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Summary

Two-dimensional materials have attracted scientific interest due to their exceptional chemical, optical,
electronic, and mechanical properties. In particular, their Young’s modulus plays a crucial role in appli-
cations such as sensors, flexible electronics, and composite reinforcement. However, material defects,
which are inevitable during fabrication and device operation, can significantly impact mechanical prop-
erties. The influence of defects on the Young’s modulus remains a topic of debate, with contradictory
experimental and theoretical findings presented in literature.

Themost widely usedmethod for measuring Young’smodulus is atomic forcemicroscopy (AFM) nanoin-
dentation. However, it suffers from tip-sample interactions, high stress concentrations, and significant
variability in reported values. To address these limitations, this thesis presents a novel, all-optical
method for measuring the Young’s modulus of monolayer membranes, eliminating physical contact
with the sample and requiring no preliminary material assumptions.

The proposed method provides Young’s modulus values by measuring nonlinear membrane dynamics
together with higher harmonics and Brownian motion. Although the results exceed values reported in
literature, it is noteworthy that this method yielded results for the modulus, despite inherent challenges
associated with the measurement of 2D material monolayers. Various potential error sources have
been identified and discussed, including measurement sensitivity, mode shape variations, and contam-
ination effects. Recommendations for future research are provided to refine the approach and improve
accuracy.

With the right experimental advancements, this contactless optical technique could serve as a viable
alternative to AFM nanoindentation, offering a non-invasive way to study the mechanical properties of
2D materials with greater precision and reproducibility.
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Nomenclature
Symbol Definition Unit

α Transduction factor [V2/m2]
β Mass-normalized duffing coefficient [N/(m3∙kg)]

b Damping coefficient [N∙s/m]

δ Vibration amplitude [m]

E Young’s modulus [Pa]

F Force [N]

f0 Resonance frequency [Hz]

fmax Resonance frequency at maximum amplitude [Hz]
g Average membrane position [m]

h Thickness [m]

Inω Intensity of the n-th harmonic [V]

k1 Linear spring constant [N/m]

k3 Nonlinear spring constant (Duffing coefficient) [N/m3]

kB Boltzmann constant [J/K]

keff Effective spring constant [N/m]
λ Wavelength [m]

m Mass of the resonator [kg]

meff Effective mass of the resonator [kg]

ν Poisson ratio

Q Quality factor

R Radius [m]

S21 Forward transmission coefficient
Szz Power spectral density [V2/Hz]

σ Stress [Pa]

T Temperature [K]

VRMS Root Mean Square Voltage [V]

ω Angular frequency [rad/s]

ω0 Natural angular frequency [rad/s]

x Displacement [m]

X̄ Amplitude of steady-state oscillation [m]

X̄c Critical amplitude for nonlinearity [m]

X̄max Maximum amplitude of steady-state oscillation [m]

ϕ Phase difference [rad]

ϵ Strain
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1
Introduction

1.1. Two-Dimensional Materials

With the scientific study and fabrication of two-dimensional (2D) materials, researchers address current
challenges in areas such as the semiconductor and medical industries, as well as sensor technology
and the renewable energy sector [1–4]. The study of materials that extend only in two dimensions while
retaining atomic thickness is crucial, as it allows for significant improvements in chemical, optical, elec-
tronic, and mechanical properties. In comparison to their bulk counterparts that are held together by
van der Waals bonds, atomically thin monolayers from the same element or compound exhibit tremen-
dously enhanced properties. For example, 2D materials offer improved carrier mobility and thermal
conductivity, as well as a tunable band gap and the possibility for chemical functionalization [3, 5].

Concretely, the superior mechanical properties of some 2D materials have aroused great interest, and
makes them suitable for applications ranging from sensors to flexible and wearable electronics, na-
noelectromechanical systems (NEMS) and reinforcement agents in composites [3, 6–8]. Due to their
atomic thickness and high aspect ratio, monolayers of van der Waals materials typically show very
low bending stiffness while maintaining extremely high in-plane strength and stiffness, which is de-
fined by the Young’s modulus [9]. Within the more than a thousand known and predicted 2D materials,
typical materials with promising mechanical properties include hexagonal boron nitride (hBN), Xenes,
molybdenum disulfide (MoS2) and graphene [8, 10–13]. Among these materials, graphene, and MoS2
have attracted particular interest due to their outstanding mechanical properties resulting from a planar
honeycomb-like atomic structure.

