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NANOSCALE EXCITON-MECHANICAL SYSTEMS (NEXMS) 

16RT1256, Final Report 15th May 2017 – 31st August 2020 

Summary of Achievements under the AFOSR Young Investigator Program: 

• 13 journal manuscript expected (eight published, one accepted, one under review, and three under 

preparation). 

• 2 patents filled. 

• 1 book chapter under preparation (Elsevier). 

• 15 conference invited and contributed talks. 

• Supported three graduate students over three years. 

IMPORTANT RESEARCH ACHIEVEMENTS 

• First comprehensive report on effect of doping (guest-host system) on strain sensitivity of 

excitonic orientation polarizability. 

• Resolved the large discrepancy in reported value of Young’s modulus of organic thin films by 

introducing a non-destructive technique based on excitons. 

• First direct visualization of exciton transport (spatial visualization) under strain gradient. 

• Developed excitonic bar code using strain engineering. 

• First reported study on FRET energy transfer across a hybrid organic/transition metal 

dichalcogenide (TMD) interface. 

• First systematic study of the nonlinear ultrafast transport of hybrid charge transfer excitons 

(HCTEs) at organic/TMD hybrid interfaces.  

• Provided insight into the phonon bottleneck that results in prolonged (>100 ps) hot HCTE 

transport. 

• The results show that translational mass of HCTE is smaller than excitons in individual material 

system.  

• Hybrid interfaces can overcome the poor diffusivity of amorphous organic semiconductor thin 

films and are a viable solution to achieve strain assisted transport. 

• Utilized efficient energy transfer from organic to inorganic semiconductor to introduce a hybrid 

platform for sensitive photodetectors (UV – visible).  
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The kernel of the work was to instigate progress towards our understanding of exciton with mechanics. The 

report is divided into five chapters. The first two chapter describe our findings related to transport in organic 

and inorganic semiconductors under static strain. Chapter 3 describes the extension of the understanding 

developed in Chapter 1 and 2 to dynamic strain. Chapter 4 describes the exciton transfer and transport at 

hybrid organic/inorganic interface. Such hybrid interfaces have the potential to overcome the poor 

diffusivity of amorphous organic semiconductor thin films and are a viable solution to achieve strain 

assisted transport. Finally, we describe some potential application based on the fundamental understanding 

and material platform that were developed under this program. We believe that the results from this work 

will not only influence current excitonic research but also provide important groundwork for next 

generation optoexcitonic devices.  

 Strain effects on excitonic properties in organic semiconductors: 

Knowledge of the bathochromatic shift in energy levels due to external strain on potential excitonic 

materials is essential to achieve interactions between excitonic energy states and mechanical energy states. 

The two materials under study i.e. organic thin films and TMD monolayers have physcially different 

morphologies and hence require different approaches to study the effect of strain. In this section, we report 

the results for organic semiconductors. 

Over time, various techniques and methods have been employed to study strain effect of organic thin films 

on exciton dynamics. We explored two approaches for studying organic thin films. The first approach was 

based on utilizing the internal stress in thin films to buckle suspended microbeams to achieve controlled 

strain in overlying thin films. The second approach was using micro electromechanical systems (MEMS) 

to induce tunable strain in a thin film.   

In the first approach, 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 

 

Figure 1: SEM images of self-strained silicon oxide beams after release using 3 cycles of XeF2 etching for different beam 

lengths: (a) 40 um; (b) 90 um; (c) 160 um.  

 

(a) (b) (c)
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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. SEM images of 

some of the released microbeams are shown in Figure 1. 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. The 2D surface map of a representative microbeam obtained using white light interferometry 

is shown in Figure 2(a). The maximum out-of-plane deflection and tensile strain at the point of maximum 

deflection for different beam lengths are shown in Figure 2(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. 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 small-molecule 

 

Figure 2: 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 

supplementary information (section 1). The axial strain at the center of the buckled microbeam can reach as high as 0.7%.  
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organic materials [1–4]. 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. We note that in addition of the generated strain being 

lower than the yield point of the thin film, we estimate the axial tensile strain to be insufficient to cause any 

change in the molecular bonds (please refer to supplementary information section 5 for more discussion). 

Figure 2(c) – (e) shows the out-of-plane deflection (obtained from 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 2(a).  

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 transport layer as well as an active emission layer in 

organic light emitting diodes (OLEDs)[5]. 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[6]. In this regard, DCM has been widely used as a luminescent red dopant in Alq3 

host matrix due to high Förster energy transfer efficiency[7, 8]. 

The axial strain on the SiO2 microbeam increases gradually from the clamped ends towards the center where 

the deflection is maximum. Therefore, the local molecular density and the local electric field decrease along 

the beam towards the maximum deflection position.  We performed PL measurements on microbeams with 

two different lengths – 15 µm and 20 µm. A 450 nm continuous wave (CW) excitation laser was used to 

excite only the guest DCM molecules [9, 10].  Figure 3(a) shows the axial tensile strain along a 15 µm long 

beam (width 8 μm) on which PL measurements are performed. Figure 3(b) shows the PL centroid extracted 

from our measurements along the microbeam axis. The PL centroid profile shows a gradual blue-shift as 

we approach the position of maximum deflection from the clamped end of the beam. We observe a PL 

centroid shift of about 5-6 nm for generated tensile strain of about 0.9%. The observed blue-shift is 

consistent with solid-state solvation effect in solid state organic thin films. Figure 3(c) shows the normalized 

PL intensity spectrum measured at different positions along the microbeam in 1 µm steps which also shows 

a gradual blueshift from the clamped end of the beam towards the maximum deflection position at the 

center. Figure 3(d) shows the normalized PL spectrum at three different positions of the beam labeled as - 

positions M and N, where the extracted tensile strain on the beam is found to be zero and position P, where 

the tensile strain is maximum. At zeros strain positions (position M and N in Figure 3(c)) on the microbeam, 

there appears to be no spectral shift in the normalized PL profile. However, at the position of maximum 

tensile strain (position P in Figure 3(c)) a clear blueshift is observed with respect to the zero strain positions.   
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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[11, 12]:  

𝜐𝑎 − 𝜐𝑓 =
2

ℎ𝑐
(

𝜀 − 1

2𝜀 + 1
−

𝑛2 − 1

2𝑛2 + 1
)

(𝜇𝐸 − 𝜇𝐺)2

𝑎3
+ 𝐶 (1.1) 

Here, 𝜐𝑎and 𝜐𝑓refer to the peak absorption and emission wavenumbers of solute molecule in cm-1, 𝜀and 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[13], and C refers to a constant that represents the unperturbed 

spectral shift of the solute emission. The term 
𝜀−1

2𝜀+1
−

𝑛2−1

2𝑛2+1
 generally referred to as the orientational 

polarizability[14], represents the local dielectric polarization of the medium. The first term 
𝜀−1

2𝜀+1
represents 

 
Figure 3: Solid state solvation in strained Alq3:DCM thin film: (a) Axial strain profile extracted from out-of-plane 

deflection of a 15 µm microbeam on which the PL measurement is performed. 2D surface map of the beam and the 

deflection profile can be found in the supporting information (Figure S8). (b) Centroid of the PL spectra extracted from 

measurements on the strained organic film along the beam axis. (c) Normalized PL spectra at different positions along 

the beam. With increased tensile strain towards the center of the beam, we observed a blueshift in the emission 

spectrum. (d) Normalized PL spectrum at three different positions along the beam- zero strain positions: position M 

and N, and maximum strain position at the center of the beam: position P. With respect to the zero strain positions on 

the beam, a blue-shift is observed in the normalized PL spectrum at the position of maximum tensile strain. 
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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  
𝑛2−1

2𝑛2+1
represents the high-frequency 

response due to electronic reorientation. 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.   

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. (1.1) as:  

𝜐𝑎 − 𝜐𝑓 = 𝑚𝛥𝑓 + 𝐶 (1.2) 

where,  

𝑚 =
2

ℎ𝑐

(𝜇𝐸 − 𝜇𝐺)2

𝑎3
 (1.3) 

𝛥𝑓 =
𝜀 − 1

2𝜀 + 1
−

𝑛2 − 1

2𝑛2 + 1
 (1.4) 

We use the reported values of m and C of 

7.94X103  cm-1 and 2.74X103 cm-1 

respectively[15, 16] and the DCM 

absorption peak wavelength of 480 

nm[17] 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[18]. The orientational 

polarizability decreases gradually from 

the zero-strain position and reaches its 

minimum value at the maximum tensile 

 

Figure 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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strain position on the microbeam. Based on the results, ~9% change in the orientational polarization was 

estimated under axial tension of 0.9 %.  

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 4. However, the rate of a 

solvatochromic shift under strain was different at different DCM doping concentrations. We observed the 

highest slope of 0.016 eV/% in the 1.5 % doped film, reducing to 0.006 eV/% for 5% doped film. To 

understand the relationship of DCM peak emission energy to external axial strain, we use Claussius- 

Mossoti relation that relates the dielectric response of a homogeneous medium, 
𝜀−1

𝜀+2
with molecular 

polarizability, α as[19]: 

𝜀 − 1

𝜀 + 2
=

𝑛𝛼

3𝜀0
 (1.5) 

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, 𝛥𝑓(𝜀) =
𝜀−1

2𝜀+1
. 

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 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 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 𝛥𝑦 = −𝜈𝑌𝜀𝑥and 𝛥𝑧 = −𝜈𝑍𝜀𝑥. 

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[20]:  

𝑉 + 𝛥𝑣 = 𝑋𝑌𝑍(1 + 𝜀𝑥)(1 − 𝜈𝜀𝑥)2 

⇒ 1 +
𝛥𝑣

𝑉
= (1 + 𝜀𝑥)(1 − 2𝜈𝜀𝑥) + 𝜈2𝜀𝑥

2(1 + 𝜀𝑥) 

⇒
𝛥𝑣

𝑉
= (1 − 2𝜈)𝜀𝑥 
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To the first order, the dielectric polarizability under tensile strain, 𝛥𝑓(𝜀) is related to the volumetric change 

by the following linear relationship: 

𝛥𝑓(𝜀) ≈
𝑁𝛼

3𝜀0(𝑉 + 𝛥𝑣)
≈

𝑁𝛼

3𝜀0𝑉(1 +
𝛥𝑣
𝑉

)
≈

𝑁𝛼

3𝜀0𝑉
(1 −

𝛥𝑣

𝑉
)

≈ 𝑀(1 − (1 − 2𝜈)𝜀𝑥) 

(1.6) 

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.  

Strain tuned dielectric polarization at different DCM doping 

We define the strain sensitivity of orientational polarization as the fractional change in orientational 

polarization per unit axial strain i.e. 
𝛥𝑓(𝜀)−𝛥𝑓(0)

𝛥𝑓(0)
where 𝛥𝑓(0) is the orientational polarization of an 

unstrained thin film. Figure 5(b) shows the estimated strain sensitivity of orientational polarization of 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 becomes less sensitive to the external 

uniaxial strain. 

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[21]. The increase in DCM doping 

reduces the intermolecular separation between DCM dipoles, enhances the dielectric polarization and the 

 

Figure 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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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 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 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 counteracts the 

change in orientational polarization due to elongation under axial tensile strain. This results in lower net 

change in orientation polarization, thereby reducing the strain sensitivity. We note that aggregation of 

molecules at high concentrations could also contribute to the reduction in the sensitivity. To confirm this, 

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. Thus, we conclude that the 

observed change in the orientational polarizability (and in turn dielectric polarizability) is indeed due 

external strain and has negligible contribution from molecular aggregation. 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. 

Our findings 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 the excitonic modulation under external mechanical stimuli. 

Determination of Young’s Modulus Using Solvatochromic Shift:  

The elastic modulus of the organic thin film can be 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 believe that estimation of mechanical properties of such a representative system using an optical non-
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contact approach could be helpful for flexible optoelectronic device applications. From our PL 

measurements along the self-strained microbeam, we can formulate a relationship between the change in 

the transition energy of the DCM molecules with applied tensile strain. According to the Ooshika-Lippert-

Mataga (OLM) framework, it is possible to relate the change in transition energy during fluorescence, 𝛥𝐸 

of solute molecules in a polarizable solvent using the following equation[12, 16, 22]: 

𝛥𝐸 = −
1

𝑎3
𝛥𝜇. (𝑓(𝜀)𝜇𝑒 + 𝑓(𝑛2)𝜇⃗𝑔) (1.7) 

where the solute molecule is assumed to be within a spherical cavity of radius ‘a’. 𝜇𝑒 and 𝜇𝑔refers to excited 

state and ground-state dipole moment of the 

solute molecule and 𝛥𝜇 = 𝜇𝑔 − 𝜇𝑒. In 

addition, 𝑓(𝜀) represents the low-frequency 

nuclear reorientation term that corresponds to 

the time scale of the excited state lifetime. 

𝑓(𝑛2) refers to the high-frequency electronic 

reorientation term that remains fairly 

unchanged with solvent polarizability and 

changes over the same time scale as photon 

absorption and emission process[23].  

Neglecting the high-frequency terms and 

following the principal formulation described 

in Madigan et al.[23], we fit the change in 

transition energy of the DCM molecules 

obtained from our PL measurements along 

the beam with a linear relationship:  

𝐸𝑃𝐿 = 𝐵𝜀 + 𝐷 (1.8) 

Here, B and D are fitting parameters and 𝜀represents the tensile strain along the microbeam, and 𝐸𝑃𝐿denotes 

the PL emission energy from DCM molecules. The fitting parameter D effectively corresponds to the 

transition energy at zero strain position along the microbeam. The fitting parameter B, on the other hand, 

corresponds to the changes in the local dielectric environment or polarizability of the surrounding 

amorphous medium in response to the tensile strain along the beam. From the linear fit shown in Figure 6, 

we extract the values of B and D as 1.69±0.09 eV and 2.01±5.23e-4 eV respectively.  The results shown in 

Figure 6, correspond to a 1.5% DCM doped thin film. 

