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ABSTRACT
VERSATILE HIGH PERFORMANCE PHOTOMECHANICAL ACTUATORS

BASED ON TWO-DIMENSIONAL NANOMATERIALS

Vahid Rahneshin

Worcester Polytechnic Institute (WPI)
April 2018

The ability to convert photons into mechanical motion is of significant
importance for many energy conversion and reconfigurable technologies. Establishing
an optical-mechanical interface has been attempted since 1881; nevertheless, only few
materials exist that can convert photons of different wavelengths into mechanical
motion that is large enough for practical import. Recently, various nanomaterials
including nanoparticles, nanowires, carbon nanotubes, and graphene have been used as
photo-thermal agents in different polymer systems and triggered using near infrared
(NIR) light for photo-thermal actuation. In general, most photomechanical actuators
based on sp bonded carbon namely nanotube and graphene are triggered mainly using

near infra-red light and they do not exhibit wavelength selectivity.

Layered transition metal dichalcogenides (TMDs) provide intriguing
opportunities to develop low cost, light and wavelength tunable stimuli responsive
systems that are not possible with their conventional macroscopic counterparts.
Compared to graphene, which is just a layer of carbon atoms and has no bandgap,
TMDs are stacks of triple layers with transition metal layer between two chalcogen

layers and they also possess an intrinsic bandgap. While the atoms within the layers are



chemically bonded using covalent bonds, the triple layers can be
mechanically/chemically exfoliated due to weak van der Waals bonding between the
layers. Due to the large optical absorption in these materials, they are already being
exploited for photocatalytic, photoluminescence, photo-transistors, and solar cell
applications. The large breaking strength together with large band gap and strong light-
matter interaction in these materials have resulted in plethora of investigation on

electronic, optical and magnetic properties of such layered ultra-thin semiconductors.

This dissertation will go in depth in the synthesis, characterization,
development, and application of two-dimensional (2D) nanomaterials, with an
emphasis on TMDs and molybdenum disulfide (M0S2), when used as photo-thermal
agents in photoactuation technologies. It will present a new class of photo-thermal
actuators based on TMDs and hyperelastic elastomers with large opto-mechanical
energy conversion, and investigate the layer-dependent optoelectronics and light-matter
interaction in these nanomaterials and nanocomposites. Different attributes of
semiconductive nanoparticles will be studied through different applications, and the
possibility of globally/locally engineering the bandgap of such nanomaterials, along
with its consequent effect on optomechanical properties of photo thermal actuators will
be investigated. Using liquid phase exfoliation in deionized water, inks based on 2D-
materials will be developed, and inkjet printing of 2D materials will be utilized as an
efficient method for fast fabrication of functional devices based on nanomaterials, such
as paper-graphene-based photo actuators. The scalability, simplicity, biocompatibility,

and fast fabrication characteristics of the inkjet printing of 2D materials along with its



applicability to a variety of substrates such as plastics and papers can potentially be
implemented to fabricate high-performance devices with countless applications in soft
robotics, wearable technologies, flexible electronics and optoelectronics, bio-sensing,

photovoltaics, artificial skins/muscles, transparent displays and photo-detectors.
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CHAPTER 1
INTRODUCTION

The ability to convert photons into mechanical motion is of significant
importance for many energy conversion technologies. Establishing an optical-
mechanical interface has been attempted since 1881 when Alexander Graham Bell used
the optoacoustic effect (photophone) to produce sound in a gas with chopped beam of
sun light [1]. Nevertheless, only few materials exist that can convert photons of
different wavelengths into mechanical motion that is large enough for practical import.
Azobenzene liquid crystal elastomers were one of the first materials to exhibit such
photomechanical effects [2]. However, their application required two different light
sources for reversible thermal switching (420 nm and 365 nm) between an extended
trans and a shorter cis configuration [3]. Examples of other materials that can directly
convert light of different wavelengths into mechanical motion include range of organic
photochromic compounds [4, 5], lead-lanthanum-zirconate-titanate (PLZT) ceramics
[6], carbon nanotube polymer composites with selective chirality distributions [7] and
more recently gold nanoparticle-polymer composites [8, 9]. Photomechanical actuators,
motors, and micro-walking devices based on these materials have also been developed

in recent years [4-8].

Photo-thermal actuation is the conversion of light into thermal and consequently
mechanical work, and is an important concept in energy conversion and reconfigurable
technologies. Advantages of such photo-thermal mechanisms for transducers include

remote energy transfer, remote controllability, control of actuation using number of



photons (intensity) and photon energies (wavelength), fast actuation (milliseconds), low
signal to noise ratio, high stored elastic strain energy densities with hyperelastic
elastomers and scalability at different length scales using batch fabrication and high-
volume semiconductor manufacturing. Recently, various nanomaterials including
nanoparticles, nanowires, carbon nanotubes, and graphene have been used as photo-
thermal agents by being mixed into different polymers from hyperelastic rubbers [10,
11], shape memory polymers [12] and liquid crystal elastomers [8, 9, 13], and
triggered using near infra-red (NIR) light for photo-thermal actuation. In hyperelastic
elastomers, based on the pre-strains, the samples when heated, can either expand,
exhibit zero stress or contract in volume and can enable high photo-thermal strain
energy densities [10, 11]. Large pre-strains result in large volume contraction on photo-
thermal heating due to entropic elasticity. The mechanism in these nanocomposites is
non-radiative decay of photons resulting in localized thermal effect [10, 12, 14-16]. In
general, most photomechanical actuators based on sp bonded carbon namely nanotube
and graphene [10, 12, 14-16] are triggered mainly using near infra-red light and they

do not exhibit wavelength selectivity.

While the field is growing rapidly with many applications reported from
cantilever based photomechanical actuators [17], photo-mechanical micro-grippers with
milli-second time constants [18], photo-thermal micro-pillar actuators [8], micro-
mirrors with large rotational angles [19], nanopositioners [20], plastic motors [7, 21],
and polymer based actuators [7-9, 17-19, 21, 22], there is still need for a material

design that is simple, versatile, reversible, wavelength selective, scalable and



encompasses large optical to mechanical stress response that is based on their unique
structure-based tunability in optical absorption at different wavelengths.
Nanocomposites based on transition metal dichalcogenides (TMDs) may offer a new
material design and approach for chromatic photomechanical actuation with large stress
release owing to the van Hove singularities in the joint density of states in the visible
region of the electromagnetic spectrum that could be useful in designing future

wavelength selective reconfigurable technologies [23].

Layered transition metal dichalcogenides provide intriguing opportunities to
develop low cost, light and wavelength tunable stimuli responsive systems that are not
possible with their conventional macroscopic counterparts. Compared to graphene,
which is just a layer of carbon atoms and has no bandgap, TMDs are stacks of triple
layers with transition metal layer between two chalcogen layers and they also possess
an intrinsic bandgap. While the atoms within the layers are chemically bonded using
covalent bonds, the triple layers can be mechanically/chemically exfoliated due to weak
van der Waals bonding between the layers. Due to the large optical absorption (~10’m*
[23]) in these materials, they are already being exploited for photocatalytic [24],
photoluminescence [25], photo-transistors [26] and solar cell [27] applications. Bulk
form of Molybdenum Disulfide (Mo0S2), one family member of TMDs, has an indirect
band gap of ~1.29 eV [28]. With decreasing thickness, the past experiments have
revealed a progressive confinement-induced shift in the indirect gap from the bulk
value of 1.29 eV up to 1.90 eV [28]. The in-plane structure of MoS: is determined by

strong covalent bonds resulting from the overlap between the 4d and 3p electron



orbitals of Mo and S atoms, respectively [29]. The elastic modulus and the breaking
strength of an ideal defect-free single-layer MoS: is expected to be E2P/9, where E?P is
the in-plane stiffness as per the theory of rupture and flow in solids [29, 30]. The in-
plane stiffness of monolayer MoS: is reported as 180+60 Nm™ corresponding to an
effective Young's modulus of 270 £100 GPa, which is comparable to that of steel [29].
Breaking occurs at an effective strain between 6 and 11% with the average breaking
strength of 23 GPa [29]. The ultra-high strength is generated from the p orbitals of the
chalcogen atoms which generate the o bonds [23]. The large breaking strength
(potentially capable of withstanding 25% strains) [31] together with large band gap and
strong light-matter interaction in these materials has resulted in plethora of
investigation on electronic, optical and magnetic properties of such layered ultra-thin
semiconductors [31-37]. Moreover, two-dimensional (2D) nanomaterials based on
transition metal dichalcogenides encompass large optical absorption (107 m-1) [22, 23]
and strain engineering of such TMDs incorporated into hyperelastic matrix presents

new opportunities in photo-thermal transducers.

Strain engineering, i.e., the change in the electronic properties using mechanical
deformation is an important concept in condensed matter physics and material science
that is being exploited in 2D materials due to their ultra-large mechanical strength
(capable of withstanding 10-20% strains) and possessing a bandgap [31, 36, 38-41].
Strain engineering in 2D layered materials brings potential benefits such as those
explored in graphene including; strain induced bandgap opening [42], strain enhanced

electron-phonon coupling [43, 44], non-uniform strain induced pseudo-magnetic field



[45] and even strain engineered self-assembly of hydrogen on graphene surfaces [46].
In TMDs, The large breaking strength makes strain engineering an interesting prospect,
as the bandgaps are highly sensitive to external strains. In Bulk form of MoS: with an
indirect band gap of ~1.29 eV, strain engineering has no effect and does not produce
any significant chromatic mechanical response. On the other hand, single layer MoS:
has a band gap of ~1.9 eV [28]; bi-layer has a bandgap of 1.5-1.6 eV [36] and strain
engineering can modulate electronic and optoelectronic properties. In few layer 2H-
MoS2, the bandgap goes from direct-to-indirect at >1 % strains [36] and undergoes
semiconductor-to-metal transition at 10-15% strains [32]. Several techniques are
realized for strain engineering of 2D layered materials including bending/elongating a
flexible substrate [36], piezoelectric compression [47], exploiting thermal expansion
mismatch [48], creating artificial atoms through indentation/capillary forces [49], and
controlled wrinkling [31]. However, large area photo-thermal devices based on these
mentioned techniques of strain engineering of 2D layered TMDs are yet to be explored

with hyperelastic materials.

The goals of this dissertation are as follows: (1) develop a new class of photo-
thermal actuators based on TMDs and hyperelastic elastomers with large opto-
mechanical energy conversion; (2) investigate the most efficient fabrication methods
for TMD-based nanocomposite which results in the maximum energy conversion
efficiency; (3) investigate the layer-dependent optical and electronic properties of MoS:
nanoparticles and their effects in layer-by-layer elastomer based nanocomposites; (4)

investigate the possibility of globally/locally bandgap engineering of such TMDs and



its effect on optomechanical properties of photo thermal actuators; (5) develop
mathematical models for analogy between opto-thermal and purely-thermal actuations
and locally induced strains in van der Waals packed films of nanoparticles; (6) develop
rapid prototyping (inkjet printing) of electronic and optoelectronic devices based on 2D
materials on different substrates; (7) demonstrate a new class of photo-thermal
hygroscopic actuators with large mechanical energy release. To this end, this

dissertation is organized into the following chapters:

o Chapter 2 gives an overview into the discovery of 2D materials and TMDs.
Different properties of TMDs including crystal structure, electronic structure
and bandgap, vibrational and optical properties, exfoliation techniques, and
strain engineering are discussed in detail. The state of the art on the
application of 2D materials, with a specific focus on TMDs, in different fields
such as electronics, optoelectronics, sensors, and actuators are discussed.
Finally, an important application of 2D layered materials, i.e. the application

in photo-actuation technologies, are reviewed and discussed.

e Chapter 3 details the first study on the importance of different fabrication
methods on the yielded optomechanical properties of nanocomposites based
on TMDs (MoS2) and poly (dimethyl) siloxane (PDMS). In this chapter, it is
shown that to achieve the best light to mechanical energy transduction in such
nanocomposites not only depends on the type of nanoparticle used in them,
but also on various factors such as fabrication methods and/or cross-linking

ratio of the host polymer matrix. Either of these factors, individually or in



combination with others, play an important role in the final properties of
nanocomposites and can be manipulated to achieve totally different and new

behaviors.

Chapter 4 presents an interesting observation; a reversible and chromatic
mechanical response observed in MoS2 based nanocmposites when
illuminated by different photon wavelengths. This chromatic mechanical
response originates from the d orbitals and is related to the strength of the
direct exciton resonance A and B of the few layer TMDs affecting optical
absorption and subsequent mechanical response of the nanocomposite, which
Is not available in nanocomposites based on sp bonded graphene and carbon

nanotubes, as well as those based on metallic nanoparticles.

Chapter 5 presents a new effect, as we call it the coupled straintronic-
photothermic effect, in TMD-based actuators. The coupled straintronic-
photothermic effect is an intimate coupling between the bandgap of the 2D
layered semiconductor under localized strains, optical absorption and the
photo-thermal effect resulting in a large chromatic mechanical response in
TMD-nanocomposites. Under the irradiation of visible light (405 nm to 808
nm), such locally strained atomic thin films based on 2H-MoS2 embedded in
an elastomer matrix exhibits a large amplitude of photo-thermal actuation
compared to their unstrained counterparts. This chapter demonstrates a new
mechanism in TMD-based photo actuators that would be useful for developing

broad range of transducers.



Chapter 6 provide some mathematical models related to photo-induced and
heat-induced actuations in polymer based nanocomposites. An analogy
between photo- and thermal- actuations are presented and the corresponding
temperature profiles in the two mechanisms are compared. Then a new
analytical strain model for loosely van der Waals packed films of
nanoparticles are presented to estimate the strain gradient in each of individual

nanoparticles.

Chapter 7 presents a fast fabrication method, i.e. inkjet printing, of 2D
materials using a material printer. Inks based on 2D materials and TMDs are
developed and used to print patterns on different surfaces, such as flexible and
transparent substrates. Using this fabrication technology, hygroscopic photo
thermal actuators based on 2D materials are presented for the first time, with a
large mechanical energy release. These actuators benefits from a fast, simple,

inexpensive and yet highly efficient design and fabrication method.

Finally, Chapter 8 concludes this dissertation and provides directions for

future studies on photo-thermal actuators based on 2D materials and TMDs.



CHAPTER 2
BACKGROUND

2.1. 2D MATERIALS

2.1.1. GRAPHENE AND DISCOVERY OF 2D CRYSTALS

Graphene is the name introduced for a mono layer of carbon atoms sitting in a
two-dimensional flat honeycomb structure [50]. For more than 70 years, it was
presumed not to exist in a free state as it forms thermodynamically unstable structures
due to thermal fluctuations. Consequently, it had been viewed by researchers as a
theoretical material existing only as an integral part of its three-dimensional structure:
graphite [50]. This presumption, first made by Landau and Peierls [51, 52] in the late
30s and supported by other scientists as well [53], came to an end when Andre Geim
and Konstantin Novoselov published their findings in their Nobel-prize winning paper
entitled "electric field effect in atomically thin carbon films" in 2004. This was a
revolutionary discovery, as it opened up numerous opportunities with applications in

various fields.

2D materials, such as graphene, are a building block for materials of all other
dimensionalities, where the same chemical compound can display drastically different
characteristics depending on whether it is arranged in a zero-dimensional (0OD), one-
dimensional (1D), two-dimensional (2D), or three-dimensional (3D) structure [50, 54].
Graphene, for instance, can be wrapped into 0D buckyballs (Ceo fullerene), rolled into
1D carbon nanotubes, or stacked into 3D graphite [50]. The failure to identify such 2D

crystals in the years prior to discovery of graphene arises from several facts: first,



because monolayers are in great minority among accompanying thicker flakes, it was
tremendously difficult to find them [54]. Second, 2D materials show no clear signature
in transmission electron microscopy unlike other nanomaterials such as carbon
nanotubes [54-57]. Third, single atomic layers of materials are totally transparent to
visible light, and as a result, cannot be seen under conventional optical microscopes on
many substrates such as glass or silicon. Fourth, AFM as the only definitive method to
identify single crystals, has a low speed and throughput, and in practice it had been
impossible to find cleaved 2D crystals by randomly scanning surfaces using AFM [54].
Fifth and most importantly, as mentioned before, it was presumed that 2D materials
could not exist and form stable structures. Novoselov and Geim later associated their
success in finding such 2D crystals to the tentative identification of these materials
under an optical microscope when they were placed on top of a silicon dioxide wafer

(SiO2) [54].

The discovery of such materials was a breakthrough, especially for the
semiconductive industry, as it was believed to near its performance limits with the
conventional silicon-based technology: it was difficult to further improve the
technology with conventional semiconductive materials, by scaling down in size,
consuming less energy, and yet performing faster with higher frequencies [58-60].
Monolayers of 2D crystals were promising materials to this end. Graphene, for
instance, exhibits typical values of carrier mobility between 2,000 and 5,000 cm?/Vs
[54]. For other 2D materials such as NbSe2 and MoSz, electron mobilities between 0.5

and 3 cm?/Vs were initially reported [54], which later improved to values as high as
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200 cm?/Vs for MoS2 [61]. Detailed studies on these types of materials and their
conductivities as a function of temperature and Vg discovered that materials such as

2D-MoS2 was a heavily doped semiconductor with an activation gap of > 0.6 eV [54].

2.1.2. PROPERTIES OF GRAPHENE

Graphene, as the most researched 2D material, has shown many stimulating
properties during the past decade. Many researchers have focused on exploring its
unusual properties, including high thermal conductivity [62], mechanical strength [63],
quantum Hall effect [64], electrical conductivity [65], modulus of elasticity [66], and
nanocomposites applicability [67]. It has also offered extraordinary opto-mechanical
properties, which are very useful in remote actuation systems and photo-activated
technologies [11, 68-70]. Despite all the great properties and propitious opportunities of
graphene especially for electron-device community, in 2010, however, Frank Schwierz
showed that a main obstacle in developments of such devices is the lack of an intrinsic
bandgap in its structure [71]. It was concluded that, contrary to what was collectively
believed, the excellent mobility of graphene may not be its most compelling feature,
when viewed from a device standpoint. The lack of such intrinsic bandgap implies that
although the high mobilities offered by graphene can increase the speed of post-silicon
electronic devices, they come at the expense of a lower on-off ratio in these devices,
which in turn eliminates one of the main advantages of CMOS configuration, i.e. its

low power consumption [71].
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Figure 1- Graphite and Molybdenite, as displayed at Harvard Museum of Natural
History, Cambridge, MA.

2.2.TRANSISTION METAL DICHALCOGENIDES AND MOS:

2.2.1. CRYSTAL STRUCTURE AND PROPERTIES

Stimulated by the discovery of two-dimensional crystals, Transition metal
dichalcogenides (TMDs) have become important materials for next generation
electronics, photonics and opto-electronics [54]. Compared to graphene, which is just a
layer of carbon atoms and has no bandgap, TMDs are a class of layered material with
X-M-X layer structure where a chalcogen atom (S, Se, or Te) is placed in two planes
separated by a transition metal atom (group 1V, V, or V1), and possessing an intrinsic
bandgap (Figure 2a) [72]. While there exist strong covalent bonds in each layer of
TMDs, the weak out of plane van der Waals bonds make it possible to exfoliate

atomically thin layers of these new class of materials using various exfoliation methods
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[54, 73-76]. Figure 2b depicts the crystal structure of monolayer MoS: [77]. The blue
sphere represents Molybdenum (Mo) and the golden sphere Sulphur (S) in the
structure. The top view of the MoS: lattice suggests a honeycomb structure for
connections between atoms. The calculated unit cell parameter for MoS: is reported as
a=3.12 A with a vertical separation between Sulphur layers of 3.11 A [77]. Figure 2c
depicts different polytypes associated with TMDs, which differ based on stacking order
and metal atom coordination [72]. The chalcogen atom is shown in yellow and the
transition metal in gray. Three different polytypes 2H, 3R, and 1T are associated with
TMDs with ¢ being the stacking index indicating the number of layers in each stacking
order. For different TMDs, the lattice constant ranges from 3.1 to 3.7 A and the
interlayer spacing is ~6.5 A [72]. Table 1 has listed different TMDs with their
associated electronic properties [72]. Due to the large optical absorption (~107m™ [23])
in these materials, they are already being exploited for photocatalytic [24],

photoluminescence [25], photo-transistors [26] and solar cell [27] applications.

As a good example of TMDs, molybdenum disulfide (MoS2) has attracted
plethora of research due to its superior properties, owing to the existence of an intrinsic
and tunable bandgap in its electronic structure [60, 78-83]. MoSz2 is an inorganic
compound with a silvery black appearance which is available as the
mineral molybdenite, the principal ore for molybdenum [84]. Molybdenum disulfide
looks very similar to graphite in appearance (Figure 1), and due to its low-friction

properties, it has been commonly used as a solid lubricant [85-87].
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Similar to other members of TMD family, MoS:z nanoparticles are stacks of
weakly bonded layers held together with van der Waals forces. Mo and S atoms in each
of these layers are bonded by strong covalent bonds, resulting from the overlap between
the 4d and 3p electron orbitals of Mo and S, in a hexagonal structure [29]. Unlike
Graphene, the existence of an intrinsic bandgap in MoS2 brings in interesting
properties, such as large on-off ratio while keeping an acceptable electron mobility, all
of which necessary for any potential replacement of silicon industry in electronic or
optoelectrronic devices as well as energy harvesting in near future [60]. While bulk
MoS: has an indirect optical bandgap of about 1.29 eV, the bandgap changes to a direct
band with a value of 1.9 eV when the number of layers is reduced to one [28]. The
elastic modulus and the breaking strength of an ideal defect-free single-layer MoS: is
expected to be E?P/9, where E?P is the in-plane stiffness as per the theory of rupture and
flow in solids [29, 30]. The ultra-high strength is generated from the p orbitals of the
chalcogen atoms, which generate the ¢ bonds [23]. The large breaking strength [31]
together with large band gap and strong light-matter interaction in these materials has
resulted in plethora of investigation on electronic, optical and magnetic properties of
such layered ultra-thin semiconductors [31-37], with applications in various areas such
as phototransistors [79, 80], biosensors [88], solar cells [27], piezoelectric energy

harvesters [89] and actuators [22, 90].
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Table 1- Summary of TMDs and associated properties [72]

Electronic characteristics

-Sz -Sez -TEZ

Nb Metal Metal Metal
Superconducting Superconducting [91]
CDW* CDW
[92] [92, 93]

Ta Metal Metal Metal
Superconducting Superconducting [91]
CDW CDW
[92, 93] [92, 93]

Mo Semiconducting Semiconducting Semiconducting
1L: 1.8 eV 1L: 1.5 eV 1L: 1.1 eV
Bulk: 1.2 eV Bulk: 1.1 eV Bulk: 1.0 eV
[82, 94] [94, 95] [95, 96]

W Semiconducting Semiconducting Semiconducting

1L: 2.1 eV
1L: 1.9 eV
Bulk: 1.4 eV
[94, 95, 97]

1L: 1.7 eV
Bulk: 1.2 eV
[91, 94]

1L:1.1eV
[91]

* Charge density wave
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Figure 2- Structure of TMDs: (a) Schematic of MXz structure of TMDs with transition
metal atoms in black and chalcogen atoms in yellow [60]. (b) Coordination
environement MoSz; Mo atoms are shown in blue and sulphur atoms in gold. Top view
of the structure suggests a honeycomb lattice. The unit cell parameter is a=3.12A and
vertical separation between sulphur layers is 3.11A [77]. (c) Schematic of different
polytypes 2H, 3R, and 1T in TMDs. 2H is identified by hexagonal symmetry, two
layers per repeat unit, and trigonal prismatic coordination; 3R has rhombohedral
symmetry, three layer per repeat unit, and trigonal prismatic coordination; 1T has
tetragonal symmetry with octahedral coordination and one layer per repeat [72]. a
indicated the lattice constant (3.1A to 3.7A for different TMDs), and ¢ the number of
layers in each stacking order [72, 91].
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2.2.2. ELECTRONIC STRUCTURE AND BANDGAP

In TMDs, as listed in Table 1, the compounds based on Mo and W metals give
semiconducting properties, whereas their Ta and Nb counterparts give metallic and
superconducting behavior [97-99]. The band structure for bulk and single layer MoS: is
shown in Figure 3a [97]. The indirect bandgap at I" point for bulk MoS2 gradually
changes to a direct bandgap for monolayers, which is believed to be due to the quantum
confinement and hybridization change between p; and d orbitals of S and Mo atoms
[82, 83, 97]. As a result of this transition, the photoluminescence quantum yield
displays a dramatic enhancement in going from the indirect bandgap in dark MoS2
crystals to a direct gap in bright monolayer flakes (Figure 3b) [82, 83]. The
photoluminescence in bulk MoSz, which is an indirect bandgap material, is a weak
phonon-assisted process with negligible quantum yield. On the other hand, a significant
and bright photoluminescence is observed in few-layer MoS2 samples, with a 10*-fold
enhancement of luminescence quantum yield for monolayers [82]. Monolayer MoS: is

the first effective emitter of light with an atomically thin dimension [82].

It is expected that with decreasing the number of layers, all TMDs show a
similar transition from indirect bandgap in bulk form to direct bandgap in monolayers
[72]. The comparable value of bandgap energy in bulk or monolayers of TMDs to that
of silicon (~1.1 eV) makes them appropriate substitutes for silicon in digital electronic

and optoelectronic industries [71].
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Figure 3- Electronic properties of TMDs: (a) Band structure for monolayer and bulk
MoS: as calculated by density functional theory (DFT); red dashed line indicates the
fermi level, blue line the top of valence band, and green line the bottom of conduction
band. The arrows show the indirect and direct transitions in bulk and single-layer MoS:
[72, 97]. (b) Optical photographs of bulk (in grey) and monolayer (in dark green) MoS:
nanoparticles dispersed in solvent [22]. (c) Simplified band structure of bulk MoSz; c1
indicates the lowest conduction band, v1 and v2 the highest split valence bands. "I" is
the indirect gap transition in bulk particles, and A and B indicate direct bandgap
transitions in monolayer particles. Egq is the direct bandgap energy for monolayer and

E'q the indirect bandgap energy in bulk [82].
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2.2.3. VIBRATIONAL AND OPTICAL PROPERTIES

The change from an indirect bandgap in bulk form to a direct bandgap in
monolayers in TMDs has definite influences on their vibrational and optical properties,
and the consequent influence can be observed in their photoconductivity,
photoluminescence, absorbance spectra (UV-VIS spectroscopy), and Raman shifts [72].
As was discussed earlier, an increase of 10* fold in the photoluminescence quantum

yield was observed as a result of this transition in MoS: flakes [82].

For mechanically exfoliated MoS:2 flakes on a Si/SiO2 wafer, Splendiani et al.
have shown that MoS: photoluminescence increases with decreasing layer thickness
(Figure 4a) [83]. The silicon wafer is covered with 280 nm SiOz (Figure 4b). While
bulk MoS2 shows negligible photoluminescence, a strong photoluminescence emerges
in monolayer regions, which is an indication of the indirect to direct band transition in
the d-electron system of MoS: crystals. These results show that d-electron materials
such as layered MoS: can bring about new opportunities to engineer their electronic

structure at the nanoscale [83].

For chemically exfoliated MoS: flakes and the resulted thin film of
nanoparticles by vacuum filtration method, Eda et al. studied the absorbance spectra as
well as the photoluminescence (Figure 4c and d) [100]. The dominant peak in the
photoluminescence spectra of monolayer is a single peak observed around 1.9 eV,
which is associated to direct-gap luminescence [82]. However, in few layers other
peaks in the photoluminescence are observed suggesting the direct-gap hot

luminescence (peaks A and B) or indirect-gap luminescence (peak I), as depicted in
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Figure 4e. Excitonic peaks A and B corresponds to direct-gap transitions between the
maxima of split valence bands and the conduction bands at the K-point of the Brillouin

zone (Figure 3c) [82].

The vibrational properties of MoS2 atoms in its unit cell have been investigated
in many studies in recent years [78, 101-104]. Figure 5a shows the atomic vibrations of
different Raman modes of MoS: crystal. In MoSgz, the main Raman peaks corresponds
to the in plane E'2g and the out of plane Aig phonon modes. Based on the number of
layers of MoSz, the Raman spectra displays slight variations; with decreasing the
number of layers from bulk to a single atomic layer, the Aig mode near 406 cm™
wavenumber decreases, and at the same time, the E'2g mode near 382 cm™ increases
(Figure 5b). In addition, the difference between frequencies of E'.g and Aig decreases
as the number of layers decreases (Figure 5c). These Raman shifts roots in the
influence of adjacent layers on vibrational properties of atoms and the increase of long-
range Coulomb interactions [72, 105]. These observations can be used as powerful

criteria for identifying the number of layers based on Raman measurements [104].

