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Abstract

The unique properties of two-dimensional (2D) materials have inspired widespread interests
in integrating distinct 2D materials into van der Waals (vdW) heterojunctions for innovative device
configurations. The organic-inorganic heterojunctions, combining atomically thin inorganic
semiconductors with a wide variety of organic molecules, provide versatile platforms not only for
the exploration of novel physical phenomena at nanoscale but also for the development of
emerging device applications with promising functionalities. Since the hybridization optimizes the
intrinsic properties of organics and inorganics, the heterojunctions have been shown to exhibit
enhanced electrical and optical performances. In this thesis, we explore the science and
applications of two hybrid interfacial systems that consist of organic molecules and inorganic

transition metal dichalcogenides (TMD) monolayers.

In the first part, we investigate the energy transfer mechanisms across the hybrid interface
of j-aggregates of organic dye and monolayer molybdenum disulphide (MoS2) by using
phototransistor’s photoresponsivity. The hybrid interface combines high absorption of organics
with high charge mobility of inorganics. Besides, the spectral alignment between the emission of
j-aggregates and the absorption of MoS2 B-exciton in the material system enables the study of
Forster resonance energy transfer (FRET) across the hybrid interface. The hybrid phototransistors
show nearly 93 = 5 % enhancement of photoresponsivity in the excitonic spectral overlap regime

due to efficient energy transfer from j-aggregate to MoS2. We also report a short Forster radius of
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1.88 nm for the hybrid system. Based on the study, we then investigate the energy transport
dynamics of hybrid charge transfer exciton (HCTE), a quasi-particle formed by another energy
transfer mechanism Dexter energy transfer (DET) in this hybrid system. Following
photoexcitation, highly diffusive hot HCTEs are formed in about 36 ps via scattering with optical
phonons at the hybrid interface. Once the energy drops below the optical phonon energy, the excess
kinetic energy is relaxed slowly via acoustic phonon scattering. As a result, the energy transport
that is initially dominated by highly diffusive hot HCTEs transition into slower cold HCTES in
about 110 ps. By using Frohlich and deformation potential theory, we model the exciton-phonon
interactions and attribute the prolonged transport of hot HCTEs to phonon bottleneck. We also
find that the diffusivity of HCTEs in both hot and cold transport regions is higher than the

diffusivity of MoS:2 A exciton.

In the second part, we explore another organic-2D TMDs hybrid system and utilize
nanoscale strain engineering to create a self-erasable and rewritable optoexcitonic platform. We
employ the reversible structural change of azobenzene based (A3) molecules to strain the overlying
monolayer tungsten diselenide (WSe2), and consequently, tune its optical bandgap. By using such
a hybrid material combination, we are able to generate large (>1%) local strain that results in
dramatic photoluminescence (PL) wavelength shift (> 11 nm). The strain in layered A3 molecules
can be relaxed under visible light exposure or can be retained up to seven days under dark
condition. Based on the study, we use the same hybrid materials system and apply the principles
to develop high performance hybrid transistor devices. The strain is created in an ultrathin
monolayer WSe2 conducting channel by the photoisomerization of A3 molecules. The carrier

mobility of the hybrid transistor can be tuned from 50 to as high as 125 ¢cm?/Vs using the induced
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strain. Besides, the hybrid transistor exhibits a superior UV responsivity of 155 A/W, more than

four times higher than in bare WSea.
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Chapter 1 Introduction

1.1 Background and motivation

Since the revolutionary discovery of graphene and the emergence of two-dimensional (2D)
van der Waals (vdW) semiconductors, numerous efforts have been inspired to fundamentally study
their scientific properties and integrate them for advanced electronic and optoelectronic devices.
Conventional limitations in bulk inorganic semiconductors have been overcome by atomically thin
material systems with ultra-flat surfaces, high surface sensitivity, strong spin-orbit coupling, and
direct to indirect band gap transition as a result of quantum confinement!2. Among the commonly
studied 2D materials, transition metal dichalcogenides (TMDs) such as MoS2 and WSe2 have
received increasing attention recently due to their robustness and unique electronic, optical, and
mechanical properties. Besides, these materials exhibit extraordinary characteristics such as
dangling-bond free surface, atomic-scale thickness, and strong light-matter interaction, opening
up new scientific and technological opportunities beyond the reach of other materials®*. Even
though 2D TMDs exhibit a variety of new properties that are distinct from traditional bulk
semiconductors or thin films, developing such materials into large-scale and defect-free atomic
layers with thickness controllability on desired substrates is still challenging. The state-of-art
mechanical exfoliation method produces high quality monolayers of TMDs, but this technique is
not scalable. Chemical vapor deposition (CVD) has been developed as a possible solution due to

its potential for high scalability and degree of morphological control®®.



The field of organics has been well-established in terms of synthesis, characterization and
device applications. In contrast to their inorganic counterparts, organic molecules hold key
unrivalled advantages such as low production costs, versatile synthesis processes, wide variety of
choices, high compatibility with any substrate including transparent glass and flexible polymeric
materials. In particular, organic semiconductors have high absorption coefficients owing to their
large wavefunction overlap between the ground state and the lowest excited state, thus validating
strong light absorption of organic materials and making them advantageous for optoelectronic
devices. Despite the prototypical demonstrations of organic materials, the performance of organic
electronic devices is apparently left behind by their inorganic counterparts, due mostly to the low
charge carrier mobility, low efficiency in charge injection, and inferior stabilities of the organic
materials’-°. The incorporation of 2D TMDs with organic molecules into weakly bonded van der
Waals heterostructures can leverage on the well-developed organic semiconductor technologies
and unique properties of 2D TMDs, and thus improving the overall figures of merit of the hybrid
platform. Figure 1.1 summarizes the applications of organic-2D TMDs heterojunction for

enhanced device performance®®.
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Figure 1.1 Device applications of organic-2D TMDs hybridization for enhanced performance.
Adapted from reference 10.

1.2 Transition metal dichalcogenide (TMD) monolayers

Transition-metal dichalcogenide (TMD) monolayers are atomically thin semiconductors
with chemical formula MX2, where M is a transition-metal atom such as Mo and W, and X is a
chalcogen atom such as S and Se. TMD monolayers consist of one layer of M atoms sandwiched
between two layers of X atoms. They are layered materials, like graphene, that stack together via the
weak van der Waals (vdW) interactions. As part of the large family of 2D materials, TMDs possess
extraordinary atomic scale thinness with the thickness of a single layer ranging from 6.5 A to 9 A.
A key aspect of TMDs is the evolution of the electronic band structure with respect to the number
of layers. When the dimension of the materials decreases from three-dimensional bulk to two-

dimensional atomically thin films, the increase of quantum confinement, interlayer coupling, and



symmetry elements result in dramatic changes of the electronic band structure'’-13, Fascinating
phenomena such as indirect-to-direct bandgap transition, bandgap broadening, large exciton
binding energies, and valley polarization are absent in their bulk forms!4-18, Figure 1.2 shows the
band structure evolution of MoS2 from bulk, quadrilayer, bilayer, to monolayer, using first
principles density functional theory (DFT) calculations®. The calculated bandgap for bulk MoS:
is 0.88 eV with valence band (VB) maximum located at the I" point and a conduction band (CB)
minimum located at the midpoint along I'-K. By contrast, monolayer MoSz has a bandgap of 1.71
eV with both VB maximum and CB minimum located at the K point!!. This indirect to direct
bandgap change due to quantum confinement effect shows strong potential for advanced
optoelectronics. Figure 1.3 lists the energy levels of conduction band and valence band of some of
the most studied TMD monolayers'’. Compared to their bulk counterpart, the photoluminescence
quantum yield in monolayer MoS: is enhanced by more than 4 orders of magnitude'®, indicating
the transition to direct band gap in monolayer MoSz. Similar phenomena are also observed for
other TMD monolayers, such as WSz and WSe2. Compared to conventional semiconductors,
excitons in TMD monolayers exhibit relatively large binding energies that can survive at room
temperature environment, a property typically found in Frenkel excitons of organic
semiconductors. Along with strong light matter interactions at nanoscale, TMD monolayers
provide ideal platforms to study excitonic behaviors at the hybrid interfaces. These diverse
properties of 2D TMD monolayers enable a wide range of applications in flexible devices,

including field-effect transistors (FETs), photovoltaics, photodetectors, and sensors'®-?2,
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Figure 1.2 Bandgap evolution of MoS2 with decreasing number of layers. (a)Bulk.
(b)Quadrilayer. (c)Bilayer. (d)Monolayer. Adapted from reference 11.
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Figure 1.3 Conduction band and valence band energy levels of some common TMD monolayers.
Adapted from reference 17.



1.3 Organic-inorganic hybrid interfaces

The specific disparities between organics and inorganics have inspired the idea of marrying
the materials from the two worlds to form organic-inorganic heterojunctions, which will not only
optimize the intrinsic properties of organic and inorganic materials but also enable brand new
capabilities to the hybrid system and broaden the horizon of individual components toward
innovative and multi-functional applications. Besides, energy dynamics associated with the
Frenkel excitons in organics and Wannier-Mott excitons in inorganics at the hybrid heterojunctions
remains an underexplored territory and the prime motivation of this thesis work. Understanding
the rich physics behind the unique phenomena at the hybrid organic-2D-TMD interfaces is the key
to the rational bottom-up design of hybrid organic-2D-TMD devices. The solid-state electronic
devices covering both fields of organic electronics and inorganic electronics have undergone
booming development in the past few decades due to wide and intensive exploration. The
electronic devices based on organic-inorganic heterojunctions, particularly field-effect transistors
and photodetectors, generally present the functionalities and advantages combined from the two

kinds of constituent materials.

1.3.1 Field-effect transistors

A field-effect transistor (FET) is the fundamental building block in the modern electronic
industry. Transistors based on two-dimensional materials are promising for scaling-down and
device miniaturization. Although considerable efforts have been devoted toward the development
of two-dimensional material based FETS, the performances of these devices are not promising
enough for them to completely replace conventional silicon-based electronics. The hybridization
of organic semiconductors and 2D TMD materials brings more intriguing transistor performance,

such as higher field-effect mobility, larger current on/off ratio, and lower voltage operation?-25,



Figure 1.4 shows enhanced source-drain current of a hybrid organic-2D TMD transistor, where

organic molecules serve as charge carrier dopant to the adjacent TMD semiconductor?.
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Figure 1.4 Hybrid organic-2D TMD transistor. The source-drain current is enhanced by molecular
doping from the organics. Adapted from reference 26.