 

Figure 6: Fitting of the DCM emission energy with error bar, 

calculated from the centroid of the measured PL spectra as a 

function of the axial tensile strain or equivalent change in local 

dielectric environment along buckled SiO2 microbeam. Since 

tensile strain reduces local molecular density along the microbeam, 

a blueshift is observed in the DCM emission energy. Here, the error 

bar represents the total range of DCM emission energy calculated 

from PL measurements along different microbeam samples. The 

filled circles represent the median value of the calculated DCM 

emission energies under different tensile strain along the 

microbeam.   
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Since equations (1.7) and (1.8) represent the modulation of emission energy of an organic fluorophore under 

axial strain below yield point, we can equate the absolute value of the slopes of these equations to extract 

Young’s modulus as: 

𝑌 =
𝐵

𝛼𝐴
 (1.9) 

Using the values of parameters A= 0.55 eV and α  = 1.1±0.5 GPa-1 reported in literature[24] and using the 

value of parameter B extracted from our measurements, we estimate the Young’s modulus to be 2.81±1.28 

GPa.   

Microelectromechanical Systems (MEMS) for tunable strain: 

We further verify the estimated value by dynamically tuning the tensile strain on the organic thin film using 

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

(Si3N4) platform. Since the axial strain generated on the self-strained silicon oxide microbeams changes 

gradually along the beam axis, the MEMS platform accurately portray the dynamic behavior of a strained 

organic thin film. We numerically modeled the dynamic actuation behavior of the MEMS thin film 

membrane device structure under applied electrostatic force using COMSOL Multiphysics[25] and 

extracted the device dimensions for fabrication. 

Figure 7(a) shows the SEM micrograph of a representative MEMS membrane device fabricated on low-

stress Si3N4. The fabrication process can be found in the published work. 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[26]. 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. Figure 7(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 of the support beam (beam AA´ in Figure 7(a)) with the 

maximum strain generated at the fixed end position (position F in Figure 7(a)).  
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Figure 7(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[25]. As the axial tensile strain increases with applied 

voltage, the PL centroid shows a gradual blueshift due to reduction in local molecular density. The 

dimensions extracted from fabricated devices were used for the simulation of axial tensile strain profile 

shown in Figure 7(c) and Figure 7(d). Upon fitting the change in emission energy of DCM molecules with 

simulated axial tensile strain, the values of parameters B and D were extracted to be 2.35±0.14 eV and 

2.06±2.72e-4 eV respectively. Using equation (1.9), the value of elastic modulus of the thin film was 

estimated to be 3.88±1.78 GPa. The fitting of DCM emission energy from the measurements with simulated 

axial tensile strain is shown in Figure 7(d). Figure 7(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 tensile train.  

 

Figure 7: 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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We estimate the Young’s modulus of Alq3 thin film using two different approaches to be 2.81±1.28 GPa 

(self-strained SiO2 microbeams) and 3.88±1.78 GPa (dynamic strain using Si3N4 MEMS devices). We 

attribute the uncertainties in our estimation (~45% in both the approaches) to the uncertainties in the 

reported value of parameter α. In the solvatochromic approach, the estimated value of Young’s modulus 

depends on the values of parameters A and α reported in literature[23, 24]. For a fixed luminescent emitter 

molecule, the value of A has been reported to be identical in different solvent environments and doped thin 

guest: host thin films[23]. Since the value of parameter α[24] is reported to have a much wider range of 

uncertainty(~50%) than A[23], the results estimated using the solvatochromic approach are expected to be 

more strongly affected by the uncertainty in α. Therefore, large uncertainty in the reported value of 

parameter α leads to uncertainties in our estimation of Young’s modulus. For instance, the uncertainty in 

Young’s modulus reduces to ~ 6% without any uncertainty in α. 

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[27] 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[2],[28]. However, the reported values are much smaller than the one reported using nano-

indentation that overestimates the elastic modulus due to substrate-indenter interaction[29]. Such 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. We note that the reported technique is generic and can be used to measure 

mechanical properties of other material systems, provided the parameter  used in equation (Error! R

eference source not found.) is estimated experimentally [24], or using molecular dynamic simulation. In 

addition, such methods of on-chip straining are also compatible with current processing technologies and 

can be used to tune optical response of organic semiconductor thin films for optoelectronic and photovoltaic 

applications. 

In summary, the use of self-strained SiO2 microbeams and MEMS thin film devices fabricated on Si3N4 

platform enable 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 application of 

controlled tensile strain on the overlying thermally evaporated organic guest: host thin film. The resulting 

shift in the emission spectrum of the organic thin-film is modeled using solid-state solvation effect in doped 

guest: host system that takes into account the changes in local molecular density under tensile strain. From 

our study on the spectral tuning of the emission profile using two approaches, we have successfully 

extracted the 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 
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semiconductor thin films for flexible and wearable nanoscale devices for optoelectronic and photovoltaic 

applications. The method described in this work can be 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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 Strain effect on excitonic properties in transition metal dichalcogenides (TMDs) monolayers: 

TMDs have received special attention in the last decade due to their potential to enable optoelectronic 

devices with novel functionalities[30–32]. In addition, the ability to tune their band structures via strain 

along with their room-temperature stable excitonic resonances makes these materials outstanding 

candidates for studying exciton-mechanics effects. 

Monolayer WSe2 samples were 

prepared via mechanical 

exfoliation[33] and were 

transferred over SiO2 

nanopillars on a Si substrate. 

The resulting strain profiles on 

the WSe2 monolayers were 

obtained by measuring the 

local PL spectrum across an 

area strained by a SiO2 pillar. 

Figure 8(a) shows an optical 

image a WSe2 monolayer over 

a ~1.5 𝜇m diameter, ~250 nm 

tall SiO2 pillar, and Figure 8(b) 

shows the monolayer’s 

integrated PL spectra from the 

area enclosed by the square on 

the optical image. The PL 

spectra were integrated 

between 622 nm-881 nm since 

the peak intensity of WSe2 

occurs typically at around 750 

nm. The integrated spectra were normalized with respect to their maximum value within the enclosed area 

to emphasize the effect of the pillar. 

The direct bandgap of monolayer TMDs is expected to decrease (increase) linearly with tensile 

(compressive) strain[34] which should be evidenced by red (blue) shifts in their PL spectra. Moreover, an 

enhancement of their PL intensity at high tensile strain points is expected due to the funneling of excitons 

towards the lower bandgap energy (red-shifted) regions of the monolayer. Such an enhancement in the 

 

Figure 8: (a) Optical image of a WSe2 monolayer transferred over a ~1.5 𝜇m 

diameter, ~250 nm tall SiO2 pillar on a Si substrate. (b) Normalized integrated PL 

spectra of the WSe2 monolayer strained by the SiO2 pillar. The monolayer’s scanned 

area is enclosed by the square shown in (a). The local PL spectra were integrated 

between 622 nm-881 nm and they were normalized with respect to the maximum 

integrated PL value within the enclosed area. (c) Bandgap energy shift/strain map of 

the monolayer. The white dot on the strain map indicates the location of the baseline 

spectrum where the monolayer is assumed to be unstrained. (d) Local PL spectra’s 

centroid map. The excitation laser used for mapping the strain field was a 532 nm, 

CW diode laser. 
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WSe2 monolayer’s local PL intensity is observed in Figure 8(b) around the SiO2 pillar, which is consistent 

with the funneling of excitons towards the points of highest tensile strain. The additional high strain points 

on the strain map shown in Figure 8(c) could be the result of substrate roughness[35] or polymer residue 

from the fabrication process. The strain field on the WSe2 monolayer was estimated by calculating the shift 

of the local PL spectra’s centroids with respect to an unstrained point on the monolayer. The spectral shifts 

were converted to bandgap energy shifts and strain using the sensitivity of WSe2’s direct bandgap to strain 

(-55 meV/%) from reference[34]. Figure 8(c) shows the WSe2 monolayer’s bandgap shift as a result of the 

applied strain. The white dot indicates the location of the unstrained PL spectrum baseline.  

The transport of excitons on an unstrained point of the WSe2 monolayer was visualized first to set a 

reference for the transport of excitons on the strained portion of the monolayer. A map of the time-

dependent exciton density as a function of position was constructed using the technique from references[36, 

37]. The spatial information is 

obtained by scanning a detector 

across the PL emission spot 

resulting from a pulsed excitation 

while the temporal information is 

obtained via time-correlated single 

photon counting. Figure 9(b) 

shows the exciton density as a 

function of time and position 

where the excitation was fixed at 

an unstrained point as indicated by the cross on Figure 9(a). The normalized exciton density was fitted with 

Gaussians to extract the time-dependent mean-squared displacement (MSD) of the exciton density. 

On the other hand, when the excitation was positioned at a strained point on the monolayer near the SiO2 

pillar, the exciton density’s peak did not remain localized. Specifically, when the excitation was positioned 

just above the high tensile strain point on top of the pillar (Figure 10(a)) and the PL beam was monitored 

from top to bottom, the exciton density’s peak shifted down and towards the high tensile strain point on the 

monolayer as shown in Figure 10(b). Similarly, when the excitation was placed just to the left of the high 

tensile strain point on top of the pillar and the PL beam was monitored from left to right, the exciton 

density’s peak shifted to the right and towards the high tensile strain point as shown in Figure 10(c). A shift 

in the exciton density’s peak position is expected to occur due to the strain gradient on the monolayer. 

Figure 10(d) shows the PL spectra measured at three positions along the x-axis near the SiO2 pillar.  

 
Figure 9: (a) Local PL centroid map showing the point of excitation on the WSe2 

monolayer indicated by the plus (+) sign. (b) Normalized exciton density as a 

function of position and time obtained with an avalanche photodiode detector 

(APD) and time-correlated single photon counting (TCSPC). 
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To explain our observations, we developed a model that encompasses the diffusion, drift, and relaxation of 

the exciton density of the WSe2 monolayer based on Boltzmann’s transport theory with the relaxation time 

approximation, and assuming a uniform exciton mobility[38–40]. The resulting differential equation 

describing the exciton dynamics is given by  

 𝜕

𝜕𝑡
𝑛(𝑥, 𝑡) = −

𝑛(𝑥, 𝑡)

𝜏
+ 𝐷(𝑡) [

𝜕2

𝜕𝑥2
𝑛(𝑥, 𝑡)] + 𝜇𝜖

𝜕

𝜕𝑥
[𝑛(𝑥, 𝑡) 

𝜕

𝜕𝑥
𝜖(𝑥)] (2.1) 

where the first, second, and third terms to the right-hand side of the equal sign respectively represent the 

relaxation of the exciton density denoted by 𝑛(𝑥, 𝑡) with relaxation time 𝜏; the diffusion of the exciton 

density with time-varying diffusion coefficient 𝐷(𝑡); and the drift of the exciton density with strain mobility 

𝜇𝜖 due to the strain gradient 𝜕𝜖(𝑥)/𝜕𝑥 . The strain mobility is simply defined as 𝜇𝜖 ≡ |𝜇(𝜕𝐸𝑔/𝜕𝜖)| =

|v𝑑[𝜕𝜖(𝑥)/𝜕𝑥]−1|, where 𝜇 is the traditional mobility,  𝜕𝐸𝑔/𝜕𝜖 represents the sensitivity of the 

monolayer’s direct bandgap to strain, and v𝑑 denotes the density’s drift velocity due to the applied strain 

gradient. Note that 𝜕𝐸𝑔/𝜕𝜖 < 0 since monolayer WSe2’s direct bandgap decreases with tensile strain[34]. 

The units of the strain mobility are length squared per unit time and percent strain, typically expressed in 

cm2s-1%-1. The traditional mobility 

is defined as 𝜇 ≡  𝑡̅/𝑚∗, where 𝑡̅ is 

the mean free time of the excitons, 

and 𝑚∗ is their effective mass[41].   

In our case, the strain mobility is 

not uniform throughout the WSe2 

monolayer because the non-

uniform strain field modifies the 

monolayer’s band structure, 

affecting the excitons’ effective 

mass[42] and their mean free time. 

We observed such non-uniformity 

after extracting the drift velocity 

from our measurements of the 

excitonic density as a function of 

position and time. We calculated 

the peak position’s shift of the 

exciton density as a function of 

time, which essentially represents 

 

Figure 10: (a) PL centroid map of the WSe2 monolayer zoomed in around the 

SiO2 pillar and showing the excitation positions indicated by the plus (+) signs. 

(b) Normalized exciton density as a function of position and time when the 

excitation was placed above the pillar and the APD was scanned along the 

vertical direction from top to bottom and (c) along the horizontal direction from 

left to right. (d) PL spectra of the WSe2 monolayer measured at the positions 

labeled by X1 (blue), X2 (red), and X3 (green) in (a). The dashed vertical lines 

indicate the peak wavelengths of each PL spectrum. The tensile strain caused by 

the SiO2 pillar is evidenced by the red-shifts, and the enhancement of the PL peak 

intensity as the strain increases. The PL spectra were fit with two Gaussians as 

WSe2 typically shows exciton and trion resonances.  
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the drift velocity of the exciton density due to the applied strain gradient. The exciton density appears to 

reach drift velocities as large as 250 m/s and drift distances as large as 500 nm. 

