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Abstract

Electromechanical and electron-phonon coupling in two-dimensional transition metal
dichalcogenides

by

Hanyu Zhu

Doctor of Philosophy in Applied Science & Technology
and the Designated Emphasis in
Nanoscale Science & Engineering

University of California, Berkeley

Professor Xiang Zhang, Chair

The coupling of mechanical, electrical and optical properties of materials becomes more
prominent when the dimensionality is reduced to two, such that the external manipulation
from the higher dimension can directly apply to the interior, and the Coulomb interaction is
greatly enhanced. Among the existing two-dimensional systems, the Group VIB transition
metal dichalcogenides (TMDC) are semiconductors with direct band gap. They are potential
solutions for field-effect transistors with 5 nanometer node and beyond, as well as broadband
nano-optoelectronics. In addition, their broken inversion symmetry and spin-orbit coupling
together give rise to a pair of nonequivalent valleys as energy-efficient information carriers.

This dissertation first presents the quasi-static measurement of piezoelectric effect, i.e.
the generation of strain through electric field, in ultra-thin freestanding molybdenum disul-
fide (MoS2) films by atomic force microscopy. Such van der Waals layered materials overcame
the thermodynamic instability when the thickness of traditional bulk materials approaches
single-molecular scale. The ambient piezoelectric coefficient of a single layer, e11 = 2.9×10−10

C/m, represented the intrinsic symmetry breaking and was free from substrate effects. The
dependence of piezoelectric response on number of layers and angle of applied electric field
agreed with the crystalline symmetry. In complimentary to the natural in-plane piezoelectric-
ity, the single-layer TMDC was chemically engineered to possess out-of-plane piezoelectricity
by selectively replacing the chalcogen atoms on one side. The measured piezoelectric coeffi-
cient of d33 = 0.1 pm/V could be increased further by varying the substitute atoms. These
discoveries are applicable to low-power logic switches for computing and electromechanical
sensors at molecular level.

At higher frequency, the electromechanical coupling is replaced by phonon-photon inter-
action, such as Raman scattering and infrared absorption. We characterized the coupling
between quasi-static strain and the optical phonon vibration as a result of mechanical non-
linearity in MoTe2 by Raman spectroscopy. Small Grüneisen parameters of 0.45 and 0.25
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were found for in-plane and out-of-plane optical phonon respectively under in-plane strain.
More importantly, the hexagonal lattice enabled unique chiral phonons with intrinsic angu-
lar momentum and magnetic moment, that are capable of transporting electrons between
valleys. We estimated the phonon energy from resonant Raman scattering, which came
from both defect-activation and double-resonance process, and observed the phonon-assisted
intervalence band transition by transient infrared spectroscopy. Infrared spectrum showed
distinctive steps from virtual electronic bands projected by the absorption and emission of
the valley phonon, in accordance to our theoretical model. The investigation of the phononic
chirality and angular momentum conservation by probing the circular polarization of the ab-
sorption is ongoing. The valley phonon has potential in information processing and ultrafast
optoelectronic modulation.
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Chapter 1

Introduction

Solid crystals consist of periodically ordered atoms that share electrons in the outer-
shell. Due to Pauli exclusion principle in quantum mechanics, these delocalized electrons
must occupy different states distinguished by momentum and spin. The energy of each
electronic state is determined by the attractive Coulomb potentials of the nuclei and the
tightly bound electrons (cores), as well as the repulsive interaction with other delocalized
electrons. The ground state with minimal total energy is reached by adjusting the distances
between the ionic cores.

When the effective electronic interaction is weak, band theory describes the dependence
of electronic energy on the momentum, i.e. the band structure. Therefore, it is intuitive
that when the atomic cores are forced to move, such as by mechanical stress and electric
field, the electronic states will alter correspondingly. Conversely, when the electrons change
state, such as through optical excitation, the atomic cores will also move accordingly. These
processes can be nearly time-independent (quasi-static), periodic or non-periodic (transient).

The band structure dictates many physical behaviors of tremendous importance in ap-

Figure 1.1: Illustration of the solid lattice. The electronic states are influenced by the core
potential, while the cores are glued by the valence electrons.
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Figure 1.2: The interplay of mechanical, electrical and optical properties as a result of the
electron-lattice coupling. Many physical processes associated with the interactions are named
accordingly, and have found many applications in industry and consumer products.

plication, such as conductivity and optical emission. In semiconductors, where the energy
difference between the highest occupied states and the lowest unoccupied states is non-zero
and moderate, small variations in electronic distribution around these states can radically
change the conductivity and optical absorption. For example, field effect transistors use
electrostatic potential to switch the channel conductivity by orders of magnitude. In semi-
conductor lasers, electrons are injected into a higher energy band, lifting the population
above that of a lower energy band and thus tuning the optical absorption from positive
to negative. The quantitative connections behind these observables are also determined by
the band structure, whose coupling to the atomic lattice gives rise to myriad of fascinating
phenomena.

At the same time, the movement of atomic cores also plays important roles in physical
processes like sound propagation and heat transfer. The heavier the nucleus, the slower
it responds to external stimuli. A brilliant example is diamond, which has the highest
thermal conductivity of any known solids partly due to the light weight of the constituting
carbon atoms [1]. This property is commercially employed to distinguish real diamond from
stimulants. More phenomena involving the collective motion of lattice will be discussed in
the rest of the chapter.
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1.1 Engineering materials by quasi-static mechanics

Even small strain can qualitatively change the band structure by separating two bands
with the same initial energy, that drives the electron to preferably stay in one of them. In
contrast to the original state where the electronic properties are averaged between the two
bands, the new state can selectively inherit the property of the favorable band. For example,
straining silicon increases the operation speed of the electronic devices in semiconductor
industry [2]. The speed of carrier motion under certain electric field is related with the
mobility µ:

v = µEµ =
q

τm∗
(1.1)

where q is the effective charge of the carrier, m∗ is the effective mass, and τ is the average
time for the carrier to lose its momentum. In silicon, there are six unoccupied band minima
(valleys) for conductive electrons to reside (Fig. 1.3). Uniaxial strain lowers the energy of
two valleys, such that the electron scattering from them to the other valleys are suppressed,
and thus the rate of momentum loss is reduced. On the other hand, two occupied band
maxima for conductive holes in silicon have distinctive effective mass. By applying strain
the energy of the light hole band is raised above the heavy hole, resulting in its dominance
in hole transport and boosting the mobility.

By changing the electron density, strain can also modify the energy contribution from
electron-electron interaction. In some cuprate compounds, the interaction makes the elec-
tronic motion strongly correlated and no longer described by single-particle band theory.
At sufficiently low temperature the correlation is significant enough to pair the electrons
with opposite spin and momentum. Thus any scattering will cause opposite effect to the
pair and cancels according to quantum superposition principle, and the material becomes
superconductive. The critical temperature Tc can be greatly enhanced by pressure, whose
record was held by HgBa2Ca2Cu3O8−δ for more than 20 years [3]. Recently, it was broken by
H2S through another mechanism of pressure induced superconductivity. H2S is a molecular
compound with only localized electrons, but when it is compressed so much that the energy
of quantum confinement overcomes the inter-molecular barrier, the crystal becomes metallic
and superconducting [4].

Although global hydrostatic pressure is convenient for fundamental research and has little
prerequisite from the materials, it is difficult to implement for real application. In contrast,
applying local mechanical stress to materials are more feasible but highly dependent on their
geometry, microstructure, defect density etc. The uncertainty diminishes at nanoscale when
the local crystalline structure becomes nearly perfect and the mechanical strength approaches
ideal value [5]. Therefore, nano-materials are more suitable for elastic strain engineering [6].
A classical technique to induce stress is epitaxial growth on lattice-mismatched substrate,
where the lattice constant of the film is slightly different (usually within a few percent) from
the supporting single crystal (Fig. 1.5). It is the foundation of the previously mentioned
strained silicon technology [7], as well as the engineering of novel multiferroic materials [8].
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Figure 1.3: Uniaxial strain affects the band structure of silicon and increases the mobility of
both electrons in conduction band and holes in valence band.

It only works for very thin films because the accumulated stress energy is proportional to
the film thickness. When this energy surpasses the nucleation barrier of defects, the lattice
will reconstruct and relax the stress.

1.2 Electrons modified by phonon

Phonon is defined as the quantum unit of the collective lattice vibration, usually with a
well-defined spatial periodicity (momentum) and frequency (energy). Although each atom
has only small displacement around its equilibrium position, the envelop of the motion can
propagate through the lattice (Fig. 1.6). In most cases, since the electrons are sufficiently
light and fast, they always reach equilibrium at any given lattice configuration. Under this
adiabatic approximation, electrons remain in the ground state but each state has modified
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Figure 1.4: Enhancement of superconductivity by pressure in (a) HgBa2Ca2Cu3O8−δ and (b)
H2S. The stars and circles in (b) denote theoretical and experimental values, respectively.
Reprinted with permission from [3, 4]. Copyright Nature Publishing Group.

Figure 1.5: Strain of epitaxially grown lattice-mismatched thin film created by enforcing the
one-to-one connection between the unit cells of the film and the substrate. However when
film becomes thicker, strain tends to relax by the formation of defects.
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Figure 1.6: Classical depiction of vibrational wave inside a solid lattice propagating along
the arrow direction. The length of the arrow equals to the wavelength.

wave function and acquires additional energy. Therefore, the vibration is sustained by the
energy transfer back and forth between the kinetic energy of the cores and the electronic
energy.

Although individual phonons are not directly visible like photons, due to the low energy
levels they are easily excited by thermal fluctuation at room temperature and therefore
cause many observable effects. They can be created in the hotter region of a material,
propagate to the cooler region and conduct heat. This is particularly important in the
situations where good thermal conductivity and electrical insulation are needed, like the
packaging of electronics [9]. On the other hand, heat loss from phonons are undesirable
for thermoelectricity, where the thermal energy should be funneled to driving electrons and
generating voltage [10]. One of the most successful engineering approaches to suppress
thermal conductivity while retaining the electrical conductivity is to reduce the characteristic
grain size [11]. This is because the phonon mean free path is much longer than electron mean
free path in typical thermoelectric materials. When the grain size is smaller than the former
but larger than the latter, the boundaries only effectively impede the phononic flow.

Phonon is also the major source of electron scattering in pure, non-magnetic crystal.
Qualitatively, when electron passes through the lattice, local excessive charge deforms the
nearby lattice and creates phonon. For ionic crystals consisting of positive and negative
ions in the lattice, the Coulomb interaction between electrons and ions greatly enhances this
interaction. In semiconductor, the probability of such a process is translated to scattering
rate and limits the mobility at room temperature [12]. Even when the electron does not
move, it constantly emits and reabsorbs virtual phonons. The combined entity of electron
and surrounding phonon cloud is called polaron, which has a higher effective mass than
the original electron [13]. In some metals where the electron-phonon interaction is strong
enough, the virtual phonon can capture another electron and generate an effective attraction
between electrons. This pairing mechanism (BCS theory) does not require strong correlation
and explains the superconductivity in a wider range of metals [14]. Conversely, the scattering
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Figure 1.7: Experimental evidences of electron-phonon coupling. (a) The phonon-induced
electronic band gap in superconductive Pb measured by tunneling spectroscopy (black curve).
The slope of tunneling current as a function of the bias voltage is proportional to the elec-
tronic density of state (DOS). The blue line schematically shows the expected tunneling
current without electron-phonon coupling for an almost constant DOS. The markers are
calculated from BCS theory. Reprinted with permission from Ref. [16]. (b) The electron
induced phonon damping (Kohn anomaly) in Pd around 0.35 reciprocal lattice units (r.l.u.)
at different temperature measured by inelastic neutron scattering. The solid lines are fitting
from BCS theory. Phonon with this momentum connects two electrons with opposite mo-
mentum at the Fermi level and therefore has higher damping rate and broader linewidth.
Since the process depends only on the electronic momentum at the Fermi level, its peak
position does not change with temperature (red triangles in the inset). The phonon bump
on the left side of this peak that progressively moves toward it at lower temperature cor-
responds to the electronic gap width as plotted in the inset (green squares). The gap also
agrees well with BCS theory (solid line). From Ref. [17]. Reprinted with permission from
AAAS.

of phonons by electrons is also menifested in phonon energy and linewidth, known as the
Kohn anomaly [15].

Furthermore, phonon can couple with light through the mediation of electronic states.
When an electron absorbs a photon and transits to an excited state, its wavefunction changes
and disturbs the surrounding atoms. With a very small probability (usually less than part of a
million) it emits a phonon before transiting back to the ground state and emit a photon. The
net effect is that the photon transfers some energy to a phonon. Since the phonon energy
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Figure 1.8: Electron in the ground state absorbs the incident photon energy h̄ν0, transits to
a virtual state, goes back to the ground state dressed with a phonon and emits a photon with
lower energy h̄ν1. The energy difference is equal to the phonon energy h̄νph. In some cases
the excited state is real and the probability of the transition increases (resonance Raman
scattering). In addition, the final state can add more than one phonons (multiple-phonon
scattering) or have less phonons than the original state (anti-Stokes Raman scattering).

is characteristic to the materials, this resulting difference of the photon energy (Raman
spectroscopy, Fig. 1.8) is widely used to identify the components and the states of the
materials.

In order to enhance this very inefficient process, the photon, phonon or both are guided
to pass the same area repeatedly [18]. Such an engineered structure that holds the photon
or phonon is called a resonant cavity, because it selectively enhances one optical or acoustic
mode at a certain frequency while rejecting other modes with nearby frequencies. With
higher photon flux, the system starts lasing when the presence of a previously emitted
photon-phonon pair stimulates the emission of the next pair with identical energy and phase
[19].