The outstanding material properties are not only intrinsically present, but can be tailored specifically to
a desired application. The modification of the properties can occur via strain, functionalization, or the
inclusion of lattice defects, with the latter being known as the field of defect engineering [7, 14–16]. Be-
sides the relevance of lattice defects for the tunability of mechanical properties of monolayers, defects
play a crucial role for applications of 2D materials in photovoltaics, integrated circuits, mechanical and
chemical sensors as well as in composite reinforcement [17, 18]. Defects are not only introduced into
a material to improve its properties, but arise during production and the exposure to ambient conditions
and elevated temperatures during the device lifetime. This can have tremendous impact on the de-
vice performance, which further demonstrates the need to thoroughly understand the interdependence
between mechanical properties and defect kind and concentration.

1.2. State of the Art

To use 2D materials as reinforcement agents in composites, the Young’s modulus (E) is an important
parameter, since materials with a high modulus allow significant reinforcement. The Young’s modulus
is an intrinsic material property that describes the stress-strain behavior of the material in the linear
elastic regime under a uniaxially applied force. It can be regarded as a proportionality factor between

1



1.2. State of the Art 2

the stress σ and the resulting strain ϵ as:

σ = Eϵ. (1.1)

This definition is only valid for isotropic material properties along all directions. To describe the stress-
strain relationship of anisotropic materials, a full stiffness tensor is required. For two-dimensional mate-
rials, it is possible to define an in-plane and out-of-plane Young’s modulus, depending on the direction
of the applied force. The in-plane modulus is a measure of the stiffness of the material for an applied
force that acts within the plane. Thus, it is determined by the strength of the interatomic covalent bonds.
For a 2D material of multiple layers, the out-of-plane modulus is defined for a force acting perpendicular
to the plane of the material, and is thus governed by the van der Waals forces between the individual
layers. Additionally, the Poisson ratio (ν) is an important material parameter, which describes the defor-
mation of a material in the direction perpendicular to a uniaxially applied force. The Young’s modulus
and Poisson ratio will be of importance for the calculation of the material properties later in this thesis.

The measurement of Young’s modulus in 2D materials is inherently challenging, leading to a wide
spread of reported values in the literature. Furthermore, while the influence of defects is highly rel-
evant, no scientific consensus has been reached. Contradictory results have been reported in both
experimental and theoretical studies, as highlighted in Figure 1.1. The figure shows the influence of
single vacancies on the in-plane Young’s modulus of graphene as at increasing defect concentration.
While the majority of the studies show a continuous decrease of the modulus with increasing defect
concentration, few studies show a significant modulus increase at low defect concentration, followed
by a continuous decrease. The number of experimental studies examining the influence of defects on
the modulus is limited, with only one experimental study showing an increase of the modulus at low
defect concentrations [19].

Figure 1.1: Influence of single vacancies on the Young’s modulus of graphene monolayers, as pre-
sented in various references from the Literature Review of this thesis. References indicating an in-
crease in the Young’s modulus are represented by blue shades. For a more in-depth explanation of the
types of defects and their influence on the mechanical properties of graphene and MoS2, the reader is
referred to the Literature Review in Appendix C.

In 2014, López-Polín and co-workers reported a method to drastically increase the in-plane Young’s
modulus of suspended graphene monolayers via the inclusion of lattice point defects [19]. The remark-
able modulus increase was achieved by introducing low densities of single and di-vacancies of carbon
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atoms into the material by irradiation with helium ions. At a defect concentration of ∼ 0.2 %, the great-
est increase in modulus by almost a factor of two from 859 to 1618 GPa was found. The principle of
the modulus increase was related to the suppression of thermal out-of-plane membrane fluctuations,
which typically occur at room temperature. The suppression of these extended fluctuations is hypothe-
sized to keep the membrane predominantly in the 2D plane, thus increasing the stiffness of suspended
graphene monolayers.