In summary, we showed that the motion of excitonic energy in monolayer WSe2 can be controlled via strain 

gradients and we require about 0.2% strain to achieve the directed energy transport. The sensitivity of 

WSe2’s direct bandgap to strain enabled the creation of local excitonic potentials that resulted in the 

directional drift of exciton densities towards high-tensile strain points.  
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 Exciton energy transport under dynamic strain: 

Aspects of energy transport in organic semiconductors: 

Organic semiconductors consist of carbon atoms that are covalently bonded by sp2 hybridization that also 

form unhybridized out-of-plane Pz orbitals. Spatial overlap between these unhybridized Pz orbitals results 

in the molecular π- orbital system where the electrons remain delocalized. The π- molecular orbital can 

either form an extended electron cloud over the whole molecular backbone of the material or can be 

concentrated at one particular region in a conjugated molecule. 

Excitons are electrically neutral bound electron-hole pairs that can have a net spin of zero (singlet excitons 

(S1)) or one (triplet excitons (T1)). In organic solids, excitons are strongly localized at the molecular sites 

due to weak interaction between adjacent molecules. The low dielectric constant of the molecular organic 

medium leads to reduced screening and high electrostatic attraction between the oppositely charged electron 

and hole and hence high binding energy of molecular excitons. The reported binding energy of excitons in 

molecular semiconductors ranges from 0.3 eV to 0.5 eV for singlet excitons [43, 44]. Triplet excitons have 

higher binding energy due to attractive exchange interaction between electron and hole of the same spin 

configuration[45]. 

Even though excitons in organic molecular systems are strongly localized, they can get relocated from one 

molecular (donor molecule in the excited state) site to another (acceptor molecule in the ground state) by 

radiative or non-radiative energy transfer schemes. The radiative energy transfer process depends strongly 

on the spectral overlap between the donor emission spectra and the acceptor absorption spectra. The 

efficiency of energy transfer also varies with the intermolecular distance between the donor and the acceptor 

molecules, d as d-6. This energy transfer process is called Förster resonant energy transfer and dominates 

energy transfer between molecules separated less than 10 nm[46, 47]. Although mostly observed between 

singlet exciton species,  Förster energy transfer can also take place from triplet excitons in phosphorescent 

donors [48–51]. 

On the contrary, the Dexter energy transfer process involves the physical transfer of an electron from a 

molecule in the excited state to another molecule in the ground state. This energy transfer process takes 

place in an extremely short-range (< 1 nm) and requires a strong overlap between donors and acceptor 

molecular orbitals. The efficiency of such an energy transfer process decreases exponentially with the 

intermolecular distance between donor and acceptor molecules [52].  

The process of energy transfer in organic semiconducting medium takes place in the form of exciton 

diffusion. In particle physics diffusion refers to a process of the random walk where particles spread from 

a high concentration to a low concentration regime and is represented by the following equation: 
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𝑑𝑛

𝑑𝑇
= 𝐷𝛻2𝑛 −

𝑛

𝜏
 (3.1) 

Here, n is the particle density, τ is the particle lifetime, and D is the diffusivity. The diffusion length of the 

particle LD can be written as: 

𝐿𝐷 = √𝑍𝐷𝜏 (3.2) 

Where Z takes the value of 1, 2, 3 depending on the dimensionality of the diffusion process i.e. diffusion 

in one dimension, two dimensions, or three dimensions, respectively. 

In an organic semiconductor, the process of exciton diffusion is strongly affected by an energetic disorder 

that results from molecular aggregation, inhomogeneity that results from molecular reorientation in the 

solid thin film during the growth phase, molecular conjugation and other physical processes. This energetic 

disorder results in a two-step diffusion process in amorphous organic medium- downhill energy relaxation 

or thermalization and thermally activated hopping[53, 54]. The downhill energy migration process 

dominates at low temperatures (<150 K) and leads to a nearly temperature-independent diffusion length 

and diffusivity. Here the excitons reach the low energy tail of the Gaussian density of states and recombine, 

leading to redshift in the emission spectrum at low temperatures. Strongly suppressed exciton-phonon 

coupling at lower temperatures results in a nearly temperature-independent diffusive transport regime. On 

the contrary, at higher temperatures (> 150K), the exciton diffusion is dominated by thermally assisted 

hopping between the molecular sites with similar energy, and an increase in diffusivity and diffusion length 

is observed. Similar regimes of energy transfer in amorphous disordered medium have also been observed 

and reported in the literature[55–60].   

Energetic disorder in solid films also affects the energy transfer process by modulation of intermolecular 

separation as[61]: 

𝑑𝑒𝑞 = [𝑛𝑒𝑞]1/3 = [𝑁0 𝑒𝑥𝑝( −
𝜎2

2(𝐾𝑇)2
)]1/3 (3.3) 

Therefore, a molecular system with high energetic disorder ( σ ) at a particular temperature would have 

large effective intermolecular separation and so, less efficient energy transfer process [62]. At the same 

time, at low temperatures, the intermolecular separation may reach the same order as the Förster radius of 

the molecule in a homogeneous medium and so, the energy transfer process becomes less efficient. 

As the intermolecular energy transfer process in organic semiconductors is mostly Förster transfer assisted, 

we primarily focus on the discussion of the aspects of this radiative energy transfer process. The rate of 

Förster resonant energy transfer, kFRET is represented by the following equation[63–65]: 
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𝑘𝐹𝑅𝐸𝑇 =
1

𝜏ℎ𝑜𝑝
=

1

𝜏0
(
𝑅0

𝑑
)6 (3.4) 

Here, τhop is the hopping time between the donor and acceptor molecular sites, d is the intermolecular 

separation, τ0 is the exciton lifetime.  

The Förster radius of the molecule, R0 can be written as: 

𝑅0
6 =

9𝜙𝑃𝐿𝜅2𝐽

128𝜋5𝑛4
 

𝐽 = ∫ 𝜆4𝐹𝐷(𝜆)𝜎𝐴(𝜆)𝑑𝜆 

(3.5) 

 

(3.6) 

Here, J refers to the overlap integral between the donor emission spectrum and the acceptor absorption 

spectrum. The generalized diffusivity, D can be defined as[66]: 

𝐷 =
𝐴

𝜏0
𝛴
𝑁

𝑑2𝑘𝐸𝑇 (3.7) 

Here, A is a term that represents the disorder in the solid-state thin film, d refers to the distance for a single 

hop, kET is the energy transfer rate from one site to surrounding N sites on the lattice. If one considers 

hopping between only the nearest neighbors, the generalized diffusivity reduces to:  

𝐷 =
𝐴𝑑2

6𝜏ℎ𝑜𝑝
=

𝐴

𝜏0

𝑅0
6

6𝑑4
 (3.8) 

Therefore, from eq. 3.5 and 3.6, the diffusivity in an amorphous semiconducting medium is affected by the 

spectral overlap factor J, the dipole-dipole orientation factor κ2, the photoluminescence quantum yield ΦPL, 

refractive index of the medium n and intermolecular separation d. Among the discussed parameters, the 

spectral overlap factor J and optimization of fluorescence quantum yield ΦPL may have a greater impact on 

the energy transfer process. In an amorphous film with completely randomized dipole orientation, κ2 is 

approximated by a value of 0.476[65, 67] and the most effective orientation of the dipoles in the medium 

would yield an increase in diffusivity of about 1.7 times (and consequent increase in diffusion length by 

2.9 times)[68, 69].  Therefore, to achieve highly diffusive excitonic species, donor-acceptor molecular 

combinations with strong fluorescence yield and larger spectral overlap factor J are required.  

Strain assisted energy transfer process in organic system: 

As the energy transfer process in an organic semiconductor is strongly affected by intermolecular 

separation, such a process is expected to be strongly modulated by mechanical excitation i.e. application of 

external mechanical strain. Under hydrostatic pressure, the charge transport properties of crystalline organic 

materials show dramatic change and near band-like transport characteristics[70–73]. Externally applied 
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pressure has been utilized to trigger enhanced spectral diffusion in lightly doped Alq3: DCM2 guest: host 

system. The authors report a strong spectral modulation under the application of external compression and 

spectral tuning of 20 nm has been reported[24]. Our more recent work report modulation of the emission 

spectrum of a similar guest: host system under tensile strain[74]. This spectral response can be explained 

by the widely reported and studied solid-state solvation effect triggered by a change in the local dielectric 

environment under applied strain[75, 76].   

We first explore the exciton transport dynamics in organic semiconductors under static strain. Therefore 

we numerically solve a modified form of eq. (2.1) incorporating the effect of solid-state solvation in 

amorphous organic medium and change in Forster energy transfer rate under applied external mechanical 

stimuli[24]. According to Chang et al. [24], under externally applied pressure and assuming single dipole-

dipole interaction, the Forster energy transfer rate shows a monotonic increase with pressure i.e. 

compressive strain: 

𝑘𝐹,𝜀 = 𝑘𝐹 ∗ (
1

1 − 𝛼𝑌𝜀
)2 (3.9) 

Here, kF,e and kF refer to the Förster rate of a thin film under applied external compressive strain and no 

strain respectively,  α refers to a fitting parameter that relates the change in the local dielectric constant of 

the organic thin-film per unit of external pressure, Y is Young’s modulus of the thin film, and ε is the applied 

external strain. From the relationship between the diffusivity and Forster rate we can write the diffusivity 

of the organic thin-film under external pressure, Dε by the following equation: 

𝐷𝜀 = 𝐷(
1

1 − 𝛼𝑌𝜀
)

4
3 (3.10) 

Therefore, taking into account the effect of external mechanical stimuli, we can write: 

𝑑𝑛(𝑥, 𝑡)

𝑑𝑡
=

𝑑2(𝐷𝜀(𝑥)𝑛(𝑥, 𝑡))

𝑑𝑥2
−

𝑛(𝑥, 𝑡)

𝜏
−

𝑑

𝑑𝑥
(𝑛(𝑥)𝑣(𝑥)) 

⇒
𝑑𝑛(𝑥, 𝑡)

𝑑𝑡
=

𝑑2(𝐷𝜀(𝑥)𝑛(𝑥, 𝑡))

𝑑𝑥2
−

𝑛(𝑥, 𝑡)

𝜏
−

𝑑

𝑑𝑥
(𝑛(𝑥)𝜇𝑒

𝑑𝑈(𝑥)

𝑑𝑥
) 

𝑑𝑛(𝑥,𝑡)

𝑑𝑡
=

𝑑2(𝐷𝜀(𝑥)𝑛(𝑥,𝑡))

𝑑𝑥2
−

𝑛(𝑥,𝑡)

𝜏
−

𝑑

𝑑𝑥
(𝜇𝑒𝑛(𝑥)

𝑑𝑈(𝑥)

𝑑𝜀(𝑥)

𝑑𝜀(𝑥)

𝑑𝑥
)  

 

 

 

 

(3.11) 

where, 

𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 𝑔𝑎𝑝 𝑝𝑟𝑜𝑓𝑖𝑙𝑒: 𝑈(𝑥) = 𝑈0 𝑒𝑥𝑝( −
(𝑥 − 𝑏)2

2𝜎2
) 

𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛 𝑠𝑡𝑟𝑎𝑖𝑛 𝑝𝑟𝑜𝑓𝑖𝑙𝑒: 𝜀(𝑥) = 𝜀0 𝑒𝑥𝑝( −
(𝑥 − 𝑏)2

2𝜎2
) 
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Here we model the transport dynamics by a Gaussian external strain profile. For the simplest of 

approximation, we assume that the energy gap will be modulated by a similar gaussian profile according to 

Chang et al. [24]. Therefore, according to eq. (3.11) under static strain, the spatial diffusivity can be 

modeled by a gaussian profile.  

As an archetype system, we model the exciton dynamics in lightly doped Alq3: DCM guest: host system. 

We first extract the change in diffusivity and energy gap modulation under externally applied strain 

according to eq. (3.11). The results are shown in Figure 11. As seen from Figure 11(a), the diffusivity shows 

an increase under externally applied pressure. As the organic thin film is compressed, the inter-molecular 

distance decreases, which lead to an increase in the hopping rate between two neighboring sites and so an 

increase in diffusivity is observed. Figure 11(b) shows the variation in the energy gap under external 

mechanical stimuli. According to the solid-state solvation effect, compressive (tensile) stress leads to an 

increase (decrease) in the local dielectric constant, and therefore, the solvation energy of the excited 

molecules increases (decreases), triggering a redshift (blueshift) in the emission spectrum and so an increase 

(decrease) in the energy gap profile is observed.  From our extracted diffusivity and energy gap modulation 

under static strain, we assume a static strain amplitude of 5 % that corresponds to about 100 meV redshift 

in the emission profile of the organic fluorophore and a corresponding 1.3 times increase in the diffusivity 

of the molecules in the thin film (please refer to Figure 11).  

We numerically solve eq. (3.11) to study the exciton dynamics under static strain in a lightly doped Alq3: 

DCM thin film under static strain where the gaussian strain profile is assumed to be centered at 10 nm 

(From the calculated exciton diffusivity under compression we calculate exciton diffusion length LD = (Dτ) 

1/2≈ 16 nm). From our simulation results shown in Figure 12, we observe no drift like feature in the exciton 

dynamics under static strain as experimentally observed for strained WSe2 monolayer in Figure 10. 