2.2.4. STRAIN ENGINEERING

Strain engineering, i.e., the change in electronic properties using mechanical
deformation is an important concept in condensed matter physics and material science
that is being exploited in 2D materials, especially TMDs, due to their ultra-large
mechanical strength (capable of withstanding 10-20% strains) and possessing an

intrinsic bandgap [31, 36, 38-41, 106-108]. Strain engineering in 2D layered materials
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Figure 4- (a) Photoluminescence in monolayer, bilayer, hexalayer, and bulk MoS:

normalized by Raman intensity showing a dramatic increase of luminescence when

number of layers is decreased to one [25]. Inset (b) shows optical microscopy image of

mechanically exfoliated MoS: flakes on a Si/SiO2 substrate; flakes with different

number of layers appears with different colors [25]. (c) Thickness dependent

photoluminescence in thin films of chemically exfoliated MoS:2 nanoflakes. Inset shows
the energy of A exciton peak versus thickness of thin film [100]. (d) UV-VIS

spectroscopy of the same films of (c); inset shows the energy of A exciton peak versus

thickness of the film as calculated based on UV-VIS measurements [100]. (e)

Normalized PL spectra by intensity of exciton A for 1-6 layers versus photon energy

[82].
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Figure 5- Vibrational properties of MoSz: (a) Atomic vibrations of different Raman
modes (E?2g, E1g, E'2g, A1g) and IR mode (E1u) [78]. (b) Raman spectroscopy of mono-
and few-layers and bulk MoSz, and indication of Raman shifts in El2g and Aig modes
with decreasing the number of layers [78]. (c) Frequencies of El2g and A1g modes and

their difference versus number of layers [78].

brings potential benefits such as those explored in graphene including; strain induced
bandgap opening [42], strain enhanced electron-phonon coupling [43, 44], non-uniform
strain induced pseudo-magnetic field [45] and even strain engineered self-assembly of
hydrogen on graphene surfaces [46]. Owing to an intrinsic bandgap, electronic
properties of TMDs are highly sensitive to external strains applied to the material’s

atomic structure. The opto-electro-mechanical behavior of TMDs can be engineered
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with an external and controllable applied strain and the resulting change in the bandgap
structure of the material [31, 36, 38-41, 106-108]. Several techniques have been
realized for strain engineering of TMDs, including bending/elongating a flexible
substrate [36], piezoelectric compression [47], exploiting thermal expansion mismatch
[48], creating artificial atoms through indentation/capillary forces [49], and controlled

wrinkling [31].

For MoS2 nanosheets consisting of 3-5 atomic layers and being obtained by
mechanical exfoliation techniques, Castellanos-Gomez et al. showed that a strain-
induced reduction of the direct bandgap and funneling of photogenerated excitons
occurs when large localized strain is applied to these nanosheets [31]. The maximum
uniaxial strain on top of wrinkles was estimated based on the geometry of each
individual wrinkle as € ~ m2hé/(1 — 62)A2?, where ¢ is the Poisson’s ratio of the
material, h is the thickness of the flake, J the height and A the width of the wrinkle [31,
109]. The localized strains of up to 2.5% was applied through controlled delamination
from an elastomeric substrate. From photoluminescence measurements, a maximum
direct bandgap reduction of 5% or 90 meV energy reduction was associated to this level
of external strain applied to the material lattice (Figure 6a). Raman measurements
revealed that both Elg and A1g modes shifted toward lower wavenumbers; however,
the change in Aig was small compared to the large blue shift in E'2g mode (Figure 6b)
[31]. A Raman shift of -1.7 cm™ per percentage strain was found for E'2g mode in MoS:
[31, 108]. Figure 6¢ and d shows the change in direct bandgap energy (A exciton) and

Raman shift of E'2g mode as a function of applied strain to the MoS: lattice. The ability
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of strain engineering in such layered materials and generating confinement potential for
exciton drifting using external strains opens up new possibilities to design and control
the electronic and optoelectronic properties of atomically thin TMDs with applications

in photovoltaics, quantum optics, and 2D optoelectronic devices [31].

2.2.5. SYNTHESIS & EXFOLIATION TECHNIQUES

2D materials are stacks of weakly van der Walls bonded layers. This weak
interaction along the thickness of these materials makes it possible to be exfoliated and
reduced to single- and few- layers with satisfactory control of layers number.
Generally, the exfoliation/synthesis of 2D materials into single/few layers can be
categorized into three categories: physical exfoliation, chemical exfoliation, and
chemical synthesis. In the following, these exfoliation techniques are going to be

described briefly.

2.2.5.1.Physical Exfoliation

The principle in physical exfoliation methods is using a force in order to
separate layers of 2D materials. This includes mechanical exfoliation method (i.e.
scotch tape) [110], shear force exfoliation, plasma assisted exfoliation, and liquid phase
exfoliation (LPE). In mechanical exfoliation, single layers of 2D material is obtained by
simple scotch tape method introduced first by Novoselov and Geim. Large and high
quality single crystal of 2D material can be exfoliated using this method; however, the
method drawback is a very limited yield, make it impossible to use for real

applications. Plasma thinning of MoS: was studied by Liu et al, where they use Ar*
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Figure 6- Strain engineering in MoS2 nanoflakes: (a) Photoluminescence spectra for a
flat nanoflake versus a wrinkled nanoflake, showing a red shift when the flakes are
wrinkled. A and B exciton peaks have been identified in the PL signal [31]. (b) Raman
spectra for a 4-layer mechanically exfoliated nanoflake in flat and wrinkled structures;
both E'2g and A1g modes show shifts toward lower Raman frequencies with the higher
shift observed in E'2g mode [31]. (c) Change in the direct bandgap energy of MoS: as a
function of applied strain. Red points are experimental data obtained from the change in
A exciton in the photoluminescence measurements. Solid line shows the calculated
bandgap change versus strain based on tight-binding (TB) model. Inset is SEM of a
wrinkled 4-layer MoS: flake [31]. (d) The shift in E'2g Raman mode as a function of
applied strain, suggesting a linear relationship with -1.7 cm™* Raman shift per % strain
[31].

25



plasma to strip away multi layer mechanically exfoliated MoS: flakes on a SiO2/Si

substrate [111].

Liquid phase exfoliation is a method presented firsts by Coleman [73]. LPE is
capable of producing large scale high quality mono layers of 2D materials, making it a
promising method for practical applications of 2D materials in large scale. In contrast
to mechanical exfoliation or plasma assisted exfoliation, the nano flakes yielding by

LPE are relatively small particles in the range of 50-200 nm.

2.2.5.2.Chemical Exfoliation

Chemical exfoliation of 2D materials is a relatively old method of exfoliation
compared to mechanical or LPE exfoliation methods. Single layer of MoSz, as an
example, was exfoliated by Joensen in 1986 [112]. Chemical methods such as lithium
intercalation are based on reaction of atoms of a third material such as lithium with a
solvent and exfoliation of 2D materials layers due to this reaction, which happens for
trapped atoms of lithium in between 2D material layers. For instance, MoS: is soaked
in an n-butyl lithium solution in hexane for a period of time. This process results in
intercalating MoSz2 by lithium [113]. Immersing the intercalated MoS2 in a solvent such
as water results in formation of copious hydrogen gas between the layers of MoS2, and
separation of layers because of this gas expansion [112]. Chemical exfoliation methods,
however, are believed to result in creation of defects in the material lattice, which can

adversely affect optical or electronic properties of these materials.
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Table 2- Comparison of different synthesis methods of 2DMs nanosheets [114]

Method Lateral size Advantage Disadvantage Reference
Mechanical up to several Mild condition Low yield, [54, 115-118]
exfoliation micrometer not scalable

Shear ~40-220 nm High yield, easy  Large distribution of [73, 90, 119]
exfoliation processing size and thickness

Chemical 300 nm to High yiled of _ [112, 120]
exfoliation sevral microns monolayers Toxic process,

expensive reagents,
introduction of defects

Liquid phase A few large quantities,  Difficult control of [73, 74, 121-126]
exfoliation hundrads of high quality, size and thickness

nanometer easy processing
Chemical vapor Large area Ultra high vacuum, [75, 127-129]
deposition (wafer size) high temperature,
(CVvD) limited substrates

2.2.5.3.Chemical Synthesis

In contrast to exfoliation methods, which are considered top-down methods,
there are bottom-up methods to create single layers of 2D materials. Some of chemical
synthesis methods include hydrothermal synthesis [130-133] and chemical vapor
deposition (CVD) [75, 134]. In chemical deposition methods, a precursor such as
MoO2, MoOs, or Mo is deposited on top of a substrate such as SiO2 or Si, and exposed

to sulfur vapor for the sulfurization process [134]. The reaction chamber is heated to a
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high temperature, for instance 650°C, which results in reduction of a precursor such as
MoOs to form volatile suboxide MoOs-x [135]. The suboxide compounds later reacts
with sulfur vapor to create MoS:2 film on the substrate [75]. In these methods, the
growth of 2D material is usually very sensitive to the substrate treatment prior to the

growth [75].

2.3.ELECTRONICS, OPTOELECTRONICS, AND ENERGY CONVERSION

TECHNOLOGIES

2.3.1. TRANSISTORS

One of the main applications of semiconducting materials is their use in
electronic devices as transistors. The current state of art, for instance, for processors in
electronic devices are based on silicon based metal oxide semiconductor field effect
transistors (MOSFET). MOSFET transistors suffer from fundamental limits such as
statistical and quantum effects and difficulty with heat dissipation when it comes to
scaling down these transistors [72]. Although Field Effect Transistors (FET) based on
2D materials such as graphene showed exceptional high carrier mobility [71, 136-138],
they lack a high on/off ratio due to extra high conductivity of graphene, which limits
their use in low power consumption electronics. The need is a new material with

sizable bandgap, high electron mobility, and scalability to small dimensions.

Transistors based on TMDs have unique opportunities to address these

problems [60, 139]. FET transistors are made of a semiconducting channel, which is
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connected to the source and drain electrodes. The electrical current flowing in the
transistor is controlled by the gate electrode, which is separated by a dielectric material
from semiconducting channel [140]. One of the first works on TMDs as FET transistors
was done by Podzorov et al. in 2004, where an on/off ratio of 10* and a high electron
mobility comparable to silicon FETs were reported [141]. The first MoS2 top-gate FET
transistor was introduced by Radisavljevic et al. in 2011 [60]. Their work presents a
carrier mobility of greater than 200 cm? V! st in room temperature, similar to that of
graphene nanoribbons, and demonstrates transistors with room-temperature on/off ratio
of 1x10® and ultralow standby power consumption. FET transistors based on thin films
of MoS: obtained from liquid phase exfoliation has been also reported and showed
similar electrical performance, which opens up new possibilities for two-dimensional,
flexible, and transparent electronic applications [123]. The quantum transport
simulations carried out by Yoon et al. to project the ultimate performance limits of
MoS: transistors, suggested that although electron mobility of TMDs transistors may
not be able to compete to conventional group 111-V semiconductors, but its electrical
properties has made it an attractive semi conductive material for low power electronics
because of their large bandgap, excellent electrostatic integrity, and high Earth
abundance [142]. Also due to large mechanical strength of MoS2 (30 times stronger
than steel) as well as its capacity to deform to a high strain value of 11% before
breaking [29], it is a promising candidate with application in flexible electronics, thanks
to being one of the strongest semi-conductive materials. The hybrid application of

MoS: with other members of 2D materials family such as graphene and boron nitride
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(BN) makes it possible for rapid fabrication of all-2D flexible and wearable electronics.
This can result in stacking of different 2D materials in vertical heterostructures to make
hybrid devices with unconventional operating principles and promising to the future of

this field [72, 143].

2.3.2. OPTOELECTRONICS

Nanomaterials have been widely studied for the use in optoelectronics in the
recent years [144-146]. The band structure of a semiconductor material such as that of
TMDs determine their ability to interact with light. For instance, in direct band gap
semiconductors, the incident photons with an energy higher than the bandgap of the
material can readily be absorbed or emitted. Indirect bandgap materials, on the other
hand, an additional phonon is needed to overcome the momentum difference between
bands, and as a result, the indirect bandgap semiconductors are less efficient than their
direct bandgap counterparts [72]. Owing to an intrinsic direct bandgap and being
atomically thin and processable, single layer TMDs have great prospective qualities for
applications in flexible and transparent optoelectronics such as transparent displays,

wearable electronics, solar cells, optical switches, and photodetectors [80, 147-149].

Thin films of TMDs such as MoS: or WSz are photosensitive [150], and can be
used as phototransistors, photodetectors, or heterojunction solar cells. Yin et al. have
demonstrated a single-layer MoS2 photo-transistor and investigated its light-induced
electric properties [80]. They have shown that the photocurrent generation solely
depends on the illuminating optical power at a constant drain or gate voltage.

Photocurrent generation and annihilation can be switched completely within 50 ms and
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exhibits stable characteristic. Yin et al. showed that single layer MoS2 phototransistors
give a better photo responsivity than graphene-based devices. The unique
characteristics of MoS2 based photo-transistors including incident light control, prompt
photo-switching, and good photo responsivity opens up opportunities for low-cost
electronic devices with applications in switches, memories, signal amplifiers, and light

sensors [80].

As a direct gap semiconductor due to quantum mechanical confinement,
monolayer MoS: is used as an ultra-sensitive photodetector, where the direct bandgap
allows for high optical absorption and efficient electron—hole pair generation under
photon excitation [118]. A maximum external photoresponsivity of 880 AW at a
wavelength of 561 nm was shown, with a photo response in the range of 400680 nm.
This makes MoS:z photodetectors surpass their graphene counterparts by a factor of
~10° [118]. Monolayer MoS: showed a ~9,000-fold higher photoresponsivity compared
to multilayer devices due to direct and indirect nature of bandgaps in monolayer and
multilayers, respectively [151]. Photoresponsivity has been shown to be dependent on
the illumination wavelength; a negligible photoresponsivity was observed for
wavelengths above 680 nm, which corresponds to a photon energy of ~1.8 eV which is
about the value of direct bandgap in monolayer MoS2 [118]. Increasing the photon
energy, i.e. decreasing the excitation wavelength, results in the excitation of electrons
from the valence to the conduction band of MoS2 and photocurrent generation [118].
Heterojunction solar cells made of MoS2/TiO2 nanocomposites with 3-hexylthiophene

(P3HT) active layers was demonstrated with a 1.3% photo conversion efficiency [147].
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Other optoelectronic applications of WSz and MoS: includes their use in

electrochemical solar cells [149], as well as in polymer LEDs [152, 153].

2.3.3. SENSORS

The working principle for many electronic sensors is the change in the electrical
properties of the constituent material due to interaction with an external stimulus. For
bulk materials, this usually happens in the form of a change in resistance or capacitance
of the sensing element [154]. Due to a big surface to volume ratio, the electrical
properties in 2D materials are considerably perturbed even with a small adsorption,
making them suitable choices for gas, chemical, or biomolecules sensing [154]. This

fact has been utilized as a working principle in many 2D-material based sensors [155].

Semiconducting TMDs have been recently used for gas and chemical sensing
based on a change in their resistance [156-159]. Li et al. has fabricated MoS2 FETs
based on mechanical exfoliation, and used them for sensing NO gas at room
temperature [160]. A sensing capability down to a concentration of 0.8 ppm was
reported for two-, three-, and four-layer MoSz devices. In another study, the sensing
behavior of atomically thin-layered MoS: transistors was investigated [161]. Although
single-layers of TMDs have been the focus of plethora of research recently, they may
not be the ideal case for sensing applications compared to their multi-layer
counterparts. Late et al. studied MoS2 FETSs ranging from single to multiple layers to
find out the best choice for gas sensing applications (NO2, NH3). Their findings show
that compared to single layer MoS: transistors, their few layer counterparts exhibit

excellent sensitivity, recovery, and they show better gate-bias manipulation by
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humidity or green light [161]. The application of TMDs as chemical sensors have been
also investigated recently [162]. Perkins et al. showed that single layer MoS: is an
effective chemical sensor and displays highly selective reactivity to a range of analytes
such as trimethylamine (TEA), acetone, and nitrotoluene. MoS2 sensors was shown to

exhibit a much higher selectivity compared to their carbon nanotube counterparts [162].

In addition to resistance-based sensing devices, single layer MoS2 has been also
used for Oz and H20 molecule sensing based on modulation of the light emission
(photoluminescence). Physi-sorbed molecules of O2 or H20 depletes an n-type
semiconductor such as MoSz or MoSe2 and leads to significant enhancement in
photoluminescence, which can be used as a sensing principle [163]. Furthermore,
semiconducting TMDs have been also used in other applications such as strain sensing,
due to their ultrasensitive band structure to external strains [47], and DNA and small

biomolecules sensing [164, 165].

2.4PHOTO-ACTUATION TECHNOLOGIES

Actuators are mechanical devices that convert different types of energy to a
mechanical action. This mechanical action can be in the form of mechanical
displacement (strain) or mechanical force (stress). In the past decades, several different
actuation mechanisms exploiting different principles have been introduced.

Mechanical, electrostatic, magnetic, acoustic, biological, chemical, piezoelectric,
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thermal, fluidic, and optical principles have been utilized to convert an input energy

source into the mechanical actuation [166-171].

As a relatively new actuation technology, optical (or photo-) actuators are those
converting the photon energy to mechanical motion. In general, all optically driven
actuators fall into two main categories in term of energy conversion mechanism: direct
and indirect methods [172]. While in direct mechanism the optical energy is converted
to the mechanical action without any intermediary medium, the indirect-type actuators
benefits from a secondary effect of light, such as photon-induced heat, electrical
current, or conductivity changes, as the principal mechanism of energy conversion. An
example of direct methods is the photo actuation of a silicon micro cantilever as a result
of electrostatic forces [172]. Although direct conversion methods are usually faster than
indirect ones, they suffer from generating small amount of mechanical forces. The
indirect-type actuators, on the other hand, benefit from simpler designs and they
generate higher actuation power, which are especially advantageous for macro scale

applications of nanotechnology [166].

Compared to traditional forms of actuation, optical actuation technologies have
several advantages including remote actuation, remote controllability, electro-
mechanical decoupling, no need to electrical circuits reducing problems such as
resistive heat dissipation, electrical current loss or electromagnetic interference,
scalability to small sizes, and harsh environment applicability. Optical actuators can

have numerous applications in technologies such as solar energy convertors in
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planetary explorers, optical micro- and nano-positioners, solar tracking actuators in

spacecrafts, microrobots, micro-optomechanical systems, and photophones [166].

2.4.1. PHOTO-RESPONSIVE MATERIALS

Photo-responsive materials are those that can convert light to mechanical
energy. Due to their promising prospects in micro-, macro-, and nano-technologies,
they have been the focus of plethora of research in the past few decades. Examples of
materials that can directly convert light of different wavelengths into mechanical
motion include range of organic photochromic compounds [4, 5], lead-lanthanum-
zirconate-titanate (PLZT) ceramics [6], carbon nanotube polymer composites with
selective chirality distributions [7], and more recently gold nanoparticle-polymer
composites [8, 9]. Photomechanical actuators, motors, and micro-walking devices
based on these materials have been also developed [4-8]. The field of photo-responsive
materials are fast growing and expanding; nevertheless, in the following sections some

important categories of these materials are being reviewed.

2.4.2. PHOTO-INDUCED SHAPE CHANGING POLYMERS (SCP)

These polymers change shapes upon irradiation of a light source. The shape
change in these polymers are usually reversible once the light source is removed. One
of the advantages of photo induced SCP compared to their thermally induced
counterparts is the ability to revert to the original shape without being affected by the
environmental temperature fluctuations, which is specifically an important issue for

biomedical implants [166]. A photosensitive functional group or filler must be present
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in SCP to make them photo responsive materials [173]. Two of the most commonly
used photosensitive functional groups are photoisomerizable azobenzenes and
photoreactive cinnamates [173]. Figure 7 shows these two functional groups.
Azobenzene is a functional group consisting of two phenyl rings linked by a double
bond. In azoebenzene, two different states, namely cis and trans, can be achieved based
on the wavelength of irradiation light. A UV light in the range of 330-380 nm tends to a
cis structure, while for irradiations with wavelengths greater than 420 nm, the molecule
switches to the trans isomer [5, 173-175]. In photoreactive groups such as cinnamates
in cinnamic acid (CA), the double bond dimerizes with the neighboring molecules
when illuminated with UV light of greater than 260 nm wavelength, to form a
cyclobutane ring. The formation of these rings is reversible, and can revert to the
original structure when illuminated with a light of lower than 260 nm wavelength [176,
177]. These functional groups can be linked to macromolecules in elastomers to cause
large actuation upon irradiation with a light source [166]. The speed of shape changing
in these polymers are a function of several factors including the intensity, wavelength,

and irradiation time of the input source [166].

2.4.3. LIQUID CRYSTAL ELASTOMERS

Liquid crystal elastomers (LCES) are among shape changing materials that can
change their shape upon an external energy source such as light. The shape changing
behavior in LCEs is due to their elastic properties as a polymer, along with the ordering
of mesogenic liquid crystalline moieties [166]. Classic liquid crystals are fluids of

relatively stiff rod molecules with random orientational order. As the isotropic
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Figure 7- Schematic of photo-induced isomerizations and reactions: (a) Trans-cis
photo-isomerization in azobenzene. (b) photodimerization of a cinnamic acid group
[173]

polymers become nematic, the average molecular shape changes [178]. Nematic
elastomers are able to change their shapes to large values, up to 400%, in a narrow

range around their nematic-isotropic transition temperature [179].

There have been many experimental studies on the opto-mechanical properties
of LCEs. Yamada et al. has shown a plastic motor driven by light with the use of liquid
crystal elastomers and incorporation of photochromic molecules such as azobenzene

[21]. Van Oosten et al. uses liquid crystal elastomers to make photo-actuators that bend
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toward a light source [180]. Hugel et al. have shown a light-powered molecular
machine which is able to expand or contract individual polymers and delivering
mechanical force [3]. In another work, inkjet printing was utilized to fabricate all-
polymer micro devices based on self-organizing liquid crystals. The self-assembly
properties of LCEs allow for creation of large strain gradients, which can mimic the
motion of natural cilia. These actuators have the applications in lab-on-a-chip devices

and can create flow and mixing in wet environments [181].

366 nm

>540 nm

Figure 8- (a) A single film (4.5mmx3mmx7um) of liquid crystal network containing
azobenzene chromophore reversibly bends in different directions in response to a
linearly polarized light of different angles at 366 nm wavelength (white arrows);
illumination by a wavelength longer than 540 nm will result in flattening of the film.
The temperature of the film is controlled at 85°C by a hot plate. The bending and
unbending times are in the range of 10 seconds [5]. (b) Photo-driven motion of a ring of
LCE film; simultaneous irradiation by UV light (366 nm) of 200 mWcm™ and visible
light (>500 nm) of 120 mWcm results in the rolling motion. Size of the ring: 18
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mmx3 mmx20 pm with 6 mm in diameter. From the photographs, a movement of ~6-

10 mm is estimated in 35 seconds [21]

2.4.4. MOLECULAR PHOTO-MOTORS AND PHOTO-SWITCHES

Nanomotors are molecular-scale motors that can perform mechanical work
[182]. Although a variety of energy sources have been used to trigger these molecular-
scale motors, photon-driven motors seem to be more promising in the nanoscale, and
specially for bio applications [166]. Eelkema et al. developed a light-driven molecular
motor which can rotates microscale objects as big as 10,000 times the size of the motor
itself. The molecular motor consists of a right-handed helical structure and an
stereogenic center that determines the direction of rotation, and a carbon-carbon bond
in the structure which works as the motor axle (Figure 9) [182]. Li et al. developed a
single DNA molecule nanomotor, which is a 17mer DNA oligonucleotide, and is able
to switch between two conformations by changing the DNA hybridization. This
nanomotor can perform an extending-shrinking motion [183]. These types of
nanomotors, consisting of protein molecules, exist in large quantity in living systems
[183]. Another DNA-based nanomotor was developed by Kang et al., where a DNA
hairpin-structured molecule along with azobenzene moiety served as a nanomotor. This
single molecule motor displayed 40-50% open-close conversion efficiency upon
irradiation of UV/Visible light [184].

Molecular photo-switches are another category of molecular photo actuators in

which photons trigger a molecule to switch between different states and exhibit
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different molecular properties including colors, absorption, emission, or refractive
index [166]. Al-Atar et al. presented a photo-controlled molecular switch which
regulates paralysis in living organisms. In this photo switch, the photon-induced
reactions of a photoresponsive material, i.e. dithienylethene, when specific wavelength
of light is applied result in a specific structure of the molecule, which in turns causes
the paralysis of the living tissue [185]. Such photo switches are of great importance in
biochemistry, medicine, and drug delivery, and make it possible to regulate

photochemical reactions using a single light source [185-187].

.
i
..
L
..

Molecule 1 - Stator

Figure 9- A light-driven molecular motor: (a) Molecular structure of the motor. Bonds

in bold are out of the page. (b) A glass rod rotating on the liquid crystal film doped with
molecule 1 when irradiated with ultraviolet light. Snapshots show 15-s intervals. Scale
bars are 50 um [182].
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2.45. PHOTOSTRICTIVE MATERIALS

Photostrictive materials are those who generate mechanical strains upon
irradiation of light. The light-to-mechanical energy conversion in photostrictive
materials is due to the collective effects of converse-piezoelectric along with
photovoltaic [6, 188]. In such materials, while electric voltage is generated upon
absorption of photons by means of photovoltaic effect, this photo-generated voltage in
turn transduces to expansion or contraction due to the converse piezoelectricity. The
photestrictive effect has been observed in many ferroelectric materials. As a standard to
quantify the performance of such materials, the product of photovoltage (Epn) and
piezoelectric constant (dss) is usually used [6, 166]. As an example of phtostrictive
materials, (Pb, La)(Zr, Ti) Oz (PLZT) ceramics doped with WO3 show large photo
strains under illumination of near ultraviolet light [6]. An optical bimorph-type actuator
made from PLZT ceramics was developed to generate several hundred micron
displacement upon illumination of a 365 nm light source [189]. PLZT ceramics have
been also applied for applications such as photo-driven relays and micro walking

machines [190].

2.4.6. PHOTO-INDUCED SURFACE CHARGE CARRIER ACTUATORS

The photogeneration of free charge carriers in the surface of a semiconductive
material such as silicon bring about mechanical actuation. Silicon microcantilevers
have been used to generate stresses upon irradiation by a A=780 nm laser diode [191].
The photo generated stress has been shown to be four times larger compared to the

stress resulting from thermal excitation. Since the electron and holes charge carriers can

41



be generated in very short times, this photo-generated actuation is much faster than its
thermal counterpart [191]. A similar phenomenon was observed for another
semiconductive material, i.e. Cadmium Sulfide (CdS), when the thin wafers were
clamped at one end and illuminated with white light [192]. It was found that when the
CdS wafers were excited to their fundamental frequencies using optical choppers, the
amplitude of vibration was a function of incident light wavelength [192]. Other thin
crystals of semiconductive materials such as GaAs have followed a similar
photomechanical effect, where their normal mode of vibration was found to depend on
the surface preparation as well [193, 194]. The higher efficiency of photo activation of
such cantilevers compared to the thermal activation makes them a powerful optical

drive for resonant sensors [194].