1.3.2 Photodetectors

As the most fundamental element in the optoelectronic devices, the photodetector, a device
converting incident light into electrical signals that are compatible with the standard electronics,
has widespread applications in imaging, biomedical sensing, environmental monitoring, and
optical communication. The photodetectors based on 2D TMD semiconductors have broadband
photodetection and high sensitivity characteristics due to their high surface to body ratio and
ultrafast charge transport?”. However, most TMDs suffer from the photoconductivity effect due to
intrinsic trap states in the materials or at the interfaces in the devices?®. While organic
semiconductors are promising for use as light absorbers in which the bandgap can be modulated

over a wide spectral range, 2D TMD materials offer important advantages of high mobility and a



long carrier diffusion length. With complementary properties possessed by these systems, organic-

2D TMD hybrid structures hold great potential for application to high-performance photodetectors.

Figure 1.5 shows a hybrid photodetector where the hybrid interface is favorably suppress the

photoconductivity effect in the TMD monolayer by separating photogenerated carriers from the

traps in the monolayer and the interface?.
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Figure 1.5 Hybrid organic-2d TMD photodetector. The organic molecules provide pathways to
separate photogenerated carriers from traps, thus enhancing the photoresponsivity and shortening

the response time. Adapted from reference 29.

1.4 Thesis outline

The research work in this thesis can be classified into two primary parts. The first part

including Chapter 2 and 3 emphasizes on the energy transfer mechanisms and energy transport

dynamics across the organic-2D TMDs hybrid interfaces. The second part including Chapter 4 and

5 focuses on the applications of strain engineering at the hybrid interfaces that utilize photoactive

organic molecules and TMD monolayers.



This thesis consists of six chapters. The first chapter introduces the scientific background of
organic and inorganic 2D semiconductors and the motivation to theoretically and experimentally
study the dynamics of charges and excitons across the organic-inorganic hybrid interfaces. The
second chapter discusses the energy transfer process and mechanisms across the hybrid interface
from the organic to the inorganic that result in enhanced photoresponsivity of TMD monolayer.
The third chapter, which follows the study from the previous chapter and uses the same hybrid
material system, focuses on the discovery of the ultrafast transport behavior of hybrid charge
transfer excitons at the hybrid interface and the physics behind such phenomenon. The fourth
chapter explores strain engineering, another territory of organic-2D TMD hybridization, by using
photoactive organic molecules and TMD monolayer to create a self-erasable and rewritable
optoexcitonic platform. The fifth chapter, which follows the work from the fourth chapter, employs
strain engineering to create high performance hybrid transistors with tunable mobility and superior
UV detectivity. The final chapter summarizes the research work presented in this thesis and

provides some insights in the future outlook.
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Chapter 2 Energy Transfer across Organic — Inorganic Hybrid Interfaces

2.1 Introduction

Devices made from organic semiconductors today rival inorganic devices in niche areas
such as displays and flexible photovoltaics. The unique photophysical properties such as tunable
bandgap, high exciton binding energy and thermal independence along with the ability to deposit
materials in the form of thin films make organic semiconductors particularly suitable for the above
energy conversion applications. These unique properties of organics when compared to inorganic
materials primarily arise from the difference in the nature of chemical existence. While inorganics
are mostly crystalline solids with covalent or ionic bonds, organics are dominantly covalent

bonded molecular solids.

Not surprisingly, investigations to understand the organic-inorganic semiconductor
interfaces, especially in terms of energy transport has gathered a lot of interest of the research
community.r” 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.®° However, energy dynamics associated with the Frenkel excitons

14



in organics and Wannier-Mott excitons in inorganics at the hybrid heterojunctions remains an
untrespassed area and the prime motivation of this research. The hybrid heterojunctions offer a
unique platform to study unknown rich physics associated with ET processes and could open

plethora of applications ranging from biochemical sensing, ambient lighting, photovoltaics to

beyond CMOS devices.
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Figure 2.1 Spectral alignment of MoS2 and TDBC j-aggregate. (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 MoSz absorption. A and B excitonic resonances
of MoS: 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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In this work we fabricate a hybrid photodetector based on an organic-inorganic
heterojunction and use it as a platform to study the 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 2.1a . The expected head-to-tail arrangement of
molecules in j-aggregates is identified by the narrow and intense absorption spectrum.®13 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 Error! Reference source not found.b.* The peak absorption coefficientc
an be as high as 10% cm™* for a thin film of 5 nm.12 These light sensitive aggregate films have been
utilized to enhance the photocurrent of inorganic nanowires, where the organic molecules act as
donors and the inorganic semiconducting nanowires as acceptors, giving rise to a presumably

efficient charge transfer across their interface.®

We use monolayers of MoSz, 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. It belongs to the well-known
class of van der Waals materials known as transition metal dichalcogenides (TMDs) that not only
exhibit layer by layer two-dimensional structure, but also support a semiconducting bandgap that
can be utilized for designing optical devices.!®1° These materials are characterized by a stable
room temperature Wannier-Mott exciton, high absorption of light per monolayer, valley degree of

polarization and strong non-linear optical response. Numerous applications including
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photodetectors,?2° field effect transistors,'®30-37 light emitting diodes,?83338-40 and solar
cells?27:3441-43 have been demonstrated, establishing its potential as a future optoelectronic material
platform. As shown in Figure 2.1b, the B excitonic** absorption peak of MoS:2 has high spectral
overlap with the j-aggregate PL emission. The inset in Figure 2.1b 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).*>#¢ 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 2.1b 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,*’~°° 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.
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Figure 2.2 Monolayer MoS: photodetector sensitized by TDBC j-aggregate. (a) The
schematic diagram of the device. (b) PL emission spectra from TDBC j-aggregate, monolayer
MoS:, and monolayer MoSz/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 MoS:

monolayer by TDBC j-aggregates.
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2.2 Results and discussion

2.2.1 Device fabrication

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
pm to 200 um. 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.>! 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 2.2a. J-aggregate film was deposited on
top of the monolayer MoS:2 using layer-by-layer deposition by immersing the device alternately in
TDBC and polyelectrolyte solutions.*? A thin film of 5.5 bilayers was deposited on all devices.

Further information on device fabrication can be found in methods section.

2.2.2 PL spectra analysis

The PL spectra of monolayer MoSz, TDBC j-aggregate, and MoSz/j-aggregate at a constant
excitation density are shown in Figure 2.2b. A significant decrease in the emission intensity of j-
aggregate was observed in coupled MoSz/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
MoS:2 layer through Forster Resonance Energy Transfer (FRET).#7495052 ET through charge
exchange can also occur at short distances due to wave function overlap through Dexter

mechanism (DET).5® Both mechanisms result in the significant decrease of j-aggregate PL
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emission intensity, as seen in Figure 2.2b. 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? due to type I1
energy band alignment between two materials (Inset of Figure 2.3a shows the optical band gaps).
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 2.2b. The hetero-junction PL shows a red shifted
trion peak and a reduced neutral exciton peak intensity suggesting n doping of MoS: by j-aggregate

thin film. This agrees well with reported work on doping dependent PL of TMDs.>+5°
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Figure 2.3 Enhanced photoresponse of monolayer MoS:2 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 MoS: and
TDBC j-aggregate show type Il 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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2.2.3 Photoresponse characterization

The photoresponse of the intrinsic MoS2 devices were measured under room temperature
and ambient condition. An on/off ratio of 10" 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
MoS:), contributing to the enhancement of the photoresponse of MoS2 monolayer photodetector.
Figure 2.3a 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/cm?). As expected, higher photocurrent Iph, which is defined as (light — ldark), 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.

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 2.3b. 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.®® 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).565” 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
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there is a small enhancement contribution to photoresponsivity at shorter wavelengths due to ET
from the long absorption tail of the j-aggregate as shown in the spectrum in Figure 2.1. 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 MoS: is mostly due to photoconductivity gain. The enhancement due to
ET, defined as the ratio of change in photoresponsivity after depositing j-aggregate (ARgr) to the

original bare MoSz (Ry,s,) photoresponsivity is given by:

ARtotal_ARphotoconductivit.“y _ ARET (2 1)

Epgr =
RMOSZ RMOSZ

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 MoS:2 (confirmed from
reflectivity measurements in Figure 2.4). Similarly, red shift in MoS2 A excitonic resonance was
also observed upon j-aggregate deposition as shown in Figure 2.3b due to the change in the

dielectric screening. Similar shift is expected for B excitonic resonance as well.
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Figure 2.4 Reflection spectra (—AR/R) of j-aggregate deposited on monolayer MoS:
transistors and bare j-aggregate film from nearby region (same Si/SiO2 substrate). The
differential reflection is directly proportional to absorption. D1 and D2 represent two adjacent
different devices. Red shifts of j-aggregate absorption were observed for both devices in the

heterointerface region.
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Figure 2.5 FRET efficiency between monolayer MoS: 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 MoSz. (b) FRET efficiency as a function
of separation between MoSz monolayer and j-aggregate film. The solid line denoted the expected
dependence using FRET theory. At 0 nm (no h-BN spacer), both FRET and DET contribute to the

enhancement.
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2.2.4 FRET across hybrid interface

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 2.5a 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%859, 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 (Egr = Epggr). We observed enhancement of
MoS:2 PL for samples with thin h-BN spacers (1.6 nm) confirming suppression of charge transfer
and dominance of FRET (Figure 2.6). FRET is a non-radiative emission-reabsorption process
through a virtual photon that can occur within 10 nm of donor-to-acceptor distance.>® To compare
various devices, an optical excitation spot of 10 um in diameter was used to illuminate specific
regions of the sample and the devices were measured at a fixed current density of 10 A/um? and

a gate voltage of 10 V. Table 2.1 shows the enhancement for various devices.

Table 2.1 Photoresponsivity enhancement as a function of MoS2 and j-aggregate distance.

