
ICFO-THE INSTITUTE OF PHOTONIC

SCIENCES

DOCTORAL THESIS

Optomechanical resonators
based on transition metal

dichalcogenide monolayers

Author:
Nicolás MORELL
BENNASSER

Supervisor:
Prof. Adrian

BACHTOLD

A thesis submitted in fulfillment of the requirements
for the degree of Doctor of Photonics

in the

Quantum Nanomechanics Group

November 12, 2018

http://www.ICFO.com
http://www.ICFO.com
http://www.johnsmith.com
http://www.johnsmith.com
http://www.jamessmith.com
http://www.jamessmith.com
http://researchgroup.university.com




iii

Abstract
Suspended monolayer transition metal dichalcogenides (TMD) are

membranes that combine ultralow mass and exceptional optical prop-
erties, making them intriguing materials for opto-mechanical applica-
tions. However, the low measured quality factor of TMD resonators
has been a roadblock so far. In this thesis, we first show an ultra-
sensitive optical readout of monolayer TMD resonators that allows us
to reveal their mechanical properties at cryogenic temperatures. We
find that the quality factor of monolayer WSe2 resonators greatly in-
creases below room temperature, reaching values as high as 1.6 x 104

at liquid nitrogen temperature and 4.7 x 104 at liquid helium temper-
ature. This surpasses the quality factor of monolayer graphene res-
onators with similar surface areas. Upon cooling the resonator, the res-
onant frequency increases significantly due to the thermal contraction
of the WSe2 lattice. These measurements allow us to experimentally
study the thermal expansion coefficient of WSe2 monolayers for the
first time. High Q-factors are also found in resonators based on MoS2
and MoSe2 monolayers. The high quality-factor found in this work
opens new possibilities for coupling mechanical vibrational states to
two-dimensional excitons, valley pseudospins, and single quantum
emitters and for quantum opto-mechanical experiments based on the
Casimir interaction.

The sensing capabilities offered by these high Q-factor nanome-
chanical oscillators are also of interest for studying thermodynamic
properties in condensed matter regimes that are difficult to access. In
the second part of the thesis, we use optomechanical systems based
on a MoSe2 monolayer to probe the thermal properties of phonons
in two-dimensional lattices. We measure the thermal conductivity
and the specific heat capacity down to cryogenic temperature. The
phonon transport crossovers from the diffusive to the ballistic regime
when lowering the temperature below ∼ 100 K. The temperature de-
pendence of the specific heat capacity approaches a quadratic depen-
dence, the signature of two-dimensional lattices. Both the thermal
conductivity and the specific heat capacity measurements are consis-
tent with predictions based on first-principles. Our result establishes a
new strategy to investigate thermal transport in two-dimensional ma-
terials, and allows for exploring the phonon hydrodynamic regime,
the anomalous heat conduction, and the phase transitions of electronic
many-body collective phenomena in monolayers.





Abstracto
Los dicalcogenuros de metal de transición (TMD) monocapa sus-

pendidos combinan una masa ultrabaja y propiedades ópticas excep-
cionales, lo que los convierte en materiales intrigantes para aplica-
ciones opto-mecánicas. Sin embargo, el bajo factor de calidad Q me-
dido en los resonadores de TMD ha sido un obstáculo hasta ahora. En
esta tesis, primero mostramos una lectura óptica ultra sensible de res-
onadores TMD de monocapa que nos permite revelar sus propiedades
mecánicas a temperaturas criogénicas. Encontramos que el factor de
calidad de los resonadores WSe2 monocapa aumenta considerable-
mente por debajo de la temperatura ambiente, alcanzando valores tan
altos como 1.6 x 104 en temperatura de nitrógeno líquido y 4.7 x 104 en
temperatura de helio líquido. Esto supera el factor de calidad de los
resonadores de grafeno monocapa con áreas de superficie similares.
Al enfriar el resonador, la frecuencia de resonancia aumenta significa-
tivamente debido a la contracción térmica la red del cristal de WSe2.
Estas mediciones nos permiten estudiar experimentalmente el coefi-
ciente de expansión térmica de las monocapas de WSe2 por primera
vez. Los altos factores Q también se encuentran en los resonadores
basados en las monocapas de MoS2 y MoSe2. El alto factor de cali-
dad que se encuentra en este trabajo abre nuevas posibilidades para
acoplar estados vibracionales mecánicos a excitones bidimensionales,
valley pseudo-spins y emisores cuánticos únicos y para experimentos
opto-mecánicos cuánticos basados en la interacción de Casimir.

Las capacidades de detección ofrecidas por este nano-resonador
mecánico de alto factor Q también son interesantes para estudiar pro-
piedades termodinámicas en regímenes de la materia condensada a
los que es difícil acceder. En la segunda parte de la tesis, utilizamos
sistemas optomecánicos basados en una monocapa de MoSe2 para
probar las propiedades térmicas de los fonones en redes de cristales
bidimensionales. Medimos la conductividad térmica y la capacidad
calorífica específica hasta temperaturas criogénicas. Los régimenes de
transporte de fonones pasan de el difuso al balístico al bajar la tem-
peratura por debajo de ∼ 100 K. La dependencia de la temperatura
de la capacidad calorífica específica se aproxima a una dependencia
cuadrática, lo cual es la firma de las redes bidimensionales. Tanto la
conductividad térmica como las mediciones de la capacidad calorí-
fica específica son coherentes con las predicciones basadas en primeros
principios. Nuestro resultado establece una nueva estrategia para in-
vestigar el transporte térmico en materiales bidimensionales y permite
explorar el régimen hidrodinámico de fonones, la conducción de calor
anómala y las transiciones de fase de los fenómenos colectivos de cuer-
pos electrónicos en monocapas.
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Chapter 1

Introduction

1.1 Transition metal dichalcogenides

In the last years a lot of focus and effort from the research and tech-
nology communities has been put into the investigation of two dimen-
sional materials. This research wave was triggered by the discovery in
2004 of the first purely 2D lattice ever observed in nature, graphene.
Graphene also proved to be the strongest material in the world and
one of the best conductors of both electricity and heat. For these rea-
sons its discovery was awarded with the Nobel prize in 2010. Since
then, many other families of two dimensional materials have been
isolated from its 3D form. These include transition metal dichalco-
genides monolayers (SL TMDs). In contrast to graphene which is a
zero bandgap semiconductor also referred as semi-metal, TMDs are
direct bandgap semiconductors, which makes them particularly inter-
esting for photo-detectors and light emitting devices. On top of that
they exhibit physical properties that make them suitable for a wide
number of other applications. For instance, the adsorption coefficient
can be as high as 20%, a remarkable value considering that the mate-
rial is atomically thick. In addition, TMD monolayers feature strong
spin-orbit interaction, so that the valley degree-of-liberty of this ma-
terial can be manipulated with the polarization of incident light. All
these intrinsic properties of SL TMDs open many possibilities for pho-
tonics and spintronics applications.

1.2 Nano-mechanical systems

Mechanical systems are widely used for the detection of forces, accel-
erations and masses. Some of the most known devices are the atomic
force microscope, the accelerometers present in cars and mobile phones,
and mass spectrometers. On the fundamental research side, in 2000
the group of Andrew N. Cleland cooled the vibrational mode of a
macroscopical resonator to its quantum ground state. In the last year
mechanical oscillators (free standing mirrors) placed as the extreme of
a Michelson interferometer were used in order to detect for the first
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time a gravitational wave. For all these reasons, the study of mechan-
ical oscillators is still a very rich research topic involving many com-
panies and research groups around the world.

The fabrication of micro and nano-electro mechanical oscillators
(MEMS and NEMS) can be done following a top-down or a bottom-up
approach. In the top-down approach a bulk material is downsized and
shaped into a resonator using well known techniques such as lithogra-
phy and etching. In the bottom-up approach the fabrication of NEMS
is based on nano-scale materials such as carbon nanotubes, graphene
and other 2D materials. The top-down approach has the advantage of
being more controllable, reproducible and scalable but there is a limit
on how much their size can be reduced until surface defects of the ma-
terial start to degrade their performance. In the bottom-up approach
the control and the scalability of the fabrication is lower but the mate-
rial defects are lower, allowing to study the fundamental aspects of a
pristine nano-material.

1.3 Thermal transport at the nano-scale

The miniaturization of electrical circuits is key to the improvement
of the performance of electronic devices. Specially, in the last years
thanks to the appearance of nanomaterials. But the miniaturization of
circuits is facing a major bottleneck. the heat generated by computing
is poorly evacuated, so that the temperature of the circuit increases
to extreme levels. Detrimentally, the operation speed of actual cir-
cuits gets limited by this heat bottleneck. This makes the study of heat
transport at the nanoscale crucial for electronic device applications.

There are also fundamental aspects of heat transport that are ex-
citing to investigate. There is a fundamental limit in how well heat
can be transported. The limit is given by the quantum thermal con-
ductance. Heat transport, and more specifically the specific heat, are
a powerful tool to study phase transitions. This is particularly inter-
esting for the study of electronic many-body collective phenomena in
monolayers, such as the charge density wave order and unconven-
tional superconductivity. Moreover, there’s an interesting regime of
thermal transport called hydrodynamic regime, which is specially ro-
bust in 2D layers and has not been measured so far. In this regime the
heat is transported by collective excitations of phonons that can give
rise to the second sound at relatively high temperatures.
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Chapter 2

Nanomechanics and
Optomechanics

2.1 Basics of nanomechanics

In this thesis we use the mechanical vibrations of a resonator based
on a two dimensional semiconductor membrane (TMD monolyer) as
a probe to investigate its material properties. The vast majority of the
results of this thesis can be explained by the basic photothermal op-
tomechanic linear oscillator driven by a coherent force. In this section
we introduce the basic theory of nanomechanical oscillators in the lin-
ear regime.

2.1.1 The linear driven oscillator

The equation of motion that describes an undriven linear oscillator is
the Hooke’s Law.

meff
d2z(t)

dt2 = −k · z( t) , (2.1)

here meff is the oscillator effective mass and k is the spring constant of
the oscillator restoring force. The oscillator spring constant depends
on material properties such as the geometry or rigidity and defines its

natural vibration frequency ω0 =
√

k
meff

. In most of the experimental
results of this thesis we will use f0 = ω0/2π in Hz units.

In order to account for the forces exerted from the environment
onto the resonator we add a friction-like term to 2.1 that is propor-
tional to the velocity and the mass. Then we use k = ω2

0meff and
divide the whole equation by meff to get

d2z(t)
dt2 + Γ

dz(t)
dt

+ ω2
0z( t) = 0, (2.2)
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here the Γ factor is the rate at which the oscillator exchanges energy
with the environment. The Q-factor Q of a resonator is a quantity that
stands for how much energy per cycle remains in the resonator.