24.7. PHOTO-THERMAL ACTUATION IN CARBON-BASED
NANOCOMPOSITES

Photothermal actuators made of a host polymer and carbon-based nanofillers
have been reported in recent years. Carbon-based materials such as graphene and
carbon nanotubes (CNT) are attractive materials due to their excellent mechanical
properties, which can improve the mechanical properties of the host polymer when
used as nanofillers. As an example, single wall carbon nanotubes (SWNT)/nafion
nanocomposites have been shown superior performance as actuators compared to
metal-doped nafion films [195]. In polymer nanocomposites, their unique combination
of properties establishes new opportunities for a new class of stimuli-responsive

materials which are not otherwise offered in one individual constituent [12]. Koerner et
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al. have demonstrated that by uniformly dispersing CNT in thermoplastic elastomers,
nanocomposites with up to 50% higher stress recovery storage, compared to the pristine
polymer host, can be achieved [12]. This improvement was attributed to the increase of
rubbery modulus and shape fixity of nanocompiste by anisotropic nanotubes. The non-
radiative decay of absorbed photons by CNT fillers results in a temperature rise, which
in turn remotely triggers the stored strain energy by melting strain-induced polymer
crystallites [12]. Over the past decade, the trend in polymer nanocomposite actuator
technology has shifted from its original “improvement” approach toward a more
stimulating one, which is the study of new functionalities based on the introduction of
exotic nanofillers to a polymer host [196, 197]. As a good example, the combination of
CNT exotic properties with rubber elasticity in polymer nanocomposites has shown a
continuous and reversible response of large magnitude, which is not achievable with

any other material [196, 198-200].

Optically-driven devices based on carbon nanotubes/polymer composites have
been abundantly addressed in the literature [18, 19, 201-203]. A micro-opto-mechanical
system based on CNT and SU8 was developed using standard microfabrication
techniques, achieving a displacement of 24 um under infrared illumination of 240 pW
[18]. Lu et al. showed manipulation of small polystyrene microspheres using these
CNT/SUS8 micro grippers. As another application of CNT-based actuators in macro
scale, millimeter-scale nanotube grippers made from single wall carbon nanotubes

showed manipulation of small objects [201]. The photomechanical responses in CNT-
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based photo actuators were shown to dependent on the alignment of carbon nanotubes

in the composite [204].

As another carbon-based material, the incredible physical properties of
graphene makes it an exciting material for photo actuation when present in polymer
nanocomposites. Different properties of graphene such as thermal conductivity [62],
mechanical strength [63], quantum Hall effect [64], and photocurrent [205] have been
addressed in the literature. The application of graphene as light-driven actuators was
introduced by Loomis et al., where graphene nanoplatelets (GNP) were acting as
transducing agents in a polymer matrix [69]. The GNP/PDMS composites showed
higher actuation stresses compared to their previous CNT-based counterparts [69].
These samples were prepared by stir mixing of graphene nanoplatelet powder in the
polymer host for different weight percentages [69]. In graphene-based actuators, it has
been shown that as the number of layers decreases, the energy conversion efficiency
increases [11, 70]. As photothermal nanopositioners, graphene nanoplatelets were used
in a two-axis submicron-resolution stage with 120 nm resolution, and a maximum
actuator efficiency of ~0.03% [68]. Graphene bending photo actuators have also been
presented, where a double layer structure made from pristine and GNP reinforced
Polydimethylsiloxane constructs a bending mechanism due to the mismatch between
thermal expansions of the two layers [206]. These soft and lightweight actuators can be
beneficial in applications such as soft robotics, active optics, drug delivery, sports

equipment, aircraft composites, and medical implants [68, 206].
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Figure 10- (a-f) A CNT-SU8 MOMS micro gripper manipulating a micro-polystyrene
sphere of 16pum diameter [201]. (g) A photo-thermal nanopositioner, made of
GNP/PDMS composite actuators, capable of moving in x and y direction [68].

In general, most photomechanical actuators based on sp bonded carbon namely
nanotube/graphene [10, 12, 14-16] are triggered mainly using near infra-red light and
they do not exhibit wavelength selectivity. The mechanism in these nanocomposites is

non-radiative decay of photons resulting in localized thermal effect [10, 12, 14-16].

While this field is growing rapidly with many applications reported from
cantilever based photomechanical actuators [17], photo-mechanical micro-grippers
with milli-second time constants [18], photo-thermal micro-pillar actuators [8], micro-
mirrors with large rotational angles [19], nanopositioners [20], and plastic motors [7,
21], there is still need for a material design that is simple, versatile, reversible,
wavelength selective, scalable and encompasses large optical to mechanical stress
response that is based on their unique structure based tunability in optical absorption at

different wavelengths. Nanocomposites based on TMDs may offer a new material
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design and approach for chromatic photomechanical actuation with large stress release
owing to the van Hove singularities in the joint density of states in the visible region of
the electromagnetic spectrum that could be useful in designing future wavelength
selective reconfigurable technologies [23]. In this dissertation, several novel light
driven actuators based on TMDs are discussed. The use of TMDs in soft actuators is a
rather new filed in this area and will introduce intriguing opportunities to develop low
cost, light and wavelength tunable stimuli responsive systems that are not possible with

their conventional counterparts.
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Table 3- A review of different types of actuators [207]

Actuation Technolo Ve S SEes F\ﬁ‘\éoijkej:g Advantages Disadvantages References
9y Stimulus (%) (MPa) (qHz) y g

Piezoelectric - ceramics | Piezoelectric 0.2 110 Fast (kHz) | Fast response High electric field [208]
(PZT) High generative force | Low strain

Wide bandwidth Brittle
Piezoelectric - polymer | Piezoelectric 0.1 4.8 Fast (kHz) | Fast response Low mechanical [208]
(PVDF) Flexible output

Wide bandwidth High electric field
Electrostrictive polymer | Electrostrictive | 4.3 43 Fast (kHz) | Fast response flexible | Operates above Curie | [209]
P(VDF-TrFE) High stress temp [210]

generation High electric field
Dielectric elastomer Electrostrictive | 215 2.4 Fast (kHz) | Very large stroke Defect sensitive [211]
(Acrylic with pre-strain) Light weight Low Poor mechanics

cost Stability (viscoelastic)

Leakage current
Shape memory alloy (Ti- | Phase 5 200 Slow High work density Slow [208]
Ni) transformation Low efficiency [212]
Natural muscle (human Biochemical 40 0.35 Moderate | High stroke Limited stress [210]
skeletal) Self-healing generation [213]
Carbon nanotubes Thermal 1.5 16 Slow High stroke High operating [214]
(CNTs) expansion High stress temperature
Passive cooling
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Nylon (6,6) Thermal 10 22 Moderate | High stroke Need external unit for | [215]
expansion (5Hz) heating/cooling
Conjugated polymer Solvent - 27 Moderate | High stroke Require ambient [216]
(PEE-PPY) sorption (0.3 Hz) water gradient
Conductive polymers Electrochemical | 7 5 Low (0.01 | Biocompatible Low mechanical [217]
(PPy) Hz) Soft strength
Low potential
CNT yarns Electrochemical | 0.8 - Moderate | High stroke Useful for rotating [218]
(Torsional) | Preload | (0.1-0.5 Withstand high systems [219]
0.12 50 Hz) loading Creep
(Preload)
CNT/PAnNI Electrochemical | 0.85 - Low Withstand high Slow response (High | [220]
0.7 Preload | (0.0035 loading frequency is not
(Preload) | 25 Hz) High work per cycle | reported)
Graphene Electrochemical | 0.85 6.1 Low Large curvature Slow response (Strain | [221]
(0.002 Hz) | change is 0.35 at 0.02 Hz)
Nanoporous metals (Au- | Electrochemical | 3.9 - Very low | High elastic energy Slow response [222]
Pt) (0.00025 | density Expensive
Hz) Microscale
Transition metal oxides Electrochemical | 0.21 5.9 Low Redox active Slow response [223]
(V20s5) (0.005 Hz) | Abundant Require orientation
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HOPG Electrochemical | 6.7 10 Very low | High energy density | Very slow response [224]
(Highly oriented pyrolytic 1.3 100 (0.00001 Safety issues due to | [225]
graphite) 1 5 Hz) Li
(0.01 Hz)
MoS: Electrochemical | 0.8 17 0.0042 Hz | High displacement Tendency to [207]
0.5 11 0.125 Hz High generated force | delaminate under
Low potential high load
SWCNT acrylic Photothermal 0.01-0.3 0.9 - No need to No wavelength [202]
(Bending: complicated electrical | selectivity
4.3 mm) connections )
No need to high NIR region
electric fields
No need to
electrolyte
GNP elastomer Photothermal 2-5 0.0012 - Reversible No wavelength [69]
(5wit%; (0.1wit%; expansion/contraction | selectivity
40% pre- | 0% pre- Good at NIR region )
strain) strain) Higher actuation NIR region

compared to CNT
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LBL MoS: elastomer Photothermal 0.3-1.5 0.0055- - Low cost Low actuation at NIR | This
(PDMS) (0.1wt%; | 0.025 Highly stretchable regions dissertation
at 0% and | (for Can be tailored to [22]
60% pre- | 0.1wt%; applications
strains) at 0% Stable
and 60% Robust
pre- Wavelength selective
strains) Higher generated
stress compared to
CNT and GNP
High stroke
(compared to CNT
and GNP)
Applicability to
various environments
2L bandgap-engineered Photothermal 0.07 0.0007 30 Hz Low cost Access to nanometer | This
MoS: elastomer (35 nm (35 nm Highly stretchable (<100 nm) scale for | dissertation
film; 0% film; 0% Wavelength selective | thin film [226]
pre- pre- Moderate frequency
strains) strains) response
Improved actuation at
(Bending: NIR (2 times
1mm) improvement
compared to LBL)
Graphene/paper Photothermal/ 0.16 8.0 25 Hz Simple design Lower relaxation This
hygroscopic (Bending: Foldability speed due to natural | dissertation
(Thermal/ 33 mm) Cost effective moisture sorption
hygroscopic) High generated force

High mechanical
deformation
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CHAPTER 3
PHOTOMECHANICAL ACTUATION OF BULK-MOS2/POLYMER
NANOCOMPOSITES

3.1. INTRODUCTION

Following the discovery of graphene, transition metal dichalcogenides have
become important materials for next generation electronics and opto-electronics owing
to the existence of an intrinsic bandgap in their structure. Due to their excellent
mechanical and optical properties, the application of this new class of 2D materials into
composites has been a growing filed in the past decade. Utilizing the excellent behavior
of TMDs and integrating them on a base host polymer matrix, novel functionalities can
be achieved, which is not available in individual constituents. In this chapter, we
present a study on the importance of different fabrication methods on the yielded
optomechanical properties of nanocomposites based on MoS2 nanoparticles and
Polydimethylsiloxane (PDMS). Such nanocomposites have been widely used and
proved to be quite useful in remote actuation applications in the past. Understanding the
proper fabrication method of such nanocomposites is essential for translating the novel
optoelectronic and electronic properties of TMDs into real applications, making it

possible to achieve real-world devices which are reliable, scalable and controllable.

3.2. BACKGROUND

Utilizing the excellent behavior of TMDs and integrating them on a base host
matrix, novel functionalities can be achieved, which is not available in individual

constituents [22]. A plethora of research has focused on the integration of nanoparticles
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into polymer host matrices in the past [227-231]. Various methods of integration of
nanoparticles into the host matrix, such as random distribution (0-3 type nanocmposite)
or layer-by-layer method (2-2 laminated type), have been used and reported by
researchers in recent years [197]. Nevertheless, understanding the right combination of
nanoparticles and base matrix and the proper fabrication method to synergistically

achieve a superior behavior still remains a challenge.

As a good example of TMDs, molybdenum disulfide (MoS2) has attracted
plethora of research due to its superior properties, owing to the existence of an intrinsic
bandgap in its electronic structure [60, 78-83]. MoS2 nanoparticles are stacks of weakly
bonded layers held together with van der Waals forces. This fact has led to numerous
research focusing on TMDs, especially MoSg, in recent years, with applications in
various areas such as photo transistors, biosensors, piezoelectric energy harvesters and
actuators [22, 80, 88-90]. In this chapter, we present a study on the importance of
different fabrication methods on the yielded optomechanical properties of
nanocomposites based on MoS2 and Polydimethylsiloxane (PDMS). Such
nanocomposites have been widely used and proved to be quite useful in remote
actuation applications in the past [11, 69, 70, 196, 203]. In case of TMD based
nanocomposites and their responsivity to photons, layer-by-layer and shear mixing
processes have been reported in the literature [22, 90]. Yet, we show in this chapter that
the right decision of choosing a method over the other not only depends on the type of
nanoparticle used, but also on various factors such as fabrication methods and/or cross-

linking ratio of the host polymer matrix. Either of these factors, individually or in
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combination with others, play an important role in the final properties of

nanocomposites.

In the following, we show that at lower cross-linking ratios of polymer matrix,
layer-by-layer method gives the best results of photon-to-mechanical energy
transduction, while when higher cross-linking ratios are achieved, shear and
evaporative mixing offers higher optical to mechanical energy transduction compared
to their layer-by-layer counterparts. In addition, in EM and SM fabrication methods, the
peak photo-actuation stress is increased and shifted toward higher weight percentages
as higher cross-linking ratio is used. The results of this chapter propose that energy
transduction in MoS2 nanocomposite actuators are not only a function of weight
percentage or exfoliation level of nanoparticles as reported earlier in [90] and [22], but

also functions of fabrication method and cross-linking ratio of the base polymer.

3.3. RESULTS

Crystal and layer structures of MoS2 are shown in Figure 11. MoSz is a
semiconducting material in the category of Transition Metal Dichalcogenides, in which
each Mo atom is located at the center of a trigonal prism created by six S atoms. Each
single layer of MoS: is separated from other layers by a distance of ~0.65 nm [60].
High-resolution transition electron microscopy (TEM) images suggests a hexagonal

structure for MoS2 nanoparticles (Figure 11c).
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Layered structure of molybdenum disulfide

Indirect electron !
transition 1.29ev

Figure 11- (a) 2D layered structure of Molybdenum disulfide, (b) hexagonal lattice as
viewed from the top, (c) High resolution TEM image, and (d) band structure of few-

layer nanoparticles

Figure 12 shows the material characterization for MoSz nanoparticles used in
this chapter. Scanning Electron Microscopy (SEM) images of MoS2 nanoparticles are
depicted in Figure 12b. Ultrafine MoS2 powder was purchased from Graphene
Supermarket. These nanoparticles have an average particle size of ~90 nm and a near
spherical morphology per manufacturer. Depending on the fabrication method, these

nanoparticles have been directly added to a PDMS host matrix without any further
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exfoliation (shear mixed samples), or have been lightly exfoliated in ethanol for 6 hours
(layer-by-layer and evaporative mixed samples). The MoS2-ethanol solutions with
different concentrations as used in evaporative mixing samples, and the deposited thin
film of MoS2 nanoparticles on an alumina filter membrane as used in layer-by-layer
fabrication method are depicted in Figure 12a. Lambert-Beer plot and optical
absorbance for different solutions used in this paper are plotted in Figure 12c and d.
Raman spectroscopy of MoS2/PDMS nanocomposites is shown in Figure 12e and is

compared to a pristine PDMS sample.

Figure 13a shows the fabrication steps for three different fabrication methods,
namely layer-by-layer (LBL), evaporative mixing (EM), and shear mixing (SM)
methods. In LBL fabrication method, nanocomposites are made from three separate
layers of pristine PDMS and MoSz2, as shown in Figure 14a. A thin film of MoS2
nanoparticles have been made using a standard vacuum filtration process and been
transferred to a cross-linked layer of PDMS. Another layer of PDMS is then spun
coated on top of the MoSz thin film. In EM and SM fabrication methods, nanoparticles
are directly mixed with the host polymer (PDMS base) and after achieving a uniform
mixture, the cross-linker is added to it. The samples are then spun coated on a glass
slide and cured at oven at 120°C for 20 mins, followed by an additional 12-hour curing

in room temperature.

Figure 13b schematically shows the cross-linking of polymer in the presence of

MoS2 nanoparticles, with the reaction being shown in Figure 13c [232]. In lower
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Figure 12- Material characterization: (a) MoSz solutions in Ethanol with different
concentrations, and the deposited thin film of nanoparticles on filter membranes (b)
SEM of individual nanoparticles (c) Lambert-Beer plot for MoS: solutions at different
concentrations (d) UV-Visible spectroscopy of different MoS2 solutions () Raman

shifts for MoS2/PDMS nanocomposites
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concentrations of MoS2 nanoparticles, the cross linking process is mainly favorable. As
the MoS2 concentration in the polymer base is increased, there is higher chance of
MoS2 nanoparticles piling up and blocking the crosslinking process. This will result in
a lower degree of effective crosslinking, which in turn appears as a decrease in the
mechanical properties of the composite, such as its modulus of elasticity. While the
addition of other nanoparticles such as GNP and MWCNT were shown to improve the
mechanical properties of the composite (Figure 16), the adverse effect of MoS2 addition
to host PDMS is believed to be due to its higher tendency to aggregation when mixed in
a polymer host [87]. These findings are also in line with previous research [233]. We
observed that in case of MoSz nanocomposites based on uniformly dispersed
nanoparticles in the host polymer matrix, there exist two regimes in the photo-actuation
results; an increasing photo-actuation regime with increase in MoS: additives, and a
decreasing regime after a specific threshold is reached. The unfavorable effect of
nanoparticle addition to the polymer host can be remedied by increasing the cross
linking ratio of polymer matrix, i.e. increasing the chance of successful cross linking
reactions. This is schematically depicted in Figure 13b, where part (1) is pure PDMS
with well cross-linked polymer molecules. When PDMS is mixed with low
concentrations of MoS2 nanoparticles, the reactions are still mostly favorable and
almost all polymer molecules are cross-linked properly (2). When medium
concentration of MoS2 additives are reached, there are both cross-linked and not cross-

linked regions in the polymer matrix, with the reactions being a mixture of favorable
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and unfavorable, as depicted in part (3). Higher concentration of MoS:2 will lead to

many non-crosslinked polymer regions/holes (4).

Fabrication methods
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Figure 13- (a) sequences of three fabrication methods: layer-by-layer, shear mixing

and evaporative mixing (b) Schematic of favorable and unfavorable reactions in these

methods (c) Cross-linking of PDMS polymers
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n Schematic of layer-by-layer configuration

SEM of thin film formation by random stacking of
MoS; nanoparticles

u SEM of layer-by-layer samples
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Figure 14- (a) LBL Samples schematic, (b) SEM of thin film of nanoparticles, and (c)

cross section of a LBL samples.
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Figure 15- Optical view of 80um thin films of MoS2/PDMS composites on glass slides
(from pristine PDMS on left, to 0.1wt.% MoS2/PDMS on right).
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Figure 16- Young’s modulus for different types of nanoparticles added to the PDMS

host matrix.
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The photoactuation mechanism is schematically depicted in Figure 17.
Unstretched nanocomposite has random polymeric chain entanglement. When
subjected to a pre-strain value, the entanglements become more oriented, thus lowering
the entropy of the system. When subjected to illumination, MoS: nanoflakes inside the
nanocomposites absorb optical energy and transduce it to heat, and consequently,
mechanical work as expansion or contraction, based on the applied pre-strain.
Photoactuation in these nanocomposites is a purely thermal mechanism and can

correspond to a heat-induced actuation [22].

Figure 18a-d shows the photo-actuation results for a LBL sample at different
weight percentage of MoS: nanoparticles, ranging from 0.1 to 5.0 wt.%. The test
apparatus used in these experiments was previously reported by Rahneshin et al. and
can be found there [22]. The applied pre-strain values to the nanocomposite ranges
from zero to 70%. The results show that the photoactuation reaches a value of 44 kPa at
2wt% of MoS2 nanoparticles and saturate for higher concentrations. The 2wt%
threshold is the point where almost all of the incident optical energy is absorbed by
nanoparticles, thus increasing the nanoparticle concentration further will not increase
the photoactuation [90]. The change of actuation from expansion to contraction
happens around pre-strain values of around 7%. At low level of pre-strains (0-7%), the
MoS:2 actuators show reversible expansion, while at higher levels of pre-strain (9-70%),
they exhibited reversible contraction. These results are in line with previous reports [22,

90].
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Figure 18e shows the steady-state temperature profile along these samples at
low and high pre-strain values. It is observed that increasing the strain value will
decrease the temperature of the sample. This is because at higher pre-strain values, the
amount of nanoparticles exposed to incident light is less as the length increases, thus
resulting in lower light absorption and smaller temperature profile. Similar results were
also observed for GNP-based actuators in the past [69]. Figure 19 shows the stability

and reversibility of MoS:z based actuators in long term.

Pre-strains

Equilibrium
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Figure 17- Schematic of photo-induced actuation of PDMS-based nanocomposites
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Figure 19- Long-term response of a bulk photo-actuator (the response is for a 1wt%
LBL sample)

Unlike LBL samples, the photo-actuation in EM and SM samples does not
saturate after a certain weight percentage of additives (Figure 20). Here the trend of
photo-actuation is increasing at lower weight percentages of nanoparticles, and
decreasing after reaching a certain threshold (around 1 wt.%). To better understand this,
we should elaborate on the main factors affecting the value of photo-induced stress.
The photo-actuation stress in nanoparticle-based polymeric actuators are mainly
dependent on the amount of light absorption (MoS: part) and mechanical properties of
the polymer host itself, especially its modulus of elasticity. In shear and evaporative
mixed samples, as more MoS2 nanoparticles are added to the host polymer, the former
increases, while the latter decreases. The resultant effect of the two factors is an

increase in photo-actuation in low weight percentage regimes, where the
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photoabsorptions dominates the elasticity effects, and a decrease in the photo-induced
stress for high weight percentages of MoS2 additives, when the elasticity decrease
outweighs the photoabsorption increase. Figure 20 depicts these effects. From the
results of this figure, whilst the optical absorbance for LBL and EM samples are very
close to each other, with LBL having a slightly higher value, SM samples show
significantly lower optical absorbance. This is probably due to lower level of
exfoliation of nanoparticles as well as lower dispersion in polymer host compared to
the other two fabrication methods, as a result of directly mixing as-received
nanopowder to the PDMS melt in SM method. This is in line with previous reports on
the effects of exfoliation of nanoparticles on light absorption [22]. A slightly higher
optical absorption observed in LBL samples compared to their EM counterparts shows
the higher efficacy of surface distribution of additives compared to volumetric
distribution. The deterioration of mechanical properties in EM and SM samples by
increasing MoS: additives can be remedied by increasing the ratio of cross-linker to the

polymer melt.

Figure 21 shows the effects of coss-linking ratio on the photo-induced stress in
the fabricated samples at 40% pre-strain. By increasing the cross-linking ratio in EM
and SM samples, the maximum amount of additives that can be added to the polymer
host increases. This means higher weight percentages of nanoparticles can be achieved
in nanocomposites before their mechanical properties start to deteriorate. This implies a

higher photo-actuation can be reached with the same amount of MoS: additives,
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especially for the higher weight percentage regimes. This is depicted in Figure 21a and

b, as a shift in maxima of the curves to the right, due to increase in cross-linker.
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In LBL samples, increasing the cross-linker leads to a decrease in the photo-
actuation. Contrary to EM and SM samples, the polymer matrix in their LBL
counterparts does not contain any MoS2 additives, thus increasing the cross-linker ratio
will only increase the stiffness (and modulus of elasticity) of the samples. As a result,
the same amount of excitation energy results in a lower photo-induced stress due to

higher stiffness of the sample.

The peak actuation versus cross-linking ratio for different fabrication methods is
plotted in Figure 21d. From the results of this figure, in lower cross-linking ratios, LBL
process is the most efficient fabrication method as it gives the highest optical to
mechanical conversion rate. In higher cross-linking ratio, SM and EM methods gives
better transduction ratio compared to LBL samples. These results imply that energy
transduction in MoS2 nanocomposites are not only a function of weight percentage of
nanoparticles embedded in the polymer host matrix, but also a function of fabrication
methods as well as cross-linking ratio. This extends the tunability properties of
nanoparticle-based actuators beyond nanoparticles as the only tuning agents; meaning
the mechanical response of these type of actuators can be engineered by both

nanoparticles and the host polymer matrix itself.

3.4. DISCUSSION AND CONCLUSION

In this chapter, we investigated the effects of fabrication method and cross-
linking ratio on the effectiveness of optical to mechanical energy transduction in bulk

MoS2 nanocomposite photo actuators. It was concluded that energy transduction in
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actuation as the cross-linking ratio changes in different fabrication methods

MoS2-based nanocomposite actuators are not just function of weight percentage, but

also function of fabrication method and cross-linking ratio of the base polymer. The

presented results showed that at lower cross-linking ratios, layer by layer fabrication

method gives the best energy conversion, whereas in higher cross-linking ratios shear

and evaporative mixing offers higher optical to mechanical energy transduction. Higher
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effectiveness of LBL method at lower cross-linking ratios compared to EM method is
due to higher efficacy of surface distribution of additives compared to volumetric
distribution. Amongst EM and SM fabrication methods, EM give better actuation in all
cross-linking ratios, which is due to better dispersion achieved in EM fabricated

samples compared to SM counterparts.

3.5. MATERIALS AND METHODS

3.5.1. NANOCOMPOSITE FABRICATION

MoS2/PDMS actuators were fabricated based on three methods, namely layer-
by-leyer (LBL), evaporative mixing (EM), and shear mixing (SM) fabrication. PDMS
silicone elastomer obtained from Dow Corning (Sylgard 184) was used as the host
matrix. PDMS is a two part solvent-free flexible silicone organic polymer in the form
of a base compound with a separate hydrosilane curing agent that acts as a cross-linker.
The term cross-linking ratio (CLR) used throughout the paper refers to the ratio of
PDMS cross-linker to the base compound. In LBL method, the PDMS base is mixed in
1:10 ratio (or other ratios as referred in the text) to the cross-linker and then deposited
on a glass slide. A standard spin coating process at 750 rpm for 90 seconds produces 80
pm thick film of PDMS on the glass slides. The films are then cured at 120°C for 20
minutes. A uniformly distributed layer of MoS:2 nanoparticles deposited on Whatman
Anodic inorganic membrane is then transformed into this layer of PDMS. Another
layer of PDMS is then spun coated and cured on top of the MoSz layer resulting in a

layer-by-layer structure of about 160 pm thick. In EM method, MoS2 nanoparticles are
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added to ethanol solvent and then exfoliated using bath sonicator and centrifugation
procedures. The exfoliated solution is then added to the PDMS based and stir mixed at
80C to evaporate the solvent while mixing the nanoparticles into the PDMS base. The
resulted PDMS/ MoS:2 mixture is then spun coated on a glass slide at 700 rpm for 30
seconds resulting in 160 pm thick film of PDMS/ MoS2 composite. The films are then
cured at 120°C for 20 minutes. In SM method, MoS:z nanoparticles in form of ultrafine
powder is directly mixed with the PDMS base using a shear mixing process at 1000
rpm for 100 hours at room temperature. The resulted PDMS/ MoS2 mixture is then
spun coated on a glass slide at 700 rpm for 30 seconds resulting in 160 pum thick films.
The films are then cured at 120°C for 20 minutes. The samples are then cut in 50 mm x

5 mm strips (30 mm of active test area with 10 mm on each side for fixture mounting).

3.5.2. STRESS TEST EXPERIMENTATION

The MoS2/PDMS nanocomposite samples were mounted vertically between two
clamps, with the bottom clamp attached to a weighted assembly (203 g), which in turn
was placed on a high precision balance (A&D HR-250AZ), and the upper clamp
attached to a linear actuator. The setup is shown in Chapter 4, as well as in [22]. The
laser diode was placed ~80 mm away from the middle of the test sample in a way that
the illumination is normal to the PDMS/MoS: surface. Photo-induced stress due to laser
illumination and optical absorbance by MoS: agents resulted in a change in weight
readings on the precision balance. Stress tests on each nanocomposite sample were
directed with pre-strain values ranging from 0% to 70%. The test sequence in the

developed LabVIEW program was 50 seconds of irradiation and 30 seconds of
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relaxation repeated for five cycles. Engineering stress calculations were done by
dividing the change in force due to light irradiation by the cross-sectional area of the

composite samples.
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CHAPTER 4
CHROMATIC MECHANICAL RESPONSE IN 2D LAYERED TRANSITION
METAL DICHALCOGENIDE BASED NANOCOMPOSITES

In this chapter, using few layer 2H-MoS2 nanosheets, layer by layer process of
nanocomposite fabrication, and strain engineering, we demonstrate a reversible and
chromatic mechanical response in MoSz-nanocomposites between 405 nm to 808 nm
with large stress release. The chromatic mechanical response originates from the d
orbitals and is related to the strength of the direct exciton resonance A and B of the few
layer 2H-MoS: affecting optical absorption and subsequent mechanical response of the
nanocomposite. Applying uniaxial tensile strains to the semiconducting few-layer 2H-
MoS: crystals in the nanocomposite resulted in spatially varying energy levels inside
the nanocomposite that enhanced the broadband optical absorption up to 2.3 eV and
subsequent mechanical response. The unique photomechanical response in 2H-MoS:
based nanocomposites is a result of the rich d electron physics not available to
nanocomposites based on sp bonded graphene and carbon nanotubes, as well as
nanocomposite based on gold nanoparticles. The reversible strain dependent optical
absorption and its rapid reversal suggest applications in broad range of energy
conversion technologies that is not achievable using conventional thin film

semiconductors.