1.3 Two-dimensional materials

Dimensionality is a fascinating subject in physics. The classical Newtonian mechanics and
Maxwell equations are defined in three-dimensional (3D) space. However, by including the
time as the fourth dimension and allowing transformation of the 3+1 dimensional spacetime,
the unified theory of electromagnetism and the general relativity emerge. The power of the
new paradigm lies in its ability to predict new physical phenomena unexpected from the
old 3D theory, such as time dilation of moving objects [20] and gravitational wave [21].
These successes stimulated further research on the possibility of unifying more fundamental
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Figure 1.9: The density of states in 0-, 1-, 2- and 3- dimensional space.

interactions with additional dimensions. For example, in string theory the quantization of
elementary particles is automatically enforced by the boundary condition in the extra closed
dimensions too small to observe directly.

In comparison, low-dimensional systems are easier to realize by confining a particle’s
movement in a dot, line or plane. In these scenarios, the density of possible quantum modes
of the particle at a given energy (density of states, DOS) changes qualitatively. Since the
strength of many interactions are proportional to the DOS of the participants, the ground
state of the system as well as the elementary excitations in low-dimensional systems are
different from their 3D counterpart. For particles with isotropic quadratic kinetic energy in
n-dimensional space:

Ek =
(h̄k)2

2m∗
(1.2)

Dn(E) =
dΩ

dE
∝ dkn

dE
∝ m∗

n
2E

n
2
−1 (1.3)

where k is the momentum, Ω is the number of possible states with energy lower than E
and m∗ is the effective mass. The fact that the DOS does not go to zero at E → 0 in low-
dimensional systems has profound consequences in thermodynamics and phase transition
[22].

Low-dimensional systems are experimentally observed primarily in three ways. First, in
some materials, the strongly anisotropic crystalline structure limits the motion of the parti-
cles. For example, in layered metallic transition metal dichalcogenides, the chemical bonds
and the electronic states are primarily confined within the layer while the interlayer coupling
is weak van der Waals type. The electron-phonon interaction is thus quasi-2D and much
stronger than in isotropic 3D materials. It gives rise to charge density wave, in which the
Kohn anomaly softens the phonon to zero energy and the lattice distortion becomes perma-
nent [23–25]. Second, due to the presence of sharp potential gradient, the edge, surface and
interface of materials usually support quasi-particle states different from the bulk states. The
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low-dimensional edge states can be separately studied if the contributions of the bulk states
to certain physical observables are suppressed. For example, two-dimensional electron gas
(2DEG) forms at the interface of semiconductor heterojunction, semiconductor-insulator in-
terface [26] or even insulator-insulator interface [27]. The edge states also play a critical role
in quantum hall effect [28] and topological insulators [29]. Third, chemical synthesis of nano-
materials [30–33] and exfoliation [34] produce true freestanding low-dimensional structures.
The interior of the materials is thus fully accessible in terms of observation and manipulation
[35, 36]. Compared with 0D (quantum dots) and 1D (nanotubes and nanowires), the planar
2D nanomaterials have the advantage of scalable production and compatibility to conven-
tional thin-film nanofabrication processes. The diversity of naturally crystallized layered
materials from insulators, to semiconductors, to semimetals and metals also provides much
more research opportunities (Fig. 1.10) [37, 38]. Such a rich library, combined with the
fact that they can be arbitrarily stacked without any requirement of lattice match, leads to
endless possibilities of heterojunctions with artificial physical interactions, as well as device
configurations [39, 40].

2D materials became one of the main focus of materials research since the identification
and electrical characterization of single-atomically thin graphene [34]. The production is
based on the weak van der Waals interlayer bonding of graphite, and later generalized to
various layered materials [42]. Since in the base materials electronic states are not strictly
2D despite of the weak interlayer coupling, the band structures of the resulting monolayers
are expected to differ from the base [43]. Graphene, for instance, holds chiral Dirac fermions
in contrast to the massive carriers in graphite. Its unique band structure allows the study of
high energy particle physics in the condensed matter platform and has generated many excit-
ing discoveries [44]. Yet it also leads to the lack of band gap and prevents the application of
such a high-mobility material in energy-efficient field-effect transistor. Nevertheless, owning
to its flexibility, superior conductivity, excellent stability and optical nonlinearity, graphene
electronics and optoelectronics have been demonstrated for potential industrial implemen-
tation [45–47]. For the layered materials with band gap, the difference of band structures
between bulk and single layer is also significant. For example, the group VIB transition
metal dichalcogenides are known to be indirect semiconductors and never received atten-
tion as active optical materials. However the unexpected discovery of photoluminescence in
monolayer MoS2 revealed an indirect-to-direct band gap transition. Since then various two-
dimensional optical and optoelectronic devices have been developed, including light emitting
diode, photovoltaic devices [48–50] and lasers [51–53].

Other than the DOS, the optoelectronics in 2D materials presents an additional character
in contrast to bulk and interfacial electron gas: strong excitonic effect that enhances light
matter interaction. Exciton is defined as an electron-hole pair bound by Coulomb attrac-
tion. In the simple hydrogen model (positive and negative charge in homogeneous dielectric
medium) the binding energy is:

E =

(
e2

4πε0εr

)2
meff

2h̄2 (1.4)
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Figure 1.10: The structures and electronic properties of various 2D materials. From top to
bottom: metal, semimetal, narrow-gap semiconductor, wide-gap semiconductor and insula-
tor. From Ref. [41]. Reprinted with permission from AAAS.
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Figure 1.11: The strong Coulomb interaction in two-dimensional materials comes from the
weak dielectric screening of the materials. Although the dielectric constant inside the film is
large, most of the electric field leaks outside the film and experience the dielectric constant
of the vacuum. This effect becomes prominent only when the thickness of the film is smaller
than the diameter of the exciton, which is on the order of nanometers.

In many traditional systems the relative dielectric constant εr is large, which reduces
the binding energy. Therefore at room temperature thermal fluctuation can easily break
the pair and the excitonic effect is usually negligible. But in freestanding 2D systems the
environment is mostly vacuum and the average εr is close to 1 (Fig. 1.11), causing the
binding energy to be order of magnitude larger than thermal fluctuation. Consequently, the
optical absorption spectrum of the material is no longer proportional to the electron-hole
joint density of states, but exhibits sharp peaks below the band gap corresponding to the
excitonic ground state [54–56]. On the optical resonance, since the spatially localized pair
must have a broad range of momentum following the Fourier transformation, it covers many
electron-hole modes and has much larger coupling strength than a single mode. Therefore,
the single-molecular layer absorbs a significant portion of the incident light at the peak
wavelength [57]. The intrinsic spontaneous emission rate is also orders of magnitude higher
than that of traditional semiconductors [58, 59].

Another unique feature of 2D materials is their electrical tunability. More than 0.1
carrier per unit cell can be injected through electrostatic gating [60], unlike in conventional
materials where such a large doping is only possible via chemical doping. Electrostatic gating
is cleaner experimental approach to control carrier density because it eliminates the possible
side effect of introducing other elements, as well as the sample-to-sample variation [61]. The
free carriers strongly influence the linear and nonlinear optical properties of 2D materials
because charged excitons have lower energy than neutral excitons, and also because of charge
induced band renormalization [57, 62, 63].
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1.4 Structure of this thesis

Based on the discussion above, two-dimensional materials are ideal research platforms
owning to their outstanding nanomechanical properties [64] that potentially enables sig-
nificant mechanically induced electronic and optical effects [65], together with the strong
phonon-electron interaction [66]. This thesis presents four works in line with these direc-
tions in the following sequence:

� Chapter 2-3: the quasi-static mechanical strain controlled by electric field in 2D ma-
terials. Content partly comes from [67] and [68].

� Chapter 4: the coupling of quasi-static mechanical strain and high-frequency phonon.
Content partly comes from [69]

� Chapter 5: the ultrafast interaction between phonon and light. Content partly comes
from [70]
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Chapter 2

Piezoelectricity in monolayer
molybdenum disulfide

2.1 Introduction to piezoelectricity

Piezoelectricity is defined as the generation of charge at the surface of a material under
stress, or conversely the strain induced by electric field (Fig. 2.1). There is a linear relation-
ship between the electrical and mechanical quantities, represented mathematically by the
piezoelectric coefficient dij:

dij = (
∂Di

∂Tj
)

∣∣∣∣
E=0

= (
∂Sj
∂Ei

)

∣∣∣∣
T=0

(2.1)

where i, j denote the components of the tensors, D the displacement field (from which charge
distribution can be calculated as ρ = ∇ ·D), T the stress tensor, E the electric field and S
the strain tensor. Another commonly used piezoelectric coefficient eij is defined by changing
the variables:

eij = (
∂Di

∂Sj
)

∣∣∣∣
E=0

= (
∂Tj
∂Ei

)

∣∣∣∣
D=0

(2.2)

The two coefficients are related with each other by the stiffness tensor s of the material:

d = s · e (2.3)

Piezoelectricity occurs in most crystals without inversion symmetry, whose lattice cannot
overlap with itself after point reflection, except for those belonging to the chiral octahedral
group (432). This is always true for polar materials, although many non-polar crystals are
also inversion asymmetric and piezoelectric. Within the polar family, some of them exhibit
switchable polarity under moderate electric field [71]. These materials usually undergo struc-
tural change and lose their polarity at elevated temperature, because the energy barrier for
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Figure 2.1: The definition of piezoelectricity corresponding to the partial derivatives in Eq.
2.1 and 2.2.

the unit cell to flip orientation is easily overcome by thermal fluctuation [72]. The forma-
tion of spontaneous polarization is named ferroelectricity in analogous to the spontaneous
magnetic polarization in iron (ferromagnetism).

Since its discovery in 1880, piezoelectricity has found a wide range of applications as
sensors, generators and actuators because of the precise and robust conversion between
electricity and mechanical force [73]. The rapidly growing demand for high-performance
and miniaturized devices in micro-electro-mechanical systems (MEMS) and electronics calls
for nanoscale piezoelectric materials [74–76], motivating theoretical investigations of novel
low-dimensional systems such as nanotubes and single molecules [77, 78]. Reducing the di-
mensionality of bulk materials has been suggested to enhance piezoelectricity [79]. However,
when the thickness of a material approaches a single molecular layer, the large surface energy
can cause piezoelectric structures to be thermodynamically unstable [80]. Therefore, there
is no experimental evidence of single-molecular-layer piezoelectricity so far [81]. Recent cal-
culations have predicted the existence of piezoelectricity in these two-dimensional crystals
due to their broken inversion symmetry [82]. Given the ability of transition-metal dichalco-
genides (particularly MoS2) to retain their atomic structures down to the single-layer limit
without lattice reconstruction even under ambient conditions, our objective to experimen-
tally demonstrate for the first time piezoelectricity in free-standing single-molecular-layer
MoS2. In addition, we will develop a method to quantitatively measure the piezoelectric
coefficient in two-dimensional materials.
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Figure 2.2: Microscopically, the piezoelectricity originates from broken inversion symmetry.
Under electric field, the positively and negatively charged ions move in opposite direction
and deform the unit cell.

The piezoelectric constants of MoS2 and other 2D materials calculated in [82] are moder-
ate compared with many other existing materials. However, it is more often that the specific
application, rather than merely the value, determines the choice of materials. For example,
the relaxor ferroelectrics has the highest strain-electric-field ratio and are widely used in
actuators [83]. Yet they are not good at retaining the polarization without external field
(hence the name relaxor) and therefore cannot convert mechanical force backward to electric-
ity. Applications that require bidirectional conversion, such as surface acoustic wave devices
must use hard ferroelectrics like LiNbO3, despite of their lower piezoelectric response. For
precise oscillators the electric and mechanical properties must be highly stable, and single
crystal quartz is most common regardless of its very low piezoelectric coefficient.

2.2 Piezoresponse force microscopy

Studying the electromechanical interaction at nanoscale requires precise control over local
electrical environment as well as high sensitivity of displacement. These stringent require-
ments were first satisfied in the late 1960s with the invention of topografiner [84], where a
bias was applied between a sharp tip and the sample, and the displacement of 3 Å close
to the surface was controlled by the field emission feedback. The feedback signal was later
replaced by tunneling current, as in the case of scanning tunneling microscopy [85]. Shortly
after, the function of force measurement was added by monitoring the elastic deformation of
the cantilever on which the tip is mounted [86]. Finally, an optical lever scheme was devised
to measure the bending of the cantilever with ∼ 10−3 Å/

√
Hz sensitivity.

Based on these techniques, piezoresponse force microscopy was developed for investigating
the electric-field-induced mechanical strain [87]. The tip is constantly in contact with the
sample, i.e. there is repulsive force between them. The height of the tip is maintained by
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Table 2.1: Piezoelectric coefficients and fields of application of common materials

Formula
Piezoelectric coeffi-
cient (pm/V)

Application

Lead zirconate ti-
tanate

Pb(Zr,Ti)O3
d33 = 100-700 (compo-
sition dependent)

Motors and actuators

Lithium niobate LiNbO3 d15 = 63
Surface acoustic wave
filters

Polyvinylidene
fluoride

(CH2CF2)n
d31 = 20-30 (composi-
tion dependent)

Biomedical devices

Zinc oxide ZnO d33 = 12 Microgenerators
Paratellurite TeO2 d14 = 8.1 Optical modulators
Monolayer molyb-
denum disulfide

MoS2 d11 = 3.7 (theory)
Nano-sensors (perspec-
tive)

Aluminum Nitride AlN
d33 = 2-5 (process de-
pendent)

Devices for high tem-
perature environment

Quartz SiO2 d11 = 2.3
Oscillators and mi-
crobalances

a low-frequency feedback loop that keeps this force constant. A high-frequency alternating
bias is applied between the tip and the sample, so that the sample near the tip experience an
oscillating electric field. If the sample is piezoelectric, the field creates a proportional local
strain:

S(ω) = d · E(ω) (2.4)

where ω is the angular frequency of the bias. Assuming there is sufficient friction and no
relative shift between the sample and the tip, the overall effect of the strain field is the
mechanical vibration A(ω) of the surface together with the tip:

A(ω) = deffV (ω) (2.5)

where deff is a vector effective piezoelectric coefficient that depends on the geometry of the
sample and includes all the anisotropic contributions from elasticity, electric permittivity and
piezoelectricity. It is also affected by the geometry of the tip, environment, surface quality
etc. Therefore quantitative interpretation of the measurement result is usually challenging
[88].