Q = 2π · Total Energy
Energy loss per cycle

. (2.3)

A good resonator that doesn’t loose much energy via the friction
(damping) term has Γ � ω0 and then the quality factor becomes Q =
f0
Γ . This is the case for the resonators described in this work.

The linear coherently driven oscillator

In the presence of a coherent driving force of the form

F(t) = F0cos(ωt + φ), (2.4)

one can take 2.4 as the real part of

F(t) = F0ei(ωt+φ), (2.5)

where ω and φ are the frequency and the phase of the driving force
respectively. Defining F̂ = F0eiφ and adding it to 2.2 we get

d2z(t)
dt2 + Γ

dz(t)
dt

+ ω2
0z( t) =

F̂eiωt

meff
. (2.6)

Assuming a solution of the form z(t) = ẑeiωt = z0ei(ωt+∆) and
plugging it in this equation we get

ẑ(ω) =
1

meff(ω
2
0 −ω2 − iΓω)

F̂ = χ̂(ω)F̂(ω), (2.7)

where χ̂(ω) is the mechanical susceptibility, as a function of the force
frequency. Then we express χ̂(ω) as χ(ω)eiϕ and we have

ẑ(ω) = χ(ω)eiϕF0eiφ. (2.8)

From this relation we can extract the resonator amplitude z(ω) and
the phase difference between the force and the oscillators amplitude
ϕ(ω) are

z(ω) =
F0

meff

√[
(ω2

0 −ω2)2 + Γ2ω2
] , (2.9)

ϕ(ω) = arctan

(
−Γω

(ω2
0 −ω2)

)
. (2.10)



2.1. Basics of nanomechanics 5

Figure 2.1 shows 2.9 and 2.10 in the frequency domain. In the fig-
ure it is shown how the damping can be extracted from the width of
the peak at one half of the maximum squared amplitude (FWHM).
This is the way the damping will be extracted in order to calculate the
mechanical Q factor in the rest of this work.

FIGURE 2.1: Plot of the amplitude response (green curve and left axis) and the
phase response of an oscillator (yellow curve and right axis) as a function of

the driving frequency. Adapted from [1]

The linear incoherently driven oscillator

When the resonator is driven by an incoherent force δF(t) such as the
one exerted by the fluctuating thermal forces, one can write the equa-
tion 2.6 as follows

d2z(t)
dt2 + Γ

dz(t)
dt

+ ω2
0z( t) =

δF(t)
meff

. (2.11)

Solving again the differential equation in the same way as for the
coherently driven oscillator, we similarly obtain that

ẑ(ω) = χ̂(ω)δF̂(ω). (2.12)

But in this case a different strategy is followed in order to exper-
imentally extract information from the resonators response. What is
measured is the power spectral density (PSD), which is the Fourier
transform of the correlation function Cx(τ) of a time evolving signal
x(t). The PSD Sx(ω) is then

Sx(ω) =
∫ ∞

−∞
Cx(τ)eiωτdτ, (2.13)
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with

Cx(τ) = 〈x(t)x(t− τ)〉, (2.14)

where the time series x(t) is measured in a time window (−T ≤ t ≥
T), so the correlation function is

Cx(τ) =
1

2T

∫ T

−T
x(t)x(t + τ)dt. (2.15)

If we do the Fourier transform of the correlation function we obtain
that

F[Cx(τ)](ω) =
1

2T
x̂(ω)x̂(−ω) =

1
2T
|x̂(ω)|2. (2.16)

And therefore because of the definition of the PSD given before,
we get

1
2T
|x̂(ω)|2 = Sx(ω). (2.17)

Then we write the equation 2.12 as

|ẑ(ω)|2 = |χ̂(ω)|2|δF̂(ω)|2, (2.18)

which means that

Sz(ω) = |χ(ω)|2SF(ω). (2.19)

It can finally be shown that the area under the one sided power
spectral density is related to the root mean square of the displacement
fluctuations A = 1

2π

∫ ∞
0 Sz(ω)dω = x2

rms, where we use x2
rms = 〈x2〉.

Therefore A is related to the temperature T of the vibrating mode by
the fluctuation dissipation theorem.

1
2

meffω
2
0x2

rms =
1
2

KBT, (2.20)

where KB is the Boltzmann constant. This way, by measuring Sx(ω)
we can get access to the temperature of the mode. Moreover, this
equations shows that, the lower the resonators mass, the bigger it’s
displacement will be under the actuation of a thermal force.

2.1.2 TMD resonator as a capacitor circular plate

The mechanical resonators measured in this thesis can be described as
circular membranes suspended over a trench at the bottom of which
there’s a metallic back gate [2, 3]. When they are electrically connected,
the membrane and the gate form a capacitor. If a potential difference
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Vg is applied between the membrane and the gate the flexible mem-
brane gets pulled towards the bottom gate. This capacitive force Fel
can be written as

Fel =
1
2

dC
dz

(Vg + ∆φ)2, (2.21)

here ∆φ is the work function difference between the TMD membrane
and the metal top electrode. This force can be either a static force or
an oscillating force by respectively applying a static voltage differ-
ence VDC

g or an oscillating voltage difference VAC
g ( f ). The later can

be used to drive the mechanical resonator when the frequency of the
oscillating voltage is around the resonator natural frequency. When
VAC

g � VDC
g the driving force can be written as

Fel( f ) =
1
2

dC
dz

(VDC
g + VAC

g ( f ) + ∆φ)2 ' dC
dz

VDC
g VAC

g ( f ). (2.22)

This force is used to drive our mechanical resonators in resonance
for this thesis. Moreover, when VDC

g is applied, there’s a deforma-
tion of the membrane. We assume that the membrane is well clamped
along its circular edge. The deformation generates a mechanical ten-
sion within the membrane and therefore a change of the resonance
frequency. The variation of the resonance frequency due to the elec-
trostatically applied pressure can be described by the following equa-
tion for membranes under initial strain (which will be the case for the
devices presented in this thesis)

f0 =
1

2π

√
4.92E2D

meff
ε− ε0

d3
0.271πR2

0
meff

(VDC
g + ∆φ)2, (2.23)

where E2D is the two dimensional young modulus of the membrane,

ε0 is the vacuum permitivity and d = dair
ε0

+
dSiO2
εSiO2

is the effective dis-
tance between the capacitor plates taking into acount the refractive
index of the different dielectric materials (air and SiO2 in our case). Fi-
nally, ε is the strain, defined as the ratio between the the actual radius
and the initial radius of the resonator ε = R0−Ri

Ri
being Ri the initial ra-

dius when there is no strain. One can see that when there’s no effective
gate voltage applied (∆VDC

g = VAC
g + ∆φ = 0) the natural resonance

frequency is given by the first term of the equation which depends
only on the tension, the young modulus and the effective mass. Due
to thermal expansion the strain can change according to the following
expression

ε = ε0 +
∫ T

T=300K
α(T0)dT, (2.24)
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were α is the thermal expansion coefficient. Therefore, a temperature
change in the lattice of the TMD membrane is related to a resonance
frequency shift.

The quality factor of the resonator is also affected by the static volt-
age applied between the membrane and the gate electrode. The me-
chanical motion generates a displacement current in the membrane
and, thus, Joule heating.. This heating induces additional dissipa-
tion ΓJ = Q−1 into the resonator and therefore it reduces its Q by
an amount given by the expression

ΓJ = RelC′z
2 (V

DC
g + ∆φ)2

2π fmmeff
, (2.25)

where Rel is the effective electrical resistance of the monolayer drum,
C′z is the derivative of the capacitance in the displacement direction
and fm is the measured resonance frequency [4].

2.2 Optomechanics

Optomechanics is the study of mechanical systems coupled to light.
More particularly we will describe mechanical oscillators coupled to
a laser beam via photothermal back action effects [5–9]. Back action
stands for the effect of the measurement probe on the measured sys-
tem. We use a laser that is used to measure the mechanical vibrations.
The laser induces absorption heating in on the TMD membrane lat-
tice which changes the resonant frequency and the damping of the
resonator This back action has two origins, as discussed next.

2.2.1 Static photothermal back action

The most straightforward case is the static photothermal back action.
When the TMD membrane is inside a laser field it will absorb a frac-
tion of the power. This increases the temperature and causes the lattice
to expand or contract changing the in plane tension of the resonator,
and as seen in equation 2.23, which causes a shift of the resonance fre-
quency. Moreover, the temperature change also affects the damping of
the resonator (it will be shown in Chapter 5 that Γ is temperature de-
pendent in TMD monolayers). For low enough powers, these effects
are both linear with respect to the absorbed laser power. This means
that the increase in temperature due to laser heating is less than 1 K.
Therefore, one can write the resonance frequency and the damping as

fm(Pabs) = fm(Pabs = 0) + aPabs, (2.26)
Γm(Pabs) = Γm(Pabs = 0) + bPabs, (2.27)
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where fm is the measured resonance frequency, Γm is the measured
damping and Pabs is the fraction of the input power that is absorbed
in the monolayer TMD lattice.

2.2.2 Dynamical photothermal back action

The second type of back action is the dynamical back action. It is
based on the same heating effect described above, but it takes into
account the time scale at which the heating process happens and the
fact that the amount of heating depends on the position of the mem-
brane (given that the laser forms an interference pattern and therefore
a gradient of intensity near the membrane). The equation of motion of
a mechanical oscillator under a delayed optical force produced by an
intensity gradient can be written as

d2z(t)
dt2 + Γ

dz(t)
dt

+ ω2
0z( t) =

1
meff

∫ t

0

dFz[z(t′)]
dt

h(t− t′)dt′, (2.28)

here the term h(t− t′) takes into account the delayed response of the
photothermal force. The time response is assumed to be an exponen-
tial decay of the form h(t) = 1− exp(−t/τ) where τ is the character-
istic time for the heat to thermalise.