MoS; and J-aggregate distance (nm) 0 1.6 2 3 5 10

Enhancement (100%) 93.245.8 | 67.3£5.2 | 32.744.5 | 10.3+4.2 | 2.74£3.1 | 0.3£1.5
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The FRET efficiency (nzggr) can be derived from the responsivity enhancement by:

_ EpgRer 29
NFRET 6351412 (2.2)

where n; = 0.2 is the quantum yield of j-aggregate,*® x? is the dipole orientation factor,% 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 MoS: and j-aggregates
are limited in-plane, we estimated the dipole orientation factor to be 0.7 (refer methods section)®
63, This is slightly higher than the generically used value of 2/3 for isotropic case. Error! R
eference source not found.b 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:

1
NFRET = T[Ty e (2.3)

where r is the donor-to-acceptor separation, and R is the Forster 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®. Our
experimental results show a smaller FRET distance in this hybrid organic-inorganic system which
tallies with previous theoretical study. 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 4b 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 MoS:
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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.
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Figure 2.6 PL spectra of bare monolayer MoS: and MoS:/j-aggregate hybrid layers
separated by 1.6 nm h-BN. The PL intensity of MoS2 A exciton peak at 665 nm was significantly
enhanced after j-aggregate deposition due to efficient FRET effect. The charge transfer between
two materials was suppressed by the h-BN layer.
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2.3 Conclusion

In this work, we investigated the ET mechanism between a TDBC j-aggregate and
monolayer MoS2. Due to the near perfect spectral overlap between TDBC j-aggregate and MoSz,
93 £ 5 % photoresponsivity enhancement was observed. This enhancement is attributed to FRET
and Dexter charge transfer between j-aggregate thin film and monolayer MoS2. By measuring the
responsivity enhancement in a photodetector made using the hybrid organic-inorganic interface
for various separation distances, a Forster radius of 1.88 nm was estimated. Such short FRET
distance is primarily due to atomically thin TMD structure as well as the small exciton Bohr radii
in both the material systems. This work provides a comprehensive and systematic approach of
studying the ET mechanism across organic-TMD interfaces that will help improve performances
of energy conversion devices. At the same time, it demonstrates the feasibility to fabricate dye
sensitized TMD photodetectors with highly enhanced responsivities. While direct bandgap and the
atomically thin existence with room temperature stable exciton make TMD’s a prosperous
optoelectronic material system, organic-TMD heterointerfaces allow us to further enhance the
performance and provide control over desired optoelectronic properties. We envision these results
to pave ways for further research in understanding the co-existence of Wannier Mott and Frenkel

excitons as well as designing next generation energy efficient optoelectronic devices.
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2.4 Methods

2.4.1 Phototransistor fabrication

MoS2 and h-BN were exfoliated from synthetically grown crystals (2D Semiconductors) and
then transferred onto Si/SiO2 substrates using PDMS stamps (Gel Pak PF films). Potential
monolayer MoS2 samples were identified by optical contrast using Nikon upright microscope, and
further confirmed using PL and Raman spectroscopy using 532 nm CW laser excitation and
Princeton Instrument spectrometer (IsoPlane 320). The thickness of h-BN was measured using
AFM (ICON AFM). Contact electrodes were then fabricated using photolithography, followed by

metal deposition (Cr/Au with thicknesses of 10/90 nm) and lift off process.

2.4.2 TDBC j-aggregate deposition

TDBC J-aggregate films were prepared using layer-by-layer assembly with alternate
polyelectrolyte (PDAC) and dye (TDBC) deposition. Both chemicals were purchased from Alfa
Chemistry. The samples were first immersed into PDAC solution (3*10-2 M) for 15 minutes and
rinsed in three beakers of DI water for 2, 2, and 1 minutes respectively. The samples were then
immediately transferred to the TDBC solution (5*10-> M) followed by the previous rinse routine.
After 5 cycles, the samples were deposited with the final layer of electrolyte. To ensure uniform
deposition of j-aggregate film onto the device, PL measurements were performed on random spots

across the sample using a 532 nm CW laser excitation.

2.4.3 Absorption measurement
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MoS2 monolayer sample was prepared on a transparent PDMS-glass slide substrate. Fiber-
coupled broadband light from a tungsten-halogen source was used to illuminate the sample and
the transmitted light was collected and analyzed using a spectrometer (Princeton Instruments
Spectrometer (Isoplane 320)). Transmitted/reflected spectrum from the monolayer and a
background spectrum from a nearby region without the monolayer were measured. The dark
current background signal was subtracted from both sets of data. If these two sets of data are T:
(flake) and To (substrate), the transmittance (T) is defined as T1/To. Absorption is defined as A =
1-T-R. A 10X, 0.3 NA objective provided a spot size of ~4 um for the measurements. All
measurements were performed at room temperature. The j-aggregate absorption measurement was

performed using a Perkin EImer UV-Vis absorption spectrophotometer (Lambda 650).

2.4.4 Device testing

A probe station was used to measure the 1V characteristics of the devices (2900 series source
meter units from Keysight Technologies). The photoresponse of devices were measured by
scanning a monochromator (Cornerstone 260, Newport Corporation) and detecting the
photocurrent using a lock-in amplifier (SR830, Stanford Research Systems). A low noise current
preamplifier (SR570, Stanford Research Systems) was used as an intermediate stage. The chopped
monochromator light was coupled through a multimode fiber and delivered onto the sample using
a 20X objective. The spot size was approximately 10 pum on the devices. The monochromator
delivered an average power between 0.1 uW to 0.15 pW for the scan range of 450 nm to 750 nm
at a wavelength resolution of 5 nm. An inert nitrogen environment around the probe station was
created using an enclosure to avoid photo-oxidation of j-aggregates. Prior to start of the

experiments, the enclosure was purged using ultrapure nitrogen (99.9999 %) for 30 minutes.
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2.4.5 FRET equation derivation

J-aggregate dipole
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Figure 2.7 Possible dipole orientations of donor (j-aggregate) and acceptor (MoSz). The
orientation factor is maximum at head-to-tail arrangement and is minimum at parallel stacking.

Enhancement as defined in equation 2.1 can be written as:

Ajen i snpreT*IQEMos,
AMos, *IQEMos,

Epgpr =

where 7); is the quantum yield of j-aggregate, «* is the orientation factor for transition dipoles,
nerer 1S the FRET efficiency, 1QEy,s, is the internal quantum efficiency of MoSz, and 4; and
Apos, are the absorption of j-aggregate and MoS: respectively. The numerator represents the

photocurrent increase from the light absorbed by j-aggregate and successfully transferred to MoSa.
The denominator represents the photocurrent of bare MoSz. The FRET efficiency can be obtained

from this equation based on our measured data and references.

The isotropic average value of x?2 is 2/3 and has been taken in most FRET studies. However,

this is not a valid assumption in our case of interacting thin films consisting of layer by layer
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deposited j-aggregate and 2D MoS2. We model them as 2D films and the donor and acceptor
dipoles are considered to be randomly distributed in the 2D plane as shown in the following Figure

2.7.

Two extreme cases are demonstrated with one in parallel stacking and the other head-to-tail

arrangement. The k2 value is given by:
K2 = [7p 4 — 3(ng  1p) (g - )PP

The x? value is 1/2 for parallel case and 5/4 for head-to-tail case. In our j-aggregate - MoS:
interface the value should be intermediate since there may be multiple j-aggregate dipoles coupling
to each MoS: dipole with varying ny and polar angle ranging from 0 to 7z /2. The average value of

0.7 was estimated and used in our FRET calculation.
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Chapter 3 Energy Transport of Hybrid Charge Transfer Excitons

3.1 Introduction

Hybrid systems constructed by interfacing organic and inorganic semiconductors provide a
platform to combine unique photophysical, electronic and mechanical properties that do not
normally coexist in the individual material systems.' For instance, organic semiconductors are
widely recognized for their strong absorption but relatively poor charge mobility. On the other
hand, inorganic semiconductors are known for their remarkable charge transport properties but
lack the strong photophysical properties commonly associated with organics. Recently, molecular
semiconductors integrated with 2D transition metal dichalcogenides (TMDs) to form hybrid
heterostructures have been reported.®° TMD monolayers are ideal materials to form such hybrid
heterostructures due to their low dimensionality, which enables easy access to unique properties
absent in its bulk form, and its van der Waals (vdW) nature without dangling bonds on the 2D
surface. With their atomic layers weakly bound by van der Waals forces, vdW solids do not suffer
from elemental diffusion at the interface or lattice mismatch between different materials, thus
offering enormous choice of combinations. As a result, organic-TMD hybrid heterostructures have
recently gathered a lot of interest, especially in understanding the charge generation and separation

processes. 1013

The charge transfer process has been found to be extremely fast (on the order of a few pico-

seconds or less)11413-15 across type-11 hybrid organic-TMD heterointerfaces. Due to the interfacial
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Coulomb potential, the spatially separated electron and hole form a tightly-bound excitons with
binding energies of hundreds of millielectron volts.®!4 While such interlayer excitons, also referred
to as hybrid charge transfer excitons (HCTES), 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.4

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 3.1 shows a schematic illustration of the hybrid 2D interface. J-aggregates are formed
from fluorescent molecules and can be identified by their narrow and intense absorption
spectrum.® The absorption spectrum of TDBC shifts from a broad monomer band centered at
around 515 nm to a strong and narrow j-band peaked at 592 nm. We use monolayer MoS: as the

inorganic material due to its atomic scale two-dimensionality and the excellent spectral overlap
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with TDBC j-aggregate’s emission spectrum. The narrow and intense emission spectrum of the j-
aggregate molecules closely overlaps with the absorption peak of monolayer MoS:2 at 595 nm,
resulting in efficient Forster resonance energy transfer (FRET) across the hybrid interface (refer
Figure 2.1b).1” Such efficient energy transport 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.'® The details of the fabrication procedure can be

found in the methods section of Chapter 2.

Organic Hybrid Charge Inorganic
Transfer State
Pump “: Pump

Figure 3.1 Hybrid charge transfer excitons (HCTES) in hybrid TDBC j-aggregate and MoS:
2D interface. The HCTEs consist of electrons from MoS:2 conduction band and holes from j-
aggregate’s HOMO.
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3.2 Results and discussion

3.2.1 PL spectra of HCTEs

Figure 3.2 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 11 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 as seen in Figure 3.3. 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 3.4 shows the spectrally-integrated PL intensity map
of HCTE emission under 532 nm CW photoexcitation. The emission of the HCTE state is observed
across the entire MoS: flake as confirmed by the inset micrograph image of monolayer MoS2 on

cover glass.
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Figure 3.2 PL spectra of monolayer MoS: (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 11 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.

44



' T ’ T
10000 ~— Hybrid .
Bare TDBC j-aggregate
Bare monolayer MoS,
8000 — .
)
2
>
3 600+ -
1}
=
-
o
4000 — .
2000 | .
/\ \'_,——-\\;
0 - — T ! T
600 700 800
Wavelength (nm)
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Figure 3.4 PL peak intensity map of the hybrid MoS2 and j-aggregate at the HCTE
wavelength range. The HCTE emission is observed throughout the entire MoS: flake as

confirmed by the inset optical image of the monolayer.
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3.2.2 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 3.5a. 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 MoS:’s A exciton’s lifetime. Inset of Figure
3.5a 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, as shown in Figure 3.6.