 
Figure 11:Variation in diffusivity and energy gap under externally applied strain for 1% doped Alq3: DCM thin film. (a) 

Variation in energy gap. (b) Variation in the energy gap. Here compressive strain has been assumed to be positive.  
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We attribute the absence of drift in the exciton dynamics in the strained organic thin film to the nature of 

the chemical bond in the material[77]. In crystalline inorganic semiconductors, the atoms are bound 

together by strong ionic bond, covalent bond, or a mix between the two. Such materials are characterized 

by a strong well-defined band structure and a bandgap that separates the valance band and the conduction 

band of the semiconductor. In the bulk form, these materials also show a continuum of energy states from 

the valance band maxima to lower energies and conduction band minima to higher energies. Therefore, the 

carrier transport properties of these materials show band-like transport properties and carriers can reach 

mobilities up to a few thousand cm2/V/s. On the contrary, in the organic semiconductor molecules, the 

atoms share covalent bonds among themselves and the intermolecular forces are electrostatic in nature i.e. 

the intermolecular forces in these materials consist of dipole-dipole, dipole-induced dipole, induced dipole 

- induced dipole interaction forces. The molecules are randomly oriented and show very weak interaction 

among themselves. As a result, such materials do not form a well-defined band structure and instead of 

having a bandgap, organic semiconductors are characterized by an energy gap between the frontier orbitals 

known as the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

 
Figure 12: Simulated exciton dynamics in compressed lightly doped Alq3: DCM thin film under pulsed excitation. (a) Initial 

exciton density and spatial diffusivity profile. (b) Gaussian compressive strain profile and the corresponding modulation in 

energy gap under strain. (c) Exciton dynamics under pulsed excitation. (d) Normalized exciton density at each time slice. The 

gaussian static strain is centered at 10 nm (within  the exciton diffusion length, LD = (Dτ)1/2≈ 16 nm).  
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(LUMO). Upon absorption of a photon, the molecules reach a higher energy excited state which is strongly 

localized at molecular sites due to weak dielectric. These excited states are called excitons and show binding 

energies in the region of 0.5 – 1.0 eV. Energy transfer in organic semiconductors is dominated by hopping 

like transport of these excited states between neighboring molecular sites which depends on intermolecular 

forces, molecular orientation in the thin film, molecular packing density, local dielectric properties of the 

organic semiconductor thin film, the spectral overlap between the molecular sites. Therefore, extrinsic 

diffusivity in these semiconductors is very low (~ 10-3 cm2/s). Unlike organic semiconductors, strong band-

like transport in inorganic semiconductors means that mobile carriers can reach very high mobilities. 

Therefore, exciton diffusivity in these materials is in the range of a few cm2/s. High exciton diffusivity in 

these materials also leads to high exciton mobility and the excitons interact strongly with energy gap 

modulation under strain. Therefore, the exciton transport show drift like feature under external strain. Due 

to poor diffusivity and correspondingly weak exciton mobility, drift like features are not present in organic 

semiconductor exciton transport dynamics.      

 

Figure 13: Exciton dynamics under SAW in organic amorphous medium. Exciton density for different strain amplitudes: (a) 

0.2%, (b) 0.4% and (c) 0.6 %. (d) – (f) Normalized exciton density plots for the strain amplitudes shown in (a) – (c).  (g) – (i) 

Exciton density at two different time slices t = 0 and t = 4*TSAW shown for strain amplitudes in (a) – (c). From (g) – (i) we 

observe a faster decrease in exciton population as the SAW strain amplitude increases. This is caused by strong exciton 

ionization as the piezoelectric field becomes stronger at high SAW powers.    
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Exciton coupling to mechanical wave in organic medium: 

We also simulated exciton dynamics in an amorphous organic medium under the influence of surface 

acoustic waves. Due to low diffusivity of the amorphous medium, like static strain, the dynamic strain wave 

does not interact with the exciton population and we do not see oscillation like features in the exciton 

dynamics. However, due to SAW piezoelectric field, we observe exciton dissociation as the SAW 

piezoelectric field becomes stronger. To study exciton dynamics under the influence of SAW we assume 

exciton lifetime, τ ≈ 500 ns, which is typical in thermally activated delayed fluorescence (TADF) based 

organic semiconducting systems[78, 79].  

The simulation results under pulsed excitation conditions are shown in Figure 13. We show simulation 

results for three different SAW strain amplitudes: 0.2%, 0.4% and 0.6%. i.e. input SAW power Figure 13(a) 

– (c) shows the exciton density under different SAW strain amplitudes followed by normalized exciton 

density under the same SAW powers in Figure 13(d) – (f). Form Figure 13(a) – (c) we see a gradual increase 

in exciton dissociation as SAW input power is increased. At higher input power the piezoelectric field 

becomes stronger and so, an increase in exciton dissociation is observed. The increased dissociation with 

SAW power is more obvious in Figure 13(g) – (i) where exciton density at three different time slices t =0 

and t = 4*TSAW are shown. Exciton dissociation occurs at a much faster rate at SAW input power is increased 

i.e. SAW strain amplitude is increased. 

 

Figure 14: (a) SAW device with simple delay line; (b) SAW device with only input IDTs; (c) SAW device with a grounded 

metal thin film on top of the delay line; (d) Bird's eye view of the fabricated LiNbO3 device chip. Scale bar is 175 mm. 

 

(a) (b)

(c) (d)
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In order to study the coupling of exciton to dynamically moving strain field, we designed and fabricated 

various surface acoustic wave (SAW) devices on piezoelectric 64o Y-cut LiNbO3  Lithium Niobate 

(LiNbO3) substrate for generating surface acoustic waves as shown in Figure 14. We performed 

photoluminescence intensity measurements on two different exciplex systems under CW excitation – m-

MTDATA: TPBi and m-MTDATA: BPhen. We fabricated IDTs on 128o LiNbO3 substrates and evaporated 

organic materials on top of the substrates using thermal evaporation. We applied rf – signal to the IDTs 

using a network analyzer to resonantly excite the devices and generate surface acoustic waves.  

We first measure the photoluminescence signal from thin films of m-MTDATA: TPBi, m-MTDATA: 

BPhen blend as well as m-MTDATA/ TPBi, m-MTDATA/ BPhen bilayer samples. We perform 

photoluminescence measurements under 405 nm pulsed excitation. The results of PL measurement are 

shown in Figure 15. We observe emission from the long-lived exciplex state from neat thin films of m-

MTDATA: TPBi (1:1) and m-MTDATA: BPhen (1:1) blend as shown in Figure 15(a). The exciplex 

 

Figure 15: Photoluminescence(PL) measurement on neat exciplex samples on SiO2 substrates. The excitation wavelength is 

405 nm. (a) 25 nm m-MTADAT:TPBi (1:1) blend and m-MTADAT:BPhen (1:1) blend. For same excitation power and 

collection conditions, we see a stronger PL response from m-MTADAT:BPhen belnd due to lower singlet-triplet energy 

separation (ΔEST≈0). The emission is centered at around 550 nm which corresponds to emission from long lived exciplex 

state;(b) m-MTDATA/TPBi (15 nm/15 nm) bilayer; The PL response is dominated by emission from m-MTDATA neat film. 

Strong exciplex signal is not present due to inefficient electron transfer from m-MTDATA to TPBi after excitation. (c) – (d) 

PL measurements at two different positions of m-MTDATA/BPhen (15 nm/15 nm) bilayer sample at two positions. The 

positions are marked in optical image of the same bilayer thin film shown in (e). Due to self-assembled aggregate formation of 

BPhen after evaporation,  concentrated spiral shape regions are observed on the thin film that shows strong and efficient 

exciplex formation.     
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emission from m-MTDATA: 

BPhen (1:1) blend is much 

stronger due to the lower 

energy separation between 

singlet and triplet states 

(ΔEST≈0) that increases the rate 

of reverse intersystem crossing 

and increases fluorescence 

yield[79]. We also observe and 

study the PL signal from 

bilayer thin films of m-

MTDATA/ TPBi and m-

MTDATA/ BPhen. Due to 

inefficient charge transfer at 

m-MTDATA/ TPBi interface 

upon the excitation of only m-

MTDATA, the m-MTDATA/ 

TPBi bilayer emission is dominated by emission from m-MTDATA(Figure 15 (b)). However, in the case 

of m-MTDATA/ BPhen thin film we see strong emission from the long-lived exciplex state at positions(Pos 

X in Figure 15(e)) where BPhen molecules form aggregate like states[80–82]. These aggregate regions are 

formed as a result of self- assembled crystallization of BPhen when m-MTDATA is used as an underlayer 

and help efficient charge transfer from m-MTDATA to BPhen after excitation and therefore strong emission 

from the exciplex states. Such strong exciplex emission is not observed from positions (position Y in Figure 

15(e)) where BPhen aggregates are not formed.  

To understand the exciton formation dynamics in the blend and bilayer exciplex material system, we 

perform transient fluorescence measurement under pulsed excitation on thermally evaporated blend and 

bilayer thin-films. We use the excitation wavelength of 405 with a 31.25 kHz repetition rate that excites m-

MTDATA only. The measured transient fluorescence intensity plots are fitted with a multi-exponential 

function to understand the dynamics of different excitonic species: 

𝐼(𝑡) = 𝐼0 + ∑ 𝐴𝑖𝑒𝑥𝑝(−
𝑡𝑖

𝜏𝑖
)

𝑖

 (3.12) 

The results of transient photoluminescence measurement are shown in Figure 16. The lifetime components 

measured from our fit is also shown in the figure. We can fit the transient fluorescence data measured form 

 
Figure 16: Measured and fitted transient photoluminescence data from thermally 

evaporated thin-films of (a) m-MTDATA: TPBi (1:1) blend; (b) m-MTDATA: BPhen 

(1:1) blend; (c) m-MTDATA/ TPBi bilayer; (d) m-MTDATA/ BPhen bilayer. The 

samples were excited with a 405 nm pulsed laser with 31.25 kHz repetition rate. The 

measured data were fitted with a multi-exponential function shown in eq. (3.12) in the 

main text. 
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the 1:1 m-MTDATA: TPBi and m-MTDATA: BPhen blend samples using a three component exponential 

function as shown in eq. (3.12). From our fitting, the first component ~60 ns correspond to prompt 

fluorescence from the donor-acceptor blend. The second and third components (~ 230 ns and > 2μs) 

correspond to delayed fluorescence from the thin film due to triplet - singlet transition following reverse 

intersystem crossing. On the contrary,  for the bilayer thin- films, to get a better fit of the measured data we 

have to use four-component exponential functions. We also observe a stark difference in our fit of transient 

fluorescence data for m-MTDATA/ TPBi and m-MTDATA/BPhen bilayer thin films of the same thickness 

and measured under the same experimental conditions. For the m-MTDATA/ TPBi bilayer, the fastest 

component of about 6.5 ns corresponds to pure m-MTDATA emission. The second component in the region 

of 117 ns corresponds to prompt fluorescence from the exciplex state formed at the bilayer interface. 

However, compared to the prompt fluorescence component measured for blend thin films (~ 60 ns) the 

higher prompt fluorescence lifetime in bilayer samples indicates inefficient electron transfer from m-

MTDATA to TPBi and therefore, exciplex formation. This observation is also consistent with higher 

lifetime components of the delayed fluorescence process (~330 ns and > 6 μs ). On the contrary, when we 

fit the m-MTDATA/ BPhen bilayer data, the fast lifetime component was found to be ~ 11 ns. Since we see 

strong emission from m-MTDATA in the m-MTDATA/ BPhen bilayer thin-film we attribute this 

component to emission from m-MTDATA. However, this fast component was found to be higher than the 

fast component found from m-MTDATA/ TPBi bilayer. This can be explained by the efficient charge 

transfer mechanism at the m-MTDATA/ BPhen interface as BPhen aggregates are formed due to the self-

crystallization of BPhen following thermal evaporation. The charge transfer process competes with the 

fluorescence exciton recombination process in neat m-MTDATA and decreases the fluorescence yield from 

m-MTDATA emission. The BPhen aggregates formed at the m-MTDATA/ BPhen interface greatly 

improves the charge transfer from m-MTDATA to BPhen molecule and assist in the formation of exciplex 

species. The efficient formation of exciplex species is also verified from the remaining lifetime components 

extracted from the fitted data. The lifetime components for prompt and delayed fluorescence processes from 

Table 1: Lifetime components extracted from multi-exponential function shown in eq. (3.15) of the transient 

photoluminescence data measured from thin-films of 1:1 blend and bilayer samples. 

Material system Component 1 Component 2 Component 3 Component 4 

m-MTDATA: TPBi blend 56 ns 233 ns 3.74 us  

m-MTDATA: BPhen blend 61 ns 229.6 ns 2.57 us  

m-MTDATA/ TPBi bilayer 6.5 ns 117 ns 337 ns 6.77 us 

m-MTDATA/ BPhen bilayer 8 ns 63 ns 230 ns 3.07 us 
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m-MTDATA/ BPhen thin film were found to be similar to those from m-MTDATA: BPhen (1:1) blend 

samples. The lifetime components extracted from our fit are shown in Table 1. 

We have performed fluorescence imaging measurements under SAW excitation for both blend and bilayer 

exciplex samples. Figure 17 shows measurement results from m-MTDATA: TPBi (1:1) blend sample under 

SAW excitation. Figure 17(a) shows the S11 measurement from one of the representative devices. The 

measurement shows a resonance at around 890 MHz. Figure 17(b) shows Fluorescence imaging measured 

on one of the off-axis locations. The off-axis and on-axis locations on the device are shown in Figure 17(c). 