To get an intuitive picture, the absorption heating expands the TMD
crystal, which is equivalent to a force. The displacement dependence
of the absorbed power laser is not constant because of the interference
pattern of the laser intensity in the direction perpendicular to the sub-
strate. In the course of one period of the displacement oscillation, the
absorbed laser power oscillates as well. Because the membrane takes a
finite time to heat up or to cool down, the photothermal force oscillates
with a finite phase shift compared to the displacement oscillation. The
in-phase photothermal force modifies the resonant frequency by ∆ fB
and the out-of-phase photothermal force modifies the damping rate
by ∆ΓB. Solving equation 2.28 we get that

∆( fB)
2 = f 2

m
dF
dz

1
k

1
1 + (2π fm)2τ2 , (2.29)

∆ΓB = −∆ΓmQ
dF
dz

1
k

2π fmτ

1 + (2π fm)2τ2 , (2.30)

with dF
dt ∝ Pabs and Q = fm

Γm
. We can see that by quantifying the shifts

of the frequency and damping due to the dynamical component of the
back action, one can get the characteristic time constant of the back
action force. Using equations 2.29 and 2.30 we get

τ =
∆ΓB

4π2∆( fB)2 =
∆ΓB

4π fm∆ fB
. (2.31)
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This is the method that will be used in Chapter 6 to estimate the
phonon thermalisation time of single layer transition metal dichalco-
genides.
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Chapter 3

Monolayer transition
metal dichalcogenides

3.1 Crystal and band structure

Single layer (SL) transition metal dichalcogenides (TMDs) are a fam-
ily of atomically thin direct bandgap semiconductors. They are of the
form MX2, they consist of one metal atom M (Mo, W, Nb...) and two
chalcogenides X (S, Se, Te...). The structure of a single and bi-layer
lattices and their respective unit cells are shown in figure 3.1a,b. The
thickness t of a single layer, extracted from the layer-layer separation
c = 2t of bulk material, is about 0.6-0.65 nm. The bulk material con-
sists of a number of single layers bound together by Van der Waals
forces that are much weaker than the covalent forces that bound the
atoms within a single layer. Therefore, single layers can be easily iso-
lated using mechanical cleavage.

FIGURE 3.1: (a) and (b) show the lattice structure (left) and unit cell (right)
of single-layer (top) and bi-layer (bottom) TMD crystal. (b) Calculated band
structure of a MoX2 TMD. It shows the valence band spin-orbit splitting ∆SOC

and the quasi particle band gap Eg. Adapted from [10] and [11]

The band structure of a typical SL TMD (Figure 3.1c) shows a di-
rect band gap transition at the K point. The band gap energy depends
on the TMD composition and ranges from 600 nm to 1500 nm [12]. SL



12 Chapter 3. Monolayer transition metal dichalcogenides

TMDs can be stacked on top of each other to make 2D heterostruc-
tures. This devices can take advantage of the strong absorption (or
emission) of TMDs at different wavelengths. The absorption of TMDs
is typically around 5-10% under white light illumination and can be as
high as 20% when exciting an exciton resonance. All these properties
make TMDs very attractive for applications in opto-electronic devices.

3.2 Optical properties

When a photon is absorbed by a TMD layer an electron-hole pair is
created, this electron-hole quasiparticle is called exciton. Excitons in
atomically thin TMDs have binding energies much larger than the
ones in regular bulk semiconductors (up to 550 meV [13, 14]). This
large binding energy originates from the confinement of electrons within
the layer, so that the electric field outside the layer between the elec-
tron and the hole of excitons is poorly screened by other charges. Ex-
citon resonances play an important role in the optical properties of
single layer TMDs (fig. 3.2).

FIGURE 3.2: Ideal absorption spectrum of a single layer TMD. Adapted from
[14]

Excitons are similar to the excited states of hydrogen atoms that
can decay into a vacuum state by emitting a photon. This process is
called photoluminescence. Analogously to the Hydrogen atom, they
also present a series of excited states that get closer and closer at higher
energies. These high energy excited states eventually merge with the
free particle conduction band (Figure 3.2 inset).

3.2.1 Absorption

Excitons enhance the absorption in SL TMDs at given wavelengths.
Figure 3.2 and figure 3.3a, show the ideal absorption spectrum and an
experimental absorption measurement of a SL TMD, respectively. In
order to investigate the absorption spectra of 2D materials there are
several strategies (with the differential reflectance and the absorbance
being the most commonly used). In the first one a white light or a laser
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FIGURE 3.3: (a top) Linear absorption measured at room temperature on a
WSe2 monolayer. A and B corresponds to the exciton resonances from tran-
sitions from the two highest energy spin-orbit valance bands and the lowest
energy conduction bands at the K(K’) point of the Brillouin zone (see figure
3.1). A’ denote the 2s state. (a bottom) Second-order derivative of the absorp-
tion spectrum. (b) Sketch of the phonon assisted photoluminescence process.

(a) and (b) adapted from [15] and [1] respectively

is shined on the 2D material which is on top of a substrate. The re-
flected light is collected and sent to an spectrometer. The same process
is repeated in a region of the substrate with no 2D material. By com-
paring (subtracting) the two measured spectra one gets the absorp-
tion at each wavelength. The first and second numerical derivative of
the reflectance can be computed to get a more accurate information
of narrow absorption features (Figure 3.3a). Alternatively, absorbance
measurements can be carried out by shining light on the 2D material
placed on a transparent substrate in this case. The spectrum of the
transmitted light may be obtained, with the use of a spectrometer.

3.2.2 Photoluminiscence

In many semiconductors, photluminescence (PL) occurs when an elec-
tron is photo-excited from the valence band to the conduction band
decays by emitting a photon. The energy of the photon corresponds
to the energy of the band gap. However, when a photon is absorbed
in a SL TMD, the electron and the hole bind together forming an ex-
citon and then they recombine emitting a photon. The energy of the
emitted photon in TMDs is lower that the energy of the band gap and
corresponds to the energy of the exciton band. If the excitation energy
is higher than the exciton energy, the photo-generated exciton will de-
cay until it reaches the lowest level of the exciton band, and then it
will recombine. The energy difference between the exciton emission
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FIGURE 3.4: (a) Photoluminescence spectrum of a single layer (red) and bi-
layer (green) MoS2. The inset of (a) shows the decrease of the photon quantum
yield of the material from 1 to 6 layers. (b) Photoluminescence specra of a
WSe2 monolayer measured during this thesis at room temperature (red) and

at 3.5K (blue). (a) Adapted from [16]

and the absorbed photon is mostly transferred to phonons. This pro-
cess is called phonon assisted photoluminescence (Figure 3.3b). Out
of resonance photoluminescence measurements consist on shining a
laser (excitation laser at much higher energy than the exciton) on the
sample and measuring the low-energy photons.

Due to interlayer interaction, when increasing the number of lay-
ers of the TMD the photoluminescence is reduced by several orders of
magnitude (Figure 3.4a) [16]. At the same time by increasing the num-
ber of layers shifts the exciton energy. This makes PL measurments an
easy way to determine if a TMD is single layer.

When lowering the temperature there are different effects in the
photoluminescence. First, the inter atomic distance is reduced due
to thermal expansion. This effect blue-shifts both the band gap and
the exciton energies. Second, the thermal energy of the lattice and
the carriers is reduced and this reduces the exciton-phonon interaction
[17]. This effect reduces the broadening of the exciton peaks (Figure
3.4b). Therefore, the photoluminescence peaks get sharper and other
exciton peaks such as the trion (exciton formed by two electrons and
a hole or two holes and one electron) peak can be observed [18].

3.3 Mechanical properties

As seen in Ch. 2 (Eqs. 2.20 and 2.23), the mass of the resonator is a cru-
cial parameter for sensing applications. A low mass provides a higher
mechanical response to force noises and higher resonance frequencies,
both increasing the resonator sensing capabilities, since the force noise
is given by

SF = 4KBT
meff
Q

, (3.1)
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and the mass sensitivity is given by

Sm =
δ fm

meff f0
, (3.2)

where fm is the frequency of the oscillator after absorbing an aditional
mass and f0 is the initial frequency of the oscillator. The atomical
thickness t = 0.65 nm (extracted from the c = 2t lattice parameter
and also measured by AFM) of the TMDs is one of the features that
makes them very interesting for optomechanics. Here we will see that
not only the mass but also the Young’s modulus and the strain (equa-
tions 2.23 and 2.24) are important parameters in 2D optomechanical
devices.

3.3.1 Young modulus

The two dimensional in-plane Young’s modulus E2D defines how a 2D
material is susceptible to get strained ε when a stress σ is applied to it.

σ = E2Dε. (3.3)

In TMDs we have E2D WSe2=116 N·m−1 and E2D MoSe2=103.9 N·m−1

[19]. For comparison the Youngs modulus of graphene is E2DGraphene =

340 N·m−1. In addition to their great in-plane strength, TMDs can be
strained up to ε=20% [20, 21].

3.3.2 Thermal expansion

For a two dimensional material, the thermal expansion coefficient α is
defined as

α(T) =
1

a(T)
da(T)

dT
, (3.4)

where a(T) is the value of a given lattice parameter in equilibrium at a
temperature T. In Fig. 3.5 the theoretically calculated thermal expan-
sion coefficient of different TMD monolayers shows a strong depen-
dence in temperature. Furthermore, in stark contrast to graphene and
hexagonal boron nitride, TMDs present a positive thermal expansion
coefficient [22, 23].

Due to their atomic thickness, the bending rigidity of 2D materials
is small. Consequently, the resonance frequency of resonators based
on this materials is dominated by tension. The resonance frequency is
sensitive to the thermal expansion of the material.
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FIGURE 3.5: The upper panels correspond to the dependence of the in plane
inter-atomic distance (lattice parameter) versus temperature and the lower
panels show the temperature dependence of the thermal expansion coeffi-

cient. Adapted from [19]

3.4 Thermal transport

Thermal transport has been widely studied on microfabricated sys-
tems for over 20 years [24–27]. These systems have been used to un-
derstand the underlying nature of thermal energy transport in nan-
odevices microfabricated from bulk materials such as Si, SiC and SiN.
Devices usually consist on suspended nanowires and suspended mem-
branes of thicknesses of around one micron. The nanowires and mem-
branes are connected to micro-engineered heat sources and thermome-
ters that have to be carefully calibrated (Fig. 3.6). Using such systems
the measurement of the quantum conductance of thermal transport
was reported in 2000 [24] (Fig. 3.6a). The thermal transport in top-
down microfabricated devices is rather well understood.

Thermal transport in individual nanoscale systems such as nan-
otube and graphene is rather challenging. New techniques were de-
veloped. This includes the Raman measurement of thermal transport
in monolayers, where a laser beam is focused on a suspended mono-
layer [references]. The heat flow is given by the absorbed laser power,
and the thermal gradient is measured from the shift in frequency of the
Raman peak. This Raman measurement of thermal transport has been
used by a large number of groups in the world [references]. However,
such measurements cannot be carried down to helium temperature,
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FIGURE 3.6: Collection of microfabricated devices used to study thermal
transport of bulk materials such as Si, SiN, and SiC. Adapted from [24–27]

because large laser power is required to detect the temperature gra-
dient. Beautiful experiments down to helium temperature were car-
ried out by suspending either an individual carbon nanotube or an in-
dividual graphene flake between two microfabricated structures con-
taining integrated heaters and thermometers [28–30] (Fig. 3.6). How-
ever, the fabrication of such devices is challenging, and the calibra-
tion of the measured thermal conductance has to be done in a care-
ful way. Recently the heat transport of electrons in a graphene based
bolometer was reported [31]. The measurement method consisted
in probing the variation of the Jonson-Nyquist noise of a boron ni-
tride/graphene/boron nitride suspended heterostructure coupled to
a photonic cavity.