Next, we monitor the excitation density dependent TRPL of the HCTE as shown in Figure
3.5b. 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; %%

on

== - R, (31)

where n is the HCTE density, ris the exciton lifetime, and R, is the Auger coefficient. We note
that the TRPL data shown in Figure 3.5a and 3.5b were obtained by summing up the PL intensities
of all the spatially diffused excitons (integrating the corresponding temporally and spatially
resolved PL intensity maps, similar to the one shown in Figure 3.8, over the spatial coordinate),

eliminating the need to include the diffusion term in equation (3.1). We define the HCTE density
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as n = ono, where no and n are the density of absorbed photons and corresponding HCTEs
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:?°

IPL (Tl) o In(1+(M)R47) 1 (32)

Ry T

We fit the experimental data with equations (3.1) and (3.2) simultaneously and extract the HCTE
formation efficiency of 40% and an Auger coefficient of 0.005 cm?/s. The fitting curves obtained
from the solution to equation (3.1) given by

No

(Da+nor]_pp 2

n(t) = (3.3)

and equation (3.1) and (3.2) are shown as solid lines in Figure 3.7a and 3.7b, 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 MoS:2 4 exciton. The technique outlined here demonstrates a
simpler alternative to the complex pump-probe techniques typically used to estimate exciton

formation efficiencies.
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Figure 3.5 Lifetime 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.
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Figure 3.7 Formation efficiency of HCTEs. HCTE lifetime fitting with (c) exciton
recombination rate and (d) PL yield. Both equations are functions of the Auger constant Ra,
exciton lifetime t, and HCTE density n (ano). 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 o that can satisfy both equations with identical Auger
constant Ra. HCTE formation efficiency of 40% and Auger coefficient of 0.005 cm?/s were
estimated.
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Figure 3.8 Visualized transport of j-aggregate exciton, MoS2 A exciton, and HCTE. (a)
Temporally and spatially resolved exciton density map of j-aggregate exciton (top), MoS2 A
exciton (middle), and HCTE (bottom). 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. (b) Normalized exciton 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 0.85um) while MoS2 A
exciton has the smallest (FWHM of 0.6um).
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Figure 3.9 Transport properties of j-aggregate exciton, MoS2 A exciton, and HCTE. (a) 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. (b) Time dependent
diffusion coefficients. HCTEs diffuse an order of magnitude faster than MoS2 A excitons. J-
aggregate excitons are immobile.
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3.2.3 Transport of HCTEs

Figure 3.8a shows the temporally and spatially resolved PL intensity map of HCTEs
obtained using a diffusion imaging microscope reported in our earlier work?! (excitation fluence
of 3.2 wJ/cm? and a corresponding HCTE density of 3.52x10*! cm using a pulsed 405 nm laser).
Figure 3.8b 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:*°

ni x?
n(x,t) = Vaopt ¢XP (202 (o)+4Dt) (34)

where D is the diffusion coefficient, ni is the initial total exciton density, t denotes the time, and
20(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 [Ax2(t)] = o2 (¢t) —
a2(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 [Ax?(t)] = Gt#, where G and S
are the transport factor and anomalous coefficient,?? respectively. The time-dependent diffusion

coefficient is then defined as D(t) = (aGtf~1)/2.

Figure 3.9a and 3.9b 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 MoS: A excitons
(we note, that while j-aggregate excitons do not diffuse much, the initial exciton density
distribution is largest (0.85 um with 0.5 um excitation spot) for j-aggregates, as seen in Figure 3.8.

This is consistent with reported ultrafast diffusion of excitons in j-aggregates in short time scales
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that are not captured in the current experiments).?®> We notice a non-linear evolution of MSD for
HCTEs, characterized by two regimes (after the formation of HCTE states) (1) 40-150 ps (110 ps)
of highly mobile HCTEs, and (llI) slow moving HCTE states where diffusivity appears to
asymptote to 0.77 + 0.21 cm?/s, a value that is higher than MoSz 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 transport.?* Auger broadening is caused by exciton-exciton annihilation.?> 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 3.52x10* ¢m?
(refer to Figure 3.10). 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 3.5a, we attribute the
transport observed in regime | to be dominated by hot HCTE states. The higher diffusivity
observed prior to regime | 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).
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However, in this case, we would expect the diffusivity to be similar to that observed prior to regime
| and relaxation time to be much shorter, further justifying that the observed transport is from

HCTEs.
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Figure 3.10 Estimated Exciton-exciton annihilation contribution (dotted curves) for each
HCTE density. The process is solely dependent on the exciton densities. We note that the effect
of Auger broadening is overestimated since contribution of diffusing excitons is completely
neglected.
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Transition time after HCTE formation (ns)
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Figure 3.11 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 4x10% cm-2.

3.2.4 Excitation energy and density dependent HCTE transport
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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 3.11a and 3.11b. The curves with the same color from Figure
3.11a and 3.11b 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 3.11a are the HCTE densities. Furthermore, the ratio of average power
of the 520 nm to 405 nm lasers remained constant (2.7 + 0.12) throughout the measurements (refer
Figure 3.12), confirming that the contribution from Auger broadening remained identical for each
excitation fluence as the Auger scattering rate is proportional to exciton density only.?> 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 11 (cold)
was higher for 405 nm excitation than 520 nm excitation as shown in Figure 3.11c, further

supporting the existence of hot HCTEs as discussed in the next section.
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Figure 3.12 The ratio for average power of 520 nm to 405 nm laser that were used to create
the same emission rate of HCTESs. The ratio of average power of the 520 nm to 405 nm lasers
remained constant 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.
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1. Charge transfer across the interface
2. Hot carriers relaxation and hot excitons formation
3. Hot excitons relaxation to cold excitons

‘VOT) O HOMO

MoS, TDBC J-aggregate

Figure 3.13 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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3.2.5 Relaxation dynamics of HCTEs

Figure 3.13 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 MoS: is a
very fast process and based on other reports,’1>2% we expect charge transfer to occur within the
first few picoseconds after optical excitation® across the hybrid interface due to the favorable
energy band alignments and form high energy HCTESs. The higher HCTE states have lower binding
energy than MoS:z 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 3.13) governed by exciton-phonon interactions.?6-3! If the dielectric screening is small,
the direct effect of the dipole field can dominate, and so the polar 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 methods
section. 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 uJ/cm? as seen in Figure 3.9a and 3.14. 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 Frohlich and deformation potential interactions for MoS2 A and HCT excitons with

optical and acoustic phonons.

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

coupling constant § that depends on the carrier mass and the dielectric environment.3>37 An
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estimate of the exciton-phonon Frohlich interaction strength can be obtained with a modified

version of the Fréhlich coupling constant defined as:

e? 2M (1 1)
2h| hwro \Ex0 €9

where ¢o is the static dielectric constant, ¢« is the optical dielectric constant, M is the translational

5=

(3.5)

mass, and wLo is the LO phonon angular frequency. A larger § 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 Fréhlich constants depends solely on the ratio of the exciton translational masses,

as shown below:
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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 MoS: excitons since HCTEs are characterized by their
exceptionally high diffusivities, as shown in Figure 3.9b. 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 Fréhlich coupling of
HCTEs to be weaker than the Frohlich coupling of MoS:2 excitons, resulting in a longer relaxation
time for HCTEs. However, the Fréhlich coupling constant of MoS:2 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 Frohlich interaction
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is the dominant exciton-phonon scattering mechanism until the exciton’s excess energy drops
below the optical phonon energy. Once below the optical phonon energy, the excess exciton energy
is relaxed via the slower acoustic phonon scattering process (relaxation time for MoS: 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 MoS: 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):
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While we are unable to explicitly calculate the ratio of acoustic phonon scattering rates of
HCTE and MoS: excitons due to the unavailability of hole deformation potentials and effective
mass of TDBC J-aggregates, based on our experimental observations and supplementary Figure
3.14, 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 MoS: 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 as shown in Figure 3.14. 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 in the methods section are estimates based on the expressions for carrier-

phonon scattering and do not take into account other many-body interactions that may affect the
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relaxation dynamics of MoS: excitons. Therefore, those calculations serve as a qualitative rather

than quantitative guide to explain our observations (see methods section Figure 3.16).

Moreover, for a given optical phonon Frohlich 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 4c.
Furthermore, we observe that the time for HCTES transport to transition from regime I to regime
Il 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.383° The transition time begins to
saturate for higher excitation densities, which is possibly due to Auger recombination as more
excitons begin to annihilate.?* This is consistent with our data in Figure 3.14 as contributions from

Auger scattering become non-negligible at high exciton densities.
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Figure 3.14 Power density dependent MSD curves and the fittings (black lines) for j-
aggregate excitons, bare MoS2 A excitons, MoS2 A excitons in the hybrid layers, and hybrid
CT excitons with power densities of 3.2 pJ/cm? (left), 6.4 nJ/cm? (middle), and 9.6 pJ/cm?
(right). Two primary diffusion regimes are observed as (i) hot excitons fast transport, and (ii) cold
excitons post-relaxation transport. The cross section of the fitting lines of region (i) and region (ii)
of the MSD curve defines the relaxation time of hot excitons. Longer relaxation times of CT
excitons are observed regardless of power density. By comparing the relaxation times (T) of bare
MoS:2 A excitons and hybrid CT excitons, we obtain ratios (Tct/Twmoes2) as 1.52, 1.45, and 1.41,
respectively.
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3.3 Conclusion

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 with optical phonons. Based on the estimated relaxation time for acoustic and
optical phonon scattering processes via deformation potential and Frohlich 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 MoSz 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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3.4 Methods

3.4.1 Sample preparation

MoS2 monolayers are exfoliated from synthetically grown crystals (2D Semiconductors) and
then transferred onto Si/SiO2 and cover glass substrates using PDMS stamps (Gel Pak PF films).
Potential monolayer MoS2 samples were identified by optical contrast using Nikon upright
microscope, and further confirmed using PL and Raman spectroscopy using 532 nm CW laser
excitation and Princeton Instrument spectrometer (IsoPlane 320). TDBC J-aggregate films were
prepared using layer-by-layer assembly with alternate polyelectrolyte (PDAC) and dye (TDBC)
deposition. Both chemicals were purchased from Alfa Chemistry. The samples were first
immersed into PDAC solution (3*10-2 M) for 15 minutes and rinsed in three beakers of DI water
for 2, 2, and 1 minutes respectively. The samples were then immediately transferred to the TDBC
solution (5*10° M) followed by the previous rinse routine. After 5 cycles, the samples were
deposited with the final layer of electrolyte. To ensure uniform deposition of j-aggregate film onto
the device, PL measurements were performed on random spots across the sample using a 532 nm

CW laser excitation.

3.4.2 TRPL measurements for each exciton species

The TRPL dynamics are measured using time-correlated single photon counting (TCSPC)
technique with a pulsed 405 nm laser. We specify each exciton species by using different filters
for each measurement: j-aggregate’s singlet excitons (595 nm) with 600 nm short pass filter, MoS2
A excitons (670 nm) with 650 nm long pass and 700 short pass filters, and HCTEs (760 nm) with

750 nm long pass filter.