Since off-axis locations are outside the lateral width of the  SAW device IDTs, the exciton density generated 

at these locations by optical excitation should not show any modulation under SAW excitation. From Figure 

17(b), we observe no modulation of the fluorescence intensity at different SAW power. Figure 17(d) shows 

intensity measurement on an on-axis location under different SAW power. From this figure, we see 

modulation in the excitation density as SAW power is varied. As we increase the input RF power we see a 

gradual quenching in the fluorescence intensity. We attribute this modulation to exciton dissociation by the 

 
Figure 17: Experimental observation of exciton dynamics in amorphous organic medium under SAW. (a) Measured reflection 

co-efficient that shows a resonance at about 900 MHz. (b) Fluorescence intensity at off-axis position under different SAW 

powers. As we can see, at off- axis position, no modulation in the fluorescence emission is observed with SAW power. (c) A 

schematic image of the SAW IDTs showing the off-axis and on-axis measurement positions. (d) Fluorescence intensity 

measurements at an on-axis position at different SAW powers. A clear modulation of SAW intensity is observed with SAW 

power. As SAW power is increased from 0 dBm, the fluorescence intensity decreases gradually. The intensity recovers as the 

SAW power is tuned back to 0 dBm. (e) Normalized intensity plot at the same measurement position of and at the same power 

levels mentioned in (d). As no distortion is observed in the normalized intensity plot, its obvious that the exciton population 

show no displacement i.e. spatial modulation with increased SAW power.  Here, we show results for m-MTDATA: TPBi (1:1) 

blend. Similar results are observed for m-MTDATA: BPhen(1:1) blend.  
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electric field of the traveling surface acoustics wave which has been reported in other excitonic media[83–

85]. Figure 17(e) shows normalized intensity plots at different SAW powers. From the normalized intensity 

plot, we observe no spatial distortion in the intensity profile under SAW power. This is also consistent with 

the earlier simulation results that shows no modulation of exciton density under increased amplitude of the 

SAW strain wave i.e. increased SAW power. We also observed similar results from our measurements on 

m-MTDATA: BPhen (1:1) blend samples and bilayer m-MTDATA/ TPBi and m-MTDATA/ BPhen 

samples.  

From our study on exciton dynamics control by mechanics, we have been able to trigger solid-state 

solvation effect in lightly doped Alq3: DCM solid-state thin film. We have been able to relate the optical 

response of strained solid-state amorphous thin film to its mechanical properties and extract Young’s 

modulus of the thin film. However, we could not achieve active control of excitation dynamics under 

mechanical excitation. We attribute the lack of control over spatial exciton dynamics under external strain 

to the amorphous nature of the organic semiconductor. As mentioned in the main text, in the amorphous 

medium the molecular excitons are strongly bound to molecular sites and exciton diffusion takes place by 

hopping mechanism from one molecular site to another. Control of intermolecular distance would, 

therefore, change the hopping rate and trigger a change in the exciton diffusion. However, to obtain a 

directional feature in the spatial exciton dynamics, the generated exciton density needs to couple to the 

energy landscape of the solid-state medium. This coupling is defined by the strain mobility which is derived 

from the intrinsic mobility of the medium. Due to the amorphous nature of the medium, when compared to 

crystalline inorganic semiconductors,  the intrinsic mobility in organic semiconductors are a few orders of 

magnitude smaller and therefore, to obtain directional control over exciton dynamics organic 

semiconductors with large exciton diffusivity are required.  

However, as seen from the results in TMDs, the exciton dynamics can be controlled by applying static and 

dynamic mechanical stimuli, and materials that sustain exciton at room temperature can be exploited in this 

regard. Since dynamic exciton modulation strongly depends on exciton mobility, TMDs and their 

heterostructures with organics can be used as promising candidates for dynamic exciton modulation under 

SAW. As described in the next section, the hybrid excitons formed at the TMD/organic interface has higher 

diffusivity than excitons in individual systems and could be an ideal platform for future work. 
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 Organic – TMD hybrid platform for enhanced transport: 

While we have looked into organic guest host systems as well as TMD’s, we explored the feasibility of 

hybrid heterointerfaces formed between organic and TMD monolayers. The hybrid heterojunction formed 

by combining inorganic and organic semiconductors offers a unique platform that can reap the benefits of 

both the material systems. For instance, organics are well known for the strong absorption but have poor 

charge mobility, whereas inorganics have comparably low absorption but excellent charge transport 

properties. Pairing these disparate systems can not only lead to a new material system that is highly 

absorptive with exception mobility but also enable control over band-like transport in inorganics to charge 

hopping transport in organics.[86, 87] However, before using the hybrid material system for studying 

exciton mechanics interactions, we need to understand the energy dynamics associated with the Frenkel 

excitons in organics and Wannier-Mott exciton in inorganics at the hybrid heterojunctions.  

To begin, we fabricated a hybrid photodetector based on an organic-inorganic heterojunction and use it as 

a platform to study the energy transfer (ET) process across the interface. The photodetector features a 

heterojunction made of highly absorbing j-aggregate 

thin film of organic dye TDBC (5,6-dichloro-2[3-[5,6-

dichloro-1-ethyl-3-(3-sulfopropyl)-2(3H)-

benzimidazolidene]-1-propenyl]-1-ethyl-3-(3-

sulfopropyl) benzimidazolium hydroxide) and a 

monolayer Molybdenum disulphide (MoS2). J-

aggregates of organic dyes are formed due to dipole 

alignment of fluorescent molecules as shown in Figure 

18(a). The absorption spectrum of TDBC shifts from a 

broad monomer band centered around 515 nm to a 

strong and narrow j-band peaked at 590 nm, while the 

photoluminescence (PL) peak is red shifted by just 4 nm 

as shown in Figure 18(b).[88] We use monolayers of 

MoS2, as the inorganic material due to its atomic scale 

two-dimensionality, which is the physical limit that 

cannot be achieved using other engineered structures 

and excellent spectral overlap with TDBC j-aggregate. 

As shown in Figure 18(b), the B-excitonic[89] 

absorption peak of MoS2 has high spectral overlap with 

the j-aggregate PL emission. The inset in Figure 18(b) 

 

Figure 18: (a) Chemical structure of organic dye 

TDBC and the head-to-tail molecule orientation in its 

j-aggregate form. (b) Spectra showing j-aggregate 

absorption, PL emission, and MoS2 absorption. A and 

B excitonic resonances of MoS2 at 655 and 599 nm 

were denoted on the figure, respectively. The inset 

figure shows the normalized spectra, highlighting the 

spectral overlap between j-aggregate emission and 

MoS2 B-exciton absorption. 
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shows the normalized MoS2 absorption and j-aggregate 

PL spectra for easier visualization of the overlap. The 

MoS2 resonances are very sensitive to the local dielectric 

environment (substrate).[90, 91] We found that the B-

excitonic resonance were typically located at 595 nm for 

the photodetector samples further improving the overlap. 

The peak shown in Figure 18(b) is slightly red shifted, 

due to a different substrate (transparent) used for 

collecting the absorption data. 

While energy transport between donor-acceptor pairs is 

traditionally studied by measuring photoluminescence 

(PL) quenching and exciton lifetime,[92–95] we 

demonstrate a new approach that can be used for studying 

material systems with short exciton lifetimes that fall 

beyond the measurement capabilities of the commonly 

used time correlated single photon counting (tcspc) 

technique. Photodetectors fabricated using the proposed 

material system with varying separation between the two 

materials, provides an excellent platform to study the ET 

process. Using this concept, we not only study the ET 

mechanism across the sharp organic-TMD interface but 

also use the hybrid platform to demonstrate the feasibility 

of the material platform for fabricating ultrasensitive 

photodetectors. 

Monolayers of MoS2 were prepared on a 300 nm SiO2/Si substrate using mechanical exfoliation and an all-

dry transfer method. The dimensions of the monolayers ranged between 20 µm to 200 µm. Raman 

spectroscopy and atomic force microscopy (AFM) was used for confirming the thickness of exfoliated 

samples. The thickness of the monolayers was measured to be approximately 0.7 nm, which matched well 

with values reported in literature.[96] Electrodes were fabricated on the MoS2 monolayers by 

photolithography followed by metal deposition and lift off. The schematic diagram of the device is shown 

in Figure 19(a). J-aggregate film was deposited on top of the monolayer MoS2 using layer-by-layer 

deposition by immersing the device alternately in TDBC and polyelectrolyte solutions.[97] A thin film of 

 

Figure 19: Monolayer MoS2 photodetector sensitized 

by TDBC j-aggregate. (a) The schematic diagram of 

the device. (b) PL emission spectra from TDBC j-

aggregate, monolayer MoS2, and monolayer MoS2/j-

aggregate heterostructure. PL quenching is observed 

for both materials in the heterostructure region. The 

inset shows the Gaussian fitted neutral exciton 

(purple), trion (blue), and overall (black) peaks. The 

redshift of trion peak along with lowering of intensity 

of neutral exciton peak after TDBC j-aggregate 

deposition suggest n-doping of MoS2 monolayer by 

TDBC j-aggregates.      
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5.5 bilayers was deposited on all devices. Further information on device fabrication can be found in 

supporting information.  

The PL spectra of monolayer MoS2, TDBC j-aggregate, and MoS2/j-aggregate at a constant excitation 

density are shown in Figure 19(b).  A significant decrease in the emission intensity of j-aggregate was 

observed in coupled MoS2/j-aggregate hetero-region. As mentioned earlier, near perfect spectral overlap 

between j-aggregate PL and monolayer MoS2 absorption provides a suitable condition for the photo 

generated excitons in j-aggregate thin film to transfer its energy to MoS2 layer through Förster Resonance 

Energy Transfer (FRET).[92, 94, 95, 98] ET through charge exchange can also occur at short distances due 

to wave function overlap through Dexter mechanism (DET).[99] Both mechanisms result in the significant 

decrease of j-aggregate PL emission intensity, as seen in Figure 19(b). In spite of the efficient ET from j-

aggregate thin film, the monolayer MoS2 PL appears to be quenched. This PL quenching is due to the charge 

transfer across the interface and has been reported as mutual photoluminescence quenching[100] due to 

type II energy band alignment between two materials. To support the argument, the PL spectra from bare 

monolayer MoS2 and monolayer MoS2/j-aggregate hetero-junction are fitted with two Gaussians 

corresponding to neutral and charged exciton (trion) as shown in the inset of Figure 19b. The hetero-

junction PL shows a red shifted trion peak and a reduced neutral exciton peak intensity suggesting n-doping 

of MoS2 by j-aggregate thin film. This agrees well with reported work on doping dependent PL of 

TMDs.[101, 102]    

The photoresponse of the intrinsic MoS2 devices were measured under room temperature and ambient 

condition. An ON/OFF ratio of 107 and a photoresponsivity of ~20 A/W at 595 nm (corresponding to B-

exciton peak) with a drain-source bias of 10 V and a back-gate voltage of 10 V was measured. Similar 

measurements were preformed after j-aggregate deposition in an inert nitrogen atmosphere to prevent photo 

oxidation. The deposited j-aggregate film is expected to absorb nearly 40 % of incident light at 590 nm and 

about 33 % at 595 nm (B exciton peak of MoS2), contributing to the enhancement of the photoresponse of 

MoS2 monolayer photodetector. Figure 20(a) compares the IV characteristics of a MoS2 photodetector 

before and after j-aggregate deposition with a drain-source bias of 10 V and illumination at 595 nm (power 

density of 0.025 W/cm2). As expected, higher photocurrent Iph, which is defined as (Ilight – Idark), was 

observed in hybrid devices due to ET mechanisms discussed earlier. In addition, increase in the dark current 

after j-aggregate deposition is observed indicating n-doping of MoS2 monolayer by TDBC molecules.  
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          Photoresponsivity (defined as the ratio of Iph to incident power) of the photodetector before and after 

j-aggregate deposition were measured across the visible range (450-750 nm) as shown in Figure 20(b). The 

blue dots and red squares correspond to the bare MoS2 and MoS2/j-aggregate devices respectively. An 

overall enhancement in responsivity was observed across the spectrum. This was mainly due to the change 

in the photoconductive gain of the photodetector.[103] The photoconductivity gain is proportional to the 

dark current of the device and hence contributes equally throughout the spectrum above the lowest excitonic 

energy state (A-exciton).[104, 105] However, a much higher enhancement in responsivity was observed 

corresponding to j-aggregate absorption. The extra enhancement is attributed to the efficient ET from j-

aggregate to MoS2. We note that there is a small enhancement contribution to photoresponsivity at shorter 

wavelengths due to ET from the long absorption tail of the j-aggregate. Hence, to quantify the ET 

contribution at B-excitonic resonance, we subtract the overall responsivity enhancement by the 

enhancement at A-excitonic resonance. The enhancement seen at the A-excitonic resonance of MoS2 is 

mostly due to photoconductivity gain. The enhancement due to ET, defined as the ratio of change in 

photoresponsivity after depositing j-aggregate (∆𝑅𝐸𝑇) to the original bare MoS2 (𝑅𝑀𝑜𝑆2
) photoresponsivity 

is given by: 

𝑬𝑬𝑻 =
∆𝑅𝑡𝑜𝑡𝑎𝑙 − ∆𝑅𝑝ℎ𝑜𝑡𝑜𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦

𝑅𝑀𝑜𝑆2

=
∆𝑅𝐸𝑇

𝑅𝑀𝑜𝑆2

 (4.1) 

 

 
Figure 20: Enhanced photoresponse of monolayer MoS2 photodetector after TDBC j-aggregate deposition. (a) IV 

characteristics of the photodetector before and after j-aggregate deposition. The excitation wavelength is 595 nm. Inset: 

optical band gaps of monolayer MoS2 and TDBC j-aggregate show type II energy band alignment between two materials. 