3.4.1 Thermal transport of 2D materials

Thermal transport in most two dimensional materials is carried out by
phonons [32, 33]. There are different regimes of thermal transport. For
instance, transport can be diffusive, ballistic or hydrodynamic [34].
Experimentally, one can probe the transition between different ther-
mal transport regimes by measuring the thermal conductance K (re-
sistance 1/K) as a function of temperature [33, 34]. Other interesting
quantities to measure are the phonon mean free path and the heat ca-
pacity. None of these quantities has been measured yet as a function
of temperature in 2D materials.
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FIGURE 3.7: (a) Monolayer membrane coupled to a focused laser beam. The
laser acts as a local heat source. The heat travels through the monolayer crys-
tal from the center of the crystal to its circular clamping edge. Because of the
thermal resistance, the heat flow ∆P leads to a temperature gradient ∆T. The
yellow region corresponds to higher temperature, while red black regions cor-
respond to lower temperature. (b) Schematic of the power flow. The power
Pin flowing into the monolayer crystal is equal to the power Pout flowing out
the crystal. (c) Normalized temperature profile in the radial direction of the

TMD lattice calculated from equation 3.7 [35–42]

Thermal conductance

We can define the thermal conductance K as the power flow divided
by the temperature gradient [35].

K =
∆P
∆T

. (3.5)

Figure 3.7 depicts how a temperature gradient ∆T can be created
by shining a laser onto the middle of a suspended TMD circular mem-
brane. The heat flow ∆P given by the laser power absorbed in the
membrane (Figure 3.7a). It is assumed that the absorbed energy is
transferred to the phonons of the membrane (Figure 3.7b).

The thermal conductivity of graphene and other 2D materials has
been intensively studied with Raman measurements [35–42]. The tem-
perature at the center of the membrane is probed by measuring the
shift of the Raman-peak frequency δ fR when sweeping the absorbed
laser power P, which gives δ fR/δP. The temperature variation is cal-
ibrated by measuring the Raman-peak frequency as a function of the
temperature of the setup, that is, δ fR/δT. The thermal conductance
can be inferred from

K =
∆P
∆T

=
δ fR/δT
δ fR/δP

. (3.6)

Many groups [35, 36, 40, 41] have successfully used this technique
to measure the thermal conductivity of different 2D materials. How-
ever, due to the high power needed to excite Raman peaks (tipically
about 100µW) this method can not be used at cryogenic temperatures.
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Thermal conductivity

In order to compute the conductivity from the conductance, one has
to take into account the thickness of the membrane and the Gaussian
profile of the laser beam. We also assume that the circular clamping
edge acts as a heat sink (which was confirmed experimentally by Yan
and collaobrators Yan et. al.) [40].

The thermal conductivity κ is inferred from K using the heat dif-
fusion equation as introduced by [41]. The spatial temperature rise
(Figure 3.7b) induced by the absorbed laser power variation ∆P along
the radial cordinate r is given by

∆T(r) =
∆P

2πκt
ln
(

R0

r

)
γ(r), (3.7)

where K is the effective conductance, t is the thickness of the TMD
monolayer and R0 is the radius of the suspended drum. Finally γ(r)
is given by

γ(r) = 1 +
Ei
(
− r2

r2
0

)
− Ei

(
− R2

0
r2

0

)
2 ln

(
R0
r

) (3.8)

where Ei is the exponential integral function. The edge of the drum-
head is assumed to be well thermalized to the environment, so that
T(R = R0) = T0 (Figure 3.7a). The temperature decreases logarithmi-
cally along r between r0 and R0 as seen in Figure 3.7c. Then one gets
the final expression

κ = K
η

2πt
, (3.9)

here we get that η is a constant of the order of unity, which depends
on the temperature profile along the radial coordinate r.
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Chapter 4

Device Fabrication and
Measurement Setup

4.1 Introduction

In this chapter we will address the details of the device fabrication
and the measurement setup. The fabrication of all the devices stud-
ied in this work was fully performed at ICFO using the same pro-
cess for all the samples. The nano-mechanical readout and the micro-
photoluminescence setup were both mainly developed by coworkers
Antoine Reserbat and Ioannis Tsioutsios, also at ICFO.

4.2 Fabrication of single layer transition metal
dichalcogenide nano-electro-mechanical sys-
tem

All the devices measured in this thesis consist of drumhead resonators
based on single layer TMDs. More specifically, the materials used are
WSe2 and MoSe2.

4.2.1 Substrate: electrodes and holes patterning

The substrates on which the single layer flakes will be transferred are
fabricated starting from Si++/SiO2 chips. The Si back gate tickness is
1 µm and the SiO2 thickness is 285 nm. We evaporate gold electrodes
and etch 3-5 µm holes in the SiO2 using the following fabrication pro-
cess (Fig. 4.1). First, a PMMA mask is used to pattern the 5 µm wide
gold electrodes by electron beam lithography (EBL). Once the PMMA
is patterned by EBL, we develop the PMMA using MIBK (4-methyl-2-
pentanone), and we evaporate a 5 nm thick Titanium adhesion layer
and a 50-100 nm thick gold layer, using a thermal evaporation system.
The PMMA, together with the residual gold, is lifted-off using acetone.
Once the gold electrodes are patterned we etch the holes in the SiO2.
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For this we again cover the chip with PMMA and then pattern the (3-
5µm) structure by EBL. As for the electrodes, the pattern exposed to
the electron beam is developed. Then, the exposed SiO2 patterns are
etched by Reactive Ion Etching (RIE). The trench depth used for most
of the devices presented in this thesis ranges between 150 and 180 nm.
The residual PMMA is finally removed by acetone and oxygen plasma
cleaning.

FIGURE 4.1: Sketch of the fabrication process.

4.2.2 Exfoliation

Single layer TMDs are obtained by mechanical exfoliation of bulk ma-
terial. The starting bulk material are commercial crystals (Figure 4.2b.1,
b.3) from hqgraphene and 2D semiconductors. This commercial bulk
TMD crystals are produced by chemical vapor deposition (CVD). The
mechanical exfoliation is done using a silicon based organic polymer
called polydimethylsiloxane (PDMS). This polymer is widely used, be-
cause of the low amount of contamination that is left on the exfoliated
flakes.

The exfoliation step is made on a thick (1-3 mm) PDMS home made
layer which is stuck on top of a glass slide (figure 4.2a, b.4). This slide
is used to hold the flake downwards during the transfer of the flake to
the substrate (figure 4.2c). In order to identify single layer flakes we
used reflectance optical contrast measurements (figure 4.2b.2). Single
layers are confirmed afterwards with room temperature photolumi-
nescence measurements.

4.2.3 Dry transfer and final device

In this process a micro-manipulator is used to position the flake on
top of the substrate (Figure 4.2c). The glass slide (with the thick PDMS
layer and the flake) is attached on the arm of a micro-manipulator.
The substrate is fixed on a rotation stage. By keeping the substrate in
focus, the flake is aligned with respect to the prepatterned structure.
Once the PDMS carrying the flake is in contact with the substrate we
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FIGURE 4.2: (a) Sketch of the exfoliation step. (b) Images of (b.1 and b.3)
bulk WSe2 and MoSe2, (b.2) single layer exfoliated on top of a thick PDMS
laayer as the one shown in (b.4), (b.4) a glass slide with a thick PDMS layer,
with exfoliated few-layer flakes on top. (c) Picture of the transfer setup. The
micromanipulator contolling the glass slide and the flake position is in the
red dashed square. The optical microscope, the down facing glass slide and
the substrate mounted on a rotation stage are in the green dashed sqare. (d)

Sketch of the dry transfer process.

start to slowly pull off the PDMS, so that the flake is left behind on
the substrate (figure 4.2d). This is process is very robust, with success
yields of around 70-80% for holes of 3 µm. Figure 4.3 shows a col-
lection of some of our devices fabricated with this technique. As dis-
cussed later, this fabrication process produces a fairly homogeneous
and reproducible initial tension in the drums [43–46].

4.3 Experimental setup

Our measurement setup allows us to measure the mechanical vibra-
tions of monolayer drums and to carry out photoluminescence mea-
surements of TMD flakes. For all the measurements the sample is
inside a cryo-free cryostat (3-300K) and under high vacuum (10−6 −
10−8 mbar).
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FIGURE 4.3: Optical images of fabricated devices. The first row shows single
layer WSe2 devices and the other are made of single layer MoSe2.

4.3.1 Motion excitation and detection

The laser source is a continuous wave HeNe laser. The laser is fo-
cused on the sample by a MITUTOYO 100x objective with NA=0.7
and focal length f=200mm. The spot size (beam waist) of the laser
beam has a radius r=350 nm. The focused light goes trough the sus-
pended TMD, is reflected on the Si back gate and goes trough the flake
again. The reflected light is sent to an avalanche photo-diode (Thor-
labs APD130A/M) with a bandwith of 50 MHz.

The detection principle works as follows. The input and reflected
beam interfere with each other creating an interference pattern. A sim-
ulation of the interference pattern is shown in figure 4.4c. Therefore
the TMD membrane will vibrate in a gradient of intensity. Because
the TMD membrane has a constant absorption coefficient (5-10% at
= 633nm), it will absorb a different amount of light depending on its
position. The vibrating membrane modulates the reflected intensity.
The modulated reflection is then detected by the APD which feeds a
signal analyzer (SA Agilent Technologies CXA N9000 9kHz-3GHz).