65



3.4.3 Energy levels calculation of TDBC j-aggregate

The TDBC monomer was simulated using density functional theory (DFT) (Gaussian 09)
with the B3LYP hybrid functionals. The basis set used was 6-31G. The simulation was performed
by neglecting the effects of environment. For the TDBC monomer: HOMO Level: -0.21754
Hartree = -5.92 eV and LUMO Level: -0.10465 Hartree = -2.84 eV. The electronic structures of
TDBC monomer in HOMO state and LUMO state are shown in Figure 3.15. We then model the
J-aggregates as a linear chain of TDBC molecules. The TDBC molecules are considered perfect
2-level systems and we consider only nearest-neighbor interaction. Additionally, we consider only
the lowest energy transition of the 1-exciton band. This assumption is reasonable since this
transition is responsible for 81 % of the oscillator strength?®. In our calculation, the effect of
internal vibrations of the monomers is neglected. One can easily show that electronic transitions
in J-aggregates is decoupled from the vibrational modes*:. We calculate the eigen-frequencies

using the tight-binding model, usually used to calculate the band structure in crystals:
0, = Wmonomer + 2Vcos(N”—J':1), where wpyonomer 1S transition energy of the monomer, V is

nearest-neighbor coupling factor, N is molecules over which the exciton is delocalized. We
calculate the intercoupling factor V from empirical data. From the reference [40], we know that
the aggregate fluorescence is at 2.1 eV and the monomer fluorescence is at 2.3 eV. Considering N
>> 1, we arrive at an energy difference related to 2V. This gives us an intercoupling factor of -

806.55 /cm or -0.1 eV. Due to nearest-neighbor interaction, there would be down-shifting of the
LUMO level. Hence, the new LUMO level would be: E; ;o = —2.84 + 2(—0.1)cos(%) =

—3.036 eV.
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HOMO LUMO

Figure 3.15 Electronic structures of TDBC monomer in HOMO state and LUMO state. The
dark green areas are negatively charged, while the dark red areas are positively charged.

3.4.4 Relaxation dynamics of hot HCTEs through phonon scattering

The relaxation dynamics of excitons via phonon interaction can be quantitatively estimated
by employing the scattering rate expressions developed for carrier-phonon scattering with the
substitution of exciton translational mass for carrier effective mass. As discussed in the main text,
the energy of HCTE is initially dissipated by ultrafast optical phonon scattering via the Fréhlich

interaction. The Frohlich constant that describes the strength of the exciton-optical phonon

5= e? 2M(1 1) .
2R Aw \ew & (3-8)

where ¢o is the static dielectric constant, . is the high-frequency complex optical dielectric

interaction is given by*?43

constant, M is the translational mass, and wco is the LO phonon angular frequency. A larger §
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suggests higher strength of exciton-phonon interactions that will facilitate the transition from the
hot state to the cold state. In addition, the exciton-phonon scattering rate in two-dimensional
semiconductors can be further estimated using the approximate expression for the absorption and

emission of optical phonons**:

1 tdw
~ zo [npo + (npo + 1)O(E — hwyp)]

kLo 14 ﬁ (3.9)
0

where Ey is the exciton energy, n,, = [exp(hw,o/kgT) — 1]71 is the distribution function of

phonons at temperature T, L, is the layer thickness, and L, is a constant with dimensions of length

h
Lo = /zmw (3.10)

The Heaviside function ©(Ey — hw;o) ensures that excitons with sufficient energy can emit

and is defined as

optical phonons whereas there is no energy threshold for the absorption of optical phonons. For a
two-dimensional Boltzmann distribution of hot excitons at temperature T, the average scattering

time is generally given by

B 2 e 1 €k — /L
(k) = —mf dey Ty (kB_T_§>‘/6_keXp <_kB_T> Ly = 2Mw,, (3.11)

And for the Frohlich interaction, the average scattering time is specifically given by
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Simultaneously, hot HCTEs may relax their excess energy by optical phonon scattering via the
deformation potential interaction. The scattering rate for the absorption and emission of LO
phonons via the deformation potential interaction is given by

_ M(Boe — Bop)’
Tk,LO h2pwo

[nLo + (no + DO(E — hwyo)] (3.13)
where E, ., are the zeroth-order deformation potentials of electron and hole and p is the mass
density. Similarly, for a two-dimensional Boltzmann distribution of hot excitons at temperature T,
the average scattering time via the deformation potential interaction is given approximately by
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Finally, once the energy of hot excitons has decreased below the energy of optical phonons, the
remaining excess energy may be relaxed via acoustic phonon scattering via the deformation
potential interaction. The scattering rate for the absorption and emission of LA phonons via the

deformation potential interaction is given by
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where Z, . , are the first-order deformation potentials of electron and hole, and s, 4 is the speed of
sound. Since the scattering rate is independent of the energy of the excitons, the average scattering

rate is simply given by

ph’st,

M(Ey, — E1p) ksT (3.16)
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The average scattering time of MoS:2 excitons by acoustic and optical phonons via deformation

potential and Frohlich interactions are shown below.
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Figure 3.16 Average exciton-phonon scattering times in Monolayer MoS2. APDP, OPDP, and
OPFI stand for acoustic phonon deformation potential, optical phonon deformation
potential, and optical phonon Frohlich interaction, respectively. The material properties used
in this calculation are summarized in Table 3.1.
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Table 3.1 Material properties of MoS2 used to calculate average exciton-phonon scattering times.

* * *

ms my, my hw;o

[1]
[1]

-
3
—

1,h Ex
& é
(my) | (mgy) | (mg) | (meV) | (eV/em) | (eV/ecm) | (eV) | (eV) at 3eV

0,e 0,h 1,e

0.516 | 0.58% | 0.27 | 48.9% | 5.8x10%¢ | 4.6x1086 | 4.5¢ | 2.5 | 15.57 | 3+13i’ | 9.53

At 300 K, the Frohlich interaction dominates the exciton-phonon scattering, and the excess
energy of hot excitons in MoS2 can be quickly relaxed in sub-picosecond time scales. Once below
the optical phonon energy, the excess exciton energy is relaxed via acoustic phonon scattering.
While unable to calculate the average scattering times of HCTESs due to the unavailability of the
carrier’s effective masses of TDBC J-aggregates in the literature, we believe the relative order-of-
magnitude difference between the scattering times due to optical and acoustic phonon scattering
of HCTEs is similar to that of MoS2 excitons. As a result, we expect that HCTES relax their excess
energy first by optical phonon scattering via the Frohlich interaction followed by acoustic phonon

scattering.

We can estimate the relative strength of the Frohlich and deformation potential interaction
between MoS:2 and HCTEs with optical and acoustic phonons, respectively by calculating the ratio
of their Frohlich coefficients and scattering rates. For instance, with the assumption that MoS: and
HCTE interact with the same type of phonons and experience similar dielectric environments, the
ratio of their Frohlich coefficients depends solely on the ratio of the exciton translational masses

according to
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Similarly, the ratio of acoustic phonon scattering rates via the deformation potential interaction of

MoS:2 and HCTEs depends on their elastic properties, the translational exciton masses, and

deformation potential differences according to
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Since HCTE are characterized by their exceptionally high diffusivities, as shown in Figure 3.9b,
we expect that the translational mass of HCTE is considerably lower that the translational mass
of MoS: excitons. As a result, we expect that the Frohlich coupling of HCTE be weaker than the

Frohlich coupling of MoS:2 excitons.

Similarly, we expect that the scattering rate of HCTE by acoustic phonons be lower than the
scattering rate of MoS: excitons. While unable to explicitly calculate the ratio of acoustic phonon
scattering rates of HCTE and MoS: excitons due to the unavailability of carrier deformation

potentials of TDBC J-aggregates in the literature, based on our experimental observations and

)
& LA/ o

supplementary Figure 3.14, we are able to estimate this ratio to be about ( ~ 0.7, which

)
kLA’ po S,

corresponds to the ratio of the times at which the mean squared displacement curves’ slopes
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transition from their initial (high) to final (low) value. We associate these transitions times with
the average exciton-acoustic phonon scattering times that characterized the hot exciton energy

relaxation in our observed pico-second time scales.

We note that assumption of identical elastic properties of MoS2 and TDBC j-aggregate was
made to illustrate that the ratio of phonon-exciton scattering rates in the hybrid structure and MoS2
cannot be calculated explicitly due to the unavailability of hole deformation potential and effective
mass of TDBC j-aggregates. Based on classical mechanics, the elastic properties (Young’s
modulus) of the crystalline inorganic is a couple of order of magnitude higher than organics and

so the elastic properties should be dominated by MoS..

We can eliminated such assumption and explicitly include the elastic properties of both
material in Eq. (7), mass density and speed of sound, but doing so does not provide any more
information because the deformation potential and hole effective mass of TDBC j-aggregates are
still unknown. Therefore, with or without the assumption of similar elastic properties, based on
our experimental data, we can only provide an estimate of the ratio of acoustic phonon-exciton
scattering rates of TDBC j-aggregates and MoS2, which we showed to be about 0.7. That is, we
estimated that HCTEs relax their excess energy via acoustic phonon scattering at a rate that is
about 70% of the rate of M0oS2 excitons. As stated in the main text, this value corresponds to the
ratio of the times at which the slopes of the MSD curves transition from their initial to final values

as shown in Figure 3.14.
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Chapter 4 Self-erasable and Rewritable Optoexcitonic Platform

4.1 Introduction

Data processing and communication technologies have been growing exponentially in the
last three decades. While the advancement in nanofabrication and metrology has significantly
contributed to the growth, it has also contributed towards ability to reverse engineer products that
result in enormous economic and intellectual property losses. Furthermore, the added vulnerability
of the systems that utilize such products is a major concern for security applications. Thus, the
requirement of an anti-tamper hardware at the systems level to detect possibility of espionage in
secured communications, especially during remote operation cannot be underestimated. This is
especially true since the semiconductor industry is plagued with counterfeit and tampered 1Cs'>,

detection of which has become a major challenge.

The requirement of anti-tamper hardware can be categorized at various levels depending on
the period. For instance, one may require products to be authenticated over long- or short-period
of time without knowing precisely which part was tampered and/or when in a system. On the other
hand, complete information transcription may be required to pinpoint the tampered component.
Long-term hardware authentication is required over the lifetime of the product whereas short-term
authentication of hardware is required during transitions such as transportation from one facility
to another, tracking during lending period, etc. Hence, long-term authentication platform requires
a one-time writing capability followed by multiple read cycles whereas short-term authentication
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of hardware requires a rewritable information storage platform with self-erasing capability over a
period of time. It is even more attractive, if the self-erasing volatility of the platform is dependent
on environmental condition such as exposure to light, heat, etc. to further limit the scope of
interference. Such platforms are inherently self-powered by the nature of operation and hence offer

high reliability during the authentication process.

Optical and more particularly excitonic techniques that are based on optical transitions in
semiconductors present an attractive solution for short-term authenticity. We demonstrate a new
technique based on excitons that can be used to sense environmental changes in temperature/light
to detect hardware tampering. In conjunction with organic molecules based on azobenzene that
undergo structural change under exposure to light, we demonstrate an optically rewritable scratch
pad that utilizes strain engineering on an overlying tungsten diselenide (WSez2) monolayer to alter
the optical bandgap, thereby changing the excitonic emission wavelength. Belonging to the class
of transition metal dichalcogenides (TMD’s) that are well known to support room temperature
excitons, TMDs have demonstrated in both theory and experiments to be an ideal candidate for
strain engineering due to the high sensitivity of bandgap to strain®®. Band gap shift in tungsten
diselenide (WSez) in the range of 25 meV ~ 100 meV (10 nm ~ 40 nm) for 1 % ~ 2 % of strain has
been reported, and thus forms an ideal semiconductor material for the current study. The optical
readout technique presented in the paper enables multiple, fast and remote readouts and thus is

ideal for short term anti-tamper hardware.