Note that the piezoelectric coefficient is generally very small (∼pm/V) and the corre-
sponding net displacement is often much lower than the noise of position measurement and
drift. In addition, there are many other tip-sample interactions, such as electrostatic force
[89]:
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Figure 2.3: Piezoresponse force microscopy measures the local displacement induced by tip
bias. The strain bends the cantilever and deflects the laser beam. The beam is projected
on a quadrant photodiode, which tells the small shift of the light spot by the differential
photovoltage from the top and bottom diode.

F (ω) = −CV (ω)σ

ε0
(2.6)

where C is the tip-sample capacitance and σ is the net surface charge; capacitive force [90]:

F (2ω) = − ∂C
2∂z

V (ω)2 (2.7)

and electrostriction [87]:

A(2ω) = QeffV (ω)2 (2.8)

where Qeff is the electrostriction coefficient. In atmosphere, water can condense near the tip-
sample interface and introduce complex electrochemical force [91]. For conductive samples,
thermal expansion from Joule heating may emerge [92]:

A(2ω) = β
V (ω)2

2R
(2.9)

where β is proportional to the thermal expansion coefficient α and also related to the sample’s
geometry. Lastly, there is Peltier effect if we are measuring semiconductors:

A(ω) =
αr0SV (ω)

Tκeffρeff

(2.10)
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Figure 2.4: A single layer of MoS2 consists of S–Mo–S stacking with a total thickness of
0.6 nm, with the Mo atom centred in the trigonal prism (bottom left). Viewing from the
top (bottom right), each unit cell (denoted by the yellow shadow) consists of two S atoms
occupying the same site in the hexagonal lattice, with the Mo atom residing in the opposite
site, therefore breaking inversion symmetry in the x–y plane but preserving mirror symmetry
in the z direction.

where r0 is a coefficient with the unit of length that represents the locality of the contact,
S the Seebeck coefficient, T the temperature, κeff the effective thermal conductivity and ρeff

the resistivity.
To extract the piezoelectric signal, a lock-in amplifier is needed to filter the random noise

and second harmonic contributions (2ω terms). To distinguish the ω terms mentioned above
from piezoelectricity, well-designed control experiment is necessary and will be discussed in
the procedure session.

After two decades of development, piezoresponse force microscopy has become a mature
instrument to characterize traditional bulk piezoelectric and ferroelectric materials. However,
it cannot be directly applied to the measurement of piezoelectricity in single-molecular-layer
MoS2, partly due to the smaller signal but more importantly due to the crystalline symmetry.

2.3 Method and experimental design

Monolayer MoS2 has D3h symmetry. The membrane has one atomic layer of Mo between
two identical S layers, packed in a hexagonal lattice. Each rhombic prismatic unit cell is
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Figure 2.5: With an external electric field pointing from the S site to the Mo site, the Mo–2S
dipole is stretched and the unit cell is elongated, creating compressive stress in the x direction
and tensile stress in the y direction.

asymmetrically occupied by two S atoms on the left site and one Mo atom on the right, as
shown in Fig. 2.4. Through group theory, all the non-zero components of the third-rank
tensor d and their relationship can be identified. In fact, there is only one free parameter
e11 [82]:

e111 = e11 (2.11)

e122 = e12 = −e11 (2.12)

e212 = e221 = e26 = −e11 (2.13)

Therefore, an external electric field pointing from the S site to the Mo site in the hexagonal
lattice (armchair direction, E1) deforms the unit cell by stretching the Mo–S bond and causes
internal piezoelectric stress:

∆σp = ∆σ11 = −∆σ22 (2.14)

which is proportional to the electric field:

∆σp = −e11E1 (2.15)

All other piezoelectric components, notably the out-of-plane ones are zero. Hence typical
PFM that applies out-of-plane electric field cannot effectively excite piezoelectric response
in this system. Another conventional method is to measure the dipole induced by strain,
as carried out in nanowires [93] and very recently in supported MoS2 on polymer substrates
[94]. However, the interaction between the two-dimensional crystal and the substrate in such
flexible devices makes quantitative determination of the intrinsic piezoelectric properties
challenging. The piezoelectric charge q generated by the strain from the substrate s11 is:
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Figure 2.6: To measure the in-plane piezoelectric stress, the MoS2 film was suspended on
two HSQ posts and clamped by two Au electrodes. The film was indented with an AFM
probe. The induced stress changed the load on the cantilever, which was observed by the
deflection of a laser beam.

q = s11e11w (2.16)

where w is the width of the sample. For mechanically exfoliated monolayer MoS2, w ∼ 10
µm and s11 ∼ 0.01, so we have q ∼ 10−17 C. Such small signal can be measured with a
field-effect amplifier connected in the vicinity of the device under test [95], but nevertheless
is easily masked by electrostatic charge. Therefore we developed a method that combined
a laterally applied electric field [96] and nanoindentation [64] in an atomic force microscope
(AFM) to measure the piezoelectrically generated membrane stress (Fig. 2.6). The MoS2

stripe was free-standing to avoid substrate effects such as doping and parasitic charges. First,
to convert the in-plane stress to an out-of-plane force, the free-standing film was indented by
an AFM probe and deformed. Piezoelectric stress was then induced by an in-plane electric
field applied through the lateral electrodes. The extra field-induced stress changed the load
on the tip and the curvature of the cantilever, which was measured via the reflection of
a laser beam from the cantilever. We could then relate the internal stress to the applied
electric field and quantify the piezoelectric response of monolayer MoS2 crystal.

The asymmetric configuration of the sample was chosen for the following reasons. First, a
uniform electric field could be applied by the parallel electrodes across the near-square film,
simplifying the electric modeling. Second, since the stress had opposite sign in X and Y
direction, their projection in the Z direction during indentation would cancel in a symmetric
geometry. The asymmetry however made it difficult to deduce the mechanical response
analytically, so we used numerical finite element calculation to model the indentation process.
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2.4 Theoretical modeling

Theory of elastic mechanics in membrane dictates that the load-indentation curve has
the form [97]:

F = C1σ
2Dd+ C2(ν)Y 2D d

3

L2
(2.17)

where C1 and C2 are two geometric-dependent numerical factors, σ2D is the initial stress in
the 2D membrane without indentation, Y 2D is the Young’s modulus of the 2D membrane,
d is the depth of indentation and L is the distance between the clamps. Here we took the
Poisson’s ratio ν = 0.25 since the different values of ν among literature would affect the
results by less than ±5%. Thus our target is to determine the values of C1 and C2 by finite
element calculation.

We employed two models for the finite element calculation: 2D membrane in COMSOL
Multiphysics and a shell domain in Abaqus/CAE. The indentation process was then cal-
culated by stationary solver in discrete steps. The displacement of one pair of the edges
(along y-axis) was set to zero (clamped by the electrodes) while the other pair were left
free. Isotropic Young’s modulus and pre-stress were assigned to the membrane. In the 2D
membrane model, we simply prescribed the out-of-plane displacement of a round area with
a diameter of 30 nm at the center of the membrane and calculated the reaction force on the
area. In the shell domain we assigned a hemisphere with a radius of 200 nm to indent at
the center of the domain. Their results agreed with each other within 1% because the force
is insensitive to the geometry of the contact as long as the contact region is much smaller
than the size of the membrane [98].

The calculated load-indentation curve was first fit by a cubic function:

F = a1d+ a2d
3 (2.18)

As shown in Fig. 2.8 the indentation force agreed very well with the linear elastic theory.
Then we varied the initial stress and the Young’s modulus and obtained an array of fitting
parameter:

a1 = C1σ
2D (2.19)

a2 =
C2

L2
Y 2D (2.20)

Indeed we found that a2 was independent from σ2D and a1 from Y 2D. Thus C1 and C2

could be deduced (Fig. 2.9).
Next we used the decoupling approximation to calculate the piezoelectric response [99],

i.e. the electric field distribution was evaluated over the unindented sample. We also assumed
the distribution of electric field in the membrane was determined by resistance rather than
capacitance. In the real devices this must be validated by electric measurement discussed
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Figure 2.7: The two finite element models of the indentation process for calculating the
reaction force as a function of displacement. Top: 2D membrane (displacement exaggerated).
Bottom: shell domain plus hemispherical indenter.

in the next section. After that, we could conclude that the electric field is almost uniformly
distributed on the rectangular membrane. Finally the piezoelectric stress was incorporated
in the calculation through a uniform anisotropic change of pre-stress, which induced a load
change (Fig. 2.10). The load was proportional to the anisotropic stress, as expected from
small perturbation, and approximately linearly dependent on the depth of indentation:

∆Fp = C12∆σpd (2.21)

If the piezoelectric stress were isotropic, we would expect C12 = C1. Yet due to the
anisotropic stress and the anisotropic geometry, we found C12 < C1 by sweeping the piezo-
electric stress (Fig. 2.11).

The values of these coefficients were derived from the simulation results of 6-by-2-µm
membrane, which was our average sample geometry. We also confirmed that the numerical
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Figure 2.8: Calculated force curve of a clamped membrane during indentation.

Figure 2.9: The calculated C1 and C2 coefficient in the nano-indentation model (Eq. 2.17).

coefficients C1, C2 and C12 are not sensitive to the aspect ratio of the film or the shape of
the free edges, as long as the width is much larger than the distance between clamps (Fig.
2.12). This is because the load is concentrated near the middle of the clamped edge (Fig.
2.7).

2.5 Device fabrication

Our MoS2 flakes were obtained by exfoliating natural 2H crystals (SPI Supplies) on
polymer stacking, which consisted of 270-nm-thick poly-methyl-methacrylate (PMMA, 950K
in anisole from Microchem), 50 nm water-soluble polymer (aquaSAVE®from Mitsubishi
Rayon America INC.) and another PMMA layer on top of silicon substrate. The top PMMA
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Figure 2.10: (a) Piezoelectric stress induced a load change much smaller than the static load.
(b) The change was observed by differential lock-in measurement.

Figure 2.11: Determination of the numerical factor of the piezoelectric response. (a) The
change of load was proportional to the perturbation of piezoelectric stress at finite indentation
depth. (b) The change of load at fixed piezoelectric stress (σ2D = 1 mN/m) increased linearly
at large depth (d > 15 nm).
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Figure 2.12: The deviation of load and piezoelectric response for our samples with different
geometry (width ranging from 4µm to 16µm) were found to be smaller than 5% and 15%,
respectively. In the experiment these were the primary sources of error in the calculation of
Young’s modulus and piezoelectric coefficient.

layer was released in water and transferred onto hydrogen silsesquioxane (450 nm FOX-
15 from Dow Corning) spin-coated on silicon substrate with 270 nm thermal oxide. The
thickness of flakes with 1-3 layers was inferred from Raman spectrum and photoluminescence
[100, 101]. Differentiating 4-5 layers from thicker flakes was more challenging, so we also
used second harmonic generation (SHG)[102] to assist the determination of layer number.
To speed up the search for monolayer samples, scanning photoluminescence (PL) microscopy
(Nikon Eclipse TE2000, excited at 488nm) was employed to provide both the total intensity
of PL (cut off with 650nm long-pass filter) that unambiguously highlights monolayer from
thicker ones (the signal of which is more than 5 times stronger than bilayers), and the
intensity of reflection that gives distinctive contrast for up to 5-layer flakes.

After the monolayers of MoS2 between the PMMA/HSQ layers were identified, the free-
standing nano-electromechanical devices were designed and fabricated accordingly. To apply
an electric field along the armchair direction, the electrodes were designed to be parallel to
or at 60° with respect to the sharply cleaved edges which form 60° or 120° corners. The
edge direction typically corresponded to the zigzag direction (Y-axis in Fig. 2.4), which
was further confirmed by the polarization resolved SHG [103]. In addition, the scanning
SHG map also verified that the flake (occationally 100 µm in scale) consisted of a single
crystal domain. Then the designed pattern which served as supportive posts, mechanical
clamping and electrical contact simultaneously (region surrounded by yellow dashed line in
Fig. 2.17) was transferred to the device by one-step electron-beam lithography (2000 µC/cm2

at 50 keV). A small projection outside the electrode was added to mark the center of the
film. After exposure, crosslinked HSQ (amorphous SiO2) formed supportive posts under
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Figure 2.13: Layer-number dependence of (a) Raman and (b) photoluminescence spectrum
of MoS2. The difference is most visible for 1-3 layers. The Raman peak shift is due to
increasing inter-layer coupling. The bumps in the photoluminescence in bilayer and trilayer
correspond to the width of the indirect band gap.

Figure 2.14: Layer-number dependence of second harmonic generation of MoS2.
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Figure 2.15: Process flow of sample fabrication. (a) MoS2 flakes were exfoliated on top
of PMMA/Aquasave/PMMA stacking. (b) PMMA layer that carried MoS2 was released
by water immersion. (c) The MoS2/PMMA stacking was transferred onto HSQ. (d) The
sample was patterned by electron beam and the PMMA was developed. (e) Metal contact
was evaporated. (f) The structure was suspended after lift-off of Au and development of
HSQ.

the MoS2 membrane, and the PMMA was removed in MIBK:IPA 1:3 solution. The sample
was then metalized with Cr/Ti/Au (0.5/5/90 nm). Finally, the samples were lifted off in
acetone, transferred to aquatic KOH/NaCl solution (0.25 mol/L and 0.5 mol/L respectively)
for thorough development of HSQ [104], and dried using critical point dryer. The fabrication
preserved the quality of the film as inspected through Raman spectrum, photoluminescence
and SEM.

Meanwhile, we fabricated large radius indenter to avoid concentrated stress that might
harm the film’s mechanical and electrical integrity. The probe was based on standard silicon
nitride contact mode cantilevers with an initial spring constant of 0.5 N/m. The cantilevers
was chosen as a balance between high force-sensitivity (soft cantilever) and sufficient inden-
tation (hard cantilever). The radius of tips was increased by uniformly depositing 150 nm of
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Figure 2.16: The second harmonic generation of MoS2 is highly polarized. If the incident
polarization is parallel to the Mo-S bond direction then the SHG also is polarized in this
direction. (a) and (b) show the SHG intensity along and perpendicular to this direction,
respectively. (c) By rotating the sample and measuring the SHG intensity polarized parallel
to the incident light we also verified the bond direction (armchair, or X-axis in Fig. 2.4)
with respect to the polarization.