To measure the modulus of the defective, freestanding monolayers, the authors applied Atomic Force
Microscopy (AFM) Nanoindentation. In AFM Nanoindentation, an AFM tip is indented onto the mono-
layer membrane with increasing force, while the resulting force-displacement response is measured.
From the force-displacement response, it is possible to extract the Young’s modulus of the material.
Despite being widely applied, this technique has several drawbacks and can lead to erroneous results
when performed on freestanding monolayer membranes. The AFM tip can lead to high stress con-
centration, which drastically increases the risk of tip penetration and membrane damage, potentially
hindering reproducible results [20, 21]. Furthermore, variations in the tip morphology through wear or
contamination can contribute to the formation of artifacts and result in inaccurate measurements [20].
Due to the low bending stiffness of monolayer membranes, tip-sample interactions caused by adhe-
sion forces from condensed liquid on the membrane can further alter the force-displacement relation
[21]. AFM nanoindentation is a static technique, where indentation of the tip proceeds slowly, allow-
ing viscoelastic and thermomechanical effects to influence the measurement [21]. Processes such as
membrane slippage or delamination of the 2D material can further modify the results of a static deflec-
tion method. In addition to the experimental challenges associated with AFM Nanoindentation, large
variations in the Young’s moduli of 2D materials are reported in literature [22]. This emphasizes the ex-
perimental challenges associated with the measurement of the mechanical properties of 2D materials.

1.3. Nanomechanical Resonators and Nonlinear Dynamic Charac-
terization

These difficulties with nanoindentationmeasurements have sparked research on alternative, non-contact
methods to characterize the mechanical properties of freestanding 2D membranes. A method devel-
oped by Davidovikj et al. allows the dynamic characterization of the mechanical properties of freestand-
ing membranes by analyzing the nonlinear mechanics of nanomechanical membrane resonators under
forced oscillations in the MHz regime [22]. By applying this method, the nonlinear cubic spring constant
of a membrane resonator, which becomes relevant at high vibrational amplitudes, can be related to its
Young’s modulus and pre-tension. 2D material membrane resonators consist of a circular cavity, which
is covered by a suspended flake of 2D material forming the resonating membrane. The thickness of
the suspended membrane can vary from a monolayer to several 10s of layers. Compared to AFM
Nanoindentation, this nonlinear dynamic characterization technique that operates at frequencies in the
MHz regime, thus providing values averaged over millions of vibration cycles. Furthermore, slippage,
delamination, as well as viscoelastic and thermomechanical effects are drastically reduced, enhancing
the accuracy of the method [22].

Membrane resonators formed by a 2D material are particularly suited for nonlinear dynamic characteri-
zation because nonlinear effects become relevant at very low actuation forces in the range of picoNew-
tons [22]. By combining membrane actuation with interferometric readout, very precise determination of
the resonator’s amplitude and cubic spring constant is possible. Davidovikj et al. obtained the Young’s
modulus of 5 nm thick graphene and MoS2 nanomechanical resonators by fitting only the cubic spring
constant to an experimentally determined amplitude response. The results obtained with this method
were in close agreement with literature values. However, the method required estimation of the mass
of the suspended membrane and was calculated with the density of the studied materials. In contrast
to multilayer membranes as those studied by Davidovikj et al., small contaminations, impurities, and
defects from the production and transfer processes have a significantly pronounced effect on the mass
of a monolayer membrane. Masses of monolayer membranes were shown to deviate by 600 %, which
could lead to inaccurate results for the Young’s modulus if monolayer masses are estimated [23].
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1.4. Scope of This Thesis

To investigate the relationship between defects and the Young’s modulus of monolayer 2D materials,
this thesis proposes a novel experimental technique that enables the extraction of the modulus without
requiring any material-specific assumptions. The presented work builds upon the approach developed
by Davidovikj et al., and extends it with an optical amplitude calibration from Dolleman et al. and a
mass determination technique [22, 24]. As a result, the proposed method is entirely optical, eliminating
the need for prior knowledge of the resonator’s mass, pre-tension, or applied force. It serves as a
non-contact alternative to AFM Nanoindentation, reducing viscoelastic and thermomechanical effects
by operating in the dynamic regime and avoiding tip-sample interactions.