Azobenzene, a widely applied photoisomerizing molecules, can be efficiently and reversibly
switched between two structurally different forms upon exposure to different wavelengths of light
and, as such is the molecule of choice for constructing light-powered molecular machines®1°.

Light-powered and chemically fueled artificial molecular machines have long been recognized as
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the key building blocks of the functional materials of the future'®. These unique molecules have
traditionally been synthesized and studied in solution, where they have been successfully used to
induce conformational chemical changes in bound guest molecules or to synthesize other, smaller
molecules, among other applications!213. At equilibrium in the dark, azobenzene exists in the more
stable trans conformation. Irradiation with UV light (300 — 400 nm) produces the cis isomer, which
can revert back to the trans isomer thermally or upon irradiation with blue light (400 -500 nm).
Azobenzene compounds have been used for optical control of conformation in diverse applications
such as a photoswitch'#16to detect the change in the structure and function of biomolecular targets,

and in strain engineering to tune the mechanical properties in low dimensional materials’-?°.

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 4.1a and detailed synthetic procedures
can be found in the methods section). 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 WSe: 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.
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4.2 Results and discussion

4.2.1 Photoisomerization of A3 molecules

Figure 4.1a shows molecular structures of the azobenzene based molecule, A3, in trans state
and cis state. The thermally stable frans 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 frans isomer in UV regime than cis isomer in visible regime and the spectral

intensities of the light sources used in the experiments.

Figure 4.1b shows the optical micrograph of monolayer and bilayer A3 films deposited on
Si/Si02 substrate using Langmuir-Blodgett (LB) method?!. 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. The fabrication details can be found in the methods section.
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 and visible light (Amscope series halogen lamp with
an average fluence of 120 uW /cm?) relaxation is shown in Figure 4.1c. We follow it by
monitoring the transition under dark condition as shown in Figure 4.1d. 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

(refer Figure 4.2). The inset of Figure 4.1d plots the percentage of molecules relaxing back to trans
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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. The UV-Vis spectra of A3 molecules in solution form (10

mg/mL) and the reversible isomerization process for 5 complete cycles are shown in Figure 4.3.
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Figure 4.1 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 A) can be switched to cis isomer (5.5 A) 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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Figure 4.2 Photoisomerization of A3 molecule films (~6nm) under dark condition. We note
that 99% of the molecules remain in cis state within first 120 minutes and only 20% of the
molecules relax back to trans state after 24 hours.
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Figure 4.3 Photoisomerization of A3 molecule in solution form. We monitor the absorption
intensity at 365 nm of the UV-Vis spectrum upon alternate irradiation of 2 minutes of 365 nm UV
light and 60 minutes of white lights for 5 complete cycles. The absorption intensity remains fairly
constant throughout each cycle.
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4.2.2 Strain engineering on WSe2 monolayer with A3 molecules

The samples were prepared by first transferring a mechanically exfoliated monolayer WSe:
on top of bilayer A3 films. The sample were then irradiated with 365 nm UV light (with an average
fluence of 100 uW/cm?) 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 4.4a. 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 4.4b. The marked square region
(10x10 um?) 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 4.4c 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 #rans to cis state is uniform
and results in zero spectral shift in the PL spectrum as shown in Figure 4.4c (post UV). It is then
followed by a write cycle, where a 450 nm laser (spot size of 2 pm, fluence of 25 pJ/cm?) 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.

The strained regions are red shifted in energy due to tensile strain generated on the
monolayer during the process*>2*. Figure 4.5a 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
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monolayer under high strain. The observation is consistent with reported studies based on
strain®?423, In fact, the observed redshift of 11 nm translates to a very high tensile strain value of
1.1 %. The 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 and charge transfer in TMD materials?27. It has also been reported that
azobenzene based molecules in trans state provide pathways for doping and charge transfer while
the photoisomerization from trans to cis configuration weakens such pathways!®?%, 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?6.
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Figure 4.4 A3-initiated strain engineering on WSe2 monolayer. (a) An illustration showing the
creation of local strain on a monolayer WSez by partially reverting some of the underlying cis
molecules back to trans state using a 450 nm laser. We transfer a monolayer WSe: on top of bilayer
A3 films and monitor the photoemission property. The induced strain in monolayer WSe: 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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Figure 4.5 The PL spectral shift caused by strain in monolayer WSe:. 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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Figure 4.6 The strain created on monolayer WSe: 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.

4.2.3 Relationship between A3 layers and induced strain

To further quantify the strain relationship with the underlying layer, we transfer monolayer
WSe20n 1, 2, 3, and 4 layers of A3 films and induce local point strain using the method described
earlier. Figure 4.6 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 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 strain of 1.4 % using four layers of A3 molecules.
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4.2.4 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 4.7 demonstrates such an idea where letters U and M are sequentially
written and erased on a 20 pm x 20 pm square region of monolayer WSe2 with underlying bilayer
A3. Letters are defined using a 450 nm laser (spot size ~ 2 pm) with 2 um 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.

H

Figure 4.7 A demonstration of self-erasable and rewritable photonic platform. The PL maps
show a writing and erasing sequence of letters U and M inscribed using the method described
above on a 20 x 20 um? 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.

760

PL centroid (nm)

745

4.3 Conclusion

In summary, we demonstrate a potential anti-tamper hardware platform based on strain
engineering excitonic properties of monolayer WSe:z using underlying thin layers of A3 molecules.

The induced tensile strain can be controlled using layer by layer approach and we report tensile
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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.

4.4 Methods

4.4.1 A3 molecules synthesis and preparation

(E)-1-(4-((1,3-bis((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)propan-2-yl)oxy)phenyl)-2-
(4-ethylphenyl)diazene (1) was synthesized by a modified procedure reported in the literature?°.
(E)-4,4'-(diazene-1,2-diyl)diphenol (0.54 g, 2.4 mmol) was placed in a 100 mL round-bottom flask
and dissolved in anhydrous N,N-dimethylformamide (DMF) under argon atmosphere. K2COz3(1.00
g, 7.3 mmol) was added to the solution. The reaction mixture was stirred at room temperature for
10 minutes, followed by adding 1,3-bis((2,2-dimethyl-1,3-dioxolan-4-yl)methoxy)propan-2-yl
methanesulfonate (1.43 g, 3.6 mmol). After refluxing overnight, DMF was evaporated under
vacuum. The residue was dissolved in water, acidified with a saturated solution of NH4Cl, and
extracted with dichloromethane. The combined organic layers were dried over MgSQOu, filtered,
and concentrated in vacuo. The crude product was purified by column chromatography to give 0.1
g of compound 1. *H NMR (CDCls, 300 MHz): & = 7.87 (m, 2H), 7.80 (d, 2H), 7.32 (d, 2H), 7.06

(m, 2H), 4.02-4.19 (m, 3H), 3.45-3.89 (m, 12H), 2.74 (m, 2H), 1.19-1.44 (m, 15H) ppm.
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(E)-3,3-((2-(4-((4-ethylphenyl)diazenyl)phenoxy)propane-1,3-diyl)bis(oxy))bis(propane-
1,2-diol) (2) was obtained as a yellow oily substance by the deprotection of compound 1 with
trifluoroacetic acid (TFA). The general deprotection procedure with TFA is described in the

literature3°,

4.4.2 A3 films fabrication through Langmuir-Blodgett (LB) method3!

Firstly we prepare the amphiphile molecules (A3) that will create a monolayer in a water
insoluble solvent. The subphase, typically water, is held in the hydrophobic trough top that
provides good subphase containment. When the amphiphile solution is deposited on the water
surface with a micro-syringe, the solution spreads rapidly to cover the available area. As the
solvent evaporates, a monolayer forms at the air-water interface and a Langmuir film is created.
The software-controlled barriers located at the interface then compress the monolayer until the
surface pressure sensor indicates maximum packing density. A compressed, monolayer film can
be considered as a two-dimensional solid with a surface area to volume ratio far above that of bulk
materials. In these conditions, materials often yield fascinating new properties. Experiment using
Langmuir troughs enables inference and understanding about how particular molecules pack when
confined in two dimensions®233, The surface pressure-area isotherm can also provide a measure of

the average area per molecule and the compressibility of the monolayer.
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Chapter 5 Hybrid Transistors with Tunable Field-Effect Mobility

5.1 Introduction

Atomic scale thickness with sizable bandgap in monolayer transition metal dichalcogenide
(TMD) can potentially revolutionize next generation devices including field-effect transistors
(FETs) and photodetectors'. Despite the promising outlook for applications in electronics and
optoelectronics, TMDs are still limited by the low electrical mobility under ambient conditions.
Efforts to improve device performance through a variety of routes, such as modification of contact
metals and gate dielectrics®® or encapsulation in hexagonal boron nitride (h-BN)"#, have yielded
limited success at room temperature. Strain engineering in semiconductor is routinely used to
improve the efficiency and performance of essential electrical components such as silicon
transistors, quantum well lasers, etc®%. For instance, in metal oxide semiconductor field-effect
transistors (MOSFETS), silicon channel is strained by using the lattice mismatch with the
surrounding material. The stress in the silicon crystal alters the mobility of charge carriers and
increases the switching speed of the MOSFET!2. Monolayer TMDs are particularly suited to utilize
this technique due to the large strain sensitivity of the bandgap and mechanical stability (elasticity)
when subject to large strain levels. The sensitivity on the band gap of 2D TMDs to strain has been
reported in a number of studies'®’, including band gap shifts of hundreds of meV that have been
induced in tungsten diselenide (WSe2) by applying very large hydrostatic pressures and tensile

strain. The effects of strain on the electronic band structure of single layer TMDs have been studied
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in several works®318-20_ |t has been shown that the application of compressive and tensile biaxial
strain results in an indirect band gap in single layer TMDs. Furthermore, strained transistors have
also been achieved by applying tensile strain to the material to stretch the atoms along one
direction, and as a result, carriers experience reduced effective masses and less atomic force

interference along this transport direction leading to higher mobilities!!?1-24,

In this study, we create a high performance and UV sensitive hybrid phototransistor based
on thin layers of photoactive organic molecules overlaid by WSe2 monolayers using strain
engineering. Photochromic molecules are known to undergo reversible isomerization under light
illumination at specific wavelengths. Typical photochromic molecules that respond to UV light at
365 nm are azobenzene, spiropyran, diarylethene, and stilbene?-28, Azobenzene, one of the most
commonly used organic chromophores for optical switching, isomerizes from the trans to the cis
state under UV radiation (365 nm)?°. When azobenzene is exposed to visible light or heat, the cis
structure of azobenzene switches back to the trans configuration. Strain is applied to monolayer
WSe: of the transistor, as reported in our previous work®, by partially photoactivating underlying
azobenzene based molecules, (E)-3,3-((2-(4-((4-ethylphenyl)diazenyl)phenoxy)propane-1,3-
diyl)bis(oxy))bis(propane-1,2-diol) (A3) (The molecular structure is shown in Figure 4.1a) with
alternate irradiation of UV light and visible light that reversibly switch the molecules between the
trans and cis states. We observe a significant enhancement on the field-effect mobility of the
hybrid transistor under ambient conditions that is comparable to mechanically strained TMDs and
is tunable with UV or visible light sources. The tunability of mobility arises from the changing
strain induced on the monolayer WSez by the underlaying isomerizing azobenzene molecules.

