membrane devices, 4 cycles of XeF2 etching were performed. 

The XeF2 and N2 pressure were kept at 3.0 Torr and 0.0 Torr respectively. The 

etching cycle time was kept fixed at 20 seconds.   

 

5. PCB mounting of the devices for optical characterization under electrical excitation:  

a. After the XeF2 vapor phase etching step, the samples were mounted on a custom-

designed printed circuit board (PCB) using adhesive Loctite-416.  

b. The metal contact pads on the PCB were bonded to the pads on the sample substrate 

using wire bonding. For wire bonding 0.7 mil (17.78 µm) Al wire was used.   

6. Evaporation of organic thin film 

a. The organic thin film (1.5% DCM doped Alq3: DCM) was evaporated using vapor 

thermal evaporation technique at 2e-6 Torr base pressure. The material thickness 

was kept at 30 nm.   

 

The detailed process flow of fabrication can be found in Figure B1.  
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Figure B1: Process flow for the fabrication of MEMS thin film membrane devices on low 

stress Si3N4 along with XY plane top-view and YZ cross-sectional view of the device structure 

in each process step.  The organic material evaporation is not shown here. The red dashed line 

shows the line along which the YZ cross-section is taken. Reprinted with permission from 

ACS Appl. Nano Mater. 2020, 3, 2, 992–1001. Copyright 2019 American Chemical Society. 
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Appendix C: Fabrication of SAW Filters on Piezoelectric LiNbO3 Substrates 

 

The fabrication of SAW filters was carried out on piezoelectric lithium niobate (LiNbO3; 128º Y 

-cut) wafers using standard projection optical lithography and EBeam meatal evaporation. The 

detailed description of the fabrication steps is as follows: 

1. Fabrication of inter-digitated electrodes (IDTs) on LiNbO3 substrates 

a. The substrates were cleaned using acetone and IPA under gentle sonication. 

b. The lithography of the IDTs was carried out using a bilayer resist combination- 

PMGI SF6 as the lift-off resist and S1813 as the imaging resist. PMGI SF6 was 

spin-coated at 1000 rpm using manual dispensing. The pre-exposure baking was 

carried out at 195º C for 5 minutes. S1813 was spin-coated at 4000 rpm and was 

baked at 110º C for 4 minutes. The samples were then exposed to a 5X reduction 

projection lithography tool for 0.26 sec. No post-exposure baking was performed. 

The exposed patterns were developed using a double puddle recipe in AZ 726 MIF 

developer.  

c. The metal evaporation was carried out using EBeam evaporation at 2e-6 Torr base 

pressure. 10 nm Cr and 100 nm Au were deposited as the meatal stack for the IDTs. 

The metal lift-off was carried out by a two-step immersion in Remover PG. At first, 

the samples were kept soaked in remover PG for 12 hours. Then a second remover 
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PG bath was used with gentle agitation at 80º C temperature. The remover PG 

cleaning step was followed by a two-step IPA cleaning under gentle agitation.  

 

2. Fabrication of contact pads for RF characterization and measurement: 

a. Following the patterning of the IDTs, SPR 220(3.0) was spin-coated at 2800 rpm. 

Considering possible damage to the patterned IDTs due to the pyroelectric property 

of LiNbO3 a slow and gradual thermal ramp step was adopted for pre-exposure 

baking of the spin-coated resist. Here, the samples were gradually ramped up from 

35º C to 95º C using a hot plate. The samples were kept at 95º C for 4 min 30 sec 

and then the temperature was gradually reduced to 35º C. This ensured little damage 

to the patterned IDTs. 

b. The samples were exposed using a projection lithography tool for 0.3 sec. No post-

exposure baking was performed. The exposed patterns were developed using a 

double puddle recipe in AZ 726 MIF. 

c. Following the development, 10 nm Cr and 500 nm Au were evaporated in an 

EBeam evaporator system at 2e-6 Torr base pressure. The metal lift-off was carried 

out following the same recipe as the IDT fabrication step.
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Appendix D: Exciton Transport Measurement Setup 

The optical characterization was carried out using a phase synchronized time-correlated single 

photon counting (TCSPC) setup. The sample was non-resonantly excited (Excitation wavelength 

405 nm) using a pulsed diode (laser diode source - PicoQuant LDH P-C-405 and laser diode driver 

- PDL 800-D) laser producing pulses ~30 ps in duration. The photoluminescence signal was 

collected using a highly sensitive avalanche photodiode (MPD PDM series) through a 60X dry 

objective (NIKON CFI PLAN APO λ 60X / 0.95). The output of the APD was analyzed with a 

timing module (PicoQuant HydraHarp 400) of ~1 ps time resolution. The TCSPC setup was phase 

synchronized with a vector network analyzer (Agilent/HP 4396B - used as the RF signal source) 

using a variable pulsed delay generator (Stanford Research Systems DG645). To achieve complete 

phase synchronization, the output repetition rate from the delay generator was fixed at an integer 

multiple of the time-period of the RF signal. The output pulse stream (pulse width ~ 20 ns) from 

the delay generator was used to trigger the picosecond laser diode module. A complete schematic 

representation of the phase synchronized setup is given in Figure D1. 
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Figure D1: Timing diagram for phase synchronized TCSPC measurement. The internal 

clocks of the delay generator and the network analyzer are synchronized. The delay generator 

pulses are generated at a frequency SAW
laser

ff
N

= ; where N is an integer. The Hydraharp 

module is synchronized to the pulsed laser controller and is used to collect the sample 

photoluminescence using a highly sensitive avalanche photodetector (APD). Reproduced 

with permission from Springer Nature (Nat. Photon. 16, 242–247 (2022).)  
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