4.1. INTRODUCTION

Establishing an optical-mechanical interface has been attempted since 1881

when A.G. Bell used the optoacoustic effect (photophone) to produce sound in a gas
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with chopped beam of sun light [1]. However, only few materials exist that can convert
photons of different wavelengths into mechanical motion that is large enough for
practical import. Examples of materials that can directly convert light of different
wavelengths into mechanical motion include range of organic photochromic
compounds [4, 5], lead-lanthanum-zirconate-titanate (PLZT) ceramics [6], carbon
nanotube polymer composites with selective chirality distributions [7] and more
recently gold nanoparticle-polymer composites [8, 9]. Photomechanical actuators,
motors, and micro-walking devices based on these materials have also been developed
[4-8]. In general, most photomechanical actuators based on sp bonded carbon namely
nanotube/graphene [10, 12, 14-16] are triggered mainly using near infra-red light and
they do not exhibit wavelength selectivity. The mechanism in these nanocomposites is
non-radiative decay of photons resulting in localized thermal effect [10, 12, 14-16].
While this field is growing rapidly with many applications reported from cantilever
based photomechanical actuators [17], photo-mechanical micro-grippers with milli-
second (ms) time constants [18], photo-thermal micro-pillar actuators [8], micro-
mirrors with large rotational angles [19], nanopositioners [20], and plastic motors [7,
21], there is still need for a material design that is simple, versatile, reversible,
wavelength selective, scalable and encompasses large optical to mechanical stress
response that is based on their unique structure based tunability in optical absorption at
different wavelengths. Phase separated nanocomposites based on TMDs prepared using
a layer by layer processing may offer a new material design and approach for chromatic

photomechanical actuation with large stress release owing to the van Hove singularities
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in the joint density of states in the visible region of the electromagnetic spectrum that
could be useful in designing future wavelength selective reconfigurable technologies

[23].

Layered transition metal di chalcogenide (TMDs) provide intriguing
opportunities to develop low cost, light and wavelength tunable stimuli responsive
systems that are not possible with their conventional macroscopic counterparts. Due to
the large optical absorption (~10’m™[23]) in these materials, they are already being
exploited for photocatalytic [24], photoluminescence [25], photo-transistors [26] and
solar cell [27] applications. Bulk form of MoS:2 has an indirect band gap of ~1.29 eV
[28] and single layer has a band gap of 1.9 eV [28]. The in-plane structure of MoSz: is
determined by strong covalent bonds resulting from the overlap between the 4d and 3p
electron orbitals of Mo and S respectively [29]. The elastic modulus and the breaking
strength of an ideal defect-free single-layer MoS: is expected to be E?P/9, where E?P is
the in-plane stiffness as per the theory of rupture and flow in solids [29, 30]. The ultra-
high strength is generated from the p orbitals of the chalcogen atoms which generate
the o bonds[23]. The large breaking strength (potentially capable of withstanding 25%
strains) [31] together with large band gap and strong light-matter interaction in these
materials has resulted in plethora of investigation on electronic, optical and magnetic

properties of such layered ultra-thin semiconductors [31-37].

Utilizing exfoliated MoSz, unique layer by layer process of nanocomposite
fabrication, and strain engineering, here we present direct chromatic mechanical

response in MoSz-polymer nanocomposites between 405 nm-808 nm. The advantage of
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our fabrication methods are as follows: 1) liquid phase exfoliation process resulting in
high quality few layers with distinctive direct electron transition peaks, 2) phase
separated nanocomposite due to the layer by layer processing, 3) access to the unique
layer dependent optical absorption properties of MoS: layers inside the nanocomposite,
4) the reported architectures enables the creation of spatially varying bandgap profiles
of 2-D nanomaterials and study of resonance Raman scattering as a function of number
of layers and 5) the design enables scalable and flexible process for developing stimuli
responsive and energy conversion devices at macro, micro and nanoscopic length scales
utilizing different polymeric systems. Further, the layer-by-layer process as reported
here enables preservation of the intrinsic properties and eliminates environmental
degradation effects such as oxidation. The reported photomechanical actuators based on
this process not only showed strong and wavelength dependent light matter interaction
in the visible region of the electromagnetic spectrum, but also showed unexpected
deviations. Not only, we found that the photo-thermal energy transduction from the
MoS: crystals to the polymer chains is high resulting in high amplitudes of
photomechanical actuation, it is also dependent on the wavelength of light and the
photo-thermal actuation is better than graphene [20] and carbon nanotubes [10], which
is unexpected given the low thermal conductivity of the MoS2 additives (52 W/m-K for

few-layer MoS2 [234] versus 313W/m-K for graphene thin films [235]).

4.2. RESULTS

Figure 22 (a) presents the lattice schematic and Figure 22 (b) honeycomb

structure of the semiconducting phase of 2H-MoSz. In the 2H-MoS: lattice, each Mo
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atom is located at the center of a trigonal prism created by six S atoms. The lattice
constant of 2H-MoS2 was reported to be: a=b=3.14 A [236] and c=12.3 A [237]. A
single layer of 2H-MoS:2 is ~0.65 nm thick and can be exfoliated using scotch tape [61]

and liquid phase exfoliation techniques [238].

The High Resolution Transmission Electron Micrograph (HRTEM) of the MoS:
structure is presented in Figure 22 (c) with atoms of S and Mo indicated also showing
the honey comb structure in (Figure 22b). The distances a1, a2 and as measured from
this image are close to the 2.8 A value of the Mo—Mo interatomic distances in 2H-MoS:
[239]. The insert in Figure 22 (c) presents the Fast Fourier Transform (FFT) of the
HRTEM image indexing the crystallographic planes of the single layer 2H-MoSa.
Small distortions and apparent non-uniform intensity distribution of the spots in FFT
are due to a slight tilt of the flake with respect to the electron beam. The bulk form of
MoS: with an indirect band gap of ~1.29 eV [28] (Figure 22d), the photon absorption
process is mainly dominated by electronic polarization and as a result, no wavelength
selective optical absorption is observed, since no significant electronic transition
happens from the valance to the conduction band. However, as the layers decrease in
MoSz2, the indirect band gap becomes so large that the material changes into a direct
band gap semiconductor with Eq~1.9 eV (Figure 22e) [28] with intrinsic
photoluminescence [25]. The low energy electronic states are dominated by 4d,%?,
4dxy, and 4dx%.y? orbitals of Mo atoms [240]. MoS: few layers are also known to have
significant quantum yield (10,000 folds increase in luminescence) compared to bulk

[28]. MoS2 show strong peak and enhanced light-matter interaction in the visible region
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of the electromagnetic spectrum due to the van Hove singularities in the density of

states [23].

The starting point for our photomechanical actuators is the liquid phase
exfoliation of MoS:z [238] powders in ethanol followed by centrifugation and separation
of the layers as presented in Figure 23(a). Three types of samples were prepared
namely (a) bulk: sonicated for 7 hours and no centrifugation (b) intermediate: sonicated
for 50 hours and centrifuged for 45-120 minutes and layers separated (c) few layers:

well characterized commercially available few layers in ethanol was purchased.

The samples were characterized for number of layers using an SEM (Figure 23
(b-d)) and an AFM (Figure 24). It is observed that bulk samples had morphology of
flakes (Figure 23b), while the intermediate was well separated crystals. The crystals
were also large measuring almost 1 um in size (Figure 23c) and the few layers were

small in size measuring 100 nm in diameter (Figure 23d).

Further characterization for number of layers was done using an AFM (Figure
24). Three different regions were identified based on the Z-axis height measurements of
the flakes using an AFM. Based on the number of layers, the suspensions were
classified as bulk (100-500 layers), intermediate (10-30 layers) and few layers (1-6
layers) and henceforth the films and the nanocomposites made using these suspensions
will be addressed as such throughout the paper. These suspensions were then filtered
using vacuum filtration using an Anodisc membrane to yield MoS: thin films (Figure

23a, bottom row), with the same mass per area of the membrane (please see materials
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Figure 22- Crystal Structure: (a) Crystal structure of MoS2: S atoms in gold and Mo in

black with unit cell parameter a and b, (b) top view of a single-layer MoS: structure in
honeycomb shape; (¢) HRTEM of 2H-MoS: (top insert is the Fast Fourier Transform
(FFT) image showing the planes; slight distortion is due to the tilting of the flake in the
TEM); a1, a2 and as presented HRTEM image is the Mo-Mo interatomic distance of 2.8
A for 2H-MoS: (d-e) schematic of the indirect electron transition in bulk MoS2 and

direct electron transition in single layer MoS: respectively.
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and methods for sample preparation). It can be observed the thin film samples on
membrane have characteristic colors namely few layer films were deep green (1-6
layers), intermediate films were light green (10-30 layers) and bulk samples were grey
(100-500 layers) as presented (Figure 23a, bottom row). This suggests that the films

themselves are capable of acting as optical filters at these low weight fractions.

Figure 23 (e) presents the optical absorption spectroscopy of bulk, intermediate
and few layer solutions using Lambert-Beer’s law characterized by A/l = aC,
where A/l is the absorbance per length, o is the extinction coefficient, and C is the
concentration. The A/l scaled linearly with C provided the values for the three types of
solution. The calculated extinction coefficient for bulk abuk = 890.2 (mg/ml)* m; for
intermediate layer dintermediate-layer= 1133.8 (mg/ml)™* m%; and aew-layer =2230 (mg/ml)*
mL. The extinction coefficient increases with decrease in number of layers. Since
extinction is a measure of absorption and scattering, and since the few layer
nanoparticles were small (<100 nm), the large values of extinction is a result of optical

absorption in the semiconducting few layers.

Figure 23 (f) presents the absorbance versus the wavelength of the three
different solutions. It is seen that absorbance is high (25 times higher than bulk) for the
few layer solution. The two peaks marked A (1.9 eV) and B (2.1 eV) correspond to the
direct exciton transition at the K point [241]. The peaks are assigned to excitons
involving the conduction band and the two valence bands (which are split due to spin
orbit coupling) near the K point [241]. The absorbance of the intermediate and the bulk

solution was small. The insert in Figure 23 (e) presents the magnified absorbance of the
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Figure 23- Liquid Phase Exfoliation and Characterization: (a) Suspensions after liquid
phase exfoliation in bath sonicator followed by centrifugation and separation of layers
into 3 distinct entities namely bulk (left: 100-500 layers), intermediate (middle: 10-30

layers) and few layers (right: 1-6 layers); bottom row corresponds to the bulk,

intermediate and few layer films formed on an anodisc membrane from the exfoliated

suspensions (b-d) SEM images of the three different suspensions showing the different
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morphology of the samples. The bulk were aggregates with particle size greater than
1um, the intermediate samples were crystals with layered architecture with particle size
~1um and the few layer samples with layered crystals ~100 nm in particle size; (e)
Lambert-Beer plots characterized by A/l = aC provides the extinction coefficient for all
the three types of samples; (f) UV-Visible spectroscopy of the bulk, intermediate and
few layer samples in solution. The peaks marked A and B correspond to the direct

exciton transition peaks at the “K” point.
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Figure 24- Atomic force microscopy images and Z axis height measurements of the

flakes for three different levels of liquid phase exfoliation.

intermediate and the bulk solutions. The A and B peaks are also evident in the
intermediate solution. The bulk solution showed no peaks with negligible absorption

(suggesting no direct electron transition). The negligible absorption is a result of the
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high transmittance of light through the sample and geometric scattering of light due to
the particle size of the bulk (>1 um) and intermediate MoSz (~1 pm) samples in

solution.

Figure 25 (a) presents the nanocomposites prepared using layer by layer (LBL)
process consisting of steps namely: sonication, vacuum filtration of exfoliated MoS2
suspensions, shear mixing of PDMS base with cross-linkers, formation of layer of
cross-linked poly dimethyl siloxane (PDMS) on glass substrate using spin coating,
curing and post-curing of PDMS, MoS: transfer to the PDMS and spin coating another
identical second layer of PDMS on to the transferred MoS:z layer and crosslinking and
final step of curing and post-cure relaxation for 12 hours. The MoS2 concentrations for
all the three samples were maintained at 0.1 wt. % and the final nanocomposites are
presented in Figure 25 (b). The top and bottom PDMS layer were identical in weight
and thickness. All the samples were identical in mass. Following preparation, the

samples were cut into 50 mm x 5 mm strips for testing (Figure 25 (b)).

Figure 25 (c) presents the optical absorbance of the three types of
nanocomposites measured using UV-Visible spectroscopy. The optical absorbance of
the nanocomposites were similar to that of the solution samples as presented in Figure
25 (f) except the normalized absorbance of the Y-axis was lower. The absorbance of
neat PDMS was measured and subtracted from the presented data on the
nanocomposites. The few-layer based nanocomposites showed the strongest optical
absorbance (300 nm to 750 nm) compared to their intermediate and bulk counterparts.

The characteristic peak A (~1.9 eV) and B (~2.1 eV) is seen suggesting existence of a
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direct bandgap inside the nanocomposite. Again, the absorbance of the intermediate
and the bulk nanocomposites was small similar to solution. This suggest high
transmittance of light through the sample and geometric scattering due to particle size
that caused the lowered optical absorbance in intermediate and bulk nanocomposites at
these low weight fractions. It should be noted that the absorbance was exactly the same
at higher wavelengths (>800 nm, below the bandgap of the few-layer) for all the three
nanocomposite samples suggesting same weight fractions of the MoS: additives and
similar levels of scattering in all the nanocomposites. The insert in Figure 25 (c)
presents the magnified absorbance of the intermediate and the bulk nanocomposites.
The A and B peaks are also evident in the intermediate nanocomposite. The bulk
nanocomposite showed no characteristic A and B peaks with negligible absorption
(suggesting no direct electron transition in bulk). Since the extinction of the few-layer
samples was observed to be high, this suggest strong absorption of light in these
nanocomposites (300 nm to 750 nm). However, for intermediate and bulk
nanocomposites, the absorbance was low due to strong transmission of light through
the sample and geometric scattering at these low weight fractions. Photomechanical
testing was done in an automated test system (Figure 25d) and the details of the testing

is reported elsewhere [16].

In order to better understand the internal lattice dynamics in bulk, intermediate
and few layer nanocomposites, we performed resonant Raman scattering studies of our
nanocomposites at room temperature as presented in Figure 26. This is the first such

measurement performed directly on the nanocomposite, which enables us to non-
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Figure 25- Layer by Layer Assembly of Nanocomposites and Testing: (a) Layer by
Layer Fabrication Process; (b) Final nanocomposites formed using layer by layer
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destructively understand the internal dynamics between bulk, intermediate and few

layer samples.

Significant changes in the shape of lines are observed between bulk,
intermediate and few layer samples in Figure 26 (a) and Figure 26 (b). While the first
order Elzg (=384 cm™) and Aig (=409 cm™?) peaks, which correspond to the in-plane and
out-of-plane vibrational modes of the S atoms with respect to the Mo atoms, are
dominant features of the non-resonant Raman spectrum of 2H-MoS: [242], these peaks
are accompanied by a number of intense second-order Raman scattering process peaks

enhanced by strong electron-phonon interactions in the resonant spectrum (Figure 26a).

In the bulk nanocomposite, the strongest spectral feature is a broad line located
around 460 cm that consists of E1g +XA (=466 cm™) peak (XA is a transverse phonon
from the vicinity of M point of the Brillouin zone) [243, 244] as well as of L1 (~441
cm™) peak assigned to a second-order band (possibly Aig(T") + E%2¢(I)), L2 (~455 cm™)
peak to a van Hove singularity between K and M and L3 (~460 cm™) peak due to LA’
phonon from the vicinity of M point [245]. Thus in bulk, the existence of van Hove
singularity is expected to increase optical absorption in the visible region of the
electromagnetic spectrum with increase in MoSz additives. Other significant lower-
frequency lines are the “b” (~420 cm™) peak due to a two-phonon Raman process
involving the emission of a dispersive quasi-acoustic phonon and an optical E?1
phonon along the c-axis, the B1u(I") (~404 cm™) mode, which is the Davydov couple of
the Aig (') mode and the “c” (~380 cm™) peak due to a dispersionless E?1 (I") phonon

[246]. In addition, several lines are also observed in the higher-energy region between
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550 cm™ and 700 cm™}(Figure 26 (b)), including the E1g(M)+2XA (~644 cm™) peak
[243], the A1g(M)+LA(M) (~466 cm™) peak, El2g(M)+LA(M) (~600 cm™) peak and

2E19(T") (~572 cm™?) peak.

Several significant changes of the spectrum are observed with the decrease in
the number of layers, especially for the few layer nanocomposite. First, the “b” peak
shows higher intensity which is an indicative of the phonon involved that has a wave
vector along the c-axis. The “c” and B1u (I') peaks are also seen to increase in intensity.
Both these peaks are Raman-inactive and their appearance suggests symmetry breaking
[246]. Since the PDMS spectra were subtracted from the presented measurements, the
peaks are indicative of the arrangement and interaction of the MoS:z atoms between the

layers arranged in the few layer sample.

The decrease in the number of layers of the MoS: crystal leads also to
significant increase of the L1 and L2 peaks (Figure 26 a) in the few layer
nanocomposites. Furthermore, in the higher-energy region of this sample, broad peaks
labeled in Figure 26 (b) as P1, P2 and Ps, located at ~566 cm™, ~592 cm™and ~632 cm™,
respectively, are seen to appear. While there are a number of theoretically-predicted
modes in the vicinity of these frequencies [245], the correct identification and
assignment will require future detailed studies. All our observations are in line with
recently reported studies on resonant Raman scattering in 2H-MoSz [242-244]. The
change in line shape, intensity and peaks with decrease in number of layers suggest
strong electron-phonon coupling and one can access the change in electronic properties

with strains of these higher order peaks using this layer-by-layer process. While such
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Figure 26- Raman Scattering: Resonant Raman Spectroscopy of bulk, intermediate and

few layer nanocomposites.

studies are beyond the scope of the present paper which is the chromatic mechanical
response in MoSz based nanocomposites, nevertheless, it throws open new investigation
into resonant Raman spectroscopy with strains. The resonant Raman scattering

experiments confirm the structure is that of 2H-MoSz2, differences in peaks with the
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number of layers in the nanocomposites, presence of van Hove singularities, and strong
electron-phonon coupling, all of which can affect photomechanical actuation and

energy applications.

Photomechanical responsivity testing on the MoS2 nanocomposites is presented
in Figure 27. Figure 27 (a) presents the transmitted power through the bulk
nanocomposites and the corresponding photomechanical responsivity (Figure 27b). For
bulk nanocomposites, it is seen that power transmitted through the sample is similar
irrespective of wavelength (Figure 27a). They also exhibited similar photo-mechanical
actuation stress at all wavelengths (Figure 27b). A photomechanical stress value of ~0.6
kPa was measured. The large light transmission and geometric scattering of light
resulted in low absorption and wavelength insensitive mechanical response. In these
nanocomposites, the photo-mechanical actuation is due to the non-radiative decay of
photons resulting in similar thermal response at all wavelengths. Figure 27 (c) presents
the power transmitted in the intermediate nanocomposites (10-30 layers) samples that
suggest weak but selective absorption of light of different wavelengths. The
corresponding photomechanical stress (Figure 27d) is also dependent on the
wavelength of light and ~4.5 times larger than bulk nanocomposites (Figure 27 (b)).
The selective transmittance of light in these intermediate samples can be traced to the
direct exciton peaks A and B indicated in magnified insert in Figure 25(c). These two
peaks were observed but weak in the intermediate samples. Correspondingly, the
optical absorption and photomechanical response was also wavelength selective but the

amplitude of mechanical response was small. Moving on to the few layer
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nanocomposites (Figure 27 (e)), the power transmitted through the sample is observed
to be highly dependent on the wavelength of light. Again, this can be related to the
strength of the direct exciton peak A and B in the nanocomposites in Figure 25 (c). It is
seen that the most of the IR is transmitted (~72%) (1.53 eV) through the sample
whereas most of the UV (97%) is absorbed (3.0613 eV). The results suggest a direct
bandgap dependent absorption in the nanocomposite due to the unique structure of the

MoS: few layers.

Figure 27 (f) presents the photomechanical actuation of the few layer (1-6
layers) nanocomposites. One can observe not only wavelength dependence but
extraordinary increase in mechanical stress as large as 10 times (~5.5 kPa) at 405 nm
wavelengths (Figure 27 f). The photomechanical stress of few layer nanocomposites at
808 nm (below the bandgap) was also similar to bulk suggesting no significant optical
absorption. The photoactuation stress at 640 nm and 532 nm follow the same trend as
the optical absorption. The mechanical response is seen to be strong and follows the
light absorption at 640 nm, 532 nm and 405 nm. The mechanical response is also
reversible as when the light is switched off irrespective of the wavelength of light, the
system comes back to its original state or reversible switching with one type of
wavelength. To compare, in Azobenzene chromophores, reversible switching is
accomplished with two different wavelengths (420 nm and 365 nm) between an

extended trans and a shorter cis configuration [3].
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Scattering of light due to particle size larger than wavelength of light in bulk
nanocomposites is a plausible explanation for decreased optical absorbance and
wavelength insensitive photomechanical actuation. The lower extinction in bulk
coupled with smaller absorption at low weight fractions suggest scattering in these
materials affect optical absorbance and subsequent amplitude of photomechanical
actuation. However, low weight fractions and strong light transmission suggest
scattering may not be dominant even in bulk. Further experiments were conducted to
understand how optical absorbance, scattering and photomechanical response change

with increase in weight fractions of bulk MoSo.

Figure 28 presents the photomechanical actuation of bulk nanocomposites with
increasing weight percentage of MoS: additive. The transmitted power is also plotted
on the same graph. An exponential decrease in transmittance is seen between 0.1 wt. %
and 1 wt. % at all wavelengths. Above 1 wt. %, the power transmitted is almost zero
suggesting strong light absorption. The rise in photomechanical actuation follows the
same exact trend as the power absorbed by the sample. If all the power was scattered,
this would result in negligible photomechanical stress which is not observed. The insert
in this Figure 28 presents the absorbance plot of the bulk nanocomposites with increase
in weight fraction of MoS: additive. The A/l is seen to follow the photomechanical
actuation stress amplitudes. The extinction, absorbance and photomechanical stress
amplitudes all increase with increase in MoS: additive for bulk. Above 1 wt. % non-
linear behavior is noted and saturation of optical absorption and photomechanical

response.
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Thus we see two regimes in bulk nanocomposites. At low weight percentage of
bulk MoS: additive (~0.1 wt. %), high light transmission through the sample and
geometric scattering cause lower photomechanical response. However, as the weight
fractions of bulk MoS: additive increases in the nanocomposite, optical absorption
becomes dominant resulting in significant increase in photomechanical response. All
the bulk samples irrespective of the weight fractions were insensitive to the wavelength
of light suggesting the chromatic mechanical response is unique to the few layer
semiconducting structure of the 2H-MoS: originating in the d orbitals. The direct
exciton transition peaks A and B is the origin of the chromatic mechanical response and
the strength of the A and B peaks determines the power transmitted and the overall
mechanical response in few layer and intermediate nanocomposites. Thus, this is a
unique photomechanical effect not seen in any other type of actuator. Thus the origin of
the photomechanical effect is as a result of optical absorption aided by the unique
structure of the additive and its integration with the polymer chains. This is also evident
from past reports in this area of carbon nanotube and graphene based photomechanical
actuators, where strong sp? bonds of nanocarbons resulted in large amplitudes of
photomechanical response [20]. In single layer graphene, all bonds are strong
sp?covalent bonds that result in high intrinsic thermal conductivity, while reduced
graphene oxide is a mixture of sp? and sp? bonds that resulted in smaller
photomechanical actuation compared to pristine graphene. Finally, amorphous carbon
and diamond-like carbon contain a large fraction of sp® bonds that lower thermal

conductivity and photomechanical actuation [20]. The large IR absorption in nanotubes
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is as a result of the van Hove singularity in the density of states. The optical absorption
in graphene is dominated by the interband transitions. In MoSz chromatic absorption is

as a result of the d orbitals.
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Figure 28- Photo-actuation of bulk nanocomposites with different weight percentage at
40% pre-strain. The transmitted power is also plotted. The input power in all
experiments is fixed at 50 mW, 640 nm wavelength. Inset shows the absorbance spectra

for different weight percentages of bulk samples at 670 nm.
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In MoSz, Ab initio calculations have suggested strong peaks in the visible
region suggesting van Hove singularities in JDOS [23]. This leads to enhanced light
absorption in TMDs, which is universal for all TMDs. The valence band consists of 4d
orbitals that are responsible for chromatic absorption, sending electrons from the
ground state to the excited state in the conduction band depending on the energy of
irradiated light. The strong covalent bonds (o bonds) of the chalcogen atom couples
this absorbed light due to the superposition of the 4d orbitals of Mo and 3p orbitals of S
in the conduction band into an extraordinary thermal effect thus giving rise to this
chromatic photomechanical effect. This is a unique mechanism not available to sp
bonded materials such as carbon nanotubes and graphene, as well as plasmonic metallic

gold nanoparticles.

Figure 29 presents the layer dependent actuation, wavelength selective
responsivity, and mechanism of strain engineered optical absorption in these
nanocomposites. Figure 29 (a) shows the exerted actuation stress as a function of
number of layers. It is observed that the number of layers affect the overall
photomechanical response at all pre-strains with few layer nanocomposites showing the

greatest change in photomechanical stress.

Figure 29 (b) presents the exerted stress as a function of pre-strains at different
wavelengths. A stress of ~25 kPa is observed at 60% pre-strains for 0.1 wt. % few layer
nanocomposite sample. This could potentially scale to 250 kPa/1 wt.% and
significantly larger than graphene (50 kPa/2 wt.%) [16] and could be useful both in

micro and macroscopic actuation technologies based on light. The change in direction
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of photomechanical actuation (7-15% strain) is as a result of orientation effects and
rubbery/entropic elasticity and has been observed in the past and is in line with
previous reports on photomechanical actuators employing similar PDMS based
nanocomposite system [10]. Temperature measurements were conducted with
thermocouple placed equidistant from the center of the sample to the end of the clamps.

The insert in Figure 29 (b) shows the Gaussian profile of the temperature given as:

_x—blz _x—bzz
T = a,e (61)+aze ey

)

with the fitting parameters ai, by, ¢4, @,, b,, and ¢, which are dependent on the
wavelength (Table 4). The temperature of the sample as a function of wavelength of
the light was measured as: 48.1°C (405 nm), 43.7°C (532 nm), 41.1°C (640 nm) and
29.0°C (808 nm). Thus the lower thermal conductivity of TMD’s compared to

graphene films cannot adequately explain these interesting results.

Table 4- The Gaussian’s parameters of wavelength selective temperature along the

few-layer samples

I e e

405 nm | 24.59 | -0.002067 | 3.176 | 28.45 | 2384 5549
532 nm | 20.34 | -0.001033 | 3.152 | 25.61 |2593|8925
640 nm | 17.59 | -0.01081 |3.104 | 2038 (1489|7057
808 nm | 5.238 | -0.00836 |3.186 | 27.49 (2203|5776
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Figure 29- Photomechanical Actuation and Strain Engineering: (a) Magnitude of
exerted stress as a function of pre-strains for different layered nanocomposites at 405
nm excitation; (b) Magnitude of exerted stress as a function of pre-strains at different
wavelengths for the few-layer nanocomposite; insert is the actual temperature in the
sample measured using thermocouples placed equidistant from center of the
nanocomposite to the clamps; (c) Shift in the Raman vibrational modes Ezg~ 1.7 cm™®
for strain of 10% for the few-layer nanocomposite; (d) Strain enhanced optical power

absorption in few-layer nanocomposite.
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Local strain engineering and bandgap control has been reported in atomically
thin samples of M0S2[31, 36]. Tuning optical absorption with strains in TMDs seems
like an interesting and exciting prospect for energy conversion in MoS2 due to its high
strength and rapid reversal of bandgap. This is not possible using conventional thin film
semiconducting materials which will undergo failure before any appreciable change in
property can be produced [37]. Recent work has shown computationally that elastic
strain is a viable agent for creating a continuously varying bandgap profile in an
initially homogeneous, atomically thin layers but not experimentally explored

completely [37].