Furthermore, the phototransistor is highly sensitive to UV light, making it ideal for UV detection
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applications. This capability has the potential to be used for next generation IC chips with tunable

carrier mobility and even more as an ultrasensitive UV photodetector.
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Figure 5.1 Enhanced performance of single layer WSe: transistor with A3 molecules. (a) Top:
schematic illustration of the cross section of the hybrid transistor device. Bottom: optical
microscope image of the hybrid transistor device with monolayer WSe2 on top of bilayer A3
molecules. The channel length is 8 um and the electrodes are Cr/Au 5/50 nm. (b) Output IV
characteristics of the hybrid transistor with increasing time of UV irradiation followed by visible
light relaxation. The output current was measured under dark condition right after UV exposure
with the back-gate voltage set to -20 V. Significant current enhancement is observed after UV
irradiation and it increases with irradiation time and saturates after about 60 seconds. The output
IV measurement was then performed under visible light irradiation after 90 seconds of UV
exposure. We note that the current reaches its original level after approximately 120 minutes of
visible light irradiation.

5.2 Results and discussion

5.2.1 Enhanced performance of the hybrid transistor

Figure 5.1a shows the schematic illustration and the optical micrograph of the hybrid
transistor consisting of monolayer WSez layer (0.7 nm) on top of a thin film of bilayer A3
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molecules (2 nm). Multiple devices with channel length varying from 5 to 10 um were fabricated
for this work. Figure 5.1b shows the output I-V characteristics of the hybrid transistor after UV
light illumination as the underlaying A3 molecules convert from trans to cis state, followed by
visible light illumination when the A3 molecules covert back from cis to trans state. The I-V plots
are obtained under dark condition immediately after UV exposure to exclude any photocurrent
contribution from the UV light. We observe a near linear behavior with the back-gate voltage set
at -20 V. The channel conductance (slope of the curve) increases by 3-fold under UV irradiation
until most of the trans isomers have converted to cis isomers around 60s. The output I-V
characteristics is performed for the reverse case i.e. when the molecules relax under visible light
irradiation after 90 seconds of UV exposure. The original device characteristic are obtained after
approximately 120 minutes of visible light irradiation. As mentioned above, the relaxation process
of the molecules takes much longer due to the relatively lower absorption in the visible regime.
Here the UV light and visible light fluences are 150 uW/cm? and 55 uW/cm?, respectively. The

structural change can be accelerated by using more intense UV and Visible irradiations.

The output I-V characteristics of the hybrid transistor are modulated by the
photoisomerization of A3 molecules, which creates strain on the monolayer WSez, specifically at
the regions near the electrodes as illustrated in Figure 5.2a. The mechanical strain in TMDs has
been proposed to boost carrier mobility*'3?, and has been shown to influence the local bandgap
and guantum emission properties of TMDs333, Another possible mechanism arises from the
doping and charge transfer of A3 molecules after UV excitation. More detailed discussions on the

enhancement mechanisms are shown in the following sections.
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Figure 5.2 The enhanced and tunable field-effect carrier mobility in the hybrid transistor.
(@) Schematic illustration of the hybrid transistor device under UV exposure. Due to
photoisomerization of the underlaying A3 molecules, strain is created on WSez near the electrodes.
(b) IV transfer characteristics of bare WSe2 monolayer transistor and hybrid (WSe2 monolayer and
A3 molecules) transistor under UV irradiation. The IV measurements were conducted under dark
condition right after UV irradiation in order to exclude the photocurrent generated by UV light.
The Vspwas setto 1 V. The enhancement of Isp by the A3 molecules increases with UV irradiation
time and it saturates after 60 seconds, similar to the observation in Figure 2. (c) Field-effect hole
mobility of the bare WSe2 monolayer transistor and hybrid transistor with various channel lengths
(indicated in the legend). The hole mobility in the hybrid device is UV irradiation time-dependent
and is enhanced by over 2 fold after 60 seconds. The error bars show the fluctuations of 5
measurements for each device, and which confirms the carrier mobility enhancement is
independent on sample channel dimension. (d) UV irradiation time-dependent hole mobility
measurements of the hybrid FET with different UV powers. As expected, it takes longer for the
mobility to reach maximum when using lower powers.
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5.2.2 Enhanced and tunable mobility of the hybrid transistor

We investigate the charge carrier transport properties of the hybrid transistor device
modulated by the underlaying A3 molecules. Figure 5.2a shows the schematic illustration of the
hybrid transistor device under UV irradiation. As demonstrated, strain is created on WSe2 near the
electrodes thanks to photoisomerization of the underlaying A3 molecules. Figure 5.2b shows the
IV characteristics of a bare WSe2 monolayer transistor and a hybrid (WSe2 monolayer and A3
molecules) transistor under different UV irradiation time. The IV measurements are conducted
under dark condition right after UV irradiation in order to exclude the photocurrent generated by
UV light with the Vsp set to 1 V. Monolayer WSez: is an intrinsically p-type semiconductor as can
be confirmed from the transfer IV curves. The significant enhancement of the source-drain current
by A3 molecules increases with UV irradiation time that is consistent with the output IV results in

Figure 5.2b.

Figure 5.2c shows the field-effect hole mobility of the bare WSe2 monolayer transistor and
the hybrid transistor with various channel lengths (indicated in the legend) as a function of UV

irradiation time. The field-effect mobility pggr is given by:

__ dlsp L
MFET = (dVG) X (chiwi

(5.1)

where (‘:%) is the transconductance, L is the channel length, W is the channel width, and Ci =

G

1.3 x 108 F/cm? is the capacitance of the dielectric (SiO2) between the channel and the back gate
per unit area. The hole mobility of the hybrid device is UV irradiation time-dependent and is
enhanced by over 2-fold (115 cm?/Vs) after 60 seconds as compared to its bare WSe2 counterpart
(42 cm?/Vs), which remains unchanged after UV exposure. We note that the initial mobility of the

hybrid transistor under dark condition (UV exposure time at 0 s) is about 30% higher than that of
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the bare WSe: transistor, indicating the initial doping effect from trans A3 molecules to monolayer
WSez. The error bars in the plot show the fluctuations of the results of 5 measurements at each UV
exposure time for each device. Since the calculated field-effect mobilities for the two channel
lengths of the hybrid transistors overlap with the fluctuation ranges, we note that the enhanced
carrier mobility is independent on the channel dimension as mobility is an intrinsic property of a

material.

Figure 5.2d shows the UV power dependent field-effect mobility as a function of UV
irradiation time. As expected, it takes longer for the mobility to reach its maximum value when
using lower fluence levels. It further confirms that the hole mobility reaches values as high as 110
cm?/Vs for both cases simply by photoactivating the underlaying A3 molecules using UV light.
Ultra-high carrier mobility in TMD semiconductors (electron mobility of monolayer MoS2 450
cm?/Vs and hole mobility of monolayer WSe2 158 cm?/Vs) has been reported using crested
dielectric substrates that create random mechanical strain on the monolayers. On the one hand, the
strain can stretch the distance between neighboring atoms in the channel, resulting in less atomic
force interference for carrier transport. On the other hand, the strain can reduce the effective mass
of the transport carrier of the monolayer semiconductor, enabling faster carrier transport. In our
case, the strain on the WSe2 monolayer generated by A3 molecules is at the two electrode regions,

as shown in the illustration of Figure 5.2a.

The total mobility of the hybrid transistor includes initial mobility (unstrained area) and
enhanced mobility induced by UV irradiation and isomerization of underlaying A3 molecule
(strained area). The enhancement of the WSe2 monolayer’s hole mobility can be caused by both
strain and charge transfer; however, the weighs of each contribution remains unclear. We note that

the doping from A3 molecules of trans state is estimated from the initial mobility under dark
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condition as discussed in Figure 5.2c. Once the UV light source is turned on, the enhanced
mobilities from both strain and charge transfer caused by A3 molecules of both trans and cis state

happen simultaneously, making it a challenge to differentiate between the two.
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Figure 5.3 The effect of charge transfer on field-effect mobility enhancement. The effect of
charge transfer on field-effect mobility enhancement. (a) Illustration of energy levels of monolayer
WSe2 and azobenzene isomers in trans state. After UV light illumination, charges in A3 molecules
transfer to WSe2 due to favorable energy band alignment. (b) IV transfer characteristics in log
scale before and after UV irradiation. The threshold voltage shifts toward positive gate voltage
after UV exposure, indicating positive charge transfer from A3 molecules of trans state to WSez.
(c) Charge carrier density and source-drain current as a function of UV irradiation time. (d)
Enhancement of carrier density and source-drain current after UV irradiation compared to original
dark condition.

5.2.3 Strain and charge transfer in the hybrid transistor

To tackle the challenge, we analyze the current enhancement by charge transfer from A3
molecules to WSe> qualitatively and quantitatively. Figure 5.3a shows the energy levels of valence
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band (VB) and conduction band (CB) of monolayer WSe2 and highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of azobenzene isomers in trans state.
After photoexcitation by UV light, the electrons in #frans A3 molecules are excited to LUMO,
leaving holes in HOMO. These free charge carriers in A3 molecules have tendency to transfer to
WSe: due to favorable energy level alignment, and as a result, increase the source-drain current.
The charge transfer process gets much slower after the isomers convert from #rans to cis state due
to the relatively low absorption of cis isomers in the UV regime. This can be verified in Figure
5.3b that shows the IV transfer characteristics of the hybrid transistor before and after UV
irradiation in log scale. While the significant shift of the threshold voltage (V1) after UV
irradiation indicates efficient charge transfer from A3 molecules to WSe2, the charge transfer rate

(the Vrn shift) saturates at approximately 60s as most of molecules switch from frans to cis state.