The cryostat contains radio-frequency connections that allow us to
apply an AC voltage VAC

g between the flake and the Si back gate. The
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FIGURE 4.4: (a) Schematic of the full setup. The green line corresponds to the
HeNe-633 nm probe laser used to probe the mechanics and excite the PL. The
red line corresponds to the emitted photoluminescence. (b) Schematic of the
device probed with the lase beam. (c) Numerical simulation of the intensity
profile of the interference patter created by the reflected laser at the Si/SiO2
interface. The blue region corresponds to the SiO2 layer and the black dashed
line corresponds to the position of the TMD for the sample discussed in Ch. 6.

signal of the vibrations is detected with a spectrum analyzer.
The setup has another excitation source, a titanium-sapphire laser

(TiSa). The intensity of this laser can be modulated by an acousto-
optical modulator (AOM) in order to photo-thermally actuate the mem-
brane.
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4.3.2 Photoluminescence

The setup allows us to measure the photoluminescence emission of the
TMD flakes. We use a dichroic mirror that reflects the HeNe light but
is transparent to higher wavelengths. This way, only the PL signal is
transmitted trough this mirror. The PL signal is measured by a Single
Photon Counter APD or a Spectrometer. The first one measures with
very high efficiency the emitted photons, providing information about
the PL intensity. The second one provides spectral information of the
emitted photons.
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Chapter 5

TMD Nano-resonators at
Low Temperature

5.1 Introduction

The results of this chapter were published in [High Quality Factor
Mechanical Resonators Based on WSe2 Monolayer, NanoLetters, 16.8
(2016)]

Monolayer transition metal dichalcogenides (TMDs) are two-dimensional
direct bandgap semiconductors that have attracted considerable at-
tention because of their unique optical properties [16, 30, 47–56]. In
principle, suspending such monolayer TMDs should form remarkable
opto-mechanical resonators. They are extremely thin, like graphene
[57–61]. Owing to their low mass, the mechanical vibrational states
of TMD resonators are extremely sensitive to external force [62] and
adsorbed mass [63]. This holds promise for sensing applications and
for coupling mechanical vibrational states to various optical degrees
of freedom of monolayer TMDs, such as bright and dark two dimen-
sional excitons [16, 49], valley pseudo-spins,[30, 50, 53] and single
quantum emitters embedded in the monolayer [48, 52, 55, 56]. How-
ever, semiconducting TMD mechanical resonators have been operated
only at room temperature thus far [43, 64–67]. Room-temperature op-
eration is detrimental to opto-mechanical experiments, because the re-
combination and coherence time of two-dimensional excitons and val-
ley pseudospins are short, and single quantum emitters only emerge
at cryogenic temperatures. An even greater obstacle for all these ex-
periments is the low quality factor Q achieved so far in monolayer
TMD mechanical resonators (Q ≤ 100) [66–68]. Therefore, it is im-
portant to develop a method to measure TMD resonators at cryogenic
temperature in order to reduce damping. Electrical mixing techniques
have been used to measure nanotube, graphene resonators, and other
metallic nanosystems at helium temperature [4, 58, 60, 61, 69, 70] but
such techniques are challenging to apply to semiconducting TMD res-
onators without Joule heating because of their high electrical resis-
tance. Here, we show that optical detection of TMD resonators can
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be employed down to 3.5 K without being affected by laser heating.
This is possible because we have found that the Q-factor becomes ex-
tremely high at low temperature, allowins us to detect mechanical vi-
brations with low laser power.

5.2 Device characterization

We produce drumhead nanoresonators based on WSe2 monolayers.
The fabrication relies on the dry transfer of thin WSe2 crystals over
prestructured holes. In this first section we characterize the basic fea-
tures of the device. We start with photoluminescence characterization
at room and low temperature, to quantify the number of layers and
the doping level. We also test the mechanical vibrations of different
devices and their mechanical response to the electrostatic actuation at
different temperatures.

5.2.1 Photoluminescence

Regions corresponding to monolayers are identified by the enhanced
emission in photoluminescence maps (as explained in Ch. 3) and the
corresponding spectra (Fig. 5.1 b,d). At 3.5 K, these spectra feature
narrow peaks associated with two-dimensional excitons and trions, la-
beled as X0 and T, respectively. The observation of trions indicates that
the monolayer is doped, which we attribute to molecules adsorbed on
its surface.

5.2.2 Driven mechanical response

The mechanical vibrations are detected by optical interferometry [7,
57] using ultralow laser power down to 70 nW in order to prevent
heating. A continuous wave laser impinges on the device, and the
reflected laser light is modulated by an amount proportional to dis-
placement of the resonator. More specifically, the laser forms a stand-
ing wave pattern in the direction perpendicular to the Si substrate,
such that the displacement of the WSe2 monolayer modifies its optical
absorption [7, 57]. In order to prevent heating of the WSe2 lattice, the
laser power is kept as low as possible, and the reflected light is col-
lected with a large numerical aperture objective and detected with an
avalanche photodetector (APD).

We measure driven mechanical spectra such as those in Fig. 5.2.
We also measure the shape of the mechanical eigenmode by measur-
ing the driven displacement at different positions (Fig. 5.1 e).

Motion is actuated by applying an oscillating voltage between the
monolayer and the back-gate of the substrate [57] that together form a
capacitor. This capacitive actuation is possible because the monolayer
is doped. Given the high quality factors of the resonators, the applied
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a b c

d e

FIGURE 5.1: Optical image of an array of WSe2 mechanical resonators. For
the same device, both emission and a mechanical spectrum are recorded at
each laser position, thus providing a spatial map of the WSe2 PL emission (b),
and the extracted mechanical resonance frequency fm (c). For each position
of the laser, we record the mechanical spectrum and we extract the resonance
frequency of the fundamental mode. (d) Photoluminescence spectra of mono-
layer WSe2 at 300 K (red) and 3.5 K (blue). (e) Spatial map of the nanomotion
amplitude for a WSe2 monolayer resonator with the drive amplitude VAC

g =
l mV. Dash line represents the WSe2 resonator outline. The drum studied in

(d,e) is marked by an arrow in (a,b).

driving force has to be low in order to keep the resonator amplitude
in the linear regime. Measurements presented in this work are carried
out in the linear regime; an example of nonlinear Duffing response is
shown in Fig. 5.3.
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FIGURE 5.2: Driven spectra of different resonators based on WSe2, MoSe2 and
MoS2 monolayers. Sample number is undicated as SA, SB, SC and SD 5.11.

5.3 Mechanical damping

5.3.1 Damping as a function of temperature

The parameter that has the most dramatic effect on the damping is
the temperature. Fig. 5.4b shows the temperature dependence of the
Q-factor.

For the best resonator, we observe ultrahigh quality factors up to
Q= fm/Γm ∼ 47 000 at helium temperature, where fm is the resonant
frequency and Γm is the resonance line-width. This is more than 2
orders of magnitude higher than the Q-factor of monolayer TMD res-
onators previously measured [43, 67, 68]. This also surpasses by a
factor 3 the highest measured Q-factor of graphene resonators with
similar dimensions and cooled at helium-4 temperature [58, 61]. Upon
increasing the cryostat temperature, the Q-factor decreases (Fig. 5.4b).
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FIGURE 5.3: Response of a monolayer WSe2 mechanical resonator to an os-
cillation force at 300K. The response is nonlinear at high drive voltage (right

panel).

It reaches Q ∼ 166 at room temperature, a value consistent with pre-
vious reports.

5.3.2 Damping vs laser power

As explained in Chs. 2 and 3, the effect of the laser power and tem-
perature are linked, since the absorbed laser power can heat the mem-
brane lattice and induce forces on the resonator. For this reason, the
low laser power used to detect the vibrations is central to achieving
these ultrahigh Q-factors. Fig. 5.5 displays the quality factor as a func-
tion of the input laser power P. We find that the quality factor remains
approximately constant for P below ∼200 nW. For larger P, the Q-
factor decreases, indicating that the laser perturbs the dynamics of the
resonator.

In the following, we show that the laser affects the resonator through
two physical processes: absorption heating and dynamical photother-
mal back-action [5, 7]. In absorption heating, the laser increases the
temperature of the device lattice, so that the damping Q−1 is expected
to increase (as shown in Fig. 5.4b). Dynamical photothermal back-
action arises from the gradient of the photothermal force and the finite
response time of the resonator to a temperature change. The resulting
delayed force modifies the damping of the resonator by ∆Γ = ∆(Q−1)
(Eq. 2.30) and, therefore, its effective temperature. Depending on the
sign of the gradient dF

dz (Eq. 2.30), ∆(Q−1) is positive and the resonator
cools down, or ∆(Q−1) is negative and the resonator heats up.
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FIGURE 5.4: High Q-factor WSe2 mechanical resonators. (a) Resonator dis-
placement as a function of drive frequency for devices A (shown in Fig. 1d,e)
and B. The solid red line is a Lorentzian fit to the data (blue points). We set
∆VAC

g = 15 mV at 3.5 and 75 K and 100 mV at 300 K. (b) Mechanical damping
(Q−1) as a function of cryostat temperature. The data points below 110 K are
taken with 200 nW laser power and 400 nW otherwise. We use ∆VAC

g between
10 and 50 mV depending on the temperature.

Laser heating and dynamical back action

We measure the temperature of the mechanical mode by detecting the
thermal vibrations of the resonator (Fig. 5.6a). The capacitive force is
switched off, and the resulting displacement noise is recorded with a
spectrum analyzer. Fig. 5.6a shows that upon increasing P, the inte-
grated area of the thermal resonance and its line width get both larger
with the cryostat temperature set at Tcryo = 20 K. This shows that the
temperature Tmode of the mechanical mode and the damping Q−1 both
increase, which is in agreement with the absorption heating process.

As explained in Ch. 2, Eq. 2.20 relates the area under the curve of
the thermal motion spectrum of the resonator to its mode temperature.
The thermal resonance area 〈z2〉 in the displacement spectrum allows
to quantify Tmode using meffω

2
m〈z2〉 = kBT mode with meff the effec-

tive mass of the mechanical mode and ωm = 2π fm. Fig. 5.6b shows
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FIGURE 5.5: Mechanical damping (Q−1) as a function of laser power

FIGURE 5.6: (a) Resonator displacement noise spectral density Sz taken at
20 K for different imput laser powers P. The area of the Lorentzian fit (red
curve) corresponds to the displacement variance 〈z2〉. The increase of this
area with P is a signature of laser-induced heating. (b) Energy of the resonator
mode meffω

2
m〈z2〉 extracted from noise spectra as a function of the cryostat

temperature. Dashed line corresponds to meffω
2
m〈z2〉 = kBT.

that Tmode scales roughly linearly with Tcryo at high temperature, indi-
cating that the resonator thermalizes with the cryostat. However, the
resonance area at Tcryo = 20 K corresponds to Tmode ∼ 50 K, showing
that absorption heating is substantial. The reason for this observed
heating is the particularly large laser power needed to resolve thermal
vibrations, that is, P > 10 µW.
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FIGURE 5.7: Effective temperature Teff of the fundamental mechanical mode
as a function of the laser probe power measured with the cryostat tempera-
ture set at 75 K. Teff is extracted by fitting the thermal resonance in the noise
spectrum, as described in the main text. As the laser power increases, the
mechanical mode cools down through dynamical photothermal back-action.

We find that dynamical photothermal back-action also lowers the
Q-factor. For temperature cryostat above 70 K, we find that the me-
chanical mode gets effectively colder upon increasing P (Fig. 5.7), in-
dicating that dynamical photothermal cooling becomes more efficient
than absorption heating. The dynamical photothermal cooling is re-
lated to the force gradient dF/dz induced by the standing wave of
the laser in the direction perpendicular to the substrate, as shown in
ref [7]. The cooling of the mode observed in our experiment indicates
that dF/dz > 0 and ∆(Q−1) > 0.31 This confirms that the high Q-factors
measured at low power in Figs. 5.4a and 5.2 do not originate from the
narrowing of the mechanical linewidth due to dynamical photother-
mal back-action.