In our few layer nanocomposites, applying global macroscopic uniaxial tensile
strain of 10% using a custom-made strain gadget (Figure 30) resulted in the shift of the
E2¢ mode by about -1.7 cm™ and negligible change in Axg as presented in Figure 29 (c).
The change in Raman wavenumbers of -1.7 cm™ suggests 1% strain transfer to the
MoS:2 from the matrix [31]. It has been suggested that the direct gap transition energy
decreases for localized increasing uniaxial strain values for single layers; for a ~2.5 %
tensile strain, the reduction in direct bandgap transition energy of 5% for monolayers
has been reported [31]. Since our sample is a nanocomposite consisting of layers of
PDMS and MoS:2 (Figure 31), lower strain transfer was expected as the strains were
applied globally to the composite as a whole and not locally engineered. Further, we
also expected to see continuously varying strains in the MoS: crystal due to the global

application of the strains. These results are exciting in context of strain transfer into a
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macroscopic device achieving significant improvement in globalized photomechanical

response which has not been reported yet.

Finally, another way to confirm that this is strain induced reduction in bandgap
is to measure the power absorption directly at different strains (Figure 29 (d)). The
results suggest 1.33 times increase in power absorption of ~808 nm photons at ~40%
strains compared to unstrained value, which can only happen if the bandgap is reduced
(average bandgap of ~1.71 eV was measured for few layers suspensions based on

cutoff of the optical absorption is presented in Figure 23 (f)) and one has a continuously

n Unstrained MoS,

10 mm 3 e |

n Strained MoS,

Figure 30- Strain engineering device for applying global strains to few-layer
nanoflakes.
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varying bandgap in the nanocomposite due to the stacked layers [37]. Similarly, 1.14
times change in power absorbed at 640 nm and 1.05 times change in power absorbed at
532 nm was observed at 40% strains. No significant change was observed in power
absorption at 405 nm. These results suggest that as MoS: layers in the nanocomposite
were strained globally, a continuously varying strains developed inside the material
resulting in more power being absorbed by the sample even at energies up to ~2.3 eV
(higher than bandgap of single layers) that resulted in significantly better

photomechanical response.

It should be noted that although the design enables high strains to be applied to
the sample, the strain transfer to the MoS:z additives inside the sample is between 1-5%
for the entire strains applied [31], not enough to cause failure/delamination that can
change the optical absorption irreversibly. Since our samples consisted of layers of
MoS: (1-6 layers) stacked on top of one another, stretching the sample globally must
result in strain gradients resulting in spatially varying energy levels of the stacked
crystals that led to increase in optical absorption. Our results also suggest one can tune
the power absorbed almost all wavelengths in the visible region in a macroscopic
device with strains. Thus the strains, optical absorption and photomechanical response
can be continuously, rapidly and reversibly tuned in these nanocomposites at different
wavelengths and offers room for development of flexible energy harvesting devices in
the future with advanced designs of our nanocomposites with scalability of localized

strain engineering into macroscopic response. This does not happen in carbon nanotube
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[10, 14], graphene [15, 16] and gold nanoparticle based actuators [8] and thus is a

unique photomechanical effect due to the rich d electron physics in TMDs.

Figure 32 presents some figures of merit for the few layer nanocomposite
actuators. A photo actuation force of 10 to 15 mN at different laser power (405 nm) is
observed (Figure 32a). Force as a function of time at different laser power suggests
wavelength and intensity dependent actuation similar to Azobenzenes [5]. An important
aspect of any actuator is energy efficiency at converting light of different illumination
into mechanical movement. Therefore, the efficiency (n) of the MoS2 composites to a

known illumination source was evaluated [20].

Figure 31- Cross-sectional SEM of 0.1 wt. % nanocomposites
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Figure 32 (b) presents the efficiency relationship as a function of incident
photon energy for few layer nanocomposites. A significant increase in efficiency was
noted at wavelengths between 808 nm to 405 nm. The highest efficiency achieved was
~0.06% at ~2.5 eV followed by a small drop at higher energies. The efficiencies were
calculated exactly as in our previous report [20]. The increased thermal effect at higher
energies decreased the efficiency slightly. However, these numbers are still impressive
for photo generated work in polymers. In comparison, past-light driven actuators based
on polyvinyledene difluoride (PVDF) have demonstrated an efficiency value of ~8.3 x
107°% under quasi-static motion, about three orders of magnitude less efficient than our
exfoliated MoS:-elastomer systems (~6 x 1072%). Finally, the efficiency was twice as
high as recently reported graphene-elastomer photo-mechanical actuators (0.03%) [20]
with other excellent features such as wavelength selective response and could find
applications in nanopositioning [20], plastic motors [21] and micro-opto-mechanical

systems [17] (MOMS).

Figure 32 (c) presents the long term stability of the few-layer photomechanical
actuator using 640 nm laser excitation over 150 cycles or 6 hours of continuous
operation. No pre-strains were applied to the sample. The slightly greater than ~3 kPa
matches exactly the photomechanical actuation experiments presented in Figure 27(f) at
640 nm wavelength (the time delay between these experiments is ~6 months). It should
be noted that the long term experiments in Figure 32 (c) were conducted after the strain
based optical absorption experiments presented in Figure 29 (d). There are several

conclusions that can be deduced from these long term experiments. First, the
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photomechanical actuation of the 2H-MoS: few-layer nanocomposite is fully reversible
and robust actuation mechanism. Second, the strain based optical absorption
experiments did not delaminate the interface/sample, which would otherwise cause an
irreversible change in the amplitude of photomechanical actuation stress (a significant
reduction in stress) due to increased scattering in these long term experiments. Third,
the strain gradients on the MoS: crystals and the change in bandgap is also completely
reversible as the sample exhibits pristine-like behavior (0% strain) with the same
amplitude of mechanical response in these long term experiments. The strain transfer to
the MoS: additive is thus in line with previous reports [31] and should be in between 1-
5% in our samples at the highest strain applied to the nanocomposite, not enough to
cause failure, delamination and degradation all which will irreversibly change the long
term photomechanical response. This also lends credence to the high strength of the
few layer MoS: additive. Thus the high strength and strong light-matter interactions in
2H-MoS:2 giving rise to this robust chromatic mechanical response is not only a new
mechanism but also a new material design for future macroscopic photo mobile

polymer networks based on TMDs.
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4.3. METHODS

4.3.1. LIQUID PHASE EXFOLIATION, IMAGING AND OPTICAL ABSORBANCE
SPECTROSCOPY:

The bulk MoS:z solution was obtained by 7-hour bath sonication of MoS:
Ultrafine Powder obtained from Graphene Supermarket. The intermediate solutions
were sonicated for 50 hours, and then centrifuged at 1500 rpm for different time
durations (45 to 120 minutes). The few layer samples were bought from Graphene
Supermarket in ethanol and used as such. The number of layers were characterized for
each type of suspension using AFM. The AFM images were taken using a NaioAFM of
Nanosurf in tapping mode with a cantilever resonance frequency of ~148 kHz. HRTEM
was conducted using an FEI Tecnai transmission microscope (TM) (model G2 F20).
FFT was obtained from the HRTEM image. The operating voltage was set at 360 kV
and 1 nA emission current connected to a Titan Themis charge-coupled-device camera.
The sample was prepared by dropping one drop of exfoliated MoS: in ethanol solution
on lacey-carbon Cu grids (Ted Pella Inc., CA). The Cu grids were dried in air to make
sure there are sufficient isolated flakes to be observed. SEM images were obtained
using a JEOL JSM-7000F instrument at 20 kV of power and under an ultra-high
vacuum, 10-5 Pa. Secondary electron detector was utilized at 8 mm working distance to
capture high-resolution images of MoS2 flakes at magnifications as high as 100,000X.
The optical absorbance of the MoS: solutions and the nanocomposites were measured
using a Hitachi U-5100 ratio beam spectrophotometer in a wavelength range of 190-

1100 nm.
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4.3.2. SAMPLE PREPARATION:
4.3.2.1. Bulk MoS2 Actuators

10.0 mg as-received ultrafine nanopowder from Graphene Supermarket is
weighed and added to 100 mL of ethanol (200 proof Sigma Aldrich), and sonicated for
7 hours in a bath sonicator. Using this solution, 2 mL of MoS: in ethanol is then used
(200 pg MoSg) for vacuum filtration process resulting in a mass per area of MoS:
nanoparticles of 0.18601 g/m? on filter membrane (Whatman Anodisc). Area is
calculated based on the diameter of the deposited film. Here 47 mm diameter Anodisc
membrane after vacuum filtration resulted in 37 mm diameter of deposited mass. This
resulted in 0.18601 g/m?. This layer is then transferred to an 80 pm thick PDMS layer
and then another layer of 80 um thick PDMS is spun coated on top of this layer. The
mass of the two layers of PDMS is then measured by cutting known areas of the neat
PDMS (i.e. the clear part without any MoS:) and calculating the mass/area of PDMS
layers. This process is repeated several times for each sample to get averages. The ratio
of the mass per area of the MoS: to that of the mass per area of the PDMS gives the

weight percentage of the MoS: in the composite samples (i.e. 0.1 wt. %).

4.3.2.2. Intermediate MoS: Actuators

The process for intermediate samples is the same as bulk except that we used 50
hours sonication and then the solution is centrifuged at 1500 rpm. The top and bottom
parts of the solution is then separated similar to reported in literature [238]. The

concentration of the centrifuged solution is then calculated by weighing the amount of
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MoS2 nanoparticles removed from the top parts of each vial and depositing it on filter
membranes. This process is repeated for several samples to ensure repeatability. The
concentration of the used centrifuged solution for the intermediate nanocomposites is
also verified using the Lambert-Beer law and optical absorbance method [238]. Using
11.628 mL of the centrifuged solution with a concentration of 0.0172 mg/mL resulted
in 200 pg of MoS: in the solution. This 11.628 ml sample is then vacuum filtered on a
filter membrane (deposited material diameter of 37 mm) arriving at a mass per area
concentration of 0.18601 g/m?. The same process as presented above in bulk is

accomplished to reach a 0.1 wt. % of intermediate nanocomposites.

4.3.2.3. Few-layer MoS:z Actuators

As-received MoS: solution (Graphene Supermarket) is used in the fabrication
process. Because of ultra-small size of few-layer nanoparticles, transferring to PDMS
layer cannot be accomplished from Anodisc membrane and is done using an
evaporative drop deposition method. The initial concentration of the purchased few-
layer solution as per manufacturer specification was 18 mg/L. 258 pL of this solution
(4.65 pg of MoSy) is then deposited directly on the 5 mm x5 mm sample area of the
PDMS to reach the same mass per area as bulk and intermediate samples (i.e. 0.18601
g/m?). The final weight percentage (0.1 wt.%) calculation is the same as the bulk and
intermediate samples after the second PDMS layer is spun coated on top of the

PDMS/MoS: layers.
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4.3.3. STRESS TEST EXPERIMENTS:

MoS2/PDMS actuators were fabricated based on a layer-by-layer (LBL)
method. PDMS silicone elastomer obtained from Dow Corning (Sylgard 184) was used
as the host matrix. PDMS is a two part solvent-free flexible silicone organic polymer in
the form of a base compound with a separate hydrosilane curing agent that acts as a
cross-linker. The term cross-linking ratio (CLR) used throughout the paper refers to the
ratio of PDMS cross-linker to the base compound. The PDMS base was mixed in 1:10
ratio to the cross-linker and then deposited on a glass slide. A standard spin coating
process at 750 rpm for 90 seconds produces 80 um thick film of PDMS on the glass
slides. The films are then cured at 120°C for 20 minutes and post-cured for 12 hours at
room temperature. A uniformly distributed layer of MoS:2 nanoparticles deposited on
Whatman Anodisc inorganic membrane using a standard vacuum filtration process is
then transferred into the first layer of PDMS. Another layer of PDMS is then spin
coated and cured on top of the MoS: layer resulting in a layer-by-layer structure of
about 160 pm thick. The samples are then cut in 50 mm x 5 mm strips (30 mm of
active test area with 10 mm on each side for fixture mounting). All experiments were
conducted in a climate-controlled laboratory. The photomechanical testing system,
strain application, lasers all form an automated system that is placed inside a black box
to avoid stray light from interfering the experiments. The laser sources include
wavelengths from ultraviolet to near-infrared regions (405 nm, 564 nm, 640 nm, and
808 nm) all with the same laser power of 50 mW and beam diameters of ~3 mm. The

laser diode was placed ~100 mm from the middle of the test strip such that the

107



illumination impacted normal to the PDMS/MoS:2 surface. More detailed information
on photomechanical stress tests are available [69]. Long term stress test experiments for
stability and robustness of the actuation mechanism was conducted continuously over 6

hour period.

4.3.4. STRAIN ENGINEERING USING RAMAN SPECTROSCOPY:

A custom strain gadget was developed using design and laser cutting clamps.
The stretching fixture was developed with 500 um resolution and 5 mm initial clamps’
spacing. This fixture was used to study the effect of strain on the Raman shifts of
polymer/MoS2 nanocomposite actuators with 10% increments shown in Figure 30. The
Raman measurements were performed by the excitation laser line of 532 nm using a
Horiba XploRA Raman system in ambient air environment. The power of the excitation
laser line was kept at 1 mW. Since there was two 80 micron PDMS layers in between
the MoS:2 layer, the incident optical power was significantly less than 1 mW, not
enough to induce heating effects in line with previous reports [243]. The laser beam
was focused onto the surface of the samples using a 100X objective lens. The

measurements were repeated for at least 5 different points on each sample.

4.3.5. RESONANT RAMAN SCATTERING:

Microscopic measurements of the nanocomposite optical spectra were
performed in backscattering geometry with a resonant excitation. The 632 nm line of a
He-Ne laser was used for these measurements. All measurements were done using an

optical filter with an incident power of ~1 mW. Since there was an 80 um PDMS layer
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on top, the incident power is significantly less than 1 mW, not enough to induce local
heating effect in line with previous reports on resonant Raman scattering [243]. The
size of the laser spot on the sample was ~1 um. A Leica microscope objective (50 X)
was used to excite the sample and collect the emitted light. The collected spectra were
dispersed by a Renishaw inVia Raman microscope system, equipped with a multi-
channel high resolution Si-CCD device. The spectrum of pure PDMS was measured
and subtracted from the measurements taken from bulk, intermediate and few layer
nanocomposites. The broadened peaks were deconvoluted to show the overlapping

components.
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CHAPTER 5
THE COUPLED STRAINTRONIC PHOTOTHERMIC EFFECT

In this chapter, we describe the coupled straintronic-photothermic effect where
coupling between bandgap of the 2D layered semiconductor under localized strains,
optical absorption and the photo-thermal effect results in a large chromatic mechanical
response in hyperelastic nanocomposites. Under the irradiation of visible light (405 nm
to 808 nm), such locally strained atomic thin films based on 2H-MoS2 embedded in a
poly (dimethyl) siloxane matrix exhibited a large amplitude of chromatic photo-thermal
actuation compared to their unstrained counterparts. Moreover, the locally strain
engineered nanocomposites showed tunable chromatic mechanical response giving rise
to higher mechanical stress at lower photon energies due to strain induced bandgap

lowering.

Scanning photoluminescence spectroscopy revealed a change in bandgap of 20-
30 meV between regions encompassing high and low strains compared to the
unstrained few layers. For 1.6% change in the bandgap, the photo-thermal response
increased by a factor of two. Millimeter scale bending actuators based on the locally
strained 2H-MoS: additive resulted in significantly enhanced photo-thermal actuation
displacements compared to their unstrained counterparts at lower photon energies and
operated up to 30 Hz. Two different regions of the photo-thermal response versus
wavelength based on film thickness were identified; an almost exponential photo-
thermal effect due to strains at ~35 nm and the linear region at film thickness ~70 nm.

Almost 1 mN photo-activated force obtained at 30 mW power for the locally strained

110



actuators and provided excellent long-term stability. This chapter demonstrates a new
mechanism of the coupling between localized strains, change in bandgap; optical
absorption and photo-thermal actuation in 2D TMD based nanocomposites that would

be useful for developing broad range of sensors and transducers.

5.1. INTRODUCTION

Advantages of photo-thermal mechanisms for transducers include remote
energy transfer, remote controllability, control of actuation using number of photons
(intensity) and photon energies (wavelength), fast actuation (milliseconds), low signal
to noise ratio, and scalability at different length scales using batch fabrication and high
volume semiconductor manufacturing. However, only few materials exist that can
convert light into mechanical work. Azobenzene liquid crystal elastomers were one of

the first materials to exhibit photomechanical effect [2].

Recently, various nanomaterials including nanoparticles, nanowires, carbon
nanotubes, and graphene were mixed into different polymers from hyperelastic rubbers
[10, 11], shape memory polymers [12] and liquid crystal elastomers [13] [8, 9] and
triggered using near infra-red light for photo-thermal actuation. In hyperelastic
elastomers, based on the pre-strains, the samples when heated, can either expand,
exhibit zero stress or contract in volume and can enable high photo-thermal strain
energy densities [10, 11]. Large pre-strains result in large volume contraction on photo-
thermal heating due to entropic elasticity. The mechanism of photo-thermal actuation in
these nanocomposites is the non-radiative decay of photons resulting in localized

thermal effect. While, applications of photo-thermal actuators are growing [7, 8, 14, 16-
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19, 21, 247], there is need for material design that is simple, enable tunable optical
absorption and reversible photo-thermal response. 2D nanomaterials based on TMDs
encompassing large optical absorption (10" m?) [22, 23] and strain engineering of such
TMDs presents new opportunities in photo-thermal transducers which we have

explored in this chapter.

Strain engineering, i.e., the change in electronic properties using mechanical
deformation is an important concept in condensed matter physics and material science
that is being exploited in 2D materials due to their ultra-large mechanical strength
(capable of withstanding 10-20% strains) and possessing a bandgap [31, 36, 38-41].
Strain engineering in 2D layered materials brings potential benefits such as those
explored in graphene including; strain induced bandgap opening [42], strain enhanced
electron-phonon coupling [43, 44], non-uniform strain induced pseudo-magnetic field

[45] and even strain engineered self-assembly of hydrogen on graphene surfaces [46].

The elastic modulus and the breaking strength of an ideal defect-free single-
layer MoS: is expected to be E2P/9, where E?P is the in-plane stiffness as per the theory
of rupture and flow in solids [29, 30]. The in-plane stiffness of monolayer MoS; is reported
as 180+60 Nm™ corresponding to an effective Young's modulus of 270 +100 GPa, which is

comparable to that of steel [29]. Breaking occurs at an effective strain between 6 and 11% with

the average breaking strength of 23 GPa [29].

The large breaking strength makes strain engineering an interesting prospect in
TMDs, as the bandgaps are highly sensitive to strains. Bulk form of MoS2 has an

indirect band gap of ~1.29 eV [28] and strain engineering has no effect on such bulk
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materials and does not produce any significant chromatic mechanical response. On the
other hand, single layer MoS:2 has a band gap of 1.8-1.9 eV [28]; bi-layer has a bandgap
of 1.5-1.6 eV [36] and strain engineering can modulate electronic and optoelectronic
properties. With decreasing thickness, the past experiments have revealed a progressive
confinement-induced shift in the indirect gap from the bulk value of 1.29 eV up to 1.90
eV [28]. The in-plane structure of MoS: is determined by strong covalent bonds
resulting from the overlap between the 4d and 3p electron orbitals of Mo and S,
respectively [29]. In few layer 2H-MoS, the bandgap goes from direct-to-indirect at
>1 % strains [36] and undergoes semiconductor-to-metal transition at 10-15% strains

[32].

Several techniques are realized for strain engineering of 2D layered materials
including bending/elongating a flexible substrate [36], piezoelectric compression [47],
exploiting thermal expansion mismatch [48], creating artificial atoms through
indentation/capillary forces [49], and controlled wrinkling [31]. However, large area
photo-thermal devices based on these mentioned techniques of strain engineering of 2D

layered TMDs are yet to be explored.

Utilizing exfoliated nanoparticle MoS:z suspensions, filtration and layer-by-layer
process of nanocomposite fabrication, and strain transfer from polymeric substrate, in
this chapter we present the first direct evidence of chromatic optical absorption and
reduction in bandgap due to localized strains directly affecting the photo-thermal

response of a nanocomposite in macroscopic scale. Our work is also the first locally
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strain engineered 2D layered device to perform mechanical work using this coupled

straintronic-photo-thermic effect.

5.2. RESULTS

Figure 33 describes the straintronic-photothermal effect. This effect arises due
to coupling of electronic properties of semiconductors, thermal properties of polymers
and photoexcitation. The mechanism is the coupling between localized strains, change
in the bandgap and optical absorption of 2D TMDs transducing into an extraordinary
thermal effect that contracts the hyperelastic molecular chains. This effect is chromatic
(depends on the wavelength of light), fully reversible, bandgap dependent and produces
elastic mechanical response. This nanoscale effect only happens in layered
semiconductors and not in bulk materials. The strain induced lowering of the bandgap
in 2D layered semiconductor is coupled to the enhanced optical absorption. The
thermal energy generated during the process of photoexcitation across the bandgap is
coupled to the hyperelastic molecular chains that make them highly mobile internally.
In zero strain and strained semiconductor nanocomposites, we observed chromatic

mechanical response.

In semiconducting materials, optical absorption and emission processes occurs
due to the absorption of a photon exciting an electron and the transfer of that electron
to/from the conduction band to the valence band. Since photons have no momentum,

only vertical transitions on an E(k) band diagram are allowed in purely optical
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Figure 33- The Straintronic-Photothermic Effect: The straintronic-photothermic effect
due to coupling of electronic properties of semiconductors, thermal properties of
polymers and photoexcitation. This effect is the coupling of optoelectronics,

straintronics, and photothermics all in a single nanocomposite.

processes. On the other hand, phonons have a large momentum. In the band diagram,
photons lead to vertical transitions among bands on the E (k) plot while phonons make
horizontal transitions. In direct band gap materials, typical electron and hole life time is
~108 s, and this can be 1000 times larger in indirect band gap semiconductors [248]. In
indirect semiconductors, when recombination occurs, most of the energy is emitted in
the form of heat rather than light. The heat is converted into mechanical motion by the

hyperelastic polymer chains in our samples. In our samples, the optical absorption
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follows the direct bandgap A and B in 2H-MoSz2, but the lattice heat is generated due to
the indirect horizontal transition by the phonons. Now, one can change the bandgap
through various means such as strains and doping, and tune the mechanical response

that will be useful in wide variety of transducer applications.

The High-Resolution Transmission Electron Micrograph (HRTEM) of the MoS:
structure is presented in Figure 34 (a) with atoms of S and Mo indicated. The distances
a1, a2 and as measured from this image are close to the 2.8 A value of the Mo—Mo
interatomic distances in 2H-Mo0S2[239]. The insert in Figure 34 (a) presents the Fast
Fourier Transform (FFT) of the HRTEM image indexing the crystallographic planes of
the single layer 2H-MoSz. Small distortions and apparent non-uniform intensity
distribution of the spots in FFT are due to a slight tilt of the flake normal to the electron
beam. In the 2H-MoS: lattice, each Mo atom is located at the center of a trigonal prism
created by six S atoms. The lattice constant of 2H-MoS2 was reported to be: a=b=3.14
A [236] and c=12.3 A [237]. In the bulk form of MoS2 with an indirect band gap of
~1.29 eV [28], the photon absorption process is dominated by electronic polarization,
and as a result, no wavelength selective optical absorption is observed since no
significant electronic transition happens from the valance to the conduction band.
However, as the number of MoS: layers decreases, the indirect band gap becomes large
and the material changes into a direct band gap semiconductor with Eg~1.9 eV in a

single layer [28] with intrinsic photoluminescence [25].
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Figure 34- Structure of TMDs: (a) High-Resolution Transmission Electron Microscopy
(HRTEM) of single layer TMD. Insert shows the Fourier Transform and the intensity

profile measured along the blue line shown in the HRTEM image, The atomic positions
of S and Mo atoms is indicated; (b) schematic of the band structure of flat and wrinkled
suggesting reduction in bandgap energy with strain; (c) schematic of the highly strained
and flat MoSz atomic sheets on polymer substrate; the interface suggests that molecular
chains are entangled on the sheet that aids in effective heat transfer from the additive

into the polymer.
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Figure 34 (b) presents the schematic of the band structure of flat versus locally
strained architecture for 2H-MoSz. Inserts next to the band structures show the flat and
strained honeycomb structure of the semiconducting phase of 2H-MoSz. Figure 34 (c)
presents the schematic of the strained versus flat actuators. Local strain engineering
creates wrinkles. The schematic of a flat sheet with polymer chains in contact is also
presented in Figure 34 (d). Since these are layered structures that is transferred from the
filter membrane to the polymer, it is expected that the contact between the MoS: and
polymer is primary adhesion and the molecular chains are just on the surface of the
MoS: is interacting with them entropically. This contact enables the thermal energy be
transferred from the MoS: additive to the polymer chains enabling a photo-thermal

response due to entropic elasticity.

Figure 35 shows the fabrication schematic, strain transfer and optical images of
the samples in PDMS. The starting point of the photo-thermal actuators is the filtration
of commercially available 2H-MoS: suspensions to form a film [22]. Initial
characterization revealed few layered MoSz nanoparticle suspensions had a particle size
of ~100 nm. AFM measurements suggested from 1-6 layers [22] and were used for
preparing the photomechanical actuators. The suspensions were filtered through a
membrane using simple filtration (no vacuum is applied). Filtration resulted in optically
smooth layers on top of the filter membrane of a specific thickness. A layer of PDMS is
then spin coated onto a glass slide, cured and peeled off. The peeled off layer of PDMS
is then set up between clamps and strain of 70%, is applied to the PDMS layer by

stretching the sample. The filtering membrane consisting of 35 nm or 70 nm 2H-MoS2
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Figure 35- Device Fabrication: (a) Schematic of the fabrication of the actuator and
release of strains and formation of wrinkles; (b) gadget used for strain transfer at 70%
strains and optical image of the flat sample before the strain is released; (c) gadget at
0% strain and corresponding optical image after the strain is released.

thin film is transferred to the strained layer, and the membrane is dissolved in acetone,
leaving behind the thin film of 2H-MoS:2 on the strained PDMS layer. We made two

different thickness of film namely 35 nm and 70 nm film to assess the straintronic-
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photothermal response. Releasing the strains suddenly results in the formation of

wrinkles.

Figure 35 (b) and Figure 35 (c) presents the clamps with PDMS thin film
before, and after releasing the strain, respectively. Once the strain is released as
presented in Figure 35 (c), lamellar structures are seen suggesting the appearance of the

“nanowrinkles” along the length in an optical microscope.

Figure 36 (a-d) presents the scanning electron micrograph (SEM) of the
“wrinkle” architecture at different magnification. Strain transfer from an elastomeric
substrate such as PDMS resulted in thousands of “wrinkles” at a large scale. Here we
have used the same strain transfer from a polymer substrate at a large scale. Figure 36
(d) presents the SEM image of a single wrinkle between flat layers, measuring 520 nm

in height and 970 nm in width.

Figure 37 presents the AFM image of the wrinkles on the polymer substrate.
The lamellar structure is seen from the top extending to several microns. The height
image from the AFM is presented for different regions showing ~70-80 nm consistently
in height. The height and width of over 100 wrinkles are listed in Table 5, reporting
average values of 87 nm and 553 nm for height and width of wrinkles in 35 nm film.
Castellanos-Gomez et al. showed such wrinkles are generated from a single sheet of of
MoS:2 consisting of 3-4 layers using the strain transfer from polymer for studying
bandgap engineering in mechanically exfoliated samples [31]. We have used this

process to transfer strains into nanoparticles of MoS2 formed into a thin film. The films,
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therefore, are not one continuous sheet, but quasi-continuous sheets consisting of few
layer nanoparticles. Such films also create stable wrinkles without disintegrating into
the substrate. Releasing the strain from the elastomeric substrate results in delamination
induced buckling, of our quasi-continuous sheets [249]. We were able to produce
wrinkles that were 12-170 nm in height and 300 to 700 nm in width. Previous work has
shown that, the maximum uniaxial tensile strain € accumulated on top of the winkles is

estimated as [249]:
e~n?hd/(1-6 %)\ 2

where o is the Poisson’s ratio of MoS2 (0.125), h is the thickness of the flake and ¢ and
/. are the height and width of the wrinkle respectively. However, this model assumes the
sheet to be continuous and the strains are often overestimated for thin films of
nanoparticles. A modification of this model is thus necessary to accurately predict the
strain profile in our quasi-continuous sheets. The analytical strain model for van der
Waals packed films was developed based on the original work by Vella et al. [249].