Figure 2.17: Design and imaging of the piezoelectric monolayer MoS2 device. (a) To maxi-
mize piezoelectric coupling, electrodes (outlined with yellow dashed lines) were defined par-
allel to the zigzag edges (white dashed lines, verified by SHG measurements) of the exfoliated
monolayer flakes identified by confocal fluorescence microscopy. The false colors of green and
red denote the intensity of reflection and photoluminescence, respectively. (b) The device
was imaged by SEM to confirm that free-standing MoS2 monolayers were clamped between
the Au electrodes and HSQ posts.
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Figure 2.18: The radius of the probe after film deposition was measured by SEM. Scale bar:
200 nm.

Al2O3 through atomic layer deposition (ALD). Additional 20-nm palladium was evaporated
over the tips with slow rate to provide conductivity. Finally the cantilevers were inspected
with scanning electron microscope (SEM) and the average radius was found to be 185 nm.
The spring constant of the cantilever was calibrated against a force gauge. We found that
after deposition, the resonant frequency (85 kHz) was doubled due to increased stiffness of
cantilever (1.0 N/m). The higher stiffness allowed the tip to work also in tapping mode.

2.6 Measurement and result

The experiment was conducted with a modified Dimension 3100 scanning probe micro-
scope. Samples were first wire-bonded (dual in-line ceramic package, DIP24) and mounted
in a socket fixed on the sample stage. The socket was wired to voltage sources according to
Fig. 2.20. The alternating voltage on the two electrodes drove the piezoelectric response.
The net electromechanical interaction contained three terms, piezoelectricity from the film,
electrostatic force between the film and the substrate, and electrostatic force between the
cantilever and the substrate:

∆F = Vac(−1.3e11
d

L
+
Cfs
ε0

(Vf − Vs) +
Ccs
ε0

(Vt − Vs)) (2.22)

where Vac is the difference of voltage between the electrodes; Cfs and Ccs are the film-
substrate and cantilever-substrate capacitance; Vf , Vs and Vt are the electrochemical poten-
tial of the film, substrate and tip/cantilever. To eliminate the contribution from the last two
terms, the substrate and the tip were biased so that Vf = Vt = Vs. The ac voltage on the
two electrodes was set to have opposite sign so that Vf remained constant on average.
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Figure 2.19: The automated data acquisition and proper operation procedure were integrated
in a Labview interface.

Electrical characterization was conducted to verify that the response time to reach elec-
trical steady state was fast enough such that the piezoelectric coupling was approximately
quasi-static:

τ = RC =
RSε0

h+ tSiO2/εr
(2.23)

where S is the area of the suspended film, h is the height of the air gap and tSiO2 is the
thickness of oxide layer. The oxide layer was necessary because crosslinked HSQ had poor
mechanical and electrical strength and could not provide enough insulation during wirebond-
ing. The dark resistance of the device was usually ∼ 10 GΩ. The low conductivity meant
that the suspended film in ambient condition was nearly intrinsic, mainly because surface
adsorption of molecules (oxygen and water) trapped the n-type carriers. Therefore τ ∼ 1 µs
whereas the period of voltage oscillation was ∼ 100 µs, and the quasi-static assumption was
valid. We found that even weak illumination boosted conductivity by an order of magnitude
due to the photocarriers and molecule desorption. Also the Cr layer in the electrode was
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Figure 2.20: Square wave was applied to the electrodes as the source of electromechanical
modulation. The reference signal was generated by the internal oscillator of lock-in amplifier
(SR830) and fed into delay generator (DG535) that provided two out-of-phase square waves
with tunable amplitude. DC biases were applied to the tip and the substrate to balance the
electrostatic forces. The expected piezoelectric signal should also be a square wave with zero
phase delay.
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Figure 2.21: IV characterization of the free-standing MoS2 device.

Figure 2.22: (a) Non-contact AFM image of free-standing MoS2 device. Scale bar: 500 nm.
(b) The cross section of the height profile shows a sufficient clearance for indentation.

critical to the contact quality.
Next we inspected the membrane by non-contact AFM. To avoid any thermal drift the

system was stabilized overnight. Successfully suspended films usually had pre-stress and
yielded clean height profile similar to flat substrate. On the contrary, broken or loose films
adhered to the tip and dampened its oscillation amplitude, such that no height profile could
be obtained.

Before measurement, the parameters of the tip such as the static deflection sensitivity Sd
(which would be converted to force sensitivity SF with the spring constant of the cantilever)
and frequency response were acquired. We kept the piezoelectric driving frequency much
below the resonance so that the mechanical response was quasi-static. Due to the electronics
of our AFM setup (a nominal 19 kHz low-pass filter) the amplitude and phase read-outs
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Figure 2.23: (a) Force sensitivity and (b) frequency response of the probe.

must be adjusted to recover the raw data. At our operating frequency ∼ 10 kHz, the real
amplitude was 15% higher than the direct read-out and the real phase was 30◦ in advance.

The proper bias was found by measuring the tip-sample and tip-substrate electrostatic
force. We applied Vac to the sample, moved the tip over the sample (typical distance is 100-
300 nm), and recorded the first and second harmonic of the tip oscillation as functions of
the tip bias. When the electrochemical potential was balanced (Vt = Vf ), the first harmonic
signal should be zero. The second harmonic signal was also minimized because any extra
charge would induce an attractive force between the tip and sample, reduce their distance
and increase the capacitive force. Similarly the potential of the tip and substrate was also
balanced (Vt = Vs). We assumed that under these conditions there would be minimal film-
substrate electrostatic force as well (Vs = Vf ).

Finally indentation was performed at the center of the sample. The raw data were all
acquired through the analog-digital converters of the Nanoscope controller and consisted of
three variables, z the travel distance of the base of the cantilever (in nm), D the deflection
signal (in Volt) and I the lock-in signal (in Volt). They were related to the target observables
by:
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Figure 2.24: (a) First-order and (b) second-order oscillation amplitude of the tip deflection
in response to the driving AC voltage across the device as a function of tip bias. The tip
was not in contact with the sample so the signal was purely coming from electrostatic force.

Ft = SFD = 2.3σ2Dd+ 3.1Y 2D d
3

L2
(2.24)

∆Ft = SFSII (2.25)

d = z − SdD (2.26)

kf =
∂F

∂d
= 2.3σ2D + 9.3Y 2D d

2

L2
(2.27)

∆Fp = 1.3
∆σpVac
L

= (kfSd + SF )SII (2.28)

where Ft is the reaction force, SI the lock-in amplifier’s sensitivity and kf the effective spring
constant of the film. The reason kf appears in the equation is that the piezoelectric stress is
calculated with the zero-displacement assumption. In reality, the film and the tip oscillated
together during the measurement and part of the stress was relaxed within the film.

The force as a function of indentation depth was first calculated from D(z) with Eq. 2.26.
By fitting Ft(d) with Eq. 2.24 (Fig. 2.25(a)) we obtained Y 2D = (1.2± 0.1)× 102 N/m and
σ2D = 45±5 mN/m, which agreed well with previous ab initio calculations and experimental
results [82, 105]. The repeatable load–indentation curves demonstrated the quality of the
atomic crystalline film and the effectiveness of the clamp. At a fixed driving voltage (Vac
= 1V), the piezoelectric stress ∆σp = 0.12 ± 0.02 mN/m was calculated from the function
I(z). A positive sign was assigned because the signal and the driving voltage were in phase.
Consequently e = −(2.9 ± 0.5) × 10−10 C/m, meaning the film experienced a tensile strain
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Figure 2.25: (a) The indentation curve and (b) piezoelectric response of the MoS2 device.
Black markers are experimental data and red line denotes the theoretical fitting.

when a positive voltage drop was applied. When normalized to the thickness, this measured
piezoelectric coefficient is comparable to the bulk values of standard piezoelectric crystals
such as ZnO or AlN.

2.7 Layer and angular dependence

According to DFT calculation we have e11 > 0. Therefore the minus sign of e indicated
the electric field was pointing to the Mo→S direction. In general, when crystal rotates by
an angle θ with respect to the electric field, the piezoelectric stress in the original coordinate
system is transformed accordingly:(

∆σ11 ∆σ12

∆σ21 ∆σ22

)
= −e11E1

(
cos 3θ − sin 3θ
− sin 3θ − cos 3θ

)
(2.29)

where θ is the crystal’s azimuthal angle between the mirror plane containing the axis of
rotation in the crystal structure (X-axis in Fig. 2.4) and the direction of the electric field.
Although the shear force terms become non-zero, they have no contribution to the load of the
tip because of the mirror symmetry of the device: after reflection transformation the shear
stress reverses sign, while the reaction force on the tip in Z direction should not change sign.
In the same way we found the reaction force on the tip in X and Y direction must be zero
from all the stress components. We verified this by simulating the piezoelectric force as a
function of angle at fixed depth. The result reflected the 3-fold symmetry of the crystal and
was related to the experimental observable:
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Figure 2.26: (a) The calculated angular dependence of piezoelectric force during indentation.
Amplitude ranges from -1 to +1. (b) The distribution of radial piezoelectric stress of the
MoS2 film for different crystalline orientation.

−∆σp
E

= e = e11 cos(3θ) (2.30)

As a result, the anisotropy of piezoelectricity in monolayer MoS2 offers a mesoscopic way
to unambiguously determine its crystalline orientation in ambient, and distinguish a crystal
from its inverse structure once the sign of e11 is given. Previously, this was only achieved
in ultrahigh-vacuum (UHV) environment using atomic imaging tools [106, 107]. In principle
one could experimentally verify the sign of e11 by comparing the piezoelectric results and
atomic image of the same device, yet currently it is challenging to transfer the fabricated
devices to be inspected by transmission electron microscopy.

We fabricated a series of devices based on the same single-crystal flake to study the
angular dependence, with θ ranging from 0◦ to 60◦ (Fig. 2.27). The effective piezoelectric
coupling coefficients of these devices fit well to a cosine curve (red solid line) with a period
of 120◦ and an angular error of less than 2◦, in accordance with the crystalline orientation
inferred from SHG. The change of sign from the upper devices to the lower ones allowed us
to draw the atomic orientation of the two-dimensional crystal.

In addition, we also studied the thickness dependence of the piezoelectric coefficient
of two-dimensional membranes exfoliated from natural 2H-MoS2 crystals. We observed a
piezoelectric response only for odd-layer membranes due to inversion symmetry breaking
(Fig. 2.28). For even-layer membranes, the contributions to piezoelectricity from alternat-
ing orientations of adjacent layers cancelled. Such results in two-dimensional crystals mark
the distinctive thickness dependence of the piezoelectric coefficient from the linear scaling
of conventional piezoelectric materials. The strain-gradient induced piezoelectric coupling
(“flexoelectricity”) was estimated to generate ∼ 0.1 pN force, more than one order of mag-
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Figure 2.27: Experimental angular dependence of the piezoelectric response in monolayer
MoS2. (a) The rotation of the crystal with respect to the electric field and mechanical
boundary was achieved by patterning the electrodes at different angles θ. (b) Optical image
of multiple electrode pairs integrated on a long stripe of MoS2 (dashed outline) rotated by
10◦ at each section. The relative rotation between the first and last device wass 60◦, so the
piezoelectric effect should reverse sign as the alignment of the electric field to the Mo–2S
dipole changed from parallel to antiparallel. Scale bar, 10 µm. (c) Measured piezoelectric
coupling strength (square data points) followed the cos(3θ) dependence (the red fitting curve)
predicted from the crystalline three-fold symmetry. The sign change was observed from the
phase readout of the piezoelectric signal through a lock-in amplifier. This distinguished our
low-frequency electric method from SHG (which typically only gives amplitude information),
enabling the crystalline orientation (as shown in the inset of B) to be uniquely determined
without resorting to atomic images. Error bar was estimated from the noise level of the force
measurement and variations in the device geometry.
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Figure 2.28: Measured piezoelectric coefficient in one-, two- and three-layer MoS2 mem-
branes, showing that only odd numbers of layers exhibit a significant coupling strength due
to their broken inversion symmetry.

nitude lower than the force from piezoelectricity [108], as the curvature of the indented
membrane in our experiment was small. Common sources of error for AFM measurements
such as the hysteresis of the piezo tube and tip degradation were constantly monitored. The
angular and layer dependence of the electromechanical response of the devices also provided
independent evidence that the signal in our measurement originated from the piezoelectricity
of MoS2.