5.3.3 Damping as a function of DC back gate voltage

The high Q-factors of capacitively driven vibrations measured at low
laser power are obtained upon tuning the back-gate voltage VDC

g as
close as possible to the equivalent work function difference ∆φ be-
tween the monolayer and the back-gate (Fig. 5.8). Otherwise, the Q-
factor can significantly decrease due to the electronic Joule dissipation
of the displacement current through the monolayer, the current being
generated by the TMD motion. As described in Ch. 2 the contribution
of the Joule dissipation is

Q−1
J = Rel

C′z2(VDC
g + ∆φ)2

2π fmmeff
, (5.1)
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where C′z = dC
dz is the derivative of the capacitance between the sus-

pended monolayer and the back-gate with respect to the displace-
ment, and Rel is an effective electrical resistance of the monolayer [4].
Our data are well described by Q−1

total = Q−1
WSe2

+ Q−1
J where QWSe2 is

the quality factor measured at VDC
g ≈ ∆φ (Fig. 5.8b). The comparison

between the measurements and eq 5.1 leads to Rel = 305 kΩ. Such a
value is comparable to the sheet resistance of a TMD monolayer with
weak doping [71, 72]. We emphasize that a direct comparison between
Rel and the sheet resistance is nontrivial, because of the uncertainties
in the geometry associated with Rel.

FIGURE 5.8: Mechanical damping Q−1 as a function of backgate voltage VDC
g .

The red line is a fit to eq 5.1. We use VAC
g = 10 mV

5.4 Testing the thermal expansion coefficient

We now turn our attention to the temperature dependence of the res-
onant frequency, which is found to be particularly strong (Fig. 5.9a,b).
This behavior is attributed to the thermal expansion of the membrane,
which modifies the tensile strain ε of the suspended monolayer as ex-
plained in Ch. 2 using eqs. 2.23 and 2.24.

The presence of tensile strain is further supported by the convex
parabola observed in the dependence of the resonant frequency on the
static back-gate voltage (Fig. 5.10). The convex parabola, which has
been observed in highly strained nanotube and graphene resonators
[60], has an electrostatic origin. For a circular membrane under tensile
stress, the resonant frequency is given by [3]

fm =
1

2π

√
4.92E2D

meff
ε− ε0

d3
0.271πR2

0
meff

(VDC
g + ∆φ)2, (5.2)
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FIGURE 5.9: Mechanical resonant frequency fm as a function of temperature
for two different devices. We use VAC

g between 10 and 50 mV depending on
the temperature. Red curve in (b) is a fit to Eq. 5.2 with VDC

g = ∆φ and using
the thermal expansion coefficient α of WSe2 predicted in ref [19] and shown
in (c). The gray area represents the imprecision due to the thermal expansion

coefficient of the substrate.

here, E2D = 116 N·m1 is the two-dimensional Young modulus of WSe2
monolayer [19], R0 =1.5µm is the drum radius, and d = 180 nm is the
equivalent separation between the membrane and the backgate elec-
trode (Ch. 2). The measurements can be well described by Eq. 5.2 us-
ing meff = 3x1017 kg. The obtained mass is close to the value expected
from the two-dimensional mass density ρ = 12 µg.m2 of WSe2, which
gives meff = 0.27πR0ρ = 2.3x10−17 kg. This good agreement shows that
the resonator mass predominantly consists of the WSe2 lattice with
only a small fraction of additional mass from adsorbed molecules.

Our measurements allow us to study the thermal expansion coef-
ficient αWSe2 , an important mechanical property of monolayer TMDs
that has not been experimentally investigated thus far. That is, we
use the thermal expansion coefficient αWSe2(T) calculated in the the-
ory work in ref [19] in order to reproduce the measured temperature
dependence of the resonance frequency. Fig. 5.10c shows that the cal-
culated αWSe2(T) is positive, in stark contrast to the negative coeffi-
cient encountered in many two-dimensional layers, such as graphene
[22, 58, 73] and hexagonal boron nitride [23]. The description of the
measured fm(T) with the calculated αWSe2(T) is obtained using Eq.
5.2 with VDC

g ≈ ∆φ and

ε = ε0 +
∫ T

T=300K
α(T0)dT, (5.3)

using the built-in strain ε0 at room temperature as a fitting param-
eter (Fig. 5.9b); the best agreement between the measurements and
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FIGURE 5.10: fm as a function of the backgate voltage measured at 130 K. The
red curve is the capacitive softening quantified by eq 5.2. We set VAC

g = 10 mV.

Eq. 5.2 is obtained with ε0 = 0.034%. The thermal expansion of the
substrate contributes to ε by a small amount since αSi(T),αSiO2(T) �
αWSe2(T); an upper bound of the substrate contribution to the reso-
nant frequency is indicated by the gray area in Fig. 5.9b. The tem-
perature dependence of the resonance frequency of the two measured
WSe2 resonators (Fig. 5.9a and Fig. 5.9b) are very similar similar,
which further confirms the thermal expansion coefficient in Fig. 5.9c.
Overall, our measurements show that the thermal expansion coeffi-
cient of WSe2 is positive and reaches a high value at room temperature
(αWSe2(T = 300K) ∼ 7x106 K−1). The precise knowledge of the ther-
mal coefficient of WSe2 over a wide temperature range is important
for heat management and designing future (opto-) electronic van der
Waals heterostructures.

5.4.1 Discussion on the high Q-factor measured at he-
lium temperature

High Q-factors are also observed in resonators based on other TMD
monolayers, such as MoS2 and MoSe2. Fig. 5.11 shows the Q-factor of
all the seven TMD resonators measured at helium temperature with
P < 10 µW. The corresponding spectra are shown in Fig. 5.2. All the
observed Q-factors are at least 1 order of magnitude higher than the
values reported previously and measured at room temperature.

The origin of the high Q-factors achieved in this work can be at-
tributed to a combination of different factors. First, the low amount
of adsorbed molecules is beneficial, because such contamination can
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FIGURE 5.11: Quality factors of various resonators based on WSe2, MoSe2 and
MoS2 monolayers. The measurements are carried out at helium temperature

with P < 10 µW.

increase dissipation through two-level systems [74, 75] and the dif-
fusion of adsorbed molecules [76]. Second, the phonon spectrum of
TMDs is expected to result in higher Q-factors compared to graphene,
because of the lower phonon−phonon scattering rate [77]. Third, the
strain of the suspended monolayer can lead to the enhanced Q, since
the Q-factor and the resonance frequency vary strongly in the same
temperature range, that is, between ∼80 and 300 K. The quality factor
Q = fm/Γm is indeed expected to get larger when fm increases, assum-
ing that Γm remains constant [78–80]. However, the increase of fm by
a factor 2 can only explain part of the factor ∼100 enhancement of the
Q-factor. The strong temperature dependence of the Q-factor can be
associated with the spectral broadening that arises from the interplay
of the amplitude fluctuations of thermal vibrations and nonlinearities,
such as the Duffing nonlinearity and mode−mode coupling [81–83].
Such spectral broadening is expected to reduce for larger strain, as is
observed in our experiments. The effect of spectral broadening can be
tested with ring-down experiments [66] but measuring the ring-down
in our devices requires large laser power, such that the mechanical line
width becomes limited by dynamical photothermal damping. Further
work is needed to clarify the underlying physics governing our ob-
served temperature dependence of the Q-factor.

5.5 Conclusions

We have reported an ultrasensitive optical readout of monolayer TMD
resonators that allows us to reveal their mechanical properties at cryo-
genic temperatures. We report Q-factors up to 4.7x10−4 at 3.5 K, thus
surpassing the Q-factor of graphene nanoresonators with similar ar-
eas. High Q-factors are obtained using low laser power in order to
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prevent absorption heating and by tuning the back-gate voltage so
that the damping contribution due to the electron-vibration coupling
is negligible. Upon cooling the resonators, the resonant frequency in-
creases steadily, which is due to the thermal contraction of the mono-
layer crystal. Because of the combination of the high mechanical Q-
factor and its fascinating optical properties, TMD monolayer provides
a unique platform for nano-optomechanics.
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Chapter 6

Optomechanical
measurement of the
thermal transport
proprieties of transition
metal dichalcogenide
monolayers

6.1 Introduction

This work is under submission [Nicolas morell, Slaven Tepsic, Antoine
Reserbat-Plantey, Andrea Cepellotti, Marco Manca, Andreas Isacsson,
Xavier Marie, Francesco Mauri, Adrian Bachtold].

Exquisite motion sensing is central to the celebrated results of mod-
ern gravitational wave detectors [84]. It also opens new possibili-
ties in condensed-matter physics, with recent advances in fields re-
lated to nano-magnetism [85, 86], persistent currents in normal metal
rings [87], and engineered electron-phonon coupling [88]. Here we
show how optomechanical systems can be used to study heat trans-
port in low-dimensional materials. Heat transport at the nanoscale is
of major fundamental interest for a broad range of research fields, such
as nanophononics [89], spintronics [90], and quantum thermodynam-
ics [91].

Phonons are the main carriers of heat in a large variety of low-
dimensional materials, including carbon nanotubes [28, 29], graphene
[32], and semiconductor monolayers [40]. Heat transport enters into
interesting regimes at low temperature, such as the dissipationless
transport through low-dimensional materials in the ballistic regime [28,
30, 92]. However, measuring the thermal conductance at cryogenic
temperature remains a challenging task. It requires the fabrication of
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sophisticated devices, which incorporate local heaters and thermome-
ters, and a careful calibration of the latter. A complication for in-
terpreting these measurements comes from the fact that the thermal
conductance depends on various quantities that have not been mea-
sured independently thus far. These include the heat capacity and the
phononic mean-free path.

Heat transport measurements in low-dimensional materials have
so far consisted in probing the thermal conductance K, that is, how
well the system conducts heat. In optomechanics, it is possible to
measure how quickly the mechanical resonator conducts heat [8, 9].
The characteristics time τ for the heat to travel out of the resonator
introduces a retarded force acting on the mechanical resonator [5, 7].
We combine both methods to measure K and τ in a optomechanical
resonator based on a vibrating MoSe2 monolayer. This allows us to
unravel the thermal properties of low-dimensional materials in an un-
precedented way, down to cryogenics temperature, and with a device
that is simple to fabricate.