The new strain relationship for the nanoparticle films is thus given as:

2m%z8 27X
7 COs— 3)

& (x,2) = —

where, x is the horizontal distance from apex of the wrinkle and z the distance from the
mid-plane of each individual nanoparticle. The details of this model can be found in

Chapter 6.
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Figure 36- Scanning Electron Microscopy of Wrinkles: High angle SEM image of
thousands of wrinkles at different magnification. (a-c) Highly reproducible wrinkles at
large scale; (d) A single wrinkle seen between flat layers in the 500 nm image. The
image suggests these are highly reproducible structures. A single wrinkle is almost 1
pm in width and 520 nm in height.
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Figure 37- AFM image of large area of wrinkled sample. Insert shows two
nanowrinkles right next to each other; AFM height image of three different regions are
presented.
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Table 5- Statistical information of height, width, strain and percentage strains from 100

different wrinkles for 35 nm film.

height, & (nm) 135 113 131 168 105 82 147 97 131 115 108 121 82 123 100
width, A (nm) 488 440 600 645 540 555 578 425 652 441 643 427 448 473 625
strain € 0.0109 0.0112 0.0070 0.0078 0.0069 0.0051 0.0085 0.0103 0.0059 0.0114 0.0050 0.0128 0.0079 0.0106 0.0049
£ (%) 109 112 070 078 069 051 08 103 059 114 050 128 079 106 049
height, & (nm) 113 105 97 74 65 106 220 147 55 183 38 27 61 118 73
width, A (nm) 468 455 562 442 435 551 640 643 719 663 330 365 310 574 495
strain € 0.0099 0.0098 0.0059 0.0073 0.0066 0.0067 0.0103 0.0068 0.0020 0.0080 0.0067 0.0039 0.0122 0.0069 0.0057
€ (%) 099 098 059 073 066 067 103 068 020 08 067 039 122 069 057
height, & (nm) 132 76 35 95 83 58 81 125 96 74 104 95 53 37 53
width, A (nm) 437 570 410 510 525 550 513 700 580 553 580 620 480 650 650
strain € 0.0133 0.0045 0.0040 0.0070 0.0058 0.0037 0.0059 0.0049 0.0055 0.0047 0.0059 0.0048 0.0044 0.0017 0.0024
€ (%) 133 045 040 070 058 037 059 049 055 047 059 048 044 017 024
height,  (nm) 68 86 96 51 57 157 34 98 127 92 118 14 73 177 59
width, A (nm) 630 450 640 340 525 775 435 585 875 623 734 341 402 971 413
strain € 0.0033 0.0082 0.0045 0.0085 0.0040 0.0050 0.0035 0.0055 0.0032 0.0046 0.0042 0.0023 0.0087 0.0036 0.0067
€ (%) 033 08 045 08 040 050 035 055 032 046 042 023 087 036 067
height, & (nm) 58 129 82 102 31 14 157 79 78 69 64 118 95 115 106
width, A (nm) 462 680 560 657 374 360 782 602 588 433 668 717 581 595 573
strain € 0.0052 0.0054 0.0050 0.0045 0.0043 0.0021 0.0049 0.0042 0.0043 0.0071 0.0028 0.0044 0.0054 0.0063 0.0062
£ (%) 052 054 050 045 043 021 049 042 043 071 028 044 054 063 062
height, & (nm) 49 98 61 34 104 44 85 99 98 97 97 76 93 56 31
width, A (nm) 371 706 692 446 743 429 532 546 643 613 522 479 567 461 275
strain € 0.0069 0.0038 0.0025 0.0033 0.0036 0.0046 0.0058 0.0064 0.0046 0.0050 0.0069 0.0064 0.0056 0.0051 0.0079
€ (%) 069 038 025 033 036 046 058 064 046 050 069 064 056 051 0.79
height, & (nm) 69 72 123 134 96 89 78 68 109 113 157 120 94 81 22
width, A (nm) 523 603 622 738 535 576 522 471 649 635 572 561 655 398 330
strain € 0.0049 0.0038 0.0061 0.0047 0.0065 0.0052 0.0055 0.0059 0.0050 0.0054 0.0092 0.0073 0.0042 0.0098 0.0039
£ (%) 049 038 061 047 065 052 055 059 050 054 092 073 042 098 0.39
Average height, & (nm) 87 (STD=37.6)

Average width, A (nm) 553 (STD=123)

Average strain € 0.0060  (STD=0.002)

Average € (%) 0.60 (STD=0.24)
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Table 6- Statistical information of height, width, strain and percentage strains from 100

different wrinkles for 70 nm film.

height, & (nm) 480 460 510 350 260 270 360 490 310 550 500 270 600 290
width, A (hnm) | 1700 1700 1700 1300 1200 1300 1500 1400 1100 1800 1700 1500 1900 1400
strain € 0.0032 0.0031 0.0034 0.0040 0.0035 0.0031 0.0031 0.0048 0.0049 0.0033 0.0033 0.0030 0.0023 0.0032 0.0028
£ (%) 032 031 034 040 035 031 031 048 049 033 033 023 032 028
height, d (nm)| 250 450 600 250 430 520 740 560 470 260 370 350 345 170
width, A (hnm) | 1000 1700 2000 1050 1500 1550 2400 1450 1700 1050 1700 1650 1500 1100
strain € 0.0048 0.0030 0.0029 0.0044 0.0037 0.0042 0.0025 0.0051 0.0031 0.0045 0.0025 0.0034 0.0025 0.0030 0.0027
€ (%) 048 030 029 044 037 042 025 051 031 045 025 025 030 0.27
height,  (nm) 430 560 370 260 390 340 600 345 480 580 460 390 330 540
width, A (nm) | 1250 1550 1550 1200 1500 1750 1900 1250 1600 1750 1850 1550 1350 2100
strain € 0.0053 0.0045 0.0030 0.0035 0.0033 0.0021 0.0032 0.0042 0.0036 0.0036 0.0026 0.0049 0.0031 0.0035 0.0024
€ (%) 053 045 030 035 033 021 032 042 036 036 026 031 035 024
height, & (nm) 310 330 270 230 280 540 570 470 610 490 360 390 370 210
width, A (hnm) | 1450 1700 1500 1450 1400 1850 2000 1900 1900 1800 1500 1400 1400 1250
strain € 0.0028 0.0022 0.0023 0.0021 0.0027 0.0030 0.0027 0.0025 0.0033 0.0029 0.0031 0.0034 0.0038 0.0036 0.0026
£ (%) 028 022 023 021 027 03 027 025 033 029 031 0.38 036 0.26
height, & (nm) 205 140 540 255 330 510 410 380 270 560 470 290 270 340
width, A (hnm) | 1100 1100 1900 1250 1300 2000 1850 1400 1450 1800 1650 1600 1450 1550
strain € 0.0033 0.0022 0.0029 0.0031 0.0038 0.0025 0.0023 0.0037 0.0025 0.0033 0.0033 0.0044 0.0022 0.0025 0.0027
€ (%) 033 022 029 031 038 025 023 037 025 033 033 022 025 027
height,  (nm) 500 265 270 450 440 220 405 330 380 345 305 430 515 500
width, A (nm) | 2150 1650 1450 1300 1600 1600 1600 1700 1750 1650 1200 1700 2200 2000
strain € 0.0021 0.0019 0.0025 0.0051 0.0033 0.0017 0.0030 0.0022 0.0024 0.0024 0.0041 0.0035 0.0029 0.0020 0.0024
£ (%) 021 019 025 051 033 017 030 022 024 024 041 029 020 0.24
height, & (nm) 160 590 330 530 330 280 440 280 440 250
width, A (hnm) | 1300 2200 1600 1950 1350 1500 1900 1800 2200 1300
strain € 0.0018 0.0023 0.0025 0.0027 0.0035 0.0024 0.0023 0.0017 0.0017 0.0028
€ (%) 018 023 025 027 035 024 023 017 017 0.28
Average height, 5 (nm) [ 387.18  (STD=124.2)
Average width, A (nm) | 1582  (STD=301.4)
Average strain € 0.0031  (STD=8E-4)
Average € (%) 031  (STD=0.083)
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Table 7- Statistical information of the length of the wrinkle and number of wrinkles per

area for 35 nm film.

Length (um)

239 159 088 09 075 306 092 462 126 134 138 191 291 133 365

1.25 1.87 1.71 1.47 4.78 2.97 1.3 1.51 3.99 3.24 3.41 3.33 3.75 3.88 1.51

2.5 1.33 134 087 074 176 1.5 327 131 275 299 1.83 1.3 252 161

1.47 1.55 1.57 1.77 2.21 2.13 3.05 1.06 2.78 1.65 1.99 2.4 2.74 2.35 2.84

263 365 415 388 135 145 057 111 511 514 412 1.2 167 647 352

3.35 0.88 2.45 2.16 1.5 1.78 3.53 1.44 0.61 1.58 2.16 1.67 0.53 2.29 1.68

214 561 208 273 308 211 246 3.01 1.92 1.84 4.59 272 327 332 1.38

3.06 1.39 2.97 142 415 246 3.15 358 0.83 1.31 0.76 1.23 2.1 1.92 2.1
275 364 288 533 431 434 399 2.02 247 1.3 0.4 081 313 201 1.59
1.11 1.1 2.74 1.62 246 248 2.67 247 451 401 3 0.84 0.85 175 094

228 3.79 3.38 164 345 1.75 1.6 188 255 0.86 2.82 2.25 193 278 516
2.32 3.82 255 421 414 1.23 0.91 329 442 3.32 4.4 3.32 1.26 1.89  5.02
2.61 515 523 5.06 1.18 116 202 464 484 0.7 0.66 1.27 186 244 1.54

1.75 1.56 1.16 1.85 1.48 1.25 2.9 2.63 19 2.43 0.96 0.84 0.82 1.68 1.52
3.32 4.18 4.32 4.04 0.69 1.03 1.4 2.25 2.85 2.29 1.38 1.06 3.11 1.62 1.29
1.92 1.19 1.46 2.63 2.57 3.4 4.06 1.63

Average length, L (um) 2.373 (STD=1.224)

Average island lengths (um) 4.151 (STD=1.967)
Number of wrinkles* 247
Wrinkles per area (um’®) 0.395

* in an area of 25x25 pm?

Table 8- Statistical information of the length of the wrinkle and number of wrinkles per

area for 70 nm film.

Length (um)

229 208 163 251 177 598 1343 62 234 753 1077 10.05 6.82 214 244
355 931 849 896 9 221 28 266 147 104 572 822 805 48 635
92 828 363 98l 76 709 199 195 295 347 354 325 289 539 489
495 493 246 207 148 763 686 886 796 554 863 446 333 321 1043
513 518 84 933 103 605 6.66 565 485 699 423 281 18 267 21
175 274 289 39 393 377 098 414 47 533 486 205 443 262 552
218 289 232 119 114 617 59 08 26 519 196 463 94 683 822
293 808 597 267 447 364 675 524 378 863 1024 1242 1314 316  2.09
25 231 414 124 379 318 344 393 337 915 877 698 401 36 422
528 281 431 407 153 534 351 161 145 246 196 309 232 259 211
154 3.08 347 541 499 302 5094

Average length, L (um) 4.755 (STD=2.770)
Average island lengths (um) | 5.271 (STD=2.784)
Number of wrinkles* 204
Wrinkles per area (um?) | 0.082
* in an area of 50x50 pm?
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We calculated strains from >100 different wrinkles based on the height, width
and thickness measurements as per equation (3). Table 5 to Table 8 present the
statistical information on the width, height and length of each wrinkle measured from
the AFM images. The tabulated results show anywhere between 0.2-1.3 % strains were
achieved in the wrinkles. For the 35 nm film (Table 5), average strains from >100
different places suggested a 0.6 % and for 70 nm film (Table 6), strains of 0.3%

calculated using equation (3).

Figure 38 presents the Raman spectroscopic measurements between flat and
wrinkled actuator samples. Raman spectroscopy is a powerful tool to characterize 2D
nanomaterials such as graphene and MoS: subjected to a uniaxial strain. Initial work by
Li et al., showed coupling between electronic transitions and phonons are found to
become weaker when the layer number of MoS: decreases, attributed to the elongated
intralayer atomic bonds in ultrathin MoS2 [101] . Figure 38 (a) presents the Raman
measurements between flat and wrinkle samples measured using 532 nm laser
wavelength. Clear changes in the El2g and the A1g, modes are seen between the flat and
wrinkled actuators. The Aig mode that corresponds to the sulfur atoms oscillating out-
of-plane is less affected than the E'2g mode which is the sulfur and molybdenum atoms
oscillating parallel to the crystal plane. The slight shift of the A1g peak observed on the
wrinkled MoSz, and the larger Raman shift of the E'2 peak (~0.75 cm™) are in good

agreement with recent reports on strain engineered MoSz [31].

In Chapter 4, in our few layer nanocomposites, applying global macroscopic

uniaxial tensile strain of 10% using a custom made strain gadget resulted in the shift of
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the E2g mode by about —1.7 cm™ and negligible change in A1 [22]. However, those
experiments were performed by measuring the Raman shift versus intensity while the
strain was still held by the gadget. In the localized strain engineered sample as reported
here, the Raman shift versus intensity was measured after the strain was removed from
the samples. The smaller change in Raman wavenumbers may be due to relaxation of
the samples after removal of the strain and possibly due to higher thickness of the films

compared to few layers.

Raman mapping was conducted over large area to understand the shift in
E2¢/A1g between strained and unstrained samples. Resonant Raman scattering studies
were performed at room temperature as presented in Figure 38 (b). Figure 38 b (b1-b2)
are the optical images of unstrained (flat) and locally strained actuators showing the
visible roughness of the strained sample. Figure 38 b (bs) is the resonant Raman

scattering (measured using 633 nm laser) of the strained few layer 2H-MoS:2 samples.

We have studied resonant Raman scattering of MoS2 few layers based on
number of layers in our past reports [22]. Resonant Raman spectra of the MoS: films,
both wrinkled as well as flat, showed a complex vibrational modes structure with the
same Raman features as the few-layer MoS.. In addition to the first order Elzg
(~384 cm™1) and Alg(~409 cm1) peaks, the spectra contained a number of intense
second-order peaks located between 360 cm™ and 660 cm™* Raman shifts. This
includes the “b” (~420 cm™*) peak associated with the emission of a dispersive quasi-
acoustic phonon and simultaneously an optical E21y phonon along the c-axis, the “c”

(~380 cm™?) peak due to the emission of a E?1y (T") phonon, and the Biu (T) (~404 cm—1)
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Figure 38- Raman Spectroscopy: (a) Raman shift between flat and wrinkled wrinkle
architectures (excitation source: 532 nm); (b) Optical images of flat (b1) and wrinkled
(b2) samples showing a clear difference of the strained surface; (bs) resonant Raman
scattering spectrum (excitation source: 633 nm) of the wrinkled samples showing a
complex vibrational mode structure; (bs-bs) Raman maps of Ezg/A1g intensity ratio
recorded from 400 um? areas of flat and wrinkled samples and (bs) histograms of Ezg
/A1g intensity ratio values measured from three Raman maps (F-flat/unstrained, W-

wrinkled/strained). Each histogram represents 441 pixel points.
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peak, which together with the Aig (I') peak form a Davydov couple. Several significant

changes of the spectrum are observed with strains for the few layer nanocomposite.

Compared to the flat samples in Figure 38b (b4), and Figure 39, the Aig, E1g +
XA, and “b” peak intensities are partially increased in the strained samples. Figure 39
shows the Raman mapping of flat and wrinkled sample corresponding to the region
represented by white lines in Figure 38 (bs-bs). For example, the “b” peak shows
higher intensity for the locally strained sample compared to the unstrained flat
counterparts which is an indicative of the phonon involved that has a wave vector along
the c-axis. Similarly, the Axq is the out-of-plane vibrational mode is affected by the
strain. The non-uniformity between resonant Raman spectra of the strained samples

suggests the non-homogeneity of strain in the wrinkled samples.

Raman mapping was performed, and 21 x 21 spectral maps were collected from
20 pum x 20 pm regions of flat and wrinkled samples over 16 hours as presented in
Figure 38 b (bs-bs). The mapping of the large area of the sample showed an
unambiguous reduction of E2g/A1g intensity ratio in wrinkled samples compared to flat
actuators (Figure 38b (be)). The histograms of E2g /A1g intensity ratio values measured
from three Raman maps: one flat, and two wrinkled ones, showed a good statistical
evidence of this change. The average shift in E2g /A1g intensity ratio is about 0.2 (a
change of ~11%). The decrease in E2g/A1g intensity ratio is indicative of strain transfer
to the additives across a large area of the substrate, suggesting that this process is

highly scalable for future device applications.
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Figure 39- Raman Spectroscopy Map of Flat/Unstrained and Strained Samples: Raman
profile maps from (a) flat and (b) wrinkled samples. The profiles sampling is indicated
by white dashed lines in Figure 38 of the manuscript. Resonant Raman scattering was
measured using 633 nm excitation source. Each profile represents 21 spectra collected
each micron. The changes of Aig, E1g +XA and “b” peak intensities between flat and
wrinkled samples are easily observable.

Photoluminescence spectroscopy is a powerful technique to unambiguously
show the reduction in bandgap in TMDs with strains. Here, we see that those
nanoparticle sheets does exhibit distinct PL spectrum with and without strains. Figure
41 (a) presents the schematic of the funnel effects due to exciton drift due to the strains.
The top of the wrinkle is the point of the highest strain and the bottom of the wrinkle,
where the strain is lowest. Thus, the wrinkle is a geometric structure where strain

gradients are established from top to bottom and thus can enable exciton funneling.
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Figure 40 (b) presents the photoluminescence spectra of the flat and wrinkled
nanoparticle sheets. Both the samples were prepared identically, and the only difference
was, application of strain for the sample exhibiting the wrinkle architecture. Since these
sheets were 35 nm thick, we expected the photoluminescence to be small compared to
single layers, to begin with even for flat sheets. However, they do exhibit distinct
photoluminescence as seen in the spectra in Figure 40 (b). The flat sheets had small PL
intensity. However, there was an increase in intensity and red shifting of the direct
electron bandgap for the wrinkle samples. Bulk MoS2 exhibits negligible
photoluminescence as there is no direct electron transition and thus, the first thing we
can observe is these sheets; they do not act like bulk materials. The photoluminescence
intensity was three times stronger for the strained wrinkle architecture for the same
thickness suggesting direct electron transition increased due to the application of
mechanical deformation. Although few-layer MoS: is an indirect bandgap
semiconductor, its photoluminescence spectrum is dominated by the direct gap
transitions, at the K point of the Brillouin zone, between the valence band and the

conduction band.

Here, we see that the A peak is red shifted in the photoluminescence spectra of
the flat and the wrinkled samples in line with previous reports on strain engineered few
layer MoSz. Figure 40 (c) presents the bandgap shifts measured using scanning
photoluminescence spectroscopy in three regions namely: top of the wrinkle, the
bottom of the wrinkle and in a flat film. The insert in this figure presents a wrinkle with

regions of low and high strains identified.
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The strain values for over 100 wrinkles were studied and listed in Table 5,
reporting strains from 0.2% to 1.3% in our wrinkles. These suggest unambiguously that
the bandgap decrease of 30 meV is due to the localized strain engineering and our
results agree with the literature reports [31]. The calculated values of local strain based
on Equation (3) and the bandgap change in Figure 40 (a) are in good agreement with
previous studies; according to the experimental data and tight binding (TB) model
presented earlier by Castellanos-Gomez et al., [31], a change of —30 meV in the
bandgap (A exciton) corresponds to a strain of ~1.0%. The flat samples showed a
bandgap of ~1.82 eV suggesting few layers and the strain-induced bandgap was
measured as ~1.79 eV, suggesting ~1.6% change in the bandgap due to mechanical

deformation.

Figure 41 presents the PL measurements for both plain PDMS and
MoS2/PDMS. One can clearly see the A and B peaks in MoS2/PDMS sample and not

seen in plain PDMS sample.

Having characterized the actuators with and without strains, we investigated
photo-thermal effects of flat (unstrained) and wrinkle (strained) actuators as presented
in Figure 45. Photo-thermal stress measurements were investigated both for flat and
wrinkled architectures which are presented in Figure 42. The power transmitted through
the sample at different wavelengths is also presented in Figure 43. Both flat and wrinkle
based actuators gave rise to chromatic mechanical response, i.e. a differential

mechanical response at different wavelengths of light arising due to the optoelectronic
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Figure 41- Photoluminescence spectroscopy of plain PDMS and MoS2/PDMS samples.

transitions across the bandgap. This does not happen in bulk MoS2 photomechanical

actuators, where the mechanical response is insensitive to the wavelength of light [250]
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suggesting that these actuators made from nanoparticle sheets do not act like bulk

materials.

The chromatic absorption and subsequent mechanical response are first
evidence that the semiconductor bandgap is intimately connected to the mechanical

response, thus an optoelectronic-photo thermal effect. This effect also does not happen
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Figure 42- Tunable straintronic photothermal actuation of unstrained and strained
actuators between 405 nm-808 nm photon wavelengths
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for flat and wrinkled samples.
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in thin film semiconductors. For these measurements, no pre-strains was applied to the
sample. At 405 nm, we see that the stress was identical for both unstrained (flat) and
strained (wrinkle) architectures. However, for the wrinkle samples, the stress was
enhanced at lower photon energies between 532 nm to 808 nm. This enhancement in
stress at lower photon energies can only arise from the reduction in bandgap due to
strains. The thermal and mechanical effect also follows the reduction in the bandgap.
The power transmitted through the samples were higher for the unstrained (Figure 43)
samples suggesting more light is absorbed by the highly strained samples at all
wavelengths. What is striking is the large values of mechanical stress that can be
achieved through harnessing internal heat. The pre-strain tests for flat (unstrained) and

wrinkled (strained) samples are shown in Figure 44.

The straintronics-photothermal effect is highly useful for millimeter scale and
micro-optomechanical systems (MOMS). Figure 45 presents the photomechanical
response of a millimeter scale bending actuator. Figure 45 (a) presents the schematic of
the bending actuator. A laser displacement sensor was used to monitor the change in
deflection of the cantilever. The actuators consisted of a layer of PDMS and thin layer
of MoSz. The thickness of the layers was 80 um for PDMS, and 35 nm for the 2H-
MoS: and the length of the actuator was 12 mm. The SEM image presents the cross-
section of the PDMS and MoS: layers. The insert in the tilted SEM image presents the

thousands of wrinkles.

Figure 45 (b) presents the displacement of the actuator between 405 nm to 808

nm of the flat nanosheet actuators and Figure 45 (c) presents the displacement of the
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wrinkle actuators respectively. Remarkably, both the actuators gave rise to the same
displacement at 405 nm (energy above the bandgap). Since 405 nm is much larger than
the bandgap, this was expected. As we go down the photon energy, the 532 nm, 640 nm
and 808 nm excitation resulted in smaller displacement for the flat actuators. The
displacements between the 405 nm and 808 nm excitation are almost ten times for the
flat actuators. Now coming to the wrinkle actuator sample as presented in Figure 45 (c),
we see the same chromatic mechanical response. For the wrinkle architecture, the
mechanical response was enhanced at 532 nm, 640 nm, and 808 nm excitations. The
mechanical response enhancement was twice at 532 nm, 640 nm, and 808 nm. As the
photoluminescence spectroscopy suggested a decrease in bandgap of 20 to 30 meV, this
resulted in improved optical absorption at lower wavelengths resulting in enhanced
photo-thermal response. For 1.6% change in the bandgap, the mechanical response
enhancement factor is almost two. The results suggest that for lower laser energy input;
we get a significantly improved mechanical output compared to the flat actuators. This
type of photo-tunability of mechanical response at lower light energies has not been
achieved in other photomechanical materials namely azobenzene liquid crystal
elastomers, carbon nanotubes and nanoparticle based LCEs and this effect opens a new
window in the design of photo-thermal systems based on coupled straintronic-
photothermic effects. A practical application of this effect would be in tunable photo-

thermal nanopositioning [20].
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Figure 45- Straintronic Photothermal Actuation: (a) Schematic of bending actuators
and corresponding SEM image; Insert show the wrinkles on polymer substrate; (b)
photothermal bending of unstrained actuators between 405 nm to 808 nm; (c) photo-
thermal bending of strained/wrinkle actuators.
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Figure 46 presents the frequency response of the millimeter scale actuators.
These actuators were 12 mm in length. The thickness of the PDMS layer was 80 pm.
Figure 46 (a) presents the mechanical response amplitude versus excitation frequency
for both strained and unstrained samples. An exponential decrease was observed in
frequency versus mechanical response for both samples. The locally strained samples
showed larger response compared to their unstrained flat counterparts at low
frequencies. These actuators could be operated up to 30 Hz quite easily (Figure 47)
which is a record by itself for photo-thermal actuators. While these are first
demonstrations, with scaling down the actuators to microscopic scales and depending
on the thermal mass, one can improve the operability of these actuators to >100 Hz.
The relationship between vibrational amplitude (9) and excitation frequency (v) for

both flat and wrinkled actuators is interpolated as:

OF= 233¢ 0975 + 11,5 002 (4)

Sw= 589e0497v + 23,9 004 (5)

Figure 46 (b) presents the photothermal vibration response of unstrained
actuators at 0 and 5 Hz. Insert is the magnified image of the laser input and the
mechanical output. The amplitude of the photothermal response is smaller for the 5 Hz
actuation. The results also suggest that one can pulse the photo-thermal actuators that
would be useful for programmed sensing applications using optical methods. The >100
Hz operability could enable these actuators as nanogenerators by combining

piezoelectric materials for energy harvesting in low-frequency domains.
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Figure 46- Frequency Response: (a) mechanical response versus excitation frequency;
(b) photothermal vibration response actuation of unstrained actuators at 0 and 5 Hz;

Insert is the magnified image of the laser input and mechanical output.

Figure 49 (a) and (b) are the photomechanical stress response of the flat and
wrinkled actuators at various wavelengths. The average ratio of cuv/NIr (i.e. G40s/808) IN
Figure 49 (a) and (b) is an indication of the amplitude of the chromatic mechanical

response. For a 35-nm thick film, a value of 12.09 indicates higher chromatic
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Figure 47- Straintronic photo-thermal displacement of bending actuators as a function

of frequency between 5 Hz to 30 Hz.

response compared to 70-nm film with a value of 6.42, also suggesting a higher yield of
few layer regions in the 35-nm sample. From these figures, different behaviors of flat
versus wrinkle samples are noted; while in 35-nm film, there is a merging point
between flat and wrinkle samples at higher wavelengths, there is not such a point in 70-
nm film. This suggests as the thickness increases; the direct-bandgap regions are
gradually losing their dominance over the indirect bandgap of bulk regions. As a result,

the mechanism is gradually changing from direct bandgap absorption to electronic
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polarization when increasing the thickness, resulting in disappearance of the merging

point (which only occurs in locally strained regions in direct bandgap).

The inset in Figure 49 (a) and (b) is the ratio of the mechanical stress response
of wrinkled versus flat samples. Both the flat and wrinkled architecture has the same
pattern of the stress response versus wavelength of light. However, the increase in the
ratio of mechanical stress response between wrinkled and flat samples by a factor of
two in 35 nm film suggests that the wrinkle architecture samples were unambiguously
effective in converting light into thermal energy and mechanical work. We also see that
the ratio of the mechanical stress response between wrinkled and flat samples depends
on the thickness. For the 35 nm film, a near exponential increase in stress ratio with a
decrease in photon energies is seen. However, for the 70 nm film, the increase in stress
ratio is approaching a linear behavior. If we plot the ratio of wrinkled to flat actuators
with respect to incident wavelength and interpolate the experimental data with the

following equation:

r=aebx (6)

The coefficient b for the 35 nm and 70 nm films is 0.00178 and 0.00084,
respectively. A decrease in the coefficient with the increase in thickness of thin film is
observed. This shows diminishing effect of wrinkling as the thickness of nanoparticle
film increases. The exponent coefficient should approach zero for adequately thick film
of nanoparticles (>100 nm), where there would not be any increased photoactuation due

to bandgap changes as a result of wrinkling, suggesting the thickness limits for the
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straintronic-photothermal effect <100 nm. It is expected that below 35 nm thickness,
this effect will be highly dominant with large amplitudes of stress and exponential
mechanical response between UV and NIR wavelengths. Figure 49 (c) represents the

internal force in different intensity of 640 nm light for both wrinkled and flat samples.