2.8 Conclusion

In conclusion, we successfully observed the molecular piezoelectricity in free-standing
monolayer MoS2 crystals. In contrast to bulk piezoelectric materials, we showed that such
two-dimensional piezoelectricity only exists when there are an odd number of layers due
to inversion symmetry breaking. We found that the angular dependence of piezoelectricity
provides a mesoscopic method to probe the absolute orientation of two-dimensional crystals,
which is crucial for valleytronic devices and edge engineering. As flexural rigidity scales in-
versely with device thickness, two-dimensional piezoelectric materials could greatly enhance
mechanical displacement and therefore sensitivity. With the reduction in size, weight and en-
ergy consumption, devices based on two-dimensional piezoelectric materials will potentially
revolutionize ultrasensitive sensors, nanoscale electromechanical systems and low-power elec-
tronics [109].
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Chapter 3

Out-of-plane piezoelectricity in
molybdenum sulfide selenide

In the previous chapter we demonstrated the measurement of in-plane piezoelectricity in
single-molecular-layer MoS2, whose symmetry constrains the number of independent piezo-
electric coefficients to one and greatly simplified the measurement. In traditional microelec-
tromechanical systems (MEMS), however, it is often desirable to have out-of-plane coupling,
because larger electric field can be applied across the smallest dimension of the film. Al-
most all layered compounds have mirror symmetry along z-axis, with very few exceptions
(like BiTeI [110]). This is because Tasker type III instability forbids the formation of out-
of-plane polar surface with conventional ionic materials [111], and forces the reconstruction
of many traditional polar crystals such as ZnO into out-of-plane non-polar configuration at
two-dimensional limit [112, 113] Even with those covalent crystals that do not reconstruct,
successful isolation of a single-layer crystalline material with broken vertical symmetry has
never been reported largely due to the presence of vertical electric dipole that provides strong
interlayer Coulomb binding. Therefore the other logical approach is to break the symme-
try after obtaining the single layer crystal, such as single-sided chemical functionalization
demonstrated in graphene [114]. The process unfortunately destroyed the lattice periodic-
ity of graphene and cannot be used in any electronic device, the material’s most promising
application. Very recently, a novel strategy to synthesize asymmetric MoSSe monolayer
was reported [68], by replacing top-layer S atoms of MoS2 with Se atoms. The term “Janus
monolayer” was used to describe such structure because of the chemically distinctive two sur-
faces. Such an asymmetric TMD monolayer is not available in nature and provides unique
opportunity to realize the thinnest piezoelectric material with intrinsic out-of-plane elec-
tromechanical coupling. The monolayer remains crystalline and has intrinsic Rashba spin
splitting [115–117], as well as unique biphasic surface characters for asymmetric catalytical
reactions [118, 119]. In this chapter we used piezoelectric response to verify its polarity and
provide insight into potential applications.

The as-synthesized MoSSe belongs to space group P3m1, i.e. with three-fold symmetry
and a mirror plane perpendicular to the rotation axis (Fig. 3.1). Thus the piezoelectric
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Figure 3.1: Crystalline structure of asymmetric MoSSe.

tensor is [120]:

dij =


d11 0 d13

−d11 0 d13

0 0 d33

0 d51 0
d51 0 0
0 −2d11 0

 (3.1)

Compared with MoS2, there are more independent coefficients, notably d13 and d33. Since
the distortion of Mo-S and Mo-Se bonds under an electric field do not cancel, a net length
change is induced by applying a vertical voltage. This intrinsic piezoelectricity of the crystal
is distinctive from the possible chemically induced piezoresponse by substrate [121]. Due to
the small thickness, non-zero d13 means small voltage across the film can create large in-
plane strain, a very useful feature in tunable resonators and actuators. On the other hand,
measuring the in-plane stress requires the fabrication of free-standing devices. Therefore our
objective in this work was to verify the existence of d33, which needed less fabrication effort.
Nevertheless, measuring small strain across single molecular layer is still very challenging and
requires improvement of instrumentation beyond traditional piezoresponse force microscopy.
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3.1 Resonance enhanced piezoresponse force

microscopy

With lock-in amplification the sensitivity of piezoresponse is high enough to detect very
small electromechanical coupling (<0.1 pm/V), at the cost of increasing integration time.
This however is not always affordable because of the numerous artifacts presented during
the measurement. Therefore the mere amplitude of the response at a single point is usually
insufficient to establish an observation. To mitigate this, traditional PFM methods always
focus more on the interpretation of the contrast in scanning images. Due to drift from various
sources it is unrealistic to set integration time for each point more than a few milliseconds.
As a result, PFM is most commonly used to study strong piezoelectric materials (like fer-
roelectric perovskite oxides) with complex structure at nanoscale, instead of uniform but
weak piezoelectric materials. To boost sensitivity, mechanical resonance of the cantilever
was utilized, i.e. small agitation at the end of the tip drives large cantilever vibration [122,
123]:

A(ω) =
A0√(

1− ω
ω0

)2

+
(

ω
ω0Q

)2
(3.2)

The resonance frequency ω0 and quality factor Q are not only determined by the cantilever
itself but also sensitive to the contact stiffness (Fig. 3.2). Given the typical resonance
enhancement (on the order of 100), even 1% frequency drift due to sample topography or
contact force difference gives large artifacts in image contrast. Therefore it is important to
adjust the driving frequency accordingly to maintain the enhancement factor.

The traditional phase-locked-loop method for tracking the frequency shift in non-contact
imaging is based on the fact that the phase difference between the drive signal and oscillation
is most sensitive to the driving frequency on resonance:

φ = tan−1 ω

(ω0 − ω)Q
(3.3)

∂φ

∂ω

∣∣∣∣
ω=ω0

=
Q

ω0

(3.4)

However, the phase of piezoresponse depends on the polarization of the sample and cannot
be used for reference. In light of this, the dual-frequency resonance-tracking (DART) method
is most suitable for studying piezoresponse where both the phase and the amplitude of the
signal vary point to point [125]. Instead of using phase as a feedback target (φ = π/2),
DART’s feedback loop maintains the following relationship:

∆A = A(ω + ∆ω)− A(ω −∆ω) ≈ 0 (3.5)

And the sensitivity of the differential amplitude to the frequency deviation is:
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Figure 3.2: Illustration of the first resonance mode of a cantilever with various contact
stiffnesses (k∗, normalized to the stiffness of the cantilever kc). The resonant frequency
f also changes accordingly (normalized to the free oscillation frequency). Reprinted with
permission from [122].

max

(
∂∆A

∂ω

∣∣∣∣
ω=ω0

)
=

8A0Q
2

3
√

3ω0

(3.6)

where ∆ω = ω0/2
√

2 gives most sensitive tracking. In practice, stable feedback requires that
the drifted frequency lies in the range [ω −∆ω, ω + ∆ω]. Therefore larger ∆ω enables more
robust tracking.
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Figure 3.3: (a) The impact of surface topography on contact stiffness, which is strongly
dependent on contact area and local composition. (b) Due to the high quality factor, small
change in surface topography will move the cantilever out of resonance. For typical crystalline
solids under normal scanning condition, the ratio k∗/kc is on the order of 100-1000. Reprinted
with permission from [124].

3.2 Experiment and analysis

Our piezoresponse measurement was performed with an atomic force microscope equipped
with built-in DART piezoresponse module (MFP-3DTM, Asylum research). The cantilevers
used in the experiment had spring constants of about 2 N/m and free-air resonances at around
60 kHz. The probes were coated with Ir for electrical conductivity, at the cost of slightly
reduced resolution. To minimize any substrate effect, we directly synthesized Janus MoSSe
on atomically flat conductive substrates (highly oriented pyrolytic graphite, HOPG). The
HOPG surface eliminated artifacts from topographical variation, and provided chemically
inert surface with weak van der Waals bonding to the sample. The monolayer flake was first
located by non-contact survey over large area, due to the lack of optical contrast on HOPG.
The size of the flakes is usually around 1 µm.

For the measurement under contact scanning mode, we applied a smaller force (∼10 nN)
than typically used to reduce the scratching damage to the monolayer. As expected, the
resonance enhancement at around 220 kHz boosted the sensitivity by two orders of magni-
tude. The apparent electromechanical response of the non-piezoelectric substrate came from
the electrostatic interaction between tip and substrate, commonly observed in piezoresponse
measurements of very thin films [126]. Similar to non-resonance case in the previous chapter,
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Figure 3.4: (a) Measuring piezoresponse of Janus MoSSe by resonance enhanced PFM. (b)
The line width of the resonance is an indication of the quality factor and enhancement.

when the piezoresponse and the electrostatic interaction are both present, the effect of bias
on the piezoelectric amplitude can be described as [90]:

A =

∣∣∣∣2Γ

kc
(Vc − Vdc)Vac + d33Vac

∣∣∣∣ =

∣∣∣∣2Γ

kc

((
Vc +

d33kc
2Γ

)
− Vdc

)
Vac

∣∣∣∣ (3.7)

where Γ is the capacitive force constant, kc the spring constant of the cantilever, Vc the
contact potential, Vdc the bias, d33 the piezoelectric coefficient and Vac the AC driving voltage.
Therefore, the bias dependence of the oscillation amplitudes for the substrate and the sample
were shifted V-shapes (Fig. 3.5). While it is difficult to quantify Γ, by setting a small bias
Vdc = Vc we can still have the standard resonant PFM signal Ares = Qd33Vac [127]. Since the
electrostatic force mainly came from the cantilever-substrate interaction, it was treated as
a deductible constant background within our small scanning area. Besides, charging effect
was also negligible due to the proximity of semiconductor and the metallic substrate [128].
During the measurement, the AC bias was limited to 1.5V to avoid electrical damage.

We observed a clear piezoelectric contrast between the Janus MoSSe monolayer and the
substrate (Fig. 3.6). Sufficient signal-to-background ratio was only possible after balancing
the potential of the tip and the substrate, which minimized the electrostatic effect [129]. We
then compared randomized alloy monolayer, in which the chalcogenide sites are randomly
occupied by S and Se atoms. The random alloy did not give visible contrast under the
same measured condition. This is a strong evidence that the observed piezoelectricity came
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Figure 3.5: The amplitude and phase of PFM signal as a function of DC bias for the sample
and the substrate.

from the broken symmetry, instead of topographic, mechanical or electrochemical artifacts.
The sharpness of our PFM image is also an indication that the background electrostatic
interaction did not disrupt the PFM result.

While most as-grown monolayers were topographically uniform, we obtained additional
insight on those flakes carrying backfolding areas with a pair of bilayer and hole, created by
thermal expansion mismatch. Since the vertical polarization of each layer is opposite in the
bilayers, the total piezoelectricity of the bilayer region should be suppressed [130]. This “more
is less” effect is highlighted in the parallel comparison of the cross-sections (Fig. 3.7), where
a peak in height always corresponds to a dip of piezoelectric amplitude. To quantify this
correlation, we calculated the correlation coefficient between resonant piezoelectric amplitude
A and height of the film h using a piecewise model:

A =

{
Qd33V h/t, h ≤ t

Qd33V (2t− h)/t, h > t
(3.8)

where V = 1.5 V is the driving voltage and t = 0.6 nm is the thickness of the single layer.
The intuitive impression is further supported by the correlation coefficient r = 0.57. Such
strong correlation further verified that the PFM contrast was from piezoelectricity with a
structural symmetry origin. From the slope we calculated an effective d33 = 0.12 ± 0.02
pm/V. It can potentially be improved by one order of magnitude by increasing the dipolar
contrast of the chemical bonds. Meanwhile, we caution that the value is qualitative since
the effective piezoelectricity of semiconducting MoSSe may be sensitive to the variation of
electrical properties, as the cross-section also points out some non-uniformity of piezoresponse
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Figure 3.6: The topography (a) along with the amplitude (b) and phase (c) of the PFM signal
of a Janus monolayer. The layer was uniform in most area and showed clear piezoelectric
contrast, except for some broken and folded regions that gave almost the same response as
the substrate. Scale bar: 500 nm. (d-f) the corresponding signal of a randomized MoSSe
alloy sample. Compared with Janus MoSSe, the thickness of this monolayer was almost
identical but its piezoresponse contrast from the substrate was negligible. Scale bar: 50 nm.

within the monolayer region [131].

3.3 Conclusion

The out-of-plane piezoelectricity demonstrated for the first time in 2D monolayers brings
additional degree of freedom to the design and motion control of practical nanoelectrome-
chanical devices. Due to the diverse physical properties of van der Waals layered materials,
their stacking can potentially accomplish a wide range of functionalities of traditional thin-
film based MEMS architecture at molecular scale.
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Figure 3.7: (a) The cross-section along the dashed lines in Fig. 3.6 for parallel comparison.
From the height (0.7 nm per step) we identified the region of substrate, Janus monolayer
and backfolded bilayer. The different piezoelectric amplitude levels of the Janus MoSSe
monolayer and the substrate are also outlined. (h) The correlation plot of the height and
amplitude data in (g), from which we estimated an out-of-plane piezoelectric constant of
around 0.1 pm/V. Since backfolded region contained two layers with opposite polarity, it
had weaker piezoelectricity, proving the symmetry origin of the observed contrast and ruling
out the topographic or interfacial effects. The uncertainty primarily came from the spatial
variation of the signal.
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Chapter 4

Raman spectroscopy in molybdenum
ditelluride

The previous chapters dealt with linear electromechanical coupling in quasi-static regime.
In this chapter we shifted gear and studied the consequence of mechanical nonlinearity at
high frequency: phonon softening under strain.

4.1 Phonon anharmonicity

In an ideal harmonic oscillator where the potential energy is proportional to the square
of displacement, the energy of the vibrational mode is independent from either the shift of
equilibrium position under additional force F , or the amplitude of existing vibration:

H =
p2

2m
+
kx2

2
+ Fx (4.1)

∆E = En+1 − En = h̄

√
k

m
(4.2)

where H is the standard Hamiltonian plus the external force, and n is the number of existing
phonons. However, the real potential energy in a crystal is anharmonic (Fig. 4.1). Intuitively,
the potential becomes softer when the phonon population increases, or the lattice constant
is increased under stress. The classical manifestation of this effect is thermal expansion, in
which high temperature excites more phonons and relaxes the lattice simultaneously. It also
enables collision between phonons and gives rise to thermal resistivity. Mathematically, the
anharmonicity is captured by the Grüneisen parameter γ [132]:

γ =

(
dP

du

)∣∣∣∣
V

=
αv2

s

CP
(4.3)

where P is the pressure, u the vibrational energy per volume, α the thermal expansion
coefficient, vs the sound velocity and CP the heat capacity per-mass at constant pressure.
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Figure 4.1: Anharmonicity of phonon due to the asymmetric lattice potential. The en-
ergy difference between phonon levels decreases and the lattice expands with higher phonon
population .

The macroscopic Grüneisen parameter is connected to microscopic phonon softening of each
phonon mode:

γ =

∑
i γici∑
i ci

(4.4)

γi = − ∂ lnω

∂ lnV
(4.5)

where ci is the contribution of heat capacity from the ith phonon mode and ω is the phonon
frequency. Theoretically low-dimensional materials may have much larger γ than bulk.
But to quantitatively correlated strain and phonon softening, experimental measurement
of Raman frequency change as a function of strain is a prerequisite.