(b) Wavelength dependent photoresponsivity before (blue) and after (red) j-aggregate deposition. The responsivity 

enhancement near j-aggregate absorption has contributions from ET and photoconductive gain increase, as shown in the 

figure. 
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A maximum enhancement of 93 ± 5 % at 600 nm was estimated due to the efficient ET between 

the dye molecules and the semiconducting monolayer. Both FRET and DET mechanisms contribute to the 

enhancement due to the proximity of the two materials. The maximum enhancement wavelength should 

correspond to the peak absorption wavelength of j-aggregates (590 nm). However, red shift (corresponding 

to the maximum enhancement wavelength) in j-aggregate absorption spectra was observed upon deposition 

over MoS2 (confirmed from reflectivity measurements in supporting information). Similarly, red shift in 

MoS2 A-excitonic resonance was also observed upon j-aggregate deposition as shown in Figure 20(b) due 

to the change in the dielectric screening. Similar shift is expected for B-excitonic resonance as well.  

          To quantify the FRET mechanism across the organic-inorganic interface, spacing between the MoS2 

monolayer and j-aggregate thin film was varied by introducing hexagonal Boron Nitride (h-BN) layers with 

varying thickness of 1.6, 2, 3, 5, and 10 nm. The thickness of each h-BN flake was measured by AFM. 

Figure 21(a) shows the schematic diagram for the hybrid photodetector with h-BN spacer along with a 

bright field image of the device with a 2 nm h-BN spacer. The h-BN flakes were introduced using the same 

approach as MoS2 monolayers. h-BN is a two-dimensional insulator with a single layer thickness of 

approximately 0.4 nm and a bandgap of 6 eV[106, 107]. Thus, h-BN spacer prevents Dexter transfer (up to 

1 nm) between the materials and helps to isolate the system to study the FRET process (𝑬𝑬𝑻 = 𝑬𝑭𝑹𝑬𝑻). We 

observed enhancement of MoS2 PL for samples with thin hBN spacers (1.6 nm) confirming suppression of 

charge transfer and dominance of FRET (refer supporting information). FRET is a non-radiative emission-

reabsorption process through a virtual photon that can occur within 10 nm of donor-to-acceptor 

 
Figure 21: FRET efficiency between monolayer MoS2 and TDBC j-aggregate film. (a) Schematic diagram showing the use of 

layered h-BN as a spacer and an optical image of a represented device with a 2 nm h-BN transferred on top of MoS2. (b) FRET 

efficiency as a function of separation between MoS2 monolayer and j-aggregate film. The solid line denoted the expected 

dependence using FRET theory.  
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distance.[95] To compare various devices, an optical excitation spot of 10 µm in diameter was used to 

illuminate specific regions of the sample and the devices were measured at a fixed current density of 10-8 

A/µm2 and a gate voltage of 10 V.  

          The FRET efficiency (𝜂𝐹𝑅𝐸𝑇) can be derived from the responsivity enhancement by: 

𝜂𝐹𝑅𝐸𝑇 =
𝐸𝐹𝑅𝐸𝑇

6.3 ∗ 𝜂𝑗 ∗ 𝜅2
 (4.2) 

where 𝜂𝑗 = 0.2 is the quantum yield of j-aggregate,[108] 𝜅2 is the dipole orientation factor,[109] and 6.3 

is the absorption ratio of j-aggregate to MoS2 at maximum responsivity (the maximum responsivity occurs 

at the maximum absorption of j-aggregate film). Since excitons in MoS2 and j-aggregates are limited in-

plane, we estimated the dipole orientation factor to be 0.7[110–112]. This is slightly higher than the 

generically used value of 2/3 for isotropic case.  Figure 21b plots the FRET efficiency for photodetectors 

with different h-BN thicknesses. The figure compares the measured data with values estimated using FRET 

theory, where FRET efficiency is given by: 

  𝜂𝐹𝑅𝐸𝑇 =  
1

1+(
𝑟

𝑅
)6

 (4.3) 

where r is the donor-to-acceptor separation, and R is the Förster radius. R is defined as the distance where 

50% of the energy is transferred from the donor to the acceptor molecule. The FRET radius for the TDBC 

j-aggregate – MoS2 pair was estimated to be 1.88 nm across the hybrid interface. Typical FRET radius 

between organic-organic molecules lie between 2 to 7 nm[113]. Our experimental results show a smaller 

FRET distance in this hybrid organic-inorganic system which tallies with previous theoretical study.[114] 

This is possibly due to the small exciton Bohr radii as well as the well aligned orientations of excitons in 

both materials systems. The closely fitted experimental data along with their corresponding theoretical 

values shown in Figure 21(b) confirm that FRET dominates between the j-aggregate film and MoS2 

monolayer as the separation between them becomes larger than 1 nm. Less than 3% of the absorbed energy 

was transferred to the MoS2 monolayer for donor-acceptor separation larger than 5 nm. As observed, the 

efficiency is close to 100 % for the devices without h-BN due to contributions from both FRET and DET 

mechanisms.  

While we now have a good understanding on the energy transfer across the hybrid interface, the transport 

at the interface remains unknown. Knowing the transport properties will enable us to determine the 

feasibility of using the material system for studying exciton dynamics. 

Transport at Hybrid Interface: 
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The charge transfer process has been found to be extremely fast (on the order of a few pico-seconds or 

less)[86, 115–118] across type-II hybrid organic-TMD heterointerfaces. Due to the interfacial Coulomb 

potential, the spatially separated electron and hole form a tightly-bound excitons with binding energies of 

hundreds of millielectron volts.[115, 119] While such interlayer excitons, also referred to as hybrid charge 

transfer excitons (HCTE), have been reported across hybrid organic-TMD heterostructures before, the 

energy transport associated with HCTE states combining Frenkel excitons in organics and Wannier-Mott 

excitons in inorganics remains an underexplored territory of research. This is especially true in the time 

regime immediately following the formation of HCTE states, where ultrafast transport has been 

observed.[115] Unraveling the unknown physics associated with such ultrafast transport of HCTE is 

imperative to the development of a material platform for next generation energy conversion and 

optoelectronic devices with superior and targeted performance. In this work, we study the transport of 

HCTEs in the sub-nanosecond time regime following optical excitation at a hybrid organic-inorganic 

heterojunction, featuring single layer molybdenum disulfide (MoS2) and a highly absorbing j-aggregate thin 

film of organic dye TDBC (5,6-dichloro-2[3-[5,6-dichloro-1-ethyl-3-(3-sulfopropyl)-2(3H)-

benzimidazolidene]-1-propenyl]-1-ethyl-3-(3-sulfopropyl) benzimidazolium hydroxide), to understand the 

contribution behind the observed ultrafast exciton transport. Our findings suggest the formation of fast-

moving hot HCTE states as the primary reason behind the ultrafast transport and phonon bottleneck causing 

the slow thermalization of those hot HCTE states. 

Figure 22(a) shows a schematic illustration of the hybrid 2D interface. The efficient energy transfer reported 

earlier enables the experiment to be performed at much lower excitation densities (avoiding sample 

damage). The heterojunction was formed by mechanically exfoliating a MoS2 monolayer on a cover glass, 

followed by a layer-by-layer deposition of a thin layer (~5 nm) of j-aggregate.[97] Figure 22(b) shows the 

PL spectra of the hybrid structure. Upon deposition of the j-aggregate film, a new peak at around 760 nm 

(1.63 eV), corresponding to the HCTE state was observed in the heterojunction’s PL spectrum. The inset 

shows the type II energy band alignment of the hybrid heterojunction forming the HCTE. The offset (0.28 

eV) between MoS2 valence band and j-aggregate highest occupied molecular orbital (HOMO) is greater 

than MoS2 A exciton binding energy (0.27 eV), thus providing the driving force for A exciton dissociation 

and hole transfer. A similar mechanism applies to j-aggregate electron transfer upon photoexcitation. The 

charge transfer is confirmed by their respective PL quenching. We note that the j-aggregate PL spectrum 

remains unchanged in the presence/absence of MoS2 except for the intensity drop due to charge transfer. 

Figure 22(c) shows the spectrally-integrated PL intensity map of HCTE emission under 532 nm CW 
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photoexcitation. The emission of the HCTE state is observed across the entire MoS2 flake as confirmed by 

the inset micrograph image of monolayer MoS2 on cover glass. 

Formation of HCTEs: 

          We estimate the formation efficiency of HCTEs by adopting an indirect approach based on aggregate 

time-resolved photoluminescence (TRPL) measurements. The TRPL dynamics (measured using time-

correlated single photon counting (TCSPC) with a pulsed 405 nm laser) of j-aggregate’s singlet excitons 

(595 nm), MoS2 A excitons (670 nm), and HCTEs (760 nm) are shown in Figure 23(a). Due to the its 

spatially indirect nature, the HCTE exhibits an overall lifetime of 0.28 ns that is longer than that of j-

aggregate and MoS2’s A exciton’s lifetime. Inset of Figure 23(a) shows that the HCTEs are formed 40 ps 

after the laser excitation (the maximum value of TDBC j-aggregate’s TRPL intensity is referenced as t = 0 

throughout the manuscript). A similar delay was measured across several samples with an average 

formation delay of 36 ± 6.8 ps for the HCTEs. 

 
Figure 22: Charge transfer exciton in hybrid TDBC j-aggregate and MoS2 2D interface. (a) Schematic illustration 

demonstrating the formation of hybrid charge transfer  excitons (HCTE). The HCTEs consist of electrons from MoS2 

conduction band and holes from j-aggregate’s HOMO. (b) PL spectra of monolayer MoS2 (green) and hybrid MoS2/j-aggregate 

heterojunction (purple) with a 532 nm CW laser excitation. MoS2 A exciton at 670 nm and TDBC  j-aggregate emission at 590 

nm are identified in the hybrid sample. The third resonance at 760 nm is the HCTE formed by charge transfer across the hetero-

interface with type II energy band alignment, as shown in the inset. Due to favorable energy levels, interfacial transfer of 

electrons to MoS2 and holes to j-aggregate occurs within a few pico-seconds after excitation. (c) PL peak intensity map of the 

hybrid MoS2 and j-aggregate at the HCTE wavelength range. The HCTE emission is observed throughout the entire MoS2 

flake as confirmed by the inset optical image of the monolayer. 
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Next, we monitor the excitation density dependent TRPL of the HCTE as shown in Figure 23(b). The initial 

HCTE population decay rate increases with increasing excitation density, as emphasized in the inset plot, 

due to increased non-radiative contribution from Auger recombination (exciton-exciton annihilation). Such 

time evolution of the HCTE population can be modeled with the following rate equation:[37, 120]  

  
𝜕𝑛

𝜕𝑡
= −

(𝑛)

𝜏
− 𝑅𝐴(𝑛)2 (4.4) 

where n is the HCTE density,  is the exciton lifetime, and 𝑅𝐴 is the Auger coefficient. We note that the 

TRPL data shown in Figure 23(a) and (b) were obtained by summing up the PL intensities of all the spatially 

diffused excitons, eliminating the need to include the diffusion term in equation (4.4). We define the HCTE 

density as n ≡ n0, where n0 and n are the density of absorbed photons and corresponding HCTEs 

 
Figure 23: Lifetime and formation efficiency of HCTEs (a) Time-resolved PL dynamics of j-aggregate exciton, MoS2 A exciton 

in bare monolayer and in the hybrid film, and HCTE. HCTEs decay much more slowly than A excitons due to their interlayer 

formation. The inset highlights the significant formation delay of HCTE of 40 ps as compared to j-aggregate excitons. (b) 

Time-resolved PL measurements of HCTEs at different excitation densities. The exciton density decay rate increases as the 

excitation power density increases, which can be attributed to Auger recombination. HCTE lifetime fitting with (c) exciton 

recombination rate and (d) PL yield. Both equations are functions of the Auger constant RA, exciton lifetime , and HCTE 

density n (no). Note that no is the density of all absorbed photons on the hybrid sample, and  is the formation ratio of HCTE. 

By fitting our data with the intensity and lifetime models, we find a single  that can satisfy both equations with identical 

Auger constant RA. HCTE formation efficiency of 40% and Auger coefficient of 0.005 cm2/s were estimated.   
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respectively, and  is the formation efficiency of HCTEs. In addition, the steady state PL intensity of 

excitons in the presence of Auger recombination can be modelled as:[120]  

  𝐼𝑃𝐿(𝑛) ∝
ln(1+(𝑛)𝑅𝐴𝜏)

𝑅𝐴

1

𝜏
 (4.5) 

We fit the experimental data with equations (4.4) and (4.5) simultaneously and extract the HCTE formation 

efficiency of 40% and an Auger coefficient of 0.005 cm2/s. The fitting curves obtained from the solution to 

equation (4.4) given by: 

𝑛(𝑡) =  
𝑛0

𝑒
[(

𝑡
𝜏

)(1+𝑛0𝑅𝐴)]
− 𝑛0𝑅𝐴𝜏

 (4.6) 

 
Figure 24: Transport of j-aggregate exciton, MoS2 A exciton, and HCTE. (a) Temporally and spatially resolved exciton density 

map of HCTE. The data were obtained by TCSPC and a 405 nm pulsed laser. Highly diffusive HCTEs are observed compared 

to non-mobile j-aggregate and MoS2 A excitons (Figure S4). (b) Normalized HCTE population profiles extracted from (a) at 0 

ns (blue) and 1 ns (purple), respectively. At 0 ns, j-aggregate has the largest spot (FWHM of 0.85 m) while MoS2 A exciton 

has the smallest (FWHM of 0.6 m) as shown in Figure S4. (c) MSD change of exciton density as a function of time. HCTEs 

diffuse faster within region I, indicating  contributions from both hot carriers and Auger scattering broadening. (d) Time 

dependent diffusion coefficients. HCTEs diffuse an order of magnitude faster than MoS2 A excitons. J-aggregate excitons are 

immobile. 
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and equation (4.4) and (4.5) are shown as solid lines in Figure 23(c) and (d), respectively. It is worth noting 

that the Auger recombination rate of HCTEs at the current hybrid interface is an order of magnitude lower 

than the rate of MoS2 A exciton. The technique outlined here demonstrates a simpler alternative to the 

complex pump-probe techniques typically used to estimate exciton formation efficiencies.  