To determine the robustness of this actuator, we did long term experiments in
line with previous reports. Figure 49 (d) presents the photomechanical stress versus
time over 4 hours of continuous operation of the actuators. No drift observed, and we
observe that the large-scale wrinkle actuators were stable over long periods. There are
conclusions that are deduced from these long-term experiments. First, the
photomechanical actuation of the locally strain engineered 2H-MoS2 nanocomposite is
fully reversible and exhibits a robust actuation mechanism. Second, the
photomechanical experiments over long periods of time did not alter the structure of the
wrinkles, which would otherwise cause an irreversible change in the amplitude of
photomechanical actuation stress (a significant reduction in stress). This also means
that the wrinkles are highly stable on the surface of the polymer substrate. Figure 48
presents the high angle SEM image of before and after applying cycles of external
strains of 60% to a wrinkled sample. The resulting morphology looks the same
suggesting no slip, collapse, or permanent changes to the wrinkles. We believe that as
long the external strain does not exceed the initial fabrication strains of the wrinkles,

they should be stable.
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Figure 48- High angle scanning electron microscopy of wrinkles before and after

applying an external strain suggesting stability of wrinkles. Scale bars show 1 pum.

5.3. DISCUSSION

In this chapter, we presented the straintronic-photothermic effect, which was the
intimate coupling of strains, band gaps, optical absorption and photo thermal response

in 2H-MoS: hyperelastic nanocomposites. Compared to applying globalized strains
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Figure 49- Photoinduced Stress, Force and Long Term Response: (a) comparison of

photo-activated stress release between unstrained and strained wrinkle macroscopic

hyperelastic actuators for 35 nm film; insert is the ratio of the stress between strained
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and unstrained actuators as a function of photon energy; (b) same for 70 nm film; (c)
Force versus laser power comparison for unstrained and locally strained actuators; (d)

long term response.

with a mechanical gadget, localized nanoscale strain engineering through strain transfer
from a polymer or other means is highly desirable. While change in band gaps has been
used to modulate electronic properties of devices, our results are the first application of
band gap effects and straintronic effects in MoS2 for mechanical actuation. As the
bandgap of 2H-MoS: is decreased due to localized strains, the optical absorption and
the thermal and mechanical response is enhanced. The localized strains were estimated
in the wrinkles accurately through an analytical strain model for van der Waals packed
films based on the original work by Vella et al. [249]. The strains from 100 wrinkles
showed anywhere between 0.2-1.3% strains. This model is useful for quasi-continuous

films based on liquid exfoliated nanoparticles.

The photoluminescence study showed that the direct electron transition is still
dominant in local strain engineered few layer additives. The shift in the A exciton
resonance peak by 30 meV was clear evidence of the mechanism that the strength of
the A-exciton resonance was responsible for the overall chromatic mechanical effect.
Straining the layers also increased the PL intensity suggesting strains have a direct
effect on the band structure in 2H-MoS2. A new model that relates the purely thermal
effect versus Gaussian photomechanical effect suggests that photomechanical actuation

in TMD based nanocomposites is a chromatic thermal effect coupled to the optical
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absorption of the semiconductor under strains. The straintronic-photothermal effect
only occurs at thickness below 100 nm, and therefore access to nanoscale property is
necessary to see this effect. Above 100 nm, bulk behavior dominates, and thus this
effect vanishes completely, and strain engineering has no effect on subsequent photo-

thermal response.

Combining 2D nanomaterials with hyperelastic materials provides new
opportunities in photo-thermal transducers due to the high strain energy densities, high
elastic modulus, and enhanced light matter interactions in these materials. We believe
that 2D TMD based nanocomposites are one of the few materials to show intrinsic
chromatic mechanical response as well as well as a straintronic photomechanical
response with tunability of stress due to change in band gap effects, all of which can be
exploited for light driven transducers on the macroscopic, millimeter and microscopic
scales. In the past, graphene based hyperelastic nanocomposites have shown tunable
photo-thermal response [16, 251]. However, they do not exhibit chromatic mechanical
response. Compared to that, TMDs are exciting materials as they possess an intrinsic
band gap at 1.8-1.9 eV, which is tunable with strains. While the wrinkles are not
periodic in our study and the strain distribution is non-uniform, making the wrinkles
periodic using chemical vapor deposition (CVD) of TMDs with precise control of
number of layers and strain transfer can enable more repeatable wrinkled architectures
for tunable photo-thermal actuation. Further, the thermal gradients between the apex
and base of the wrinkles enables heat transfer into the polymer. One can also tune the

thermal and mechanical response to larger wavelengths through traditional plasmonic
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architectures by coating the wrinkles with 10-30 nm noble metals, resulting in exciton-
plasmon interactions that can also tune optical absorption and mechanical response.
This new straintronic-photothermic effect will be useful for the future development of
microscopic transducers based on light, flexible straintronic devices, optoelectronics,
substrates for surface enhanced Raman spectroscopy (SERS), biosensing and energy

harvesting.

5.4. MATERIAL AND METHODS

5.4.1. SAMPLE PREPARATION:

Few-layer MoS2 nanoflakes dispersed in ethanol solution was purchased from
Graphene Supermarket. The lateral size of flakes was 100-400 nm, according to the
manufacturer. Standard vacuum filtration process was used to deposit thin films of
MoS:2 nanoflakes with different thicknesses of 25-35 nm and 60-70 nm on mixed
cellulose membranes with 25 nm pore size (EMD Millipore VSWP04700). The vacuum
filtration process self-regulates the deposition rate of nanoflakes on the filter membrane
to produce an evenly distributed thin film of MoSz. The thin film of MoS:2 was
subsequently transferred to strained and non-strained Polydimethylsiloxane (PDMS)

substrate using an acetone bath that dissolved the overlaying filter membrane.

PDMS silicone elastomer was obtained from Dow Corning (Sylgard 184).
PDMS is a two part solvent-free flexible silicone organic polymer in the form of a base
compound with a separate hydrosilane curing agent that acts as a cross-linker. The term

cross-linking ratio refers to the ratio of PDMS cross-linker to the base compound. The
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PDMS base was mixed in 1:10 ratio to the cross-linker and then deposited on a glass
slide. A standard spin coating process at 600 rpm for 30 seconds produces ~140 um
thick film of PDMS on the glass slides. The PDMS films are then cured at 120 °C for
20 minutes and post-cured for an additional 12 hours at room temperature before they
were cut into 50mmx8mm strips and installed in a hand-made setup for the transfer
process under strain. After successfully transferring a thin and continuous film of MoS2
to the PDMS substrate, the strain is released, resulting in a wrinkled film of 2D material

on top of elastomeric substrate.

5.4.2. MICROSCOPY IMAGING:

HRTEM was conducted using an FEI Titan transmission microscope operating
at 300kV. The sample was prepared by dropping one drop of exfoliated MoS: in
ethanol solution on lacey-carbon Cu grids (Ted Pella Inc., CA). The Cu grids were
dried in air to make sure there are sufficient isolated flakes to be observed. SEM images
were obtained using a JEOL JSM-7000F instrument at 4 kV of power and under an
ultra-high vacuum, 10—° Pa. Secondary electron detector was utilized at 10 mm
working distance to capture high-resolution images of MoS: features at magnifications
as high as 100,000X. The AFM images were taken using a NaioAFM of Nanosurf in

intermittent mode with a cantilever resonance frequency of ~148 kHz.

5.4.3. RAMAN AND PHOTOLUMINESCENCE SPECTROSCOPY:

The Raman measurements were performed by the excitation laser line of 532

nm using a Horiba XploRA Raman system in ambient air environment. The power of
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the excitation laser line was kept below 1 mW to avoid inducing any heating effects.
The laser beam was focused onto the surface of the samples using a 100X objective
lens. The photoluminescence measurements were conducted by a Horiba Multiline
Raman Spectrometer LabRAM HR Evolution with a 100x objective lens, 600 gr/mm,
and 1% ND filter with a 532 nm excitation laser and laser power of 0.2 mW to avoid

any damages to the samples.

5.4.4. RESONANT RAMAN SCATTERING AND RAMAN MAPS:

Raman analysis and mapping was performed using a Renishaw inVia Raman
microscope system, equipped with a multi-channel high resolution Si-CCD camera.
The measurements were performed in backscattering geometry, with a 632 nm He-Ne
laser as the excitation source, and an optical filter with an incident power of ~1 mW.
Raman mapping was carried out in a point-by- point mode, i.e. a full Raman spectrum
was collected from each position in the selected area. The Raman maps were collected
using an Leica microscope objective (50 X), and the laser spot focused on the sample to
a diameter of ~1 um. While a motorized stage moved the sample under the laser beam,
spectra were successively acquired from the defined region of interest. The maps,
acquired with the 1 um step, from regions of 20 um x 20 um, consisted of 441 (= 21 x
21) pixels. A full Raman spectrum was collected at each pixel and the data acquisition
time for a typical map was ~16 hours. Such maps were then analyzed, and the desired
spectral maps were generated. First, the curve fit parameters method based on a
theoretical curve fitting was simultaneously employed to all 441 Raman spectra, and a

full set of spectra parameters (peak intensities, peak widths, etc.) was calculated. Then,
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specific maps were generated by plotting the specific fitting parameters or their

combinations, such as peak intensity ratios.

5.4.5. STRESS AND BENDING TEST EXPERIMENTS:

The stress test experiments were done using a self-made automatic
photomechanical test assembly, as was reported earlier on [47]. The bending test
samples consist of nanocomposites made of one 80-um-thick PDMS layer and one 35-
nm-MoSz layer in wrinkled and flat structures. The nanocomposites were cut in
12mmx4mm strip, and have been clamped in one end, as shown in Fig. 9. The
clamping end was illuminated with different wavelengths of lasers with the same laser
power of 30 mW. The displacement at the free end of the samples was measured using
a high speed MicroTrak Il laser displacement sensor (LTC-025-02). A custom
LabVIEW program was developed to control the test equipment and collect/monitor the
experimental data acquisition. All experiments were conducted in a climate-controlled

laboratory.
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CHAPTER 6
PHOTO- AND THERMAL- ACTUATIONS: MODELING AND ANALOGY

6.1. INTRODUCTION

To further understand the mechanism of photo-actuation of MoS2/PDMS
nanocomposites, iso-strain tests have been done in Dynamic Mechanical Analyzer
(DMA-Q800 TA Instruments). A pristine PDMS sample of ~140um thick was cut into
8 mm x 30 mm strip and placed in between DMA tension clamps. The sample was
stretched to different strain levels. At each of these strain levels, a temperature ramp
from room temperature to 60°C was applied to uniformly heat up the polymer sample
and measure the change in the internal force of the sample because of the thermal

actuation of PDMS at a fixed length.

In Figure 50, the trend in thermal actuation of pristine PDMS is very similar to
photo-actuation of MoS2/PDMS nanocomposites. This suggests that MoS2 wrinkles act
as photo-thermal energy transducing agents that absorb the light energy depending on
the bandgap and convert it to thermal energy. The thermal energy is transferred to
polymer chains of PDMS, making them expand or contract due to entropic elasticity.
Similar to photo-actuation behavior [16], there are three different regimes in the
thermal actuation process: expansion, contraction, and zero-actuation regions. In small
pre-strains (0-5%), heating of the sample leads to increase in length, i.e. decrease in the
internal stress of the PDMS strip. At medium pre-strains (5-10%), heating does not
have a significant effect due to the balance between entropic forces and thermal energy

keeping the stress level at zero. At high pre-strain values (10-60%), heating results in
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significant contraction of the sample, i.e. an increase in the internal stress of the
polymer strip. PDMS is a hyperelastic polymer where the stress is derived from the
strain energy function. Combining such hyperelastic material with ultra-large strength
materials can enable a significant amount of stored strain energy that is released on

photo-excitation.
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Figure 50- Stress versus temperature profile of plain PDMS using DMA. Three
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6.2. PHOTO- AND THERMAL- ACTUATION ANAOLOGY: A MATHEMATICAL

MODEL

We developed a new mathematical model for the thermal and photo-thermal
actuation by modeling it as uniform and Gaussian response to predict the temperature
profile of unstrained and strained actuators. If we consider a specific actuation stress
(As) resulted from photo-actuation of MoS2/PDMS nanocomposites, and assuming the
same amount of actuation As happens in pristine PDMS by heating up the sample, an
equivalent temperature rise in the photo-actuation process is found by heat-induced
temperature rise in DMA. Although the mechanism in both heat induced and photo
induced actuation is purely thermal, the heat-induced stress resulting from thermal
experiments in DMA is due to a uniform distribution of temperature (ATu) around the
polymer sample. As a result, the uniformly distributed temperature rise corresponded to
this thermally induced As must be equalized to a Gaussian-distribution temperature
profile (ATn), which is the case for a pointed laser photo-actuation of MoSz-based

nanocomposites.

Ast = AsP = As (7)

As « AT, < AT, (8)

where H denotes heat-induced actuation, P photo-induced actuation, u uniform
distribution, and n Gaussian distribution. Figure 51 shows a common experimental

diagram for thermally induced actuation of pristine PDMS. The amount of heat
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transferred to the polymer chains because of temperature rise in the actuators is stated

by the following equation:

Q = mC,AT ©)

where Cp is the specific heat capacity of the polymer. If we consider the steady state
part of the thermal actuation and assume a uniform temperature profile along the
thickness for thin samples, then we can dual integrate the heat profile along the length
and width of the samples and find the relationship between ATn in photo-actuation
setup and heat-induced ATu in DMA. Assuming, that the transduced Q for both
mechanisms is the same, the change in the temperature has an inverse relationship with
the mass of the exposed part of the actuator. If we integrate the temperature profile

along the exposed surface of the actuators in the two mechanisms, then:

my AT, = msAT, (10)
w/2 (L/2 w/2 (LJ2
f_w/z f—L/Z putuATudx dy = f—W/Z f—L/Z Pc tGATndx dy (11)

where dx and dy are the differential length and width elements, p the density, and t the
thickness. From experimental data on MoS: based nanocomposites, the distribution of
temperature change along the sample in photo-actuation is represented as a Gaussian
distribution. The two-dimensional temperature relationship in photo-actuation is
expressed by the following equation.

Cewp? _omm)?

AT, (x,y) =ce 29% e 2 (12)
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where 1 is the mean, ¢ the standard deviation and ¢ a constant. In our photo-actuation
system, [ is equal to zero for both x and y directions since the coordinate origin is
placed at the center of the sample where the laser hits the nanocomposite. Experimental
results for MoS2/PDMS nanocomposites show that the square root of variance value
(20?) is approximately equal to the diameter of laser beam hitting the sample and is
around 3.15, as reported in Rahneshin et al. [22]. Constant c is directly dependent on
the value of photo-induced stress, which itself is a function of different parameters such
as laser power, laser wavelength, the thickness of TMD layer, and geometrical pattern
of the thin film. Substituting Equation 12 into Equation 11 and integrating over the

volume of the sample yields the equivalent temperature relationships.

—_ 2px—LY My 2py—w _
LWAT, = —2mncoy0, (erf (zﬁax) erf (ﬁa,)) <erf<2ﬁay)

erf (v%)) (13)

—-Lw

2mox 0y <erf(z$’zf;:;)—erf(\/;zx)>(erf(z%;;v)_erf(x/;zy))

c= AT,

(14)

Substituting Equation 14 into Equation 12 gives the equivalent temperature rise

in the photo-actuation mechanism.
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AT,
snsy (err (52 e () rr () er())

AT, (x,y) =

(15)

Thus, this equation for the first time describes the relationship between purely
thermal actuation and photo thermal actuation. However, it should be noted that the
thermal actuation takes almost 20 minutes for uniform temperature equilibration in

DMA compared to photo-actuation which takes about 5-10 s for stress to saturate.
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6.2.1. APPLICATION OF THE MODEL TO EXPERIMENTAL DATA

To verify the presented mathematical model, this model has been applied to the
experimental data obtained earlier in chapter 5. Few-layer MoS2 composite sample was
placed between DMA clamps in tension mode. Iso-strain tests were conducted at zero
percent pre-strain value. At this pre strain, a temperature ramp from room temperature
to 60°C was applied to uniformly heat up the polymer sample and measure the change
in the internal force of the sample because of the thermal actuation of PDMS at a fixed
length. To corroborate the model, both wrinkle and flat MoS2/PDMS nano composites
were tested for heat-induced actuation in DMA TA-Q800 as presented in Figure 52.
Obviously, both samples show similar thermal actuation, as in heat-induced actuation
the polymer chains are responsible for induced stress, which is the same in both
samples. From these results, a corresponding ATn for each of photoinduced stress

values of wrinkle and flat samples is obtained.
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Figure 52- Stress versus temperature profile of unstrained and strained MOS2/PDMS
samples using DMA.
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Figure 53 presents the predicted temperature profiles based on our mathematical
model for the unstrained and strained actuators at different wavelengths. The
temperature of the sample as a function of the wavelength of the light for unstrained
actuators was predicted as 35 °C (405 nm), 29 °C (532 nm), 27 °C (640 nm) and 23.9 °C
(808 nm). The room temperature is 23 °C as a reference. For the strained actuators, the
temperature of the sample as a function of the wavelength of the light was measured as
35 °C (405 nm), 29.9 °C (532 nm), 29 °C (640 nm) and 24.6 °C (808 nm). At 405 nm
both give rise to the same temperature profile according to equation 13. However,
between 532 nm to 808 nm, the locally strain engineered wrinkle samples gave rise to a
higher temperature profile compared to the unstrained actuators. At the nanoscale, it is
expected that the apex region of the wrinkle may enable higher temperature compared
to flat surface. It is expected that thermal gradients exist between apex and base and
heat is flowing from the apex to the base. The wrinkles have MoS: layers partially
directed with an angle to the surface of the polymer, which directs the generated heat of

highly strained regions of the apex to the flat region, and to the polymer underneath.

Looking into the stress data further in Figure 42, for instance, a photo-actuation
of around 0.65 kPa for both flat and wrinkle actuators at 405 nm excitation wavelength
will lead to a 2.6°C temperature rise for ATu. This temperature rise is the uniformly
distributed temperature, which is needed to generate an actuation of 0.65 kPa in heat-
induced actuation. Using Equation 15 and the corresponding p and o values for these
experiments, the equivalent temperature profile along the sample can be easily

obtained. Table 9 lists the change in temperature values for wrinkle and flat samples at
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different excitation wavelengths at the center of samples (x=y=0). The temperature
profiles along the length of the samples are also depicted and compared for both
wrinkle and flat photo-actuator. The wrinkled sample is predicted to give rise to a
significantly increased temperature compared to their flat counterparts on

photoactivation, resulting in significantly improved mechanical response.
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Table 9- Change in temperature comparison in heat-induced and photo-induced

actuation for unstrained and strained wrinkle samples

As (kPa) AT, (°C) AT, (°C)

wrinkled flat wrinkled flat wrinkled flat
o
Sr E 0.67 0.65 2.29 2.22 11.93 11.58
N E
S}’ c 0.3675 0.3239 1.26 111 6.55 5.76
o £
g c 0.3259 0.2185 1.12 0.75 5.8 3.89
o £
8 c 0.0849 0.0429 0.29 0.15 151 0.76

6.3. ANALYTICAL STRAIN MODEL FOR VAN DER WAALS PACKED FILMS

OF NANOPARTICLES

Wrinkling and delamination of thin films adhered to a polymer substrate was
studied earlier by Vella et al [109]. The wrinkle profile for such films can be

approximated by a cosine function in the form of the following equation [109]:
w = f(x) =§[1+cosz%] (16)

where ¢ and A are the height and width of the wrinkle. According to the classical theory
of elasticity of plates developed by Lagrange, the stress and strain in an incremental

element with an arbitrary small deflection w(x, y) can be stated as [252]:

__ou __0v

& = a ’ gy - 5 (17)
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—-Ez ,0%*w 9%w
Oy (1—v2) (ﬁ +v B_yz (18)
Ez 0%*w 9%w
o = G T Vo (19)
where:
ow ow
u=-z--, v——za (20)

with z the distance from the mid-plane of the plate. For a curved plate, the radius of

curvature k, at an arbitrary point can be calculated based on the following equation:

2w
1 X2
o [ aw @)
(G
In composite films of nanoparticle, the radius of curvature of individual
components, especially those inside the film, can be assumed equal to that of the film.

As a result, based on the radius of curvature k., the strain in each individual

nanoparticle can be estimated as:

g = — (22)

Kx

Introducing Equation 16 into Equations 21 and 22, the radius of curvature and

strain in each individual nanoparticles at an arbitrary part of the wrinkle can be found

as:
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1 - 2m28 27X

[rc, = — —5 C0S— (23)
228

&(x,z) = — 27;22 cosz% (24)

with x being the horizontal distance from apex of the wrinkle and z the distance from

the mid-plane of the individual nanoparticle (Figure 54).

—_y_ F—————

Figure 54- Schematic of wrinkle geometry and an individual nanoparticle at an

arbitrary location x with a radius of curvature k,
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CHAPTER 7
INKJET PRINTING OF 2D NANOMATERIALS: DEVELOPMENT OF
VERSATILE HIGH PERFORMANCE PAPER-BASED PHOTO-ACTUATORS

7.1. WATER-BASED INKJET PRINTING OF 2D MATERIALS

The need for simple, versatile, and low-cost manufacturing techniques for the
fabrication of functional devices is crucial in new and flexible electronic and
optoelectronic industries. The ever-increasing advances in the area of 2D materials urge
a need for such techniques. Although the technology in the area of microfabrication and
photolithography are fully mature, it is both time-consuming and expensive when it
comes to fast advancing new technologies. Inkjet printing of 2D materials is a new and
rapidly growing field to overcome such challenges in order to manufacture functional
devices [253-255]. Since the discovery of Graphene [54] and the emergence of methods
for separation of layers of 2D materials in large quantities, such as liquid phase
exfoliation [73], the inkjet printing seems like an attractive field to low-cost and large-
scale fabrication of devices based on 2D materials. Current state of the art in inkjet
printing still suffers from practical challenges as they are either based on toxic solvents,
needs substrate functionalization, need high drying temperatures, or require laborious
formulation processing [256, 257]. A new practical inkjet formulation which is both
non-toxic and biocompatible and capable of printing multilayer stacks of
heterostructures, along with the access to a mass production method of high-quality few
and mono layers of nanosheets, would benefit the fields of electronics and
optoelectronics in the applications such as large area arrays of photosensors,

programmable logic memory devices, transparent, flexible and wearable technologies,

166



and biomedical applications [73, 143]. In addition, unlike traditional methods such as
vacuum filtration or spin or spray coating, the inkjet-printed heterostructures do not
suffer from poor control of thickness or limited design flexibility [143, 258]. In this
chapter, we use a water-based and biocompatible ink formulation based on McManus et
al. [143] and Yang et al. [259], along with inkjet printing technology with a Dimatix
Inkjet Printer, to fabricate inkjet-printed paper actuators, which transduce light into

mechanical motion.

7.2. WATER-BASED EXFOLIATION AND INK FORMULATION

The inks developed for inkjet printing in this chapter are fully biocompatible
and based on non-toxic materials with the applicability of use in bio applications. The
inks formulation is based on McManus et al. [143]. Water is used as a biocompatible
exfoliating agent as well as the ink solvent. Since water is not a good exfoliating agent,
nor a proper inkjet printable solvent, its properties must be modified through addition

of surfactants and additives.

The starting point for ink development is the liquid phase exfoliation of
nanoparticles of different 2D materials. MoS2 nanopowder was purchased from
Graphene Supermarket, and Graphite Flakes from Alfa Aesar. Deionized water is used
as the exfoliating agent, and 1-pyrenesulfonic acid sodium salt (Sigma-Aldrich) is
added to it as a surfactant to lower the surface tension and increase the stability of
exfoliated nanosheets [126, 259, 260]. We observed at least eight months stability in

our exfoliated solutions without any sedimentation. The exfoliation process takes 72

167



hours of ultrasonication in a bath sonicator (Cole-Parmer 08895-75), followed by 20
minutes of centrifugation at ~900g centrifugal force. The top part of each vial is then
collected for further process. To increase the concentration of the inks, a high-speed
centrifugation at a Sorval RC-5 Refrigerated Superspeed Centrifuge at ~16,000g
centrifugal force is done, and the precipitate is collected for further processing. If need
be, a washing step similar to Yang’s method [259] can be done using a ~16,000g
centrifugal force, to remove extra surfactants or change the solvent. This high
concentration precipitate is then added to the printing solvent. The printing solvent
consists of 0.1 gram of propylene glycol (Sigma Aldrich) for each gram of deionized
water, 0.06 mg ml* Triton X-100 (Sigma Aldrich), and 0.1 mg mlI* Xanthan Gum
(Sigma Aldrich). This combination of additives makes the 2D nanosheets printable.
Propylene glycol acts as a co-solvent to increase the viscosity of the inks [143]. Triton
X-100 acts as a surface tension modifier, which decreases the surface tension of

deionized water.

Although the generation of droplets in inkjet printers are a complex process and
precise physics and fluid mechanics of this process are still under research [261], the
behavior of drops can be characterized by a dimensionless parameter, i.e. the inverse of
Ohnesorge number (Oh) [262]. Ohnesorge number is a dimensionless ratio between
viscous force to inertial and surface tension forces, and is expressed in terms of

Reynolds (Re) and Weber (We) numbers [262, 263].

Re =222 25
e " (25)
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We = ” (26)
oh=Y"e_ _n 27)

Re  (ypa)'/?
where y is the surface tension, # dynamic viscosity, p density, v velocity, and a a
characteristic length. Reis and Derby initially proposed that in order to achieve stable
droplets, the inverse of Ohnesorge number (expressed as Z number) should be in the
range 1 < Z < 10 [264]. The Z number for pure deionized water is ~40, and the overall
effect of propylene glycol and triton X-100 lowers the Z number to a value of around
20 for an orifice size of 21.5 um (i.e. the case for our Dimatix material printer nozzles).
McManus et al. has shown that despite Z > 10, the droplets are still stable and no
satellite effects or nozzle blockage are observed [143]. Similar reports for stable inks
with Z values higher than 10 have been reported in the literature for N-methyl-2-

pyrrolidone- and ethylene glycol- based inks [256, 257].

The use of propylene glycol in the inks also causes the disruption of Marangoni
flows and reduction of Coffee Ring depositions [265]. Coffee ring effect is a common
phenomenon happening when a droplet of a liquid, such as coffee, dries and leaves ring
shape structures of the solute deposits instead of a uniform spot [266]. For a wide range
of solvents, solutes, and surfaces, particles dispersed in a drying droplet flows toward
the edges of the droplet and leave ring-like stains there [267]. The thermal and
concentration gradients, which are caused by the evaporation process, are responsible
for a circulating flow driven by surface tension gradients (Marangoni flow) inside the

droplet [266]. For some other cases, the coffee ring deposition happens at the center of
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droplet rather than the edges [265]. The Marangoni flow transports particles which are
close to the free surface of the liquid toward the top, and then downward toward the
center of the droplet, where they can adsorb to the surface at that point or continue
moving toward the edges of the droplet before adsorbing to the surface (Figure 55)
[265]. Xanthan Gum is added to the inks as a binder, to minimize re-dispersion of
printed flakes, which allows for printing hetero structures. This also makes the ink a

non-Newtonian fluid with shear-thinning properties [143].

Figure 55- Flow field (Marangoni flow) in a drying droplet, (a) experimentally
obtained, and (b) simulated [265].
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7.3. INKJET PRINTING TECHNOLOGY

After developing the printable inks as discussed in previous section, we have
used a Dimatix Material Printer DMP-2800 to print various patterns on a number of
different substrates (Figure 56a). Inkjet printing have been used in many applications in
recent years, including displays, flexible electronics, solder dispensing, rapid
prototyping, ceramic components, enzyme-based sensors, and tissue engineering [262].
When talking about inkjet printing technology, a number of physical operations define
and constrain it. These include generation of droplets, interaction of droplets on a

substrate, and drying mechanisms [262].