The experimental techniques to measure individual phonon energy are mostly based on
inelastic scattering of high-energy particles, including visible photon (Raman spectroscopy
[133]), neutron [134], electron [135, 136] and X-ray [137]. Whereas all the other methods can
probe the full phonon spectrum, Raman scattering only provides information of phonons at Γ
point (near zero momentum) because of the small momentum of visible photon compared to
phonon. Yet it has many practical advantages such as high energy resolution with relatively
simple instrumentation and very little requirement on samples. Therefore it is widely used in
chemical and material analysis. With the discovery of surface enhance Raman spectroscopy
[138], the spatial resolution and the sensitivity has been improved to single-molecular level
[139]. Even without near-field technique [140] it is sufficient for resolving nanostructures of
two-dimensional materials [141]. It is also a powerful method to efficiently map the local
defect levels [142] and doping density [143].
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Figure 4.2: The lattice structure of monolayer H (left) and T’ (right) MoTe2. The distance
between the Te columns is longer in T’ than in H phase, but shorter between Te rows [148].
Therefore strain changes their relative energy.

Phonon softening by tensile (compressive) strain translates to the red (blue) shift of Ra-
man peaks. It has been applied to monitoring the residue stress during the growth and
processing of polycrystalline semiconductors [144] as well as diamond [145]. To analyze
the quality of chemically grown two-dimensional materials, calibrations have been done for
graphene [146] and MoS2 [147]. They showed many similar Raman features owing to the
common 3-fold symmetry but quite different Grüneisen parameter, demonstrating the sen-
sitivity of anharmonicity to the details of chemical bonding. MoTe2, another member of the
group VIB TMDC, is interesting because of the recently theoretical prediction of phase tran-
sition from 2H semiconductor to 1T’ semimetal under moderate strain [148]. The 1T’ phase
is not only a electrical contact material in devices [149], but also a type-II Weyl semimetal
[150]. Furthermore, monolayer 1T’-MoTe2 was predicted to be topological insulator under
strain [151] Therefore, our objective was to measure the strain-dependent phonon-softening
as a reference for strain engineering of MoTe2 in the future.
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Figure 4.3: Excitation-dependent Raman spectrum in few-layer MoTe2.

4.2 Optical resonance and polarization selection

Our samples were mechanically exfoliated from MoTe2 crystals grown by chemical vapor
transport from HQgraphene, and the experimental setup is modified Horiba LabRAM Raman
spectrometer. The first challenge came from the weaker electron-phonon coupling in MoTe2

[152] resulting in much weaker Raman scattering than in MoS2. Therefore we carefully
selected the excitation wavelength and utilized the strong optical resonance effect analogous
to MoS2 [153–155]. The excitation-wavelength dependence of Raman spectrum in MoTe2

film (Fig. 4.3) could be understood based on its absorption spectrum [156, 157]. At lower
excitation energy (894 nm, around B exciton) the electronic transition conserves circular
polarization of light (see the next chapter for discussion in depth) and only out-of-plane
mode couples strongly with optical transition. At higher energy (633 nm, around A’ exciton),
the optical transition is enhanced by the electronic singularity at M point in the Brillouin
zone. At even higher energy (473 nm, around C exciton), the one-phonon scattering is weak
while a few two-phonon overtones emerge due to more available electronic bands. Since the
in-plane mode was expected to soften most under strain, we chose 633 nm excitation in our
experiment.

Next we identified ultrathin MoTe2 flakes by atomic force microscope and optical contrast.
The Raman signature depends strongly on layer number (Fig. 4.4), particularly the intensity
ratio between the 172 cm-1 and 235 cm-1 peak and the splitting of the former. Both the shift
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Figure 4.4: Raman spectra of 1- to 5-layer MoTe2.

and the splitting of the 172 cm-1 peak in 2-5 layers can be ascribed to the interlayer coupling
and the crosstalk with the out-of-plane breathing mode [158].

Finally we determined the corresponding vibrational mode to each Raman peak by clas-
sical polarization analysis. This is important for strain analysis because intuitively the
in-plane strain affects the in-plane modes to a greater extent. The monolayer H-MoTe2 has
three atoms in each unit cell and therefore six optical phonon modes. According to the
P 6̄m2 symmetry, the only Raman active modes and their Raman tensors are [120]:

A′1 =

a a
b

 (4.6)

E ′′ =

 c
c

⊕
 −c

−c

 (4.7)

E ′ =

d −d
⊕

 −d
−d

 (4.8)

where A′1, E ′ and E ′′ are Mulliken symbols and a through d are positive real number denoting
the scattering strength. To maximize sample area under light illumination and collection
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Figure 4.5: The circular polarization of backscattering Raman with respect to incident light
distinguishes the two active modes A′1 (upper-left, 171 cm-1) and E ′ (upper-right, 235 cm-1)
in MoTe2. The 520 cm-1 peak of silicon substrate which should have the opposite circular
polarization to the incident light in [001] direction was used as reference.

we chose normal incidence (Z̄) and reflection (Z). Therefore the electric field was only in-
plane and E ′′ mode was silent. The remaining two modes were easily distinguished by the
polarization selection rules expressed in the Porto’s notation:

� A′1: Z̄(RR)Z=a; Z̄(RL)Z=0

� E ′: Z̄(RR)Z=0; Z̄(RL)Z=d

where R and L stand for right and left circular polarized light, respectively. Hence the
vibration modes could be uniquely assigned to each Raman peak [159]. We found that
contrary to MoS2, in MoTe2 the lower energy peak (171 cm-1) corresponds to A′1 mode, and
the higher energy peak (235 cm-1) to E ′ mode, because of the larger mass of tellurium atom
compared with molybdenum.
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4.3 Straining two-dimensional materials

One of the most widely used methods to apply strain on small samples is substrate-
supported strain transfer. In tensile test, the substrate is clamped at the two ends and
pulled in opposite direction, when the entire substrate experiences uniaxial tensile strain. In
flexural test the finite thickness of the bent substrate means that the outer surface experiences
tensile uniaxial strain. Since our sample was tens of micrometers compared with centimeter-
size substrate, we only measured the local strain at the center of the substrate where the
sample was located. Therefore, the tensile test and the two-point/three-point flexural tests
were sufficient. But when large-area inspection is needed, four-point flexural test can apply
uniform strain over a significantly larger portion of the substrate. Assuming the sample is
rigidly attached to a sufficiently stiff substrate, it should theoretically experience the same
strain as the surface. Therefore the strain of the thin flake can be either measured by markers
on the surface [146] or calculated from the local curvature of the substrate [147]. In practice
however, the substrates are typically composed of flexible polymers with Young’s modulus
much smaller than the two-dimensional crystals. Hence proper clamping is important for
quantitative interpretation of strain testing (Fig. 4.7).

In our strain experiment, Ultrathin flakes were exfoliated directly onto polyethylene
trephthalate (PET), polyimide (PI) or polycarbonate substrates, or dry-transfered onto
polydimethylsiloxane (PDMS) substrates. The surface roughness was typically below 1nm.
The metal clamps on the flakes were fabricated either by lithography (on PET and PI) or
shadow mask (on PDMS and polycarbonate), as shown in Fig. 4.7. The clamps were fabri-
cated perpendicular to the Mo-Te bonding direction (“armchair”) so that the uniaxial stress
effectively stretched the bond. The orientation of the samples were confirmed by second
harmonic generation.

4.4 Strain-induced phonon softening

Uniaxial strain not only softens the phonon but also breaks the 3-fold symmetry of the
crystal. Therefore, the originally degenerate E ′ mode splits into two modes (E ′+ and E ′−),
and the linear polarization of each mode becomes orthogonal to each other like in the case
of MoS2 [160]:

IE′+ ∝ cos2(φ+ ψ + 3θ) (4.9)

IE′− ∝ sin2(φ+ ψ + 3θ) (4.10)

where φ and ψ are the polarization angle of the incident and scattered light from the strained
axis, respectively. θ is the orientation of the crystal defined by the difference between the
Mo-Te bonding (a-axis in Fig. 4.2) and the strained axis. Figure 4.8 shows the average
Raman peak shift as a function of polarization of the detector under 1.1% uniaxial strain.
The shift maximized around 0◦ and minimized around 90◦, confirming that the strain was
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Figure 4.6: Home-made strain platforms and schematics of substrate straining: (a) Tensile
testing is most effective for elastic PDMS substrates, because PDMS has very low Young’s
modulus (∼ 1 MPa depending on composition and curing condition) and very large reversible
elastic limit (> 100%). (b) Two-point flexural testing is suitable for PET or PI sheets whose
thickness is on the order of 100 µm and requires large curvature to reach the same strain.
(c) Three-point flexural testing is for thick polycarbonate plates. The large sample size
and small curvature gives better optical access. The central wedge can be replaced by ball
indenter to create local biaxial strain.
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Figure 4.7: Two-dimensional flakes clamped on flexible substrates by (a) e-beam lithography
and (b) shadow mask. Scale bar: 20 µm.

along the bonding direction (θ = 30◦). The rates of phonon softening were measured on
multiple samples and averaged to be 1.4 cm-1/% for the E ′− mode and 0.4 cm-1/% for the E ′+
mode. The values were confirmed by DFT calculation (1.6 and 0.6 cm-1/%, respectively).
Therefore, we calculated the Grüneisen parameter and the shear deformation potential for
the E ′− mode [161]:

γE′ = −
∆ωE′+ + ∆ωE′−

2ωE′ε
= 0.4 (4.11)

βE′ = −
∆ωE′+ −∆ωE′−

ωE′ε
= 0.17 (4.12)

where ε is the strain along the bending direction. We emphasize that since our substrate was
thin shell (thickness t � width), there was no transverse strain and the Poisson’s ratio of
the substrate was irrelevant. The values are significantly less than either graphene or MoS2

indicating much less anharmonicity. γE′ was also verified by applying biaxial stress at the
center of the substrate.

Using Raman as calibration tool we could obtain accurate strain values even from sam-
ples without clamping. We found that the maximum strain we obtained in MoTe2 was ∼
2.5% regardless of clamping. Figure 4.11 shows the Raman spectrum from strained 3-layer
under nominal 4.2% strain (measured from the substrate). The flake also exhibited visible
deformation, confirming that the displacement was transferred to the sample, but further
straining could not increase phonon softening. Although this strain value was also predicted
to be the onset of phase transition, and indeed we observed some optical contrast difference,
we were unable to observe any Raman signal expected for the new phase. It is possible
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Figure 4.8: Polarization dependence of the E ′ peak shift. The center of single-peak fitting
was plotted in marker and a waveform fitting was in red line. The fitting was only to confirm
the direction of strain and had no physical meaning because the spectrum actually contained
two peaks.

Figure 4.9: Calculated strain dependence of the E ′ peak shift
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Figure 4.10: Phonon-softening of both A′1 and E ′ modes of monolayer MoTe2 under biaxial
stress. From the peak shifts we calculated γE′ = 0.5 and γA′1 = 0.25. The difference in the
value of γE′ from uniaxial tests came from experimental uncertainty, and the average value
of 0.45 was reported.

that the crystal broke at the weak links near the sites of phase transition, or the new phase
was amorphous/unstable in ambient condition, although the flake was protected from the
atmosphere by PMMA coating.

4.5 Summary

In summary, we observed the phonon softening induced by uniaxial mechanical strain
in MoTe2. The Grüneisen parameters for the two optical phonon modes A′1 and E ′ were
measured and agreed well with first-principle calculation, which indicated smaller phonon
anharmonicity than MoS2. On the other hand, the predicted phase transition was not con-
clusively observed mainly due to the limitation of the method of tensile mechanical straining
in ambient condition.
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Figure 4.11: Critical strain in 3-layer MoTe2. The optical images of the flake before (a)
and under (b) 4.2% strain show color difference and obvious deformation. (c) The Raman
spectrum indicated that the real strain was only 2.4%. No new peaks were detectable.
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Chapter 5

Chiral phonon in valley polarized
tungsten diselenide

In the previous chapter we studied anharmonicity of phonon, one of the fundamental
properties of lattice vibration. This chapter explored another fascinating phononic prop-
erty in two-dimensional materials that had just been discovered recently: angular momen-
tum. The research on phonon traditionally focused on its energy and linear momentum,
but very rarely on the angular momentum because few experimental methods can directly
couple to this degree of freedom. One such example is in gas-phase infrared spectroscopy,
where the quantization of molecular rotation gives a series of absorption lines near each
vibrational mode. The conservation of angular momentum leads to the selection rule of
rotation-vibrational transition [162]:

∆J = ±1 (5.1)

where J is the rotational quantum number. Therefore regardless of the polarization of
incident light, the central line corresponding to the transition without changing the rotational
energy is forbidden. For Raman scattering, since there are two photons involved, the selection
rule becomes ∆J = 0,±2. Similar analysis has been conducted for nuclear transition [163]
and nanocrystals [164, 165].

In periodic lattice, although there is no global rotation, lattice can still carry angular
momentum through spin-orbital coupling and relaxes the spin angular momentum [166].
The selection rule is not explicit because we typically assume that there must be some
phonons among numerous available modes capable of scattering the electrons with the right
momentum. This effect plays an important role in the ultrafast light-matter dynamics of
ferromagnetic materials [167, 168]. The limitation of photon-phonon scattering is that it
only probes phonon around Γ point, i.e. the center of Brillouin zone in reciprocal space with
nearly zero linear momentum, because the wavelength of visible light is much larger than
the lattice constant. In addition, the phonon eigenmodes at Γ have zero intrinsic angular
momentum and thus an effective rotation mode must be synthesized [169]. As a consequence,
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Figure 5.1: The high-resolution infrared absorption spectrum of gaseous HCl. The angular
momentum conservation manifests through the missing line near 86.5 THz.

there is no direct evidence of intrinsic angular momentum of phonon and its role in electron-
phonon interaction in solids. Recently, chiral phonon was theoretically predicted at non-Γ
high-symmetric point in two-dimensional hexagonal lattices [170]. The intrinsic angular
momentum and magnetic moment of chiral phonon potentially allows ultrafast information
processing and manipulation of magnetism. Our objective here was to experimentally and
directly connect the angular momentum of a single phonon mode with photon and electron.