Transport of HCTEs: 

          Figure 24(a) shows the temporally and spatially resolved PL intensity map of HCTEs obtained using 

a diffusion imaging microscope reported in our earlier work[121] (excitation fluence of 3.2 mJ/cm2 and a 

corresponding HCTE density of  3.52×1011 cm-2 using a pulsed 405 nm laser).  Figure 24(b) plots the 

exciton distribution at different times emphasizing the broadening of the initial distribution. The evolution 

of the exciton population’s spatial profile created by a laser with a Gaussian intensity profile can be 

described with the equation:[37]  

𝑛(𝑥, 𝑡) =  
𝑛i

√4𝜎𝐷𝑡
𝑒𝑥𝑝 (

𝑥2

2𝜎2(0) + 4𝐷𝑡
) (4.7) 

where D is the diffusion coefficient, ni is the initial total exciton density, t denotes the time, and 2𝜎(𝑡) is 

the FWHM of the Gaussian exciton density profile. Using this result, the time-dependent mean-squared 

displacement (MSD) change of the exciton density (defined as [∆𝑥2(𝑡)] ≡ 𝜎2(𝑡) − 𝜎2(0) = 2𝐷𝑡) can be 

calculated and the diffusion coefficient can be extracted. However, in a 2D semiconductor system with 

intrinsic defects and impurities, the diffusion process is not linear with time and the MSD change is better 

described by the power law [∆𝑥2(𝑡)] = 𝐺𝑡𝛼, where 𝐺 and  are the transport factor and anomalous 

coefficient,[122] respectively. The time-dependent diffusion coefficient is then defined as 𝐷(𝑡) =

(𝛼𝐺𝑡𝛼−1)/2.  

          Figure 24(c) and (d) plot the MSD of the exciton density distribution and the extracted time dependent 

diffusivity as a function of time respectively for j-aggregate excitons, MoS2 A excitons, and HCTEs. 

Initially, HCTE are highly mobile when compared to j-aggregate and MoS2 A excitons (we note, that while 

j-aggregate excitons do not diffuse much, the initial exciton density distribution is largest (0.85 mm with 

0.5 mm excitation spot) for j-aggregates. This is consistent with reported ultrafast diffusion of excitons in j-

aggregates in short time scales that are not captured in the current experiments).[88] We notice a non-linear 

evolution of MSD for HCTEs, characterized by two regimes (after the formation of HCTE states) (I) 40-

150 ps (110 ps) of highly mobile HCTEs, and (II) slow moving HCTE states where diffusivity appears to 

asymptote to 0.77 ± 0.21 cm2/s,  a value that is higher than MoS2 A excitons’ diffusivity, indicating the 

intrinsically more diffusive nature of HCTEs in the TMD/organic system. The observed nonlinearity in 

MSD could be explained by possible contributions from Auger broadening and/or hot exciton 
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transport.[123] Auger broadening is caused by exciton-exciton annihilation.[124] Due to higher exciton 

density at the center of the excitation beam, the exciton-exciton annihilation rate is also higher, causing the 

PL intensity at the center to drop faster than at the surrounding area. As a result, the Gaussian exciton 

density profile appears to broaden faster. We estimate such contribution from the measured Auger 

coefficient and find that it is small below 3.52×1011 cm-2. Nevertheless, minor contributions from Auger 

exists and cannot be easily subtracted from the data.  On the other hand, since high energy photons (3.1 eV, 

much higher than MoS2’s optical band gap) are used to excite the sample, high energy excitons can be 

formed after interacting with phonons (in organics as well as in inorganics). These excitons with excess 

energy can dissociate into free hot carriers or form hot HCTEs (excitons with high kinetic energy). Since 

we know the HCTEs are formed in about 40 ps after photoexcitation as shown in Figure 23(a), we attribute 

the transport observed in regime I to be dominated by hot HCTE states. The higher diffusivity observed 

prior to regime I could possibly be due to hot carriers. However, we ignore the analysis in the short time 

regime as it is very close to the limits of the TCSPC technique. Further dissociation of HCTEs into free 

carriers, following its formation is also possible but unlikely due to high binding energy of HCTE (~90 

meV based on energy level calculations and PL emission). However, in this case, we would expect the 

diffusivity to be similar to that observed prior to regime I and relaxation time to be much shorter, further 

justifying that the observed transport is from HCTEs.  

          We also studied the effect of excitation photon energy and density on transport. The fluence 

dependent MSD of HCTE as a function of time using 3.06 eV (405nm) and 2.38 eV (520 nm) pulsed lasers 

are shown in Figure 25(a) and (b). The curves with the same color from Figure 25(a) and (b) correspond to 

the same HCTE density. This condition is achieved by exciting the samples with fluences that result in 

identical rates of emission of HCTE photons in both cases. The inset numbers in Figure 25(a) are the HCTE 

densities. Furthermore, the ratio of average power of the 520 nm to 405 nm lasers remained constant (2.7 

 
Figure 25: Highly mobile hot HCTEs. Power density dependent MSD of HCTEs as a function of time with (a) 405 nm pulsed 

and (b) 520 nm pulsed excitations. The curves with the same colors in (a) and (b) correspond to the same exciton densities, and 

thus same Auger recombination rates. Despite having same exciton-exciton annihilation rate, MSD of HCTEs pumped with 

405 nm laser is still larger than that pumped with 520 nm laser in region I, confirming the contribution from hot HCTEs. (c) 

Hot exciton relaxation times (transition time) versus excitation fluences. We observe evidence of saturation above exciton 

densities of 4×1011 cm-2. 
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± 0.12) throughout the measurements, confirming that the contribution from Auger broadening remained 

identical for each excitation fluence as the Auger scattering rate is proportional to exciton density only.[124] 

Under such condition, we observed that the net MSD and rate of change of the MSD (corresponding to 

diffusivity) of HCTEs pumped with 405 nm laser was larger than their MSD rate of change when pumped 

with the 520 nm laser despite having the same exciton-exciton annihilation rate, validating the conclusion 

of hot exciton transport as the responsible mechanism for the high diffusivity. In addition, we observe that 

the time for HCTE transport to transition from regime I (hot) to II (cold) was higher for 405 nm excitation 

than 520 nm excitation as shown in Figure 25(c), further supporting the existence of hot HCTEs as discussed 

in the next section.   

Relaxation dynamics of HCTEs:  

          Figure 26 shows a schematic illustration of the plausible formation and relaxation paths of HCTEs at 

the organic-inorganic hybrid interface. Exciton formation in j-aggregates and MoS2 is a very fast process 

and based on other reports,[88, 116, 117] we expect charge transfer to occur within the first few picoseconds 

after optical excitation[117] across the 

hybrid interface due to the favorable energy 

band alignments and form high energy 

HCTEs. The higher HCTE states have lower 

binding energy than MoS2 excitons and 

hence there is a high probability of 

dissociation into hot carriers. Whether the 

relaxation from higher-energy HCTE states 

to the lowest-energy HCTE state is mediated 

through hot carriers or directly through 

bound CT states remains unclear. In either 

case, the relaxation creates lowest-energy 

HCTEs that possess non-zero kinetic 

energy, which results in the observed 

ultrafast transport. The relaxation rate of 

such hot HCTEs to cold HCTEs is (step 3 in 

Figure 26) governed by exciton-phonon 

interactions.[125–130] If the dielectric 

screening is small, the direct effect of the 

dipole field can dominate, and so the polar 

 
Figure 26: Hot exciton formation and relaxation paths for HCTEs. J-

aggregate and MoS2 exciton formation is instantaneous (compared to 

the time-scales of our measurement) after photoexcitation with a 3.1 

eV source. 1. Within a few pico-seconds, interfacial charge transfer 

occurs due to the energy band alignment as electrons move to the 

conduction band of MoS2 while holes move to the HOMO of j-

aggregate. The j-aggregate lifetime is less than 5 ps.  2. The hot 

carriers of MoS2 relax and form hot HCTEs within the first 40 ps 

assisted by polar optical phonons. 3. The hot excitons then relax their 

extra energy through acoustic exciton-phonon scattering, as discussed 

in the main text. 
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optical phonon (LO) interaction is typically the major scattering channel in polar materials at room 

temperature, which best describes our case and is confirmed from our theoretical calculations detailed in 

the supplementary materials. It is worth noting that the transition time of hot HCTEs is longer than that of 

hot MoS2 A excitons at an excitation density of 3.2 mJ/cm2. A similar trend is observed with higher power 

densities. Such variation in transition time stems from different extents of exciton-phonon interactions and 

can be better understood by estimating the relative strength of the Fröhlich and deformation potential 

interactions for MoS2 A and HCT excitons with optical and acoustic phonons.  

          The Fröhlich optical phonon coupling model for charge carriers defines a dimensionless coupling 

constant 𝛿 that depends on the carrier mass and the dielectric environment.[131–136] An estimate of the 

exciton-phonon Fröhlich interaction strength can be obtained with a modified version of the Fröhlich 

coupling constant defined as:  

𝛿 = |
𝑒2

2ℏ
√

2𝑀

ℏ𝜔𝐿𝑂
(

1

𝜀∞
−

1

𝜀0
)| (4.8) 

where ε0 is the static dielectric constant, ε∞  is the optical dielectric constant, M  is the translational mass, 

and ωLO is the LO phonon angular frequency. A larger 𝛿 suggests a stronger exciton-phonon interaction 

that will result in a faster relaxation. With the assumption that the MoS2 monolayer and HCTE experience 

identical dielectric environments and interact with the same optical phonons, the ratio of the Fröhlich 

constants depends solely on the ratio of the exciton translational masses, as shown below: 
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(4.9) 

While we are not able to estimate the translational mass of HCTEs due to the lack of hole effective mass in 

j-aggregate form, we expect the translational mass of HCTEs to be considerably lower than the translational 

mass of MoS2 excitons since HCTEs are characterized by their exceptionally high diffusivities. However, 

it remains unclear why HCTEs have small translational mass. Complex molecular dynamics simulations 

could provide insight but remains beyond the scope of the current work. As a result, we expect the Fröhlich 

coupling of HCTEs to be weaker than the Fröhlich coupling of MoS2 excitons, resulting in a longer 

relaxation time for HCTEs. However, the Fröhlich coupling constant of MoS2 A exciton, estimated to be 

19.1 and corresponding to femtosecond relaxation time as detailed in the supplementary section, cannot 

explain the 100 ps relaxation that we observed. This suggest that at 300 K, the Fröhlich interaction is the 

dominant exciton-phonon scattering mechanism until the exciton’s excess energy drops below the optical 
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phonon energy. Once below the optical phonon energy, the excess exciton energy is relaxed via the slower 

acoustic phonon scattering process (relaxation time for MoS2 exciton via acoustic phonon scattering is in 

the sub picosecond regime).  

Using the expressions for carrier-phonon scattering rate via the deformation potential interaction with the 

substitution of exciton translational mass for effective carrier masses, the ratio of acoustic phonon scattering 

rates of MoS2 excitons and HCTEs depends on the ratio of their respective elastic properties, exciton 

translational masses, and deformation potential differences as shown below (refer to the supplementary 

material for more details):  

(
1

𝜏𝐤,𝐿𝐴
)

𝐶𝑇

(
1

𝜏𝐤,𝐿𝐴
)

𝑀𝑜𝑆2

=
𝑀𝐶𝑇
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2
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2
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2
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While we are unable to explicitly calculate the ratio of acoustic phonon scattering rates of HCTE and MoS2 

excitons due to the unavailability of hole deformation potentials and effective mass of TDBC J-aggregates, 

based on our experimental observations, we are able to estimate this ratio to be about 0.7. That is, HCTEs 

relax their excess energy via acoustic phonon scattering at a rate that is about 70% of the rate of MoS2 

excitons. This value corresponds to the ratio of the times at which the slopes of the MSD curves transition 

from their initial (high) to final (lower) value. We associate these transition times with the average exciton-

acoustic phonon scattering times that characterize the pico-second time scales of hot exciton energy 

relaxation of our observations. It is worth noting that the calculations of average scattering time are 

estimates based on the expressions for carrier-phonon scattering and do not take into account other many-

body interactions that may affect the relaxation dynamics of MoS2 excitons. Therefore, those calculations 

serve as a qualitative rather than quantitative guide to explain the results. 

Moreover, for a given optical phonon Fröhlich coupling constant, the transition time should be shorter when 

excited using lower energy photons due to the lower kinetic energy of excitons. This is consistent with our 

findings and is confirmed from the data shown in Figure 27(c). Furthermore, we observe that the time for 

HCTEs transport to transition from regime I to regime II increases linearly with exciton density. This trend 

is due to the limited phonon density of states available for relaxation, also referred to as phonon 

bottleneck.[137, 138] The transition time begins to saturate for higher excitation densities, which is possibly 

due to Auger recombination as more excitons begin to annihilate.[123] This is consistent with our 

observations: as contributions from Auger scattering become non-negligible at high exciton densities. 