Figure 5.3c shows the carrier density and source-drain current as a function of UV irradiation
time. The source-drain current is measured under dark condition after UV light exposure as
described in previous sections with Vsp and Vg set to 1V and -20 V, respectively. The charge
carrier density (n) above threshold voltage (Vrtn) in linear output regime (Figure 5.1b) can be

estimated by:
Ci
n= ;(VG — V) (2)

As discussed above, we observe threshold voltage shift after UV irradiation from the transfer [V
characteristics as shown in Figure 5.3b, which translates to the increased carrier density with UV
exposure time as shown in Figure 5.3c. As expected, both carrier density and channel current
saturate after 60 seconds of UV irradiation. We observe a more drastic source-drain current

enhancement as compared to the carrier density increase caused by charge transfer in the WSe2
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channel, which can be better perceived in Figure 5.3d, where we compare the ratio of charge carrier
density and source-drain current under dark and UV conditions. Since the current is proportional
to the charge density in the channel under the conditions of Ohmic contact and linear bias region,

the current enhancement is primarily contributed by the strain.
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Figure 5.4 Ultrasensitive UV response of the hybrid transistor. Unlike the measurements
above, the photocurrent is included in this data plot as we continuously switch the UV source on
and off throughout the process. By turning the UV on, the current begins to increase with time that
consists of contributions from both A3 molecules enhancement and photocurrent generated by the
UV light. It takes approximately 60 seconds for the current to reach maximum as confirmed by
Figure 2 since that is the time for all the A3 molecules to switch from trans state to cis state with
our UV source. After reaching the maximum, we can simply monitor the photocurrent by
switching UV on and off. As demonstrated, the photocurrent on/off ratio is 2 times higher for the
hybrid transistor when normalized to their respective dark currents. In the last segment of the
hybrid transistor, we turned off the UV light and switched on the visible light to observe the effect
of molecules’ relaxation on the current. As expected, the current gradually decays as the
molecules’ relaxation is a much slower process.
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5.2.4 Ultrasensitive UV photoresponse of the hybrid transistor

Finally, the UV response of the hybrid transistor is demonstrated in Figure 5.4. Unlike the
previous measurements that are conducted under dark condition, the photocurrent generated by the
UV light (150 uW/cm?) is monitored here as we continuously switch the UV source on and off
throughout the process for both hybrid and bare WSez phototransistors. The dark current of the
hybrid transistor is approximately 30% higher than that of the bare WSe: transistor that is
consistent with the previous discussion (Figure 5.2¢). After turning on the UV source, the current
begins to increase with time which consists of contributions from both A3 molecules enhancement
and photocurrent generated by the UV light. It takes approximately 60 seconds for the current to
reach maximum as confirmed by Figure 5.1 since that is the time required for all the A3 molecules
to switch from frans state to cis state with our UV source. After reaching the maximum value, we
simply monitor the photocurrent by switching the UV source on and off. Both the dark current and
the photocurrent enhancement caused by A3 molecules and UV light are significant on the hybrid
transistor, as compared to those of the bare WSe: transistor. The enhancement can be attributed to
both strain and charge transfer, as discussed in the previous section. We note that since one critical
condition for sensitive photodetectors is the signal to noise ratio (the photocurrent versus dark
current), we calculate the UV photocurrent on/off ratios of our hybrid transistor device and find
that it is about three times higher than the bare WSe2 device. When normalized the UV power to
the incident area, the UV photoresponsivity of the hybrid transistor is estimated to be 155 A/W,
which is more than four-fold higher than its bare WSe2 counterpart (37 A/W), hence making it a
superior UV photodetector. In the last segment of the hybrid transistor exposure sequence, we turn
off the UV light and switch on the visible light (55 uW/cm?) to observe the effect of the A3

molecules’ relaxation. As expected, the total current gradually decays as A3 molecules convert
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from cis state back to trans state and release the strain on the monolayer WSe2. We note that the
current remains at a higher level compared to the original dark current in this time window as the
relaxation is a much slower process as discussed above (120 minutes from our visible light source).
Finally, the visible light is switched off. The hybrid phototransistor exhibits not only tunable

mobility but also superior UV photodetection ability.

5.3 Conclusion

In summary, we have developed highly sensitive phototransistors based on monolayer 2D
semiconductors and photoactive molecules with tunable and ultra-high field-effect carrier
mobility. By photo-isomerizing the underlaying A3 molecules using UV and visible light, the
carrier mobility of the hybrid FET device can be tuned from 50 to as high as 125 cm?/Vs, which
is comparable to most recent reported high performance TMDs based transistors. We then
investigate the possible enhancement mechanisms of charge transfer and strain by looking into the
threshold voltage of the hybrid device before and after UV exposure and calculating the charge
density variations. Consequently, the strain is the primary mechanism for increased channel
current and hence the enhanced carrier mobility. This hybrid design not only optimize the intrinsic
properties of organics and inorganics but also broaden new capabilities that can be used for the

next generation I1C chips with tunable and high mobility and ultrasensitive UV photodetectors.
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5.4 Methods

5.4.1 Hybrid transistor fabrication

Monolayer WSe2 were exfoliated from commercial crystals (HQ Graphene) and then
transferred onto bilayer A3 thin films on Si/SiO2 substrates using PDMS stamps (Gel Pak PF
films). Potential monolayer WSe2 samples were identified by optical contrast using Nikon upright
microscope, and further confirmed using PL spectroscopy using 532 nm CW laser excitation and
Princeton Instrument spectrometer (IsoPlane 320). The samples were then patterned using
photolithography, followed by metal deposition (Cr/Au with thicknesses of 5/50 nm) and lift off

process.

5.4.2 Device testing

A probe station is used to measure the IV output and transfer characteristics of the devices
along with the 2901a series source meter units from Keysight Technologies. The photoresponse of
the devices is measured by irradiating the samples with UV flood exposure from a commercial UV

lamp. The devices are measured under room temperature ambient environment.
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Chapter 6 Conclusion

6.1 Summary of research work

In Chapter 2, we combined organic and inorganic (2D TMDs) semiconductors that enable
us to integrate complementary advantages of each material system into a single hybrid material
platform. Specifically, we investigated the energy transfer mechanisms across a hybrid interface
consisting of j-aggregates of organic dye and monolayer molybdenum disulphide (MoS2). The
excellent overlap between the photoluminescence spectra of j-aggregates and the absorption of
MoS: B-exciton, enabled the material system to be used to study Forster resonance energy transfer
(FRET) across the hybrid interface. We reported a short Forster radius of 1.88 nm for the hybrid
system. We achieved this by fabricating photodetectors based on the hybrid organic-inorganic
interface that combined the high absorption of organics with high charge mobility of inorganics.
Concomitantly, the hybrid photodetectors showed nearly 93 + 5 % enhancement of
photoresponsivity in the excitonic spectral overlap regime due to efficient energy transfer (ET)
from j-aggregate to MoSz. This work not only provided valuable insight into the ET mechanism
across such hybrid organic-inorganic interfaces but also demonstrated the feasibility of the

platform for designing efficient energy conversion and optoelectronic devices.

In Chapter 3, we followed up the work from Chapter 2 by investigating the energy transport

in the same organic-inorganic (2D TMDs) hybrid platform formed between semiconductors that
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supported stable room temperature excitons. We found that following photoexcitation, fast-
moving hot hybrid charge transfer excitons (HCTESs) were formed in about 36 ps via scattering
with optical phonons at the interface between j-aggregates of organic dye and inorganic monolayer
MoSz. Once the energy fell below the optical phonon energy, the excess kinetic energy was relaxed
slowly via acoustic phonon scattering resulting in energy transport that was dominated by fast-
moving hot HCTEs that transitioned into cold HCTEs in about 110 ps. We modeled the exciton-
phonon interactions using Frohlich and deformation potential theory and attributed the prolonged
transport of hot HCTESs to phonon bottleneck. We found that the measured diffusivity of HCTEs
in both hot and cold regions of transport was higher than the diffusivity of MoS:2 A exciton and
verified these results by conducting the experiments with different excitation energies. This work
not only provided significant insight into the initial energy transport of HCTEs at organic-
inorganic hybrid interfaces, but also contributed to the formulation of a complete physical picture
of the energy dynamics in hybrid materials, which were poised to advance applications in energy

conversion and optoelectronic devices.

In Chapter 4, we explored another territory of organic-2D TMDs hybridization by utilizing
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 was utilized to strain the overlying tungsten diselenide (WSe2) monolayer, thereby
affecting its optical bandgap. Using such hybrid material combination we generated large (>1%)
local strain that resulted in dramatic shift (> 11 nm) in photoluminescence wavelength. The strain
in layered A3 films could be rapidly relaxed under exposure to visible light or could be retained
up to seven days under dark condition. Thus, by utilizing hyperspectral imaging, we demonstrated

a self-erasable and rewritable optoexcitonic platform that responded to environmental changes
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(light/temperature) to detect tampering of hardware system. In addition, the results opened avenues
for varied applications in information storage, time sensitive self-destructive memories to light

detection.

In Chapter 5, we followed up the work from Chapter 4 and applied strain engineering that
used nanometer scale two-dimensional semiconductors and allowed for the realization of high
performance optoelectronic devices by inducing strain on an ultrathin and uniform conducting
channel with enhanced carrier mobility. In this study, we developed highly sensitive field-effect
transistors (FETs) based on monolayer two-dimensional tungsten diselenide (WSe2) and
azobenzene based molecules with tunable carrier mobility. The underlaying photoactive molecules
were photo-isomerized between trans and cis states using UV and visible light that created strain
on monolayer WSez, enhancing the carrier mobility of the hybrid transistor device from 50 to as
high as 125 cm?/Vs, approximately an order of magnitude higher than typical TMDs based
transistors. Furthermore, the hybrid transistor exhibited sensitive UV photodetection ability, with
photoresponsivity more than four times higher than its bare WSe2 counterpart. The hybrid
transistor broadened the horizon of isolated components toward novel and multi-functional 1C

chips.

6.2 Future outlook

In spite of significant effort to gain insight on hybrid interfaces and achieve functional
devices with organic-inorganic heterojunctions, the following key limitations and related
challenges remain to be addressed. Functional applications of the hybrid heterojunctions strongly

depend on charge carrier transport occurring at the heterointerface between organic and inorganic
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semiconductors. However, extensive theory or models that govern the interface charge and exciton
transport at the 2D limit are still needed to explain more complicated phenomena. Most theories
and assumptions are still developed based on bulk material systems describing the interface
physics at macroscopic scale that may not be the real case for 2D materials. Even though the
combination of 2D TMDs and organic materials have extraordinary potential for flexible device
applications, and despite the limited number of inspiring demonstrations of conceptual flexible
devices, the industrial scale transformation of the existing conceptual devices should not be
underestimated. In terms of electronic device applications, as the major building block of modern
semiconductor electronics, the performance of organic-inorganic heterojunction transistors should
be on par with state-of-the-art silicon technologies. However, the low carrier mobility and
especially inferior charge injection of organic semiconductors severely hinder the development of
high speed transistors and the apparent short channel effect encountered by the organic electronics.
Challenges are always accompanied by opportunities, with ongoing promising scientific results
and increasing integration capabilities, | believe that hybrid interfaces of organics and 2D

inorganics have a bright future to advance future technologies.
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