5.1 Valley degree of freedom

The term “valley” describes the energy extrema in semiconductors and semimetals at
non-Γ points in momentum space. Time reversal symmetry dictates that such systems must
possess pairs of degenerate valleys with opposite momenta. The particles can selectively
reside on one of the valleys, i.e. “valley polarized”, and carry the information through
this valley degree of freedom. Similar to spintronics, the benefit of “valleytronics” comes
from the energy degeneracy, so that the energy cost of switching and transporting a bit of
information is much lower than that of moving electric charge in conventional electronics.
Valley polarization has been realized in a few conventional materials like silicon [171], III-
V semiconductor [172] and diamond [173]. However, strong intervalley scattering at room
temperature remains a challenge for valleytronic applications in these materials.

Two-dimensional hexagonal lattices provide unique opportunity for exploring valley de-
gree of freedom because of symmetry-suppressed intervalley scattering [174], as shown in Fig.
5.2. First, the hexagonal lattice corresponds to hexagonal reciprocal lattice in momentum
space. The conventional way to define the central unit cell of reciprocal lattice (the first
Brillouin Zone, FBZ) is to set the lattice point at the center (Γ point) and draw a symmetric
boundary around it. Such definition reveals a few sets of equivalent, highly symmetric points
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Figure 5.2: Illustration of valley degree of freedom in asymmetric hexagonal lattice. (a)
Representations of the lattice in the real space (left) and the reciprocal space (right). The
solid lines encircle the central unit cell. (b) The phase relationship of the plane-wave function
at K and K’ point within a hexagonal ring. The relative phase is equivalent to that of a
rotating wavefunction.

such as K and K’ at the corner of FBZ. Second, the momentum of electron corresponds to
a propagating plane wave which essentially is determined by the phase difference of wave-
function near adjacent atoms. For K and K’ point, there are only three choices of relative
phase: 0, 2π/3 and 4π/3. Hence the phase configuration of each momentum looks as if the
wavefunction is rotating clockwise or anti-clockwise. According to the quantum definition
of angular momentum:

L̂z = − h̄

iφ
ln(R̂(φ)) (5.2)

it is clear that by setting φ = 2π/3, a wavefunction localized on the chalcogenide atom with
intrinsic angular momentum of zero gains a pseudo angular momentum of -1 at K (+1 at
K’). Therefore, the scattering between K and K’ point is forbidden unless additional angular
momentum is provided.
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The angular momentum associated with valley also offers the possibility to selectively
control optical transition between bands at K (or K’) point. The wavefunctions of electrons in
different bands usually inherent different intrinsic angular momentum from spin and atomic
orbital, so that the total angular momenta must summarize the contribution of intrinsic and
valley-induced angular momentum distributed on both atoms. The fact that eigenvectors
must have the same symmetry as the Hamiltonian ensures that the total angular momenta
are always integers. As a consequence, the optical transition satisfies the angular momentum
conservation:

0 = ∆l = ∆lfinal,K(K′) − linital,K(K′) ± 1 + 3m (5.3)

where ± corresponds to right and left circularly polarized light, and the integer m stands
for the contribution from the 3-fold symmetry of the lattice. Furthermore, time-reversal
symmetry dictates that if the optical transition is allowed, then the K and K’ valley must
respond to opposite circular polarization.

Early theoretical proposals focused on creating valley polarization in graphene [175, 176]
but experimental realization was slow and difficult due to the requirement of artificial symme-
try breaking [177–179]. Fortunately, inversion symmetry is already broken by the crystalline
structure of the group VIB transition metal dichalcogenides (TMDC), potentially making
them a better platform for generation and detection of valley polarization [180]. Moreover,
unlike bulk TMDC with indirect band gap, the conduction band minimum and the valence
band maximum in monolayer TMDC are both located at K/K’ point [100, 181]. Therefore
it is possible to optically address valley electrons, whose large momenta typically prevent
direct interaction with light.

The experimental realization of valley polarization (nearly 100% in some reports) simply
by circularly polarized optical pumping [182–184] profoundly expanded the accessibility and
scope of valleytronics (Fig. 5.3). Since then, many quantum processes based on valley degree
of freedom have been demonstrated, including valley coherence [185], valley Hall effect [186,
187] and gate operation [188]. The lifetime of valley polarization has also been prolonged by
orders of magnitude with interlayer excitons in heterostructures [189] by circumventing very
fast intrinsic depolarization mechanism [190, 191]. However, the optically injected valley
polarization fails to deliver the original promise of energy efficiency because most of the
energy is spent to overcome the band gap instead of the thermal fluctuation. Electrical
creation of valley polarization in TMDC such as symmetry-breaking p-n junctions [192] and
spin-injection [193] also suffers the same problem.

5.2 Valley polarization and chirality of phonon

From the discussion above, it is evident that the valley degree of freedom is applicable
to not only electrons but any quasi-particles in the lattice. Indeed, phonons at K and K’
point in hexagonal lattices are also candidate carriers of valley quantum number. Com-
pared with electrons, phonons cost much less energy to store valley information and preserve
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Figure 5.3: Optical pumping of valley polarization. (a) Band diagram near K and K’ valley
in TMDC. The spin-orbital coupling splits both the conduction band and the valence band.
mj denotes the total angular momentum of the electronic wavefunction. (b) The photolu-
minescence in MoS2 at 14 K kept almost pure circular polarization of the incident light if
pumped on resonance. Reprinted with permission from [182].

longer coherence time even at room temperature [194]. The most striking feature of the
valley-polarized phonons is that they also have intrinsic spin angular momentum and spin-
valley locking as electrons, and thus exhibit all the physical properties of valley electrons
like symmetry protection, optical selection rule and Berry curvature [170]. The spin angular
momentum of phonon is illustrated in Fig. 5.4, where the atomic motion of the phonon
eigenmode at K point is circular instead of the linear motion at Γ point (Fig. 4.5). We
emphasize that the circular motion at K point is fundamentally distinctive from the super-
position of two degenerate linear modes, because the spin-valley locking splits the energy of
phonons with opposite spin. Therefore unlike short-lived synthesized circular motion [168],
the valley lifetime in phonon is determined not by the coherence decay but by the much
slower population decay.

In asymmetric hexagonal lattices where the atoms at A and B sites have different mass,
the energy degeneracy is fully lifted. For monolayer TMDC, because there are two chalco-
genide atoms at the B sites, 9 phonon branches are formed around K and K’ valley. However,
not all of them are detectable through electron-phonon coupling. In the following sections
we will discuss two possible pathways of photon-phonon interactions: Raman scattering and
indirect absorption.
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Figure 5.4: Illustration of the vibrational modes of chiral phonon at K and K’ point. Blue
and yellow denote A and B site in the asymmetric hexagonal lattice, while gray marks the
equilibrium position. We started the analysis from a mode (upperleft) in which the atoms
at A site move symmetrically and the atoms at B site remain still. In order to keep equal
bonding length and angle, the A atom must rotate clockwise (spin s = −1). On the other
hand, if the spin is flipped, the force on the B atom can no longer be balanced, so it must
rotate anti-clockwise. Evidently, these two modes are different and their energy levels split.
Time reversal symmetry protects the spin-valley locking, i.e. EK,s = EK′,−s.

5.3 Raman scattering of large-momentum phonon

As discussed previously, valley phonons typically do not interact with light because of
momentum mismatch. There are two exceptions: defect in crystals can relax the momentum
selection rules and activate a one-phonon continuum in the Raman spectrum whose intensity
is roughly proportional to the density of state (DOS); two-phonon scattering involving simul-
taneous emission of two phonons with opposite momenta from the same branch adds another
continuous background approximately proportional to the double-frequency density of state
(2ω−DOS) [195]. Since phonon modes around M point contributes most to the DOS, the
defect-activated and the two-phonon peaks in the Raman spectrum of TMDC are tradition-
ally assigned to various modes of M-phonon [196]. However, optical excitation around the
electronic resonance disproportionately enhances phonon scattering that connects two real
electronic states [197]. Such double-resonant Raman scattering is prominent for phonons
with large wavevectors if they effectively connects two remote valleys as in graphene [198].
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Figure 5.5: The polarization selection rules of Raman scattering by phonons with large
momentum through off-resonant (473 nm laser, left) and on-resonant (633 nm laser, right)
excitation. The red and black curves stand for scattering light with the same and opposite
circular polarization to the incident light. The defect-activated spectrum showed opposite
selection rule under the two conditions. The two-phonon spectrum has no obvious off-
resonant circular selection and clear on-resonant selection. Both sets of lines indicate the
valley phonons may be involved in the scattering process.

This is also the case with monolayer TMDC at the wavelengths of the A and B exciton, and
peaks from K-phonons were identified [199, 200].

We compared the polarization selection rule of both one-phonon and two-phonon scat-
tering excited off-resonantly and resonantly (Fig. 5.5. The sample was continuous film of
chemical vapor deposited (CVD) WSe2 [201], chosen for its large valence band splitting ex-
plained in details in the next section. First we observed that the circular polarization of the
back-scattering with respect to the incident circular polarization for A′1 (Z(LL)Z̄) and E ′

(Z(LR)Z̄) agreed with literature. These two peaks in monolayer WSe2 are very close and yet
clearly distinguished by their opposite polarization with both excitation wavelengths. Next
we found the defect-activated one-phonon continuum between 100-160 cm−1 were different
in shape and polarization. At 473 nm (off-resonance), the shape of the continuum was very
similar to the calculated phonon DOS [202], and the polarization was primarily opposite to
the incident light. Yet on resonance, two peaks with the same polarization as the incident
light became dominant. The conservation of circular polarization is in accordance with the
fact that in monolayer WSe2 no other point in reciprocal space has allowed optical transition
with the same energy as the B-exciton in the originally excited K’ valley. It also indicates



CHAPTER 5. CHIRAL PHONON IN WSe2 68

Figure 5.6: (a) The first Brillouin zone of monolayer WSe2, with high-symmetric points
illustrated. The Λ point here is defined as the middle point of the Γ − K line. Note that
M1 = K + Λ. (b) The electronic and (c) phononic band structure of WSe2 along high-
symmetric lines. The blue, black and red lines in (c) correspond to the phonon dispersion of
monolayer WSe2 with -2%, 0% and +2% strain. Adapted with permission from [203]

that such enhancement may be associated with valley phonons.
Then we moved to the continuum between 200-300 cm−1. Visible for both aged CVD

samples and high-quality single crystals regardless of defect density, they likely came from
the two-photon scattering and the intensity was also correlated with the 2ω−DOS. The
dispersion of these peaks as a function of excitation was another signature of the two-phonon
scattering. While the off-resonant polarization selection was not significant, the on-resonant
polarization aligned well with that of the excitation, similar to the one-phonon scattering.
From the electronic band structure, we found the double-resonant condition can only be
satisfied with a pair of phonons scattering electrons between K and Λ point, or between K
and K’-point, or holes between K and Γ point. Therefore both M-phonon and K-phonon
contribute to the spectrum. DFT calculation showed that the three acoustic branches of
WSe2 have very similar energy at M and K-point, so from resonant Raman we could directly
measure the energy of these phonons to be 14-16 meV.

5.4 Phonon assisted indirect absorption

The electron-phonon scattering enables another one-phonon process: indirect absorption.
Although monolayer WSe2 is a direct-gap semiconductor, the energy difference between spin-
split bands is below the optical band gap. Direct optical transition between the spin-split
band is forbidden at exactly K/K’ point due to the opposite spin, but two types of transition
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remain allowed if the valence band maximum has available states, such as when the sample is
pumped by circular polarized light (Fig. 5.7). One is between the spin-split bands in the same
valley away from the K/K’ point, where additional momentum starts to mix the spin through
spin-orbital coupling, and the transition is no longer strictly forbidden. The other is spin-
allowed intervalley indirect absorption assisted by valley phonon. These two contributions are
collectively called intervalence band transition. In photoexcited semiconductors, the phonon-
assisted process dominates [204]. Although neither pathways are nearly as strong as direct
optical transition, they are considerably enhanced in WSe2 compared with conventional
semiconductor for two reasons. First, in 2D the electronic density of states is finite at K/K’
point in contrast to zero in three-dimension (Fig. 1.9). Second, the split bands are almost
parallel to each other, leading to even larger optical joint density of states. Therefore the
estimated indirect absorption coefficient is on the order of 10−5.

To observe this indirect absorption in a single molecular layer, it is preferable to convert
the small relative change of an infrared signal to an absolute change of visible signal. This
was achieved through collection of the B-exciton emission from the other valley. The hole
population was proportional to the infrared absorption, while the electron population is
provided by fast intervalley relaxation to dark exciton states [205]. We differentiated the
B-exciton emission from other signals by carefully chose the pump energy around the 2s
state of A-exciton. The valley polarization remained high at this wavelength [206]. Due to
the large band splitting, strong photoluminescence from A-exciton was easily filtered. The
large excitonic energy difference between the 1s and 2s state ensured that the sum frequency
generation was well above the B-exciton. Anti-Stokes Raman scattering was reduced by
cooling.