          In conclusion, we show that the energy transport at organic-inorganic hybrid interfaces is dominated 

by HCTEs. We find that following photoexcitation, hot HCTEs are formed in about 36 ps via scattering 
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with optical phonons. Based on the estimated relaxation time for acoustic and optical phonon scattering 

processes via deformation potential and Fröhlich interaction, we conclude that once the energy falls below 

the optical phonon energy, the excess kinetic energy is relaxed slowly via acoustic phonon scattering. 

During this time, fast-moving, hot HCTEs dominate the energy transport. While there could be 

contributions from free carriers arising from dissociation of HCTEs, we believe it is small due to high 

binding energy of HCTEs. Further investigation based on temperature dependent transport measurements 

along with transient absorption spectroscopy could shed light into the distribution of free carrier and 

HCTEs. The transition to cold excitons occurred at about 110 ps  after formation (which is much longer 

than what is typically observed at organic/organic interfaces) and increased with excitation density, 

suggesting phonon bottleneck. We note that the diffusivity of HCTEs in both of the regions of transport was 

higher than MoS2 A excitons. This work not only provides significant insight into the initial energy transport 

of HCTEs at organic-inorganic hybrid interfaces, but also contributes towards forming a complete physical 

picture of HCTE dynamics from formation to recombination. In conjunction with phonon engineering, we 

believe such high diffusivities in hybrid structures could enrich the applications from energy conversion to 

optoelectronic devices.   
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 Applications: 

Here, we utilize our knowledge of nanoscale strain engineering to create a self-erasable and rewritable 

platform for anti-tamper hardware. The reversible structural change between trans and cis isomers in 

azobenzene (A3) molecules is utilized to strain the overlying tungsten diselenide (WSe2) monolayer, 

thereby affecting its optical bandgap. Using such hybrid material combination we generate large (>1%) 

local effective strain that results in dramatic shift (> 11 nm) in photoluminescence wavelength. The strain 

in layered A3 films can be rapidly relaxed under exposure to visible light or can be retained up to seven 

days under dark condition. Thus, by utilizing hyperspectral imaging, we demonstrate a self-erasable and 

rewritable optoexcitonic platform that responds to environmental changes (light/temperature) to detect 

 

Figure 28: Photoisomerization of A3 films under visible light and dark environment at room temperature. (a) Chemical 

structures of A3 in trans and cis states. The thermally stable trans isomer (9 Å) can be switched to cis isomer (5.5 Å) upon UV 

irradiation, and reverted back gradually with visible light.  (b) Optical micrograph of monolayer and bilayer A3 films on Si/SiO2 

substrate. The A3 films are prepared using Langmuir-Blodgett (LB) method. (c) UV-Vis absorption evolution of A3 film (5.4 

nm) after UV treatment and visible light relaxation. (d) UV-Vis absorption evolution of the same A3 film under dark 

environment. The inset in (d) shows the percentage of cis A3 molecules relaxing back to tans state over time. It took 7 days for 

95% of the A3 molecules to relax back to trans state under dark environment. 
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tampering of hardware system. In addition, the results open avenues for varied applications in information 

storage, time sensitive self-destructive memories to light detection. 

In this work, we create a compact self-erasable and rewritable optoexcitonic platform using monolayer 

WSe2 on top of thin layers of an azobenzene based molecule, (E)-3,3'-((2-(4-((4-

ethylphenyl)diazenyl)phenoxy)propane-1,3-diyl)bis(oxy))bis(propane-1,2-diol) (A3) (Molecular 

structures of trans state and cis isomers are shown in Figure 28(a). We induce local strain in monolayer 

WSe2 by photoactivating underlying A3 molecules with irradiation of UV light, followed by selective 

exposure to visible light that reversibly switch the molecules between trans and cis state. The resulting 

strain in monolayer WSe2 shifts the optical bandgap thereby causing a spectral shift in the 

photoluminescence signal. The strain can be instantaneously released by exposure to visible light or 

gradually over a period of time due to thermal relaxation.  

Figure 28(a) shows molecular structures of the azobenzene based molecule, A3, in trans state and cis state. 

The thermally stable trans azobenzene isomer undergoes structural change to cis isomer upon irradiation 

of UV light, resulting in reduction of molecular length from 0.9 nm to 0.55 nm. The reverse transformation 

is gradual at ambient environment conditions but can be expedited by intense visible light irradiation or 

heat. We note that, the reaction of cis state to trans state is a much slower process as compared to the reverse 

reaction. This is partially due to the relative high absorption strength of trans isomer in UV regime than cis 

isomer in visible regime and the spectral intensities of the light sources used in the experiments.  

Figure 28(b) shows the optical micrograph of monolayer and bilayer A3 films deposited on Si/SiO2 

substrate using Langmuir-Blodgett (LB) method[139]. The A3 molecule is highly polarized with a 

hydrophobic head and a hydrophilic tail, and as a result uniform layers of A3 can be achieved through 

specified treatments. We monitor the A3 thin film isomerization dynamics over time using UV-Vis 

spectroscopy at room temperature. The UV-Vis absorption evolution of approximate 6 layers of A3 films 

(~12 nm) on cover glass following UV irradiation under visible light (Amscope series halogen lamp with 

an average fluence of 120𝜇𝑊/𝑐𝑚2) relaxation is shown in Figure 28(c). We follow it by monitoring the 

transition under dark condition as shown in Figure 28(d). We observe that 99% of the molecules remain in 

cis state within first 120 minutes as compared to less than 1% when exposed to visible light.  In fact, only 

20% of the molecules relax back to trans state after 24 hours. The inset of Figure 28(d) plots the percentage 

of molecules relaxing back to trans state over 7 days. We observe that under dark conditions, 95% of the 

cis A3 molecules reverted back to trans state in 7 days.  Thus, a message engraved on such an optoexcitonic 

platform would automatically disappear in about 7 days. 
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The samples were prepared by first transferring a mechanically exfoliated monolayer WSe2 on top of bilayer 

A3 films. The sample were then irradiated with 365 nm UV light (with an average fluence of 100 μW/cm2) 

for 5 minutes to completely convert the underlying A3 bilayer to cis state. A 450 nm laser was then used to 

achieve targeted relaxation of some of the molecules as cis A3 molecules shows higher absorption at this 

wavelength among the visible regime. The selective relaxation thus created local strain on the overlying 

monolayer and the process is illustrated in Figure 29(a). We visualize the strain by conducting a sequence 

of PL spectral centroid map of the sample using a 532 nm excitation laser. The brightfield image of the 

sample is shown in Figure 29(b). The marked square region (10×10 μm2) represents the scanned area for 

monitoring the PL shift, whereas the red line marks the linear profile scanned by the 450 nm laser during 

the write cycle. Figure 29(c) shows the PL centroid map monitoring the initializing of the film using UV, 

followed by the write cycle, and finally the relaxing phase. The transformation of all the molecules from 

trans to cis state is uniform and results in zero spectral shift in the PL spectrum as shown in Figure 29(c) 

(post UV). It is then followed by a write cycle, where a 450 nm laser (spot size of 2 μm, fluence of 25 

mJ/cm2) is linearly scanned (dashed line) to create the local strain. Finally, the sample is exposed to white 

light to initiate relaxation and all the information is erased in ~ 40 minutes.  

 

Figure 29: A3-initiated strain engineering on WSe2 monolayer. (a) An illustration showing the creation of local strain on a 

monolayer WSe2 by partially reverting some of the underlying cis molecules back to trans state using a 450 nm laser. We 

transfer a monolayer WSe2 on top of bilayer A3 films and monitor the photoemission property. The induced strain in monolayer 

WSe2 is translated into PL spectral shift. We observe a redshift of 11 nm that corresponds to 1.1% of tensile strain. The sample 

image is shown in (b). A sequence of PL spectral centroid map of the square region marked in (b) are shown in (c) where 

strained regions are mapped red shifted in energy indicating tensile strain. The sample is first irradiated with UV light for 5 

minutes, where the complete underlying A3 bilayer undergoes trans to cis transformation that results in zero spectral shift in 

the PL spectrum. It is then followed by a writing process along the marked red lines in (b), where a 450 nm laser is used to 

partially relax the molecules back to trans state. This creates local strain as shown schematically in (a) and its effects are 

observed in the shift of the PL spectral centroid map. The strain resulted PL shift pattern disappears after 40 minutes of white 

light treatment. 
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The strained regions are red shifted in energy due to tensile strain generated on the monolayer during the 

process[34, 140]. Figure 30(a) shows the non-normalized PL spectrum of each step (on the dashed line). 

The observed PL intensity drop and broader linewidth after the write cycle (creation of local strain) are 

possibly due to contributions from the inhomogeneous broadening over the strained area as well as direct-

to-indirect transition of the optical band gap of TMD monolayer under high strain. The observation is 

consistent with reported studies based on strain[141–143]. In fact, the observed redshift of 11 nm translates 

to a very high effective tensile strain value of ~1.1 %. The effective strain created by just 2 layers of A3 

molecules (0.7 nm in isomerized length change) is significantly higher when compared to other reported 

studies that used mechanical setups to induce strain on TMDs. We also note that the PL intensity enhances 

from pre UV (trans state) to post UV (cis state) phase, and vice versa. This phenomenon has been observed 

by other group and is associated with doping in TMD materials[144, 145]. It has also been reported that 

azobenzene based molecules in trans state provide pathways for doping while the photoisomerization from 

trans to cis configuration weakens such pathways[146, 147]. In our case, the lowering emission intensity 

of WSe2 monolayer by trans A3 molecules indicates p-doping where neutral excitons are suppressed by 

excess positive trions[144]. which is confirmed by the electric current-voltage transfer characterization. 

To further quantify the strain relationship with the underlying layer, we transfer monolayer WSe2 on 1, 2, 

3, and 4 layers of A3 films and induce local point strain using the method described earlier. Figure 31 

compares the strain induced by A3 films of different layers (3 samples for each layer). As expected, the 

induced strain that is translated to PL shift, increases with A3 film thickness. The observation also confirms 

that the molecules in each deposited layer of A3 undergo photoisomerization. However, we observe that 

 

Figure 30: The PL spectral shift caused by strain in monolayer WSe2. The spectra were taken at the center of the dashed line 

in Figure 2(c) for each step. (a) Non-normalized (b) Normalized PL spectra. We observe a redshift of 12 nm that corresponds 

to 1.1% of tensile strain in the writing phase. The PL redshift gradually disappears after relaxation process. The intensity drop 

at the strain area is caused by the direct to indirect transition of optical band gap in TMD monolayer. 
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the increase in PL shift with number of layers appears to asymptote for higher number of A3 layers, possibly 

due to inability of A3 molecules to fully stretch with increased layers, thereby reducing the effective strain 

on the monolayer. Nevertheless, we could achieve a maximum effective strain of  1.4 % using four layers 

of A3 molecules. 

A self-erasable and rewritable optoexcitonic platform 

The ability to reversibly modulate the optical bandgap of monolayer WSe2 by up to 1.4 % can be utilized 

to develop an optoexcitonic platform for an anti-tamper hardware system where the information is erased 

due to change in environmental condition (such as opening the system and exposing to light). Figure 32 

demonstrates such an idea where letters U and M are sequentially written and erased on a 20 μm x 20 μm 

square region of monolayer WSe2 with 

underlying bilayer A3. Letters are defined 

using a 450 nm laser (spot size ~ 2 μm) 

with 2 μm pixel pitch and are erased using 

white light irradiation. We have 

confirmed the repeatability of writing and 

erasing process over multiple samples. 

Such a platform can also be used to create 

self-destructible messages where critical 

information is erased at the end of expiry 

time. 

In summary, the work demonstrates a 

potential anti-tamper hardware platform 

based on strain engineering excitonic 

properties of monolayer WSe2 using 

underlying thin layers of A3 molecules. 

The induced tensile strain can be 

controlled using layer by layer approach 

and we report effective tensile strain as high as 1.4 % for 4 layers of A3 molecules. The self-erasable and 

rewritable optoexcitonic platform has promising applications in self-destructible memory and anti-tamper 

hardware following further research on optimizing the A3 films for faster and more sensitive response. We 

believe that such an optoexcitonic platform can further benefit applications such as self-destruction of 

sensitive data over time, optical scratch pads to sensitive light detectors.  

 
Figure 31: The strain created on monolayer WSe2 is dependent on the 

thickness change of A3 films caused by photoisomerization. We 

compare the strains induced by A3 films of 1, 2, 3, and 4 layers (3 

samples each) with the thickness of each layer switching from 0.9 nm 

(trans state) to 0.55 nm (cis state) or vice versa upon UV or white light 

treatment. A 0.7 nm height difference (bilayer) on the film produces 

an average of 9.5 nm PL red shift (1% tensile strain) on monolayer 

WSe2. The PL shift increases with A3 film thickness, as expected. We 

observe that the PL shift increase starts to saturate for 3 and 4 layers 

of A3 films. 
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Figure 32: A demonstration of self-erasable and rewritable photonic platform that shows a writing and erasing sequence of 

letters U and M inscribed using the method described above on a 20 × 20 𝜇𝑚2 area of monolayer WSe2 on top of bilayer A3 

films. Letters are written using 450 nm laser and are erased with 40 minutes of white light relaxation. (1) Write U. (2) Erase. 

(3) Write M. (4) Erase.  
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