6.2 Device characterization

The mechanical resonator consists of a MoSe2 monolayer drum (Fig.
6.1a,b). The fabrication of the device and the measurment priciples are
the same as those in Ch. 5. The device is fabricated by transferring a
MoSe2 monolayer over a substrate with a circular hole. The mechani-
cal vibrations (Fig. 6.1a,d) are detected by optical interferometry [7].

We select MoSe2 monolayers using optical microscopy measure-
ments for the fabrication of devices Fig. 6.1. We use low-temperature
photoluminescence measurements to confirm that fabricated devices
consist of monolayer flakes (Fig. 6.2). The spectrum shows the exciton
and the trion peaks of MoSe2 monolayers.

We carry out optomechanical experiments on stretched membranes.
As in the previous chapter, we estimate the strain from the measured
dependence of the resonant frequency on the gate voltage shown in
Fig. 6.3 using the expression

fm(VDC
g ) =

1
2π

√
4.92E2D

meff
ε− ε0

d3
0.271πR2

0
meff

(VDC
g + ∆φ)2, (6.1)

where E2D corresponds to the two dimensional young modulus of
MoSe2, R0=2.5 µm is the radius of the resonator, d=200 nm is the effec-
tive distance between the gate and the membrane (taking into account
the dielectric constant of the substrate), and ∆φ is the work function
difference between the gate electrode and the resonator. We obtain the
effective mass meff from the curvature of the parabola. We then esti-
mate the strain from the resonant frequency at VDC

g = ∆φ (see Ch.
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FIGURE 6.1: (a) Schematic of the optomechanical device. The transition metal
dichalcogenide monolayer drum [43, 68] is fabricated with the dry transfer of
thin MoSe2 crystals over prestructured holes. The mechanical vibrations are
driven capacitively and detected by optical interferometry [93]. The MoSe2
monolayer is a mobile absorber in an optical standing wave produced by
a 632 nm probe laser. The modulated laser reflection intensity is measured
with an avalanche photo-detector feeding a spectrum analyzer. (b) Optical
microscopy image of a typical device. (c) Heat transport induced by the ab-
sorption of the laser power. A temperature difference ∆T is created from the
heat flow. (d) Detection of the laser-induced temperature rise ∆T using the

fundamental mechanical mode of the optomechanical resonator.
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FIGURE 6.2: Photoluminescence spectrum of the MoSe2 monolayer used to
fabricate the 2.5 and 1.5 µm radius drums. The spectrum is recorded using
a HeNe laser with 20 µW power. The background of the spectrum is sub-

stracted.
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5). In all our MoSe2 drums we obtain a positive strain in the range
0.1-1%. The fact that our drums are under tension is confirmed by the
strong temperature dependence of the resonant frequency shown in
Fig. 6.5a. The latter behavior is attributed to the thermal contraction
of the MoSe2 crystal when lowering temperature (Ch. 5). The posi-
tive strain at room temperature arises from the built-in stress created
during fabrication (Ch. 5).

These measurements show that the membrane is flat when ∆VDC
g =

(VDC
g − ∆φ) ' 0, while it becomes bent at finite ∆VDC

g due to the elec-
trostatic force. We estimate that the central position of our drums is
deflected by about ≤10 nm when ∆VDC

g = 4V. Fig. 6.3 shows that
∆φ '0.2V for the 2.5 µm radius drum discussed in the main text.

FIGURE 6.3: Mechanical resonance frequency as a function of static gate volt-
age.

The intensity of the laser oscillates as a function of the coordinate
in the direction perpendicular to the substrate surface because of the
interference between the incident and the reflected beam. Fig. 6.4
shows the calculated intensity profile I(z) normalized to the intensity
I0 of the incident beam for our device layout. The oscillation of I/I0
is limited between 0.4 and 1.3 because of the absorption of the Si sub-
strate. The intensity of the beam is 0.5·I0 at the level of the monolayer.
The intensity profile in Fig. 6.4 is obtained using the Lumerical FDTD
full wave simulation. We use 5.7 % for the absorption coefficient from
the measurements in Ref. [41] . Overall, we have that the absorbed
laser power is P=0.5 · 0.057· P0 where P0 is the measured power of the
incident laser.

We verify that the absorption of MoSe2 monolayers at 633 nm re-
mains constant when varying the temperature from 3 to 300 K and
when sweeping the gate voltage from – 4 V to +4 V. We carry out
the measurements on MoSe2 monolayers transferred on Si chips. We
study the absorption by comparing the measured reflection power
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FIGURE 6.4: Simulated intensity profile of the normalised laser intensity in
the direction perpendicular to the substrate. The black dashed line at z=0 nm
corresponds to the position of the monolayer. The wavelength of the laser

beam is 633 nm.

when the laser beam is focused on the MoSe2 monolayer and when
it is focused nearby the monolayer. This measurements were made in
collaboration with Xavier Marie and Marco Manca (INSA, Toulouse,
France).

6.3 Measurement technique

As explained in Ch. 2 the fact of measuring the mechanical resonator
with the laser beam modifies the dynamics of the mechanical vibra-
tions by a small amount. This backaction has two components, the
static and the dynamical backaction. The former allows us to quantify
K, and the latter τ

6.3.1 Optomechanical measurement of the equivalent
thermal conductance

In Ch. 3 we introduced the Raman measurement used to quantify
the thermal conductivity of 2D materials. We measure the thermal
conductance in a way similar to this well-established method [35, 36].

The laser beam is focused onto the center of the MoSe2 membrane.
The static backaction is a simple absorption heating effect, which re-
sults in a temperature gradient ∆T between the center of the mem-
brane and its circular clamp (Fig. 6.1c). The heat flow is given by
the power ∆P absorbed in the membrane. In a Raman measurement,
∆T is quantified by the frequency shift of Raman-active peaks. In our
case, ∆T is measured by the frequency shift ∆ fT of the fundamental
mechanical mode (Fig. 6.1d). We measure the shift of the resonant
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frequency when the absorbed laser power P is increased in order to
get ∆P = δ fm

δP (Fig. 6.5b,d). We assume that the absorbed energy is
entirely transferred into the phonon modes of the crystal as in the Ra-
man method. As a calibration, we measure the resonant frequency as
a function of the temperature of the cryostat, that is, ∆T = δ fm

δT (Fig.
6.5a,c). As a result, the equivalent thermal conductance is

K =
∆P
∆T

=
δ fm/δT
δ fm/δP

. (6.2)

Mechanical MoSe2 drums with their high quality factor [93] are ex-
tremely good temperature sensors, allowing us to measure the linear
thermal conductance down to 3 K. This is a significant improvement
compared to Raman measurements, which are typically operated at
300K or above.

6.3.2 Measurement of the photothermal characteristic
time

There is a static and a dynamical backaction of the laser beam on
the dynamics of the resonator. The static backaction is a simple ab-
sorption heating effect that increases the temperature of the resonator
as discussed above. It shifts the resonant frequency by ∆ fT and the
damping rate by ∆ΓT. The dynamical backaction is related to the re-
tardation of the photothermal force τ. We measure τ from the effect of
the dynamical backaction on the electrostically driven vibrations. Ab-
sorption heating from the laser beam expands the MoSe2 crystal [93],
which is equivalent to a force acting on the membrane. The crystal ex-
pansion responds to a change in the absorbed laser power with delay,
that is, the time τ for the membrane to heat up or to cool down. The
absorbed laser power oscillates in time because of the oscillating mo-
tion of the membrane in the laser interference pattern used to detect
the vibrations. Overall, the photothermal force oscillates with a finite
phase shift compared to the motion of the membrane. The in-phase
photothermal force modifies the resonance frequency by ∆ fB and the
out-of-phase photothermal force modifies the mechanical linewidth
by ∆ΓB as seen in Ch. 2

∆( fB)
2 = f 2

m
dF
dz

1
k

1
1 + (2π fm)2τ2 , (6.3)

∆ΓB = −∆ΓmQ
dF
dz

1
k

2π fmτ

1 + (2π fm)2τ2 , (6.4)

here fm is the resonance frequency of the mechanical mode, k the
spring constant, z the coordinate in the direction perpendicular to the
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FIGURE 6.5: a) Resonance frequency of the mechanical mode as a function
of temperature for three different devices. (b) Shift of the resonance frequency
∆ fm as a function of absorbed laser power ∆P when the drum is in the straight
configuration. The temperature difference ∆T is obtained from ∆ fm using the
calibration slope ∆ fm/∆T in (a). The conductance is measured in the linear
regime, because the applied ∆P is low. The largest ∆T remains below 1 K. (c)

and (d) are the numerical derivatives of (a) and (b) respectively.

membrane, and dF
dz the derivative of the z-component of the photother-

mal force with respect to z. We have dF
dz ∝ P and Q = fm

∆Γm
. We infer τ

from ∆ fB and ∆ΓB for a fixed laser power using

τ =
∆ΓB

4π2∆( fB)2 =
∆ΓB

4π fm∆ fB
. (6.5)

Dynamical backaction in our device layout can be controlled with
the voltage applied to the backgate of the wafer. The backaction force
vanishes to zero for zero gate voltage when the membrane is flat,
because the photothermal force is perpendicular to the displacement
(Fig. 6.6).
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FIGURE 6.6: Cross section of the suspended monolayer membrane coupled
to the laser beam. (a) At ∆VDC

g ' 0 the membrane is flat, while a finite gate
voltage deflects the membrane. (b) When the membrane is flat, the dynamical
backaction is suppressed to zero. Indeed, the thermal expansion of the crystal
results in a force that cannot drive flexural vibrations. The force is perpen-
dicular to the displacement. When the membrane is bent with a finite gate
voltage, the dynamical backaction becomes finite, because the photothermal

force can drive the resonator.