Since the indirect absorption only involves one phonon and two electronic bands, it allows
us to directly measure the angular momentum of valley phonons. Among the 9 available
phonon modes, only two enables electronic intervalley scattering based on symmetry analysis
[170]. Moreover, the angular momentum conservation requires:

0 = lfinal − linitial = lphonon ± lphoton (5.4)

where the initial and final angular momentum of the holes are equal for the intervalley spin-
conserved transition. Thus the phonon’s angular momentum must be opposite to the infrared
light in an phonon emission event, or the same in an absorption event. The probability of
indirect absorption follows the Fermi’s golden rule, assuming that the phonon energy h̄ωphonon

and the electron-phonon coupling strength are almost constant near K/K’ point:
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Figure 5.7: Illustration of valley-polarized phonon-assisted indirect absorption. The right-
circular-polarized pump creates spin-up holes and spin-down electrons at K valley. Infrared
absorption happens between the split bands in the same valley (spin forbidden) and the
opposite valley (phonon-assisted and spin allowed). The absorption results in B-exciton
emission as the final observable.
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where k1 and k2 are the electronic momenta of the initial and final state, respectively, and
E1, E2 are the corresponding kinetic energy. λ is the spin-orbital coupling strength and ∆E
is the energy surplus of the photon to drive the indirect transition. n0 is the number of
photo-induced holes and f(E) is their energy distribution. n(E −∆E) denotes the number
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Figure 5.8: Expected spectrum and polarization of indirect inter-valence band transition.
(a) Schematic diagram of pathways of intervalence band transition. The absorption and
emission of K-phonon project the split-off band in K’ valley to virtual bands at K valley. The
spin-allowed transitions are marked with solid arrows while the spin-forbidden transitions
are dashed arrows. Momentum conservation is guaranteed for phonon assisted transitions.
(b) Illustration of the absorption coefficient for phonon energy around the spin-orbital-split
energy λ. The five steps correspond to two K-phonon absorption virtual band, one direct
band, and two K-phonon emission virtual band. (c) Illustration of the absorption selection
defined by αR/(αR + αL). RCP and LCP stand for right- and left-circular polarization,
respectively. The two K-phonon modes provide opposite selection rules.

of photo-induced holes with higher energy, regardless the details of the distribution. Because
of the two-dimensionality, the absorption spectrum is greatly simplified to the summation of
a few step-like functions. Under circular-polarized infrared excitation at zero temperature,
only one step from the emission of one phonon mode is expected to appear (Fig. 5.8).

5.5 Polarization-resolved transient infrared

spectroscopy

We employed polarization-resolved transient infrared spectroscopy to probe the phononic
angular momentum (Fig. 5.9). The CVD WSe2 sample was mounted in a modified transmission-
type cryostat (Janis ST-100) equipped with CaF2 optical window and cooled down to 90K.
The ultrafast light source was provided by Coherent Chameleon optical parametric oscilla-
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Figure 5.9: Experimental setup of polarization-resolved transient infrared spectroscopy

tor. Valley polarization was initialized by a visible pulse with tunable wavelength between
645-690 nm. The pulse would be polarized by a photoelastic modulator (f=50kHz) that
switched between +45◦ and -45◦ linear polarization at double frequency without changing
intensity. Valley depolarization was expected to be weak because in the lightly p-doped
WSe2, the spin-valley lifetime of holes is on the order of nanosecond [207], much longer than
the time scale we studied. The linear polarized infrared pulse was intensity-modulated at
1/6-frequency and delayed by τ through tunable optical path. The pulse duration and the
delay were calibrated by sum frequency generation (SFG). Both beams entered the CaF2

Fresnel rhomb designed for creating a 90◦ phase difference between the s-and p-wave, be-
coming circularly polarized and focused on the sample by an infrared air gapped achromatic
double lens. The spot size was around 50 µm for both wavelengths. The infrared light
was absorbed by the hole population in the sample and created B-exciton emission. All
emitted light was collected by a phase-corrected objective lens with numerical aperture of
0.6, and separated according to the wavelengths into three detectors. A free-space coupled
photomultiplier captured the wide-angle B-exciton emission. A fiber-coupled avalanche pho-
todiode collected the narrow-angle SFG signal. The spectrometer recorded the A-exciton
photoluminescence both as a monitor of sample quality and the real temperature.

The Fresnel rhomb was customized for generating circular polarization from linear po-
larized light as shown in Fig. 5.11. Total internal reflection (TIR) inside a refractive crystal
causes a relative phase gain between the s- and p-wave [208]:

δ = π + 2 tan−1

(
n
√
n2 sin2 θi − 1

cos θi

)
− 2 tan−1

(√
n2 sin2 θi − 1

n cos θi

)
(5.6)
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Figure 5.10: In order improve the collection efficiency of luminescence, the sample was
brought very close to one of the optical window by a copper spacer. It is necessary to
minimize thermal resistance because the thermal radiation from the environment to the
sample was as high as tens of milliwatts and potentially raised the temperature of the
sample, whereas the temperature sensor of the stage was mounted on the cold head base.
The hollow spacer allowed entrance of the excitation beams. Radiation shield effectively
lowered the lowest achievable temperature.

where n is the refractive index of the crystal and θi is the incident angle which depends on the
the cut. Therefore, for materials with low dispersion, TIR enables very broadband retarder.
For CaF2 quarter-wave retarder, the refractive index is not high enough to create 45◦ delay
as in the case of conventional glass visible retarder, so the only choice to accumulate 90◦

delay is through 4 reflections a pair of symmetrically aligned crystals. The direction of the
beam reflected even times is insensitive to the small rotation of crystals. The phase shift
from such misalignment is also compensated by the symmetry of the rhomb. In addition,
the dispersion of the phase shift is negligible for our application. The only disadvantage is
that the phase is now very sensitive to the cut angle and the relative alignment between the
two crystals.

5.6 Preliminary results and discussion

Figure 5.12 shows the basic sample characterization pumped with 650 nm pulse. The
photoluminescence had three features: exciton at 710 nm, trion shoulder at 725 nm and
defect spectra between 730-770 nm. The interpretation of two-photon luminescence (TPL)
at shorter wavelength relied on the accurate determination of spin-orbital-split energy λ
around 0.5 eV [209, 210]. Based on the sum-frequency generation later we determined that
λ ≈ 480 meV in our sample. Including the electronic spin-orbital splitting of about 40 meV,
we observed that the TPL contained B-exciton around 565 nm, strong B-trion around 575
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Figure 5.11: Fresnel rhomb as broadband circular polarizer. Top: the relative phase gain
between s- and p-wave after one total internal reflection in CaF2 as a function of incident
angle for visible and IR wavelength. Inset: phase gain after four TIR near the designed
retardation. Bottom: geometry of the rhomb. The linear polarized beam is transformed into
circular polarized beam after four total internal reflection

nm and B-defect spectra between 580-600 nm. The power dependence of photoluminescence
under continuous-wave excitation also indicated that the excitons are charged, because the
Coulomb repulsion reduced the exciton annihilation [211], in contrast to the saturable exciton
emission in more intrinsic samples (Fig. 5.13).

Owning to the large TPL background, the B-exciton emission from indirect infrared
absorption was acquired by phase-locking to the intensity modulation of the infrared beam.
We verified that the signal was related to hole population and came from pump-induced
intervalence band transition by studying its dependence on the delay between the IR and
visible pulse (Fig. 5.14). The initial peak had fast decay unresolvable with our current
pulse duration, which possibly came from the nonlinear scattering of excited excitons. The
following dynamics also agreed with previous report on excitons measured by pump-probe
technique [212].

We then determined the optical spin-orbital-coupling strength λ around K point through
the two-dimensional spectrum of SFG. Since the photon energy of the visible pump is higher
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Figure 5.12: (a) The one-photon and (b) two-photon luminescence of WSe2 under pulsed
excitation around 650 nm.

Figure 5.13: The power dependence of photoluminescence of intrinsic and p-doped CVD
WSe2 under continuous-wave excitation at 473 nm. The emission of the intrinsic sample
mainly came from exciton that peaked at 750 nm, while the emission of the doped sample
came from trion that peaked at 765 nm.
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Figure 5.14: The dynamics of transient infrared absorption in CVD WSe2 pumped with 50
µJ/cm2 at 650 nm (1.91 eV) and probed at 550 meV. The temporal resolution of 300 fs was
obtained by sum-frequency generation from the sample. The signal agreed well with the
bi-molecular rate equation (red), which also described the evolution of exciton population
of WSe2 in the literature, indicating that the infrared absorption is proportional to the hole
density. Inset is the same plot in logarithmic scale.

than the optical band gap, the resonant SFG is slightly off the K point where the direct
optical intervalence band transition is allowed. Therefore all the electronic states involved
in the SFG could be real. Figure 5.15 shows the two-dimensional mapping of SFG intensity
as a function of the infrared photon energy and the sum frequency. The sharp onset along
the infrared spectrum (483 meV) was tentatively associated with λ, and the hot lines at
the sum-frequency of 2.4 eV was tentatively assigned to parallel electronic band, although
further study is necessary.

Finally, the intensity of the photo-induced infrared absorption was mapped around this
energy level (Fig. 5.16). To avoid any hot excitonic effect and maintain sufficient signal we
fixed the delay time between the infrared pulse and the visible pump pulse to 1.5 ps. Without
resolving the polarization, we observed three steps along the IR spectrum and almost no
dependence on the sum frequency (i.e. not depending on the visible pump wavelength) in
accordance to the theoretical expectation. We found that the acoustic-like phonon mode (15
meV) has much larger electron-phonon coupling strength than the optical-like phonon mode
(25 meV, not observed). In addition, we verified that the spin-allowed K-phonon assisted
intervalence band absorption was stronger than the spin-forbidden absorption.
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Figure 5.15: (a) Hypothetical diagram of the resonant sum frequency generation (SFG)near
the K and K’ valley in WSe2. (b) The dependence of SFG intensity on the infrared photon
energy and the sum frequency energy.

5.7 Summary and future work

In summary, we observed the valley phonon in monolayer WSe2. The phonon energy was
measured by both Raman scattering and indirect infrared absorption. We demonstrated the
transient infrared spectroscopy based on B-exciton emission and would continue to measure
the phononic angular momentum by implementing the circular polarization components.
The valley degree of freedom hosted in phonon can potentially be applied for energy efficient
valley computing and utilized to control the electronic valley polarization. The intrinsic
magnetic moment and the breaking of time-reversal symmetry of valley polarized phonon
will potentially expand the idea of mechanically induced non-reciprocity into THz regime
[213].



CHAPTER 5. CHIRAL PHONON IN WSe2 78

Figure 5.16: Two-dimensional spectrum of the photo-induced infrared absorption as a func-
tion of infrared and sum frequency photon energy. The red and purple arrows point to
the steps along the infrared photon energy corresponding to the emission/absorption of K-
phonon and the direct-optical/Γ-phonon process.
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Chapter 6

Conclusion and Outlook

This thesis presented experimental investigation in the emerging field of two-dimensional
electromechanical and optomechanical coupling in both quasi-static and high-frequency regime.
We demonstrated with monolayer transition metal dichalcogenides (TMDC) that both in-
plane and out-of-plane piezoelectricity intrinsically exist in the two-dimensional (2D) limit.
The measurement of strain-induced phonon softening casted insight into the phonon an-
harmonicity and provided reference gauge to strain engineering in the future. The valley-
phonon-assisted optical transition in TMDC is a promising approach to reveal the chirality
of lattice vibration and develop an energy-efficient valley carrier. So far, our works and
concurrent literature from many other research groups have only focused on a few basic
properties in this field despite of long-existing theoretical interest, and mechanical devices
based on 2D materials remain primitive during the years [214]. In the rest of the chapter
we point out some challenges and attempt to propose some future directions among many
research opportunities awaiting exploration.

6.1 Fundamental properties of mechanical coupling

The sensitivity of 2D materials to the environment presents both experimental challenge
and abundant research topics. Take the measurement of piezoelectricity as an example,
free-standing devices are not only difficult to fabricate but also chemically and mechanically
fragile, leading to low yield and limited lifetime. On the other hand, experimental evidence
showed that substrate can create and/or enhance piezoelectric coupling and place the materi-
als closer to application [128, 215, 216]. Therefore a very attractive subject is to characterize
and manipulate the piezoelectricity in 2D materials with in situ chemical dressing or electric
gating. In addition, both the phonon frequency and the electron-phonon coupling in TMDC
depend on carrier density [217]. Thus we expect that their elasticity is also tunable as in
graphene [218], as well as the intervalence band transition. Finally, with recent progress in
time-resolved transmission electron microscopy and scanning tunneling microscopy it is now
possible to study the optomechanical and electromechanical coupling in 2D materials with
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atomic resolution [219–221].

6.2 Engineering two-dimensional materials

Strain engineering of 2D materials generated rich physical phenomena such as band gap
tuning and piezoresistivity in the past few years [147, 222–226]. However, the mechanical
strength of the materials limits the global tensile strain to ∼ 3%. Although scanning-probe-
based techniques can apply and sense local property changes with substantially higher strain
[64, 227, 228], the available experimental techniques to study such small areas in ambient
condition are very limited. On the other hand, applying compressive hydrostatic strain
is straight-forward and insensitive to the mechanical properties of the sample. Pressure
engineering was demonstrated as a powerful tool to change band gap in TMDC to the extent
of inducing insulator-metal transition [229–231] and phonon renormalization in artificial
structures [232]. We envision that two types of development would be promising. One
is the study of monolayers in two-dimensional limit because the tunability in all previous
studies of bulk TMDC came primarily from interlayer coupling and sliding, which masked the
intrinsic change within the 2D electrons and lattice. The other is the effective hybridization
of functional 2D materials assembled in heterostructures under pressure, that will open a
much broader area beyond the natural species of layered materials.

6.3 Ultrafast nanomechanics and device applications

The significance of many 2D devices is based on their flexibility for wearable electronics
and human interface applications [233]. The mechanical scaling law not only works for
flexural rigidity (∼ d3) but also the bulk resonance frequency (∼ d−1). The quality factor of
the nano-resonator is restricted only by the intrinsic anharmonicity (Grüneisen parameter
γ) of the materials and the frequency f [234]:

Q =
2ρc3

π2γ2CvT

1

f
(6.1)

where ρ, c, Cv and T are the density, sound velocity, heat capacitance and temperature,
respectively. Thus the resonance remains well-defined at the optical phonon frequency even
at room temperature, which is consistent with the sharp Raman peaks in single-crystalline
semiconductor TMDC (Q >100). At such high frequency (∼THz) the conventional terms in
micro-electromechanical systems (NEMS) like capacitive coupling and piezoelectric actuation
must be replaced by near-field radiative coupling and infrared-active phonon. The gap
between this two regimes is closing in some solid state applications like laser cooling [235–
237] and stimulated amplification [19, 238] where the involvement of both the acoustic and
optical phonons were demonstrated. It is an open question whether such paradigm shift will
have an impact on the state-of-the-art optomechanics and optoelectronics.
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