The technology used in Dimatix printer is based on a drop-on-demand (DOD)
inkjet printing, which is based on the generation of individual drops wherever required.
Pattern printing is through positioning of inkjet head above the desired position of the
substrate. In this technology, drops are formed by applying a pressure wave in the fluid
channel just before the individual nozzles. The drops are ejected after a threshold
pressure is exceeded. Without applying such pressure, the liquids are held in place due
to the surface tension forces and a negative pressure at the exit of nozzles. A jetting
frequency between 0.7-10 kHz can be used while jetting. Nozzels are array of 16
squares and around 21.5 pum, and the drops are approximately in the same size. It is also
possible to control the droplets size by changing the input waveform and ejection
velocity. In our DMP-2800, the drop formation is possible by a pressure pulse through
a piezoelectric transducer, which is placed before the exit of nozzles, and mechanical

actuation using MEMS technology.
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Figure 56- Inkjet printing technology: (a) A Dimatix DMP-2800 material printer with
graphene ink cartridge installed, printing a pattern on a paper substrate. (b) Optical
microscopy image of array of silicon nozzles; inset shows zoomed view of an
individual nozzle with an orifice size of ~21.5 um and capable of jetting 10-pL drops of
inks. (c) A typical waveform applied to the piezoelectric actuators during inkjet

printing. (d) The mechanism of drop formation in inkjet printing [268].

The mechanism for drop ejection is shown in Figure 56c: Initially, the
piezoelectric actuators are at standby phase, where the PZT bimorph is slightly
deflected by a bias voltage. At the beginning of jetting pulse (i.e. phase 1), the voltage
is decreased to zero and the piezo membrane is back to the neutral position where the

fluid chamber is at its maximum volume. At this phase, the inks are pulled into the
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chamber from the reservoir. This also affects the meniscus at the nozzles exit pulling
inward slightly. The increase in voltage, then, makes the chamber compressed and
generates a positive pressure to initiate the drop formation and finally eject a drop
(phase 2). Next phases include reversing the piezo voltage to its bias level where the
chamber decompresses and ready for the next cycle of drop generation. There is also a

slight pull back at the exit of nozzles at this stage (Figure 56c¢). [268]

Time(us): O 5 10 20 25 30 35 40 50 60 70 80 90

Figure 57 - Drop formation: Formation of 10-pL drops of graphene ink at microsecond
snapshots. Nozzles are located at 300-pum horizontal line. An stable drop forms after
around 40 ps. No satellite drops or nozzle blockage was observed. An average drop

velocity of ~7 m s is calculated.
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Using the graphene inks that we developed previously as explained in Section
7.2, we captured the drop formation at different time intervals after the drops are
ejected from the nozzles. The drops are formed from an initial column of liquids, which
thins and constitutes a leading droplet and an elongated tail as the liquid propagates
[262]. To successfully print a pattern using inkjet printing, the tail or the satellite drops
must merge with the leading drop during the flight and prior to reach the substrate. If
this fails and the satellite drops do not merge with the big leading droplet during the
flight, the printing quality and resolution will be deteriorated. To give the inks enough
time to form a successful single and stable droplet, a stand-off distance between the
printer head and the substrate must be employed (we did this by applying a 1 mm
distance). As seen in Figure 57, our inks successfully form a single and stable droplet in
~40 ps and after travelling about 300 um distance from the nozzle exit. We did not
observe any satellite formation during printing with our inks. From Figure 57, a drop

speed of around 7 m s is estimated.

We have printed different patterns/sketches on various surfaces to show the
printability of our inks. The exfoliated 2D materials are shown in Figure 58a. As was
explained earlier, these are water-based exfoliated nanosheets and they show high
stability over the time (more than eight months without aggregation/sedimentation).

Figure 58b shows the inks obtained from these exfoliated solutions. Graphene ink is in
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Figure 58- Ink development and printed 2D materials: (a) Exfoliated nanoflakes of
MoS: and graphene in deionized water, showing high stability in long term without
sedimentation or aggregation. (b) Water-based biocompatible inks developed out of
exfoliated nanoflakes. (c) An inkjet-printed sketch of Albert Einstein on a regular copy
paper. Inset shows an electrical pattern printed using MoS:z inks. (d) Printed sketch of
Alfred Nobel on a flexible cellulose-acetate plastic; inset shows a pattern of squares

printed on a paper by MoSz inks.

175



Figure 59- Coffee ring effects observed while printing the similar sketch of Alfred
Nobel with a commercially available ink.

grey and MoSz ink in dark green. Figure 58c shows Einstein’s sketch! printed on a
regular paper using the water-based graphene ink. The inset shows a printed pattern on
a paper using the MoS: ink. An sketch of Alfred B. Nobel is printed on a transparent
and flexible plastic sheet using graphene ink. We observed high accuracy and
resolution in printing different patterns or pictures on various surfaces using our water-
based 2D crystal inks, without any major coffee ring or Marangoni effects. The
printability of our inks are compared to a commercial ink provided by the Fujifilm Inc.

as the default model ink for Dimatix Material Printer, where the sketch of Alfred Nobel

! The original sketch accessed from web https://www.pinterest.com/pin/83879611780332870/ on
December 15, 2017.
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is printed on the same substrate and using the same printing conditions as our graphene
inks (Figure 59). The formation of aggregated macro-scale droplets and coffee ring

effects are easily observed for this ink.

7.4. INKJET-PRINTED PAPER-BASED PHOTO-ACTUATORS

Due to their importance in areas such as soft robotics, biomimetic devices, and
artificial muscles, soft actuators are of great interest with plethora of research being
focused on them in recent years [269-273]. Despite the tremendous amount of research
in this area over the past decade, there is still the need for improving these actuators
and their related applications. Developing programmable soft actuators with easy and
diverse shape changing capabilities, versatility, large actuation release, and remote

controllability still remains a challenge in the soft actuation technology [274-276].

In this section, we introduce an ultra-fast approach by use of inkjet printing
technology to fabricate paper-based photo actuators with large photo-response release.
Paper is a hydrophilic and porous network of cellulose fibers, which has been used for
centuries in applications such as printing and packaging. It comes in various forms with
its fibers made from a range of different materials, such as cellulose, glass, polymer, or
even metals [277]. Each type of paper brings different functionalities when used in
paper-based technologies. Its excellent mechanical properties are pronounced by its
lightweight, flexibility, and foldability. In the past decade, paper has been used in new

and novel applications such as microfluidic and low cost diagnostics devices [277,
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278], electroanalytical devices [279], cell growth [280, 281], printed electronics [282,
283], microelectromechanical systems [284], and more recently, electrically driven

actuators [285, 286].

Here, we develop bilayer paper-based photo-actuators made of simple copy
paper and adhesive tape, with the incorporation of graphene nanoplatelets. Figure 60a
shows the fabrication process for our actuators; as depicted in this figure, a case-
specific graphene pattern is printed on a regular copy paper using a Dimatix inkjet
printer (Fujifilm Dimatix, Inc.), and our developed graphene inks. The use of inkjet
printing technology eliminates the requirements for pre and post preparation of the
substrate or the printed materials before the actuators are ready to fabricate or use,
which are necessary steps in some traditional methods. The samples are instantly ready
after printing the pattern, and can be cut to any specific shape. An adhesive tape is then

assembled to the graphene-patterned paper to make the bilayer actuator.

Figure 60b depicts the mechanism in these actuators, which is based on the
hydrophilic properties of the paper and the change in its relative water content upon
irradiation by an external light source. Due to these hygroscopic properties, the paper
undergoes a large contraction if the photons are absorbed by an external agent, and as a
result, the internal temperature of its porous structure is increased. At the same time,
the second layer of these actuators undergoes an expansion due to this temperature
increase (Figure 60b). The combination of these two active layers with the contraction
of the paper and the expansion of the polymer layer results in ultra large bending of

these actuators upon an external stimuli. Unlike some previous works where there is
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Figure 60- Fabrication method and mechanism of inkjet-printed paper-based actuators:
(@) Inkjet printing of desired patterns on a regular paper using the developed graphene
inks, and assembling of adhesive tape as the second layer of paper-based actuators. (b)
Mechanism of bi-layer paper actuators; the structure undergoes bending upon
irradiation of light of a specific wavelength, as a result of expansion in polymer layer
and contraction in paper layer. (c) Different designs based on bi-layer paper actuators;
bending, curling, uncurling, horizontal movement, and twisting can be achieved

depending on the design of bi-layers.
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only one active layer along with a passive layer in the actuation mechanism (for
instance, the soft actuators developed by Taccola et al. [269]), both layers in our
actuators are active layers. Therefore, the substantial actuation in our actuators is not
only attributed to the mismatch in the coefficients of thermal expansion between paper
and plastic layers, but also to the hygroscopic (humidity responsive) properties of the
paper and the change in its mechanical properties upon irradiation, along with the

humidity inertness of adhesive tape layer.

Depending on the pattern of the printed graphene, structure of the bi-layer, and
the overall folding/orientation of the actuators, different mechanical motions can be
achieved, which are useful for various programmable and case-specific shape-changing
applications. Figure 60c schematically depicts four different mechanical motions for
these actuators, including pure bending for a straight and uniform bi-layer design when
one end is clamped, horizontal motion for a concave structure of uniform bi-layer with
its ends being free to move along horizontal directions, twisting for a convex and one-

end-clamped bi-layer structure, and torsional motion for a reversing bilayer structure.

Scanning electron micrographs of a regular copy paper and graphene nanoflakes
are shown in Figure 61. Our exfoliated graphene flakes are in an average lateral range
of 100-500 nm. Figure 62 depicts a simple design for a graphene/paper actuator; using
only a single point light source (a 640 nm laser with a beam of around 3 mm diameter,

30 mW power), the actuator undergoes a noticeable deflection, around 6 mm,
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Figure 61- Scanning electron microscopy images of (a) graphene nanoplatelets, and (b)

regular copy paper. Scale bars are 100 nm for graphene and 100 um for paper images.

when illuminated with light (Figure 62a & b). Figure 62 ¢ shows the amplitude of
vibrations of the actuator at different on-off frequency of light source. The inset in this
figure is a typical response of the actuator at 10 Hz on-off frequency. An exponential

curve with the following equation is fitted to the experimental frequency data:

§ =172.9 0254V (28)

where 6 is the amplitude of vibrations and v is the frequency in Hz.
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Figure 62- (a, b) A simple design single point actuator illuminated with a laser of 640
nm wavelength; a tip displacement of ~6 mm is observed. (c) Vibrational amplitude
versus on-off frequencies for a graphene-based paper actuator. Inset shows the
vibrational response for an on-off frequency of 10 Hz.

Figure 63a depicts a bending paper actuator when illuminated with a NIR light
source (860 nm wavelength). The bending actuator undergoes a maximum tip

deflection of 33 mm in the vertical direction in 15 seconds. Figure 63b shows the time

182



history of actuation and relaxation at two different power (185 and 370 mW). The
maximum actuations are achieved in 12 s and 20 s for 185 and 370 mW powers,
respectively. Relaxation speed is slower compared to the actuation speed, due to the

slower rate of moisture adsorption by paper fibers.
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Figure 63- Bending actuation and photo generated forces: (a) snapshots of bending of a
graphene-paper actuator when illuminated by near infrared LEDs (860 nm wavelength).
Large displacement over 3 cm is achieved in ~15 second. (b) Vertical displacement
versus time for different total powers. Maximum actuations are achieved in 12 s and 20
s for lower and higher powers, respectively. Relaxation speed is slower compared to the
actuation speed, due to the slower rate of moisture adsorption by paper fibers. (c) Axial
and perpendicular blocking forces generated in the paper actuator; a huge photo-
induced 50 mN axial force is achieved with 0.24 W.cm™2 optical power, enough for

lifting a weight of ~166 times the weight of the actuator itself.
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Figure 64- (a) Curling and (b) uncurling mechanism and radius of curvature versus

time for graphene paper-based actuators.

Figure 63 (c) shows the axial and perpendicular blocking forces generated in the
paper actuator; a huge photo-induced 50 mN axial force is generated in the paper
actuator due to 0.24 W.cm2 optical power, enough for lifting a weight of ~166 times

the weight of the actuator itself (the weight of paper actuator is ~30 mg).

Curling and uncurling applications are shown in Figure 64. A pre-curved paper
actuator increases its radius of curvature from 1.9 to 3.3 cm (change in curvature from
0.30 cm™ to 0.52 cm™) when illuminated with near infrared LEDs of 860 nm
wavelength. Uncurling, or horizontal motion, can be achieved in paper actuators when

the actuator is in a concave structure, as shown in Figure 64b.
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Figure 65- Twisting mechanism: (a, b) an airfoil design based on bilayer actuators
undergoing an increase in the angle of attack, i.e. a, when illuminated by photons of
860 nm wavelength. (b) Reversible change in the angle of attack versus time for
different optical power, with a huge 14 degree change for 558 mW power. An actuation
and relaxation time of 12 and 28 seconds are observed.

Figure 65 shows the twisting mechanism for a paper actuator in form of cross
section of an airfoil. The design was presented earlier in Figure 60c. The airfoil
undergoes a substantial change in the angle of attack (o) of around 13 degree, when the
actuating arms are illuminated with a near infrared light source. Figure 65b is the

reversible change in the angle of attack versus time for different optical power, with a
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Figure 66- Chromatic mechanical response in water-based-exfoliated MoS2-paper
actuators: relative bending of actuators when illuminated with different wavelengths of
light and their associated photon energy (shown in eV), suggesting a wavelength
selective nature. Insert shows the time response of actuators to an on-off cycle; a

photograph of the paper actuator is also depicted in the bottom left of the figure.

huge 14 degree change for 558 mW power. An actuation and relaxation time of 12 and
28 seconds are observed. A paper actuator using the water-based exfoliated MoS2
(developed in Section 7.2 and Figure 58) is depicted in Figure 66. The relative bending
of this actuator in response to different wavelengths of light with different photon
energy is plotted, suggesting wavelength selective behavior for energies below and

above the bandgap of MoSz, similar to LBL MoS2/PDMS actuators developed earlier in
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Chapter 5, which is an evidence of existence of individual few/mono-layer nanoflakes
on the paper structure. Inset shows the time response of the actuator to 405, 532, 640,

and 808 nm wavelengths for an on/off cycle.
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CHAPTER 8
CONCLUSIONS AND FUTURE DIRECTIONS

8.1. CONCLUSIONS

This dissertation was undertaken to investigate and understand different
characteristics of 2D materials, with a focus on transition metal dichacogenides and
MoS2, when used in energy conversion applications such as soft photo-driven actuators
and nanocomposites. Compared to graphene, which is just a layer of carbon atoms and
has no bandgap, layered transition metal dichalcogenides provide intriguing
opportunities to develop low cost, light and wavelength tunable stimuli responsive
systems that are not possible with their conventional macroscopic counterparts. MoS:
nanoparticles were dispersed into a polydimethyl siloxane matrix, and the mechanical
and opto-mechanical properties of these nanocomposites were studied in Chapter 3.
Three different nanofabrication methods, namely shear mixing, evaporative mixing,
and layer-by-layer, were used and the characteristics and opto-mechanical energy
conversion of these nanocomposites were compared. It was shown that the proper
selection of a method over the other not only depends on the type of nanoparticle used,
but also on various factors such as fabrication methods and/or cross-linking ratio of the
host polymer matrix. At lower cross-linking ratios of polydimethyl siloxane, such as
1:10, layer-by-layer method presented the best photon-to-mechanical energy
conversion, whereas in higher cross-linking ratios, shear and evaporative mixing
offered higher photo actuations compared to their layer-by-layer counterparts. The

results of this chapter proposed that energy transduction in nanocomposite actuators are
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not only a function of weight percentage or exfoliation level of nanoparticles as was
reported earlier in [75] and [22], but also functions of fabrication method and cross-

linking ratio of the base polymer.

The dimensional dependency of properties of MoS:z nanoparticles and TMD-
based nanocomposites were studied in Chapter 4. As a layered and semiconductive
two-dimensional material in the family of transition metal dichalcogenides, and due to
the weak van der Waals interlayer forces, MoS2 nanopartciles were exfoliated based on
Liquid Phase Exfoliation method. Three types of samples were prepared namely bulk,
intermediate, and few-layers. These samples were characterized for number of layers
using Scanning Electron Microscopy and Atomic Force Microscopy, and their number
of layers were identified, where three different regions were recognized as 100-500
layers for bulk, 10-30 layers for intermediate, and 1-6 layers for few-layer nanoflakes.
Using the layer-by-layer process of nanocomposite fabrication, a chromatic mechanical
response was observed for MoSz-polymer nanocomposites when the nanoflakes are

highly exfoliated and less than 4 nm in thickness.

The advantages of the proposed fabrication method for TMD-based
nanocomposites were reported as: (1) liquid phase exfoliation process resulting in high
quality few layers with distinctive direct electron transition peaks; (2) phase separated
nanocomposites due to the layer-by-layer processing, which enables preservation of the
intrinsic properties and eliminates environmental degradation effects such as oxidation;
(3) access to the unique layer-dependent optical absorption properties of MoS: layers

inside the nanocomposite; (4) the reported architectures enabled the creation of
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spatially varying bandgap profiles of 2-D nanomaterials and study of resonance Raman
scattering as a function of number of layers and; (5) the proposed design enables
scalable and flexible process for developing stimuli responsive and energy conversion
devices at macro, micro and nanoscopic length scales utilizing different polymeric

systems.

Photomechanical actuators, fabricated with a layer-by-layer method with the
incorporation of highly exfoliated MoS:z nanoflakes, showed strong and wavelength
dependent light matter interaction in the visible region of the electromagnetic spectrum.
It was found that the photo-thermal energy transduction from the MoS:2 crystals to the
polymer chains is significant resulting in high amplitudes of photomechanical

actuation, higher than those reported for graphene [20] and carbon nanotubes [10].

Long term photo-actuation experiments performed in this dissertation showed
that (1) the photomechanical actuation of the 2H-MoS: few-layer nanocomposites was
fully reversible and a robust actuation mechanism; (2) the strain based optical
absorption experiments did not delaminate the interface/sample, which would otherwise
cause an irreversible change in the amplitude of photomechanical actuation stress (a
significant reduction in stress); (3) the strain gradients on the MoS: crystals and the
change in bandgap were also completely reversible as the sample exhibited pristine-like
behavior (0% strain) with the same amplitude of mechanical response in the long term
experiments. It was concluded that the strain transfer to the MoS: additive should be
less than 5% in our samples at the highest strain applied to these nanocomposite, not

enough to cause any failure, delamination or degradation all which would irreversibly
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change the long term photomechanical response. The high strength and strong light-
matter interactions in 2H-MoS: gave rise to the reported chromatic mechanical
response, which is not only a new mechanism but also a new material design for future

macroscopic photo mobile polymer networks based on TMDs.

In transition metal dichalcogenides such as MoSz, strain engineering, i.e., the
change in electronic properties using mechanical deformation, is an important concept
and has brought benefits such as bandgap engineering of single and bi-layers, exciton
funneling effects, and selective chemical adsorption of gas molecules on strained
surfaces due to their ultra-large mechanical strength (capable of withstanding 10-20%
strains) and possessing an intrinsic bandgap. Strain engineering was used in Chapter 5
to present the straintronic-phototheric effect, which was the intimate coupling of
strains, band gaps, optical absorption and photo-thermal response in 2H-MoS:
hyperelastic nanocomposites. As the first application of bandgap effects for mechanical
actuation in nanocomposites, the presented results showed that as the bandgap of 2H-
MoS: was decreased due to localized strains, the optical absorption and the thermal and
mechanical response was enhanced. An analytical strain model for van der Waals
packed films of nanoparticles was developed and presented in Chapter 6, and the strains
from over 100 wrinkles were calculated based on this model. The model estimated
localized strains of 0.2—1.3% for a 35 nm thick film of MoS2 nanoparticles when the
film was wrinkled. The photoluminescence measurements verified this model and
showed that the direct electron transition was still dominant in local strain engineered

few layer nanoflakes. The shift in the A exciton resonance peak by 30 meV was shown
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as an evidence of the mechanism, which proved that the strength of the A-exciton
resonance was responsible for the overall chromatic mechanical effect. Straining the
layers also increased the PL intensity suggesting strains had a direct effect on the band

structure in 2H-MoSo.

Purely-thermal actuation experiments were done on elastomer samples by a
Dynamic Mechanical Analyzer in Chapter 6, and a new mathematical model that
related the purely thermal versus Gaussian photothermal effect was developed, and
suggested that photomechanical actuation in TMD based nanocomposites was a
chromatic thermal effect coupled to the optical absorption of the semiconductor under
strains. It was also shown that the straintronic-photothermal effect only occurred at
thickness below 100 nm, and therefore access to nanoscale property was necessary to
see this effect. Above 100 nm, bulk behavior dominated, which resulted in vanishing
this effect completely, and as a result, strain engineering had no effect on subsequent

photo-thermal response.

Combining 2D nanomaterials with hyperelastic materials in this dissertation
provided new opportunities in photo-thermal transducers due to the high strain energy
densities, high elastic modulus of 2D materials, and enhanced light matter interactions
in these nanocomposites. 2D TMD based nanocomposites was shown as one of the few
materials to show intrinsic chromatic mechanical response as well as straintronic
photomechanical response with tunability of stress or displacement due to change in the
band gap, all of which can be exploited for light driven transducers on the macroscopic,

millimeter and microscopic scales.
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As an essential need for simple, versatile, and low-cost manufacturing
techniques for fast fabrication of functional devices in the fast-moving area of 2D
materials, for rapid prototyping of new and flexible electronics and optoelectronics,
inkjet printing of 2D materials was accomplished in Chapter 7. 2D materials such as
graphene and MoS: were exfoliated in deionized water, and water-based inks were
developed based on these exfoliated nanosheets. The developed inks were bio-
compatible and based on non-toxic materials, and were used to print different patterns
on a variety of substrates. Developed inks based on 2D materials showed excellent
stability over a long period of time (more than eight months), and formed stable
droplets of 10 picoliter while being inkjet printed, without any satellite drops or nozzle
blockage. Coffee-ring effects and Marangoni flows were minimized by using propylene
glycol in the inks. Paper-based hygroscopic actuators were fabricated using inkjet
printing of graphene inks, and were actuated by an 860 nm light source. Significant
actuation and photo-induced forces in the forms of bending, curling, uncurling, or
twisting were achieved using inkjet-printed paper/graphene based photo-actuators. The
scalability, simplicity, biocompatibility, and fast fabrication characteristics of the inkjet
printing method along with its applicability to a variety of substrates such as plastics
and papers can be implemented to high-performance flexible or wearables electronics,
sensors, and actuators with countless applications in soft robotics, electronic,

optoelectronic, and biomimetic devices.

The following list summarizes some of the original contributions of this

dissertation to the field of nanomaterials and nanotechnology:
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(1)

)

©)

(4)

()

(6)

Development of MoSz-based nanocomposites with different fabrication
methods, and demonstration of the effects of fabrication process on the

performance of photo-thermal actuators.

Demonstration of extraordinary characteristics of bulk, intermediate and few
layer elastomeric actuators using a unique Layer-by-Layer (LBL)
nanofabrication method, not reported for photomechanical actuators up to this

date.

Demonstration on how using different number of layers in layered material

makes a huge difference both in mechanical actuation and optical absorption.

Demonstration of Chromatic mechanical response and wavelength-dependent
actuation in few-layer 2H-MoS2-based actuators. This unique chromatic
response was shown to originate from exciton resonance peaks A and B of the

few-layer semiconductive nanoparticles.

Demonstration of Lambert-Beer plots and extinction coefficients for different
levels of exfoliation in MoS2 nanoparticles and reviewing the plausibility of

scattering as a function of particles size.

Demonstration of the effects of global transfer of strain to individual
nanoparticles through an elastomeric substrate, and the resulted Raman shifts

in vibrational modes of MoS:2 nanoparticles.
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(7)

(8)

(9)

(10)

Bandgap engineering of semiconductive MoSz nanoparticles by fabrication of
nanowrinkles. The change in the direct bandgap of the material was attributed

to the applied local strains in individual nanoparticles.

Development of an analytical model for calculation of strains in van der

Waals packed films of nanoparticles.

Demonstration of temperature profiles in photo-actuation mechanism, and
development of a mathematical model for the analogy between purely-thermal
and photo-thermal actuations and the associated temperature rise using

Dynamic Mechanical Analysis.

Development of the first inkjet-printed paper-based photo actuators with large
energy transduction release, in the shape of photo-generated displacement or

force.

8.2. FUTURE DIRECTIONS

Future directions in the area of photo-thermal actuation based on two-

dimensional materials are discussed in this section. While transition metal
dichalcogenides provide chromatic mechanical response when incorporated in
hyperelastic elastomers, the relatively low thermal conductivity of these
semiconductive materials may be an undesirable characteristic for some applications.
The use of other members of 2D materials such as graphene along with TMDs in a

layer-by-layer heterostructure can help increasing the overall photo actuation efficiency
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as well as photo responsivity of these nanocomposites due to excellent thermal
conductivity of graphene. A mathematical model for the temperature profile of TMD-
based nanocomposites when illuminated by different energy levels of photons were
proposed, which can be further extended to the case of the aforementioned
nanocomposites with incorporation of multiple 2D materials to tailor the functionalities
of these nanocomposites. Such studies can lead to improving the actuation and
relaxation speed, optical-to-mechanical transduction efficiency, and tailoring the
wavelength of photon absorption in these nanocomposites. Extending the responsivity
of these nanocomposites to lower and higher wavelengths of electromagnetic waves
than the ones presented in this dissertation can bring about new functionalities with
different applications in areas such as cancer targeting and theranostics. Relatively poor
photon-absorption of TMDs in the near-infrared wavelengths can also be improved by
the addition of nanomaterials such as graphene with proven responsivity in the NIR

region [69].

Different nanofabrication methods of dispersing nanoparticles in the polymer
host presented in this dissertation can be extended to other memebers of 2D and 1D
materials such as MoSe2, WS2, WSez, graphene, and carbon nanotubes, as well as
single and few-layer particles of MoS2. Since the properties of materials at nano scales
is extremely depended on the size and morphology of flakes, further studies can be
performed on how nanoparticles of a specific size (i.e. 20 nm, 50 nm, or 100 nm) can
change the overall functionalities of shear-mixed and evaporative-mixed

nanocomposites. Reinforcing these nanocomposites with the use of a high strength
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material along with a chromatic responsive few-layer TMDs can benefit to the overall

mechanical as well as optical properties of these nanomaterial systems.

Bandgap engineering of MoS: thin film of nanoparticles can be extended by
studying other thicknesses of the thin film, lower or higher than 35-nm thickness
studied in this dissertation. For bilayer bending actuators made from MoS: and
polymer, study of smaller samples in the micron scale with a lower thickness ratio of
polymer-to-MoS: layers can lead to higher bending displacements, higher operational
frequencies, as well as more accentuated straintronic effects in the wrinkled actuators.
While the wrinkled films of nanoparticles presented in this dissertation are not periodic
and the strain distribution is non-uniform, making the wrinkles periodic using thin-film
fabrication techniques such as chemical vapor deposition (CVD) of TMDs with precise
control of number of layers and strain transfer can enable better control of wrinkled
architectures for tunable photo-thermal actuation. Furthermore, the optical absorption
and mechanical response can be tuned to larger wavelengths through introduction of
traditional plasmonic architectures by coating the wrinkles with 10-30 nm noble

metals, resulting in exciton-plasmon interactions.

2D-materials-based inks developed in this dissertation for inkjet printing of
nanoparticles can be applied to other functional devices other than the ones presented in
this study. Inkjet printing of graphene, as an example, can be performed on elastomeric
substrate to fabricate wearable skin-like strain sensors. All-2D-material based devices
such as field-effect transistors (FETS) can be printed in a similar manner to what was

presented in this dissertation, with incorporation of different types of semiconductive,
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conductive, and insulator 2D materials. As viable choices of materials, for instance,
MoS: nanoparticles can be inkjet printed as the semiconductive material along with
graphene and boron nitride (BN) as electrodes and insulators in an FET structure. Inkjet
printing of heterostructures on flexible substrates with multiple nanomaterials using the
method developed in this dissertation can extend the functions of devices such as
actuators and sensors, and open up new applications in the fields such as soft robotics,
bio-sensing, photovoltaics, flexible electronics, wearable technologies, structural health
monitoring, transparent sensors, artificial skins and muscles, transparent displays and

photo-detectors.
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