Since the static and the dynamical backactions vanish to zero at
zero laser power, we linearize the measured frequency fm and damp-
ing rate ∆Γmas functions of absorbed laser power Pabs (Fig. 6.7).

fm(P) = fm(P = 0) + aPabs, (6.6)

Γm(P) = Γm(P = 0) + bPabs. (6.7)

At ∆VDC
g ' 0V there is static backaction, but no dynamical back-

action (Fig. 6.6),

∆ fT(P) = a0VPabs, (6.8)

∆ΓT(P) = b0VPabs. (6.9)

At ∆VDC
g = 4Vthere are both static and dynamical backactions

(Fig. 6.6),

∆ fT(P) + ∆ fB(P) = a4VPabs, (6.10)

∆ΓT(P) + ∆ΓB(P) = b4VPabs. (6.11)

The static dynamical backaction is expected to weakly change when
varying the gate voltage by a few volts, because the static displace-
ment remains small. Therefore,

∆ fB(P) = a0VPabs − a4VPabs, (6.12)
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∆ΓB(P) = b0VPabs − b4VPabs. (6.13)

As a result Eq. 6.5 becomes,

τ = − b0V − b4V

4π f0(a0V − a4V)
. (6.14)

FIGURE 6.7: Measured variations of the resonant frequency (a) and damping
(b) as functions of laser power for two different gate voltages. The dynam-
ical backaction force is finite at ∆VDC

g = 4V, while is suppressed to zero at
, while is suppressed to zero at ∆VDC

g ' 0V,see Fig. 6.6. (c,d) Shifts of the
resonance frequency ∆ fB and the mechanical bandwidth ∆ΓB as a function
of absorbed laser power ∆P. We obtain ∆ fB and ∆ΓB by subtracting the fre-
quency shift and the bandwidth shift measured in the bending configuration

from that measured in the straight configuration (a) and (b) respectively



50 Chapter 6. Optomechanical measurement of the thermal transport
proprieties of transition metal dichalcogenide monolayers

6.4 Equivalent thermal conductance and char-
acteristic photothermal time

The temperature dependance of the thermal conductance suggests the
crossover between ballistic and diffusive regimes (Fig. 6.8a). Below
∼ 100 K, the conductance gets larger when increasing temperature,
which indicates ballistic transport. In this regime, the mean-free path
is expected to be given by the characteristic size of the drum. Upon
increasing temperature above ∼ 100 K, the conductance starts to de-
crease, which is attributed to the reduction of the mean-free path due
to phonon-phonon scattering.

Ballistic transport below 100 K is further supported by dynamical
backaction measurements. Figs. 6.7c,d and 6.8b show that τ remains
constant in this temperature range within the error bars of the mea-
surements. We cannot measure τ above ∼100 K, since the reduced
quality-factor prevents us to resolve ∆ fB. The average time 〈τ〉 = 3.3
ns associated to the averaged phonon velocity v ' 1300 m/s com-
puted by first principles gives a characteristic length of about 4.3 µm,
which is consistent with the 2.5 µm radius of the drum.

FIGURE 6.8: (a) Thermal conductance K = ∆P/∆T as a function of temper-
ature. The right axis shows the conductivity in the diffusive regime, which
is obtained using Eq. 6.19 with η=0.61. The black line shows the conductiv-
ity computed in the diffusive regime for an infinitely large monolayer. The
red and the blue line corresponds to the conductance in the ballistic regime
computed from first principles for the 1.5 and the 2.5 µm radius drum, respec-
tively, using Eq. 6.20 with α = 2.1 and α = 3.2. (b) Time for the heat to travel
out of the drum as a function of temperature. The large error bars at 12 and
35 K are due to the drift of the resonance frequency caused by the automatized
heating and cooling switches in our cryofree cryostat. The dashed black line

corresponds to the averaged τ.
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6.5 Equivalent heat capacity

The thermal conductivity and the τ measurements allow us to di-
rectly quantify the equivalent heat capacity of an individual MoSe2
monolayer. The thermal transport in our experiment can be seen as
the unidirectional flow of energy from the laser beam into the mono-
layer membrane in a first step, and from the membrane to the environ-
ment in a second step (Fig. 6.9a). We assume that all energy absorbed
into the membrane flows to the environment via the phononic states
of the crystal – this is the assumption made in the Raman measure-
ments of thermal transport [35–42]. Because of the conservation of the
heat flow, the power Pin flowing into the monolayer crystal is equal
to the power Pout flowing out of the crystal. Here, Pin is the absorbed
power P of the laser, and Pout is related to the heat-induced energy
shift ∆Emonolayer (stored in the monolayer crystal) multiplied by the
energy escape rate 1/τ. This rate is given by the inverse of the mea-
sured characteristic time τ for the crystal to heat or to cool down. We
have

Pin = P, (6.15)

Pout =
∆Emonolayer

τ
. (6.16)

Setting Pin = Pout, we define the equivalent heat capacity

C =
∆Emonolayer

∆T
= τ · K. (6.17)

Fig. 6.9b shows that the temperature dependence of the heat ca-
pacity approaches a T2 dependence. This is consistent with the Td de-
pendence expected for two-dimensional systems in its simplest form,
where d = 2 is the dimensionality. Previous measurements of the
phononic heat capacity of nano-materials were carried out by packing
them in macroscopic ensembles, such as films of nanotube ropes [94]
and powders of MoSe2 multilayered crystals [95]. Such ensemble mea-
surements suffer from the coupling between nano-systems, which mod-
ifies the heat capacity at low temperature.

6.6 Thermal conductivity and specific heat ca-
pacity

The temperature profile along the heat flow has to be considered when
evaluating the specific heat capacity and the thermal conductivity of
MoSe2 monolayers (Figs. 6.8a and 6.9b). In the ballistic regime, the
temperature drops as 1/r along the radial coordinate r because of the
conservation of heat flow in our disc geometry. This contrasts with the
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FIGURE 6.9: (a) Monolayer membrane coupled to a focused laser beam. The
laser acts as a local heat source. The heat travels through the monolayer crys-
tal from the center of the crystal to its circular clamping edge. Because of the
thermal resistance, the heat flow ∆P leads to a temperature gradient ∆T. The
yellow region corresponds to higher temperature, while red black regions cor-
respond to lower temperature. (b) Schematic of the power flow. The power
Pin flowing into the monolayer crystal is equal to the power Pout flowing out
the crystal. (c) Specific heat capacity as a function of temperature. We convert
C = 〈τ〉K into c using Eq. 6.18 with β = 0.86. The black dashed line corre-
sponds to the T2 dependence. The black continuous line corresponds to the
specific heat capacity computed from first-principles. Since the displacement
sensitivity of the 1.5 µm radius drums was not good enough to measure τ, we
estimate 〈τ〉 from the value measured with the 2.5 µm radius drum and the

radius ratio.
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constant temperature profile along ballistic conductors with uniform
width. In the diffusive regime, the temperature decreases logarithmi-
cally along r due to phonon scattering events. The measured C and K
are converted into the specific heat capacity c and the thermal conduc-
tivity κ using

c =
C

πR2
0tρ

β, (6.18)

κ =
K

2πt
η, (6.19)

where R0 is the radius of the suspended drum, t = 0.64 nm the thick-
ness of the monolayer, and ρ the mass density of MoSe2. The constants
β and η are of the order of one and depend on R0, the radius r0 of the
laser beam, and the temperature profile. The conductivity is meaning-
ful in the diffusive regime only (Fig. 6.8a).

The measured temperature dependencies of c, K in the ballistic
regime, and κ in the diffusive regime are well described by first-principles
calculations on MoSe2 monolayers (Figs. 6.8a and 6.9b). For this, we
derive the ballistic conductance in our peculiar disc geometry assum-
ing that the inner reservoir is given by the radius r0, and the outer
reservoir by R0. We obtain

K = 2πr0tα · ρcv
2

, (6.20)

v =
∑q,s Cq,s

2|vq,s|
π

∑q,s Cq,s
, (6.21)

where Cq,s =
dnq,s
dT h̄ωq,s is the specific heat of the phonon of the branch

s with momenta q, ωq,s the phonon pulsation, nq,s the Bose occupa-
tion factor, and vq,s the group velocity. The constant α is also of the
order of one. The phonon properties of the monolayer lattice are cal-
culated using density functional perturbation theory. The conductiv-
ity is derived using the Boltzmann transport equation taking into ac-
count three-phonon interactions and isotopic scattering in the diffu-
sive regime [96]. The derivation of Eqs. 6.18-6.20 and the first-principle
calculations were performed by Andrea Cepellotti (University of Cal-
ifornia at Berkeley, California, USA), Andreas Isacsson (Chalmers Uni-
versity, Goteborg, Swedden) and Francesco Mauri (La Sapienza, Rome,
Italy).
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6.7 Conclusions

Our optomechanical measurements provide a clear and detailed pic-
ture of thermal transport in monolayer MoSe2 lattices down to cryo-
genic temperature. Our work opens the possibility to measure ther-
mal properties in a large variety of different two-dimensional materi-
als, because the devices required for these measurements are simple to
fabricate. This new measurement method may allow the exploration
of the phonon hydrodynamics regime, which is expected to be robust
in monolayer systems [34, 97]. This regime is interesting because heat
is carried by collective excitations of phonon states. This gives rise to
a new type of sound propagation, called second sound. The measure-
ment of τ should enable the direct access of the velocity of the second
sound. In addition, this new measurement method may shed light on
the divergence of the thermal conductivity in two-dimensions, when
the size of the system increases [30]. The origin of this behaviour is un-
der active investigation with different interpretations based on either
the dimensionality of the system or the special phononic states that
remain ballistic over extraordinarily long distances [33, 98, 99]. More-
over, the measurement of the specific heat holds promise for study-
ing phase transitions of electronic many-body collective phenomena
in monolayers, including the charge density wave order and uncon-
ventional superconductivity [100, 101].
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Chapter 7

Conclusions and Outlook

In the Chapter 4 of this thesis it has been shown that relaying on a
robust and rather simple fabrication technique, it is possible to pro-
duce ultra high Q-factor resonators based on single layer TMD. The Q-
factors have been studied in Chapter 5 in order to understand the ori-
gin of its low dissipation. We propose that the suppression of phono-
phonon interactions is an important ingredient for the dramatic in-
crease of the Q-factors when temperature is lowered. The study of
the temperature dependence of the resonance frequency allowed us to
prove the positive thermal expansion coefficient of TMDs.

The high Q-factors opened the possibility of measuring mechanical
vibrations of TMD resonators at unprecedented low laser power. This
could be used in Chapter 6 to study thermal transport at cryogenic
temperatures. The temperature dependence of quantities such as the
thermal conductivity and the phonon mean free path were never mea-
sured before on a 2D material. These measurements reveal a transition
from diffusive to ballistic thermal transport regime for these particular
devices.

The extraction of thermal transport quantities such as the conduc-
tivity and the specific heat in 2D materials open the possibility for
studying different materials that may show different transport regimes.
By increasing the size of the resonators it is expected, specially in
graphene, that it could be possible to observe the hydrodynamic ther-
mal transport regime. It could also be possible to measure materials
with other properties such as 2D superconductors like NbSe2 and try
to probe its superconductor phase transition.

Given the high Q-factors and the low mass of the resonators we en-
vision hybrid optomechanics experiments in which mechanical vibra-
tions are coupled to single quantum emitters embedded in the crystal
via the strain field and to two-dimensional excitons and their valley
pseudo-spins via a gradient of magnetic field. The mechanical vibra-
tions of TMD monolayers can also be coupled to quantum emitters
via the Casimir interaction. When placing a quantum emitter, such
as a dibenzoterrylene (DBT) molecule, a few tens of nanometers away
from the monolayer, vacuum fluctuations lead to extremely large dis-
persive couplings, opening new possibilities for quantum opto-mechanics
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experiments.
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