The goal of this thesis is the development of a reliable method to study the Young’s modulus of 2D
material monolayers. It should serve as a fundament to facilitate experimental work on the influence
of defects on the Young’s modulus of monolayer membranes of 2D materials like graphene and MoS2
without requiring AFM Nanoindentation or preliminary assumptions about the material.

Throughout this thesis, the necessary theoretical fundament of nanomechanical resonators and their
nonlinear dynamics is presented, followed by a detailed explanation of the experimental methodology
and physical principles governing the method. The analytical procedure is then introduced and applied
to four MoS2 monolayer resonators. Finally, the results are discussed alongside potential error contri-
butions, concluding with an outlook on future experiments to explore the effects of defects in monolayer
2D materials.



2
Theory

2.1. Membrane Resonators in the Linear Regime

The resonators studied in this thesis are circular membranes made of a single layer of 2D materials.
Such membranes are extremely thin and have negligible bending stiffness κ in comparison to their
bulk counterparts [25]. As a result, the overall in-plane mechanical stiffness of these membranes is
governed by their in-plane tensile stress n0, also referred to as pre-stress [26]. This allows the treat-
ment of the presented resonators as structures in the membrane limit, in contrast to the theory of plate
resonators whose mechanics are dominated by their bending stiffness [27].
To derive mathematical expressions, the focus lies on one-dimensional linear and nonlinear membrane
resonators with only one degree of freedom. For a membrane resonator, this degree of freedom cor-
responds to the displacement of the membrane in the direction orthogonal to the plane of the non-
suspended membrane.

2.1.1. Linear Equations of Motion

In the linear regime, the previously described resonators can be approximated as classical linear har-
monic oscillators (LHOs), where the system dynamics are dominated by a restoring force. This restoring
force F acts on the oscillator when it is displaced from its equilibrium position and is directly proportional
to the displacement x, following Hooke’s law:

F = −k1x. (2.1)

The restoring force acts in the opposite direction of the displacement and is directly proportional, with
a proportionality factor k1 called the linear spring constant. The force that is acting on the mass can
drive the motion of an oscillator periodically with an angular frequency ω, and is then described via:

Fperiodic = Fcos(ωt). (2.2)

To characterize and model a LHO with a single degree of freedom, one can use an equation of motion
(EOM) that describes the force acting on the oscillator. In addition to the restoring force, a force of
inertia produced by the oscillator mass m (F = mẍ) acts on the vibrating system. In total, the EOM of
a LHO with a periodic force can be formulated as [28]:

mẍ+ k1x = Fcos(ωt). (2.3)

This equation holds for ideal systems where no damping occurs. In real physical systems, parts of the
oscillation energy are dissipated through damping mechanisms, which are captured by adding a term
bẋ to the EOM. Thus, the motion of a damped linear oscillator follows the relation [28]:

mẍ+ bẋ+ k1x = Fcos(ωt). (2.4)

5



2.2. Nonlinear Dynamics and the Duffing Equation 6

The damping force is proportional to the damping coefficient b, which is defined via the quality factor
Q as b = ω0m

Q . The quality factor gives information about the energy dissipation during one oscillation
period and can be understood as the ratio of stored versus lost energy during this period.

With the damping factor and the natural frequency ω0:

ω0 =

√
k1
m

, (2.5)

Equation 2.4 can be reformulated to:

mẍ+
ω0m

Q
ẋ+ ω2

0mx = Fcos(ωt). (2.6)

To facilitate comparability across multiple resonating systems, it is common practice to write Equa-
tion 2.6 in the mass-normalized form:

ẍ+
ω0

Q
ẋ+ ω2

0x =
F

m
cos(ωt). (2.7)

2.1.2. Steady-State Amplitude of a Linear Harmonic Membrane Resonator

The steady-state amplitude response is important and can be used to determine the oscillation mag-
nitude X̄ of a resonator in equilibrium with the driving force as a function of the driving frequency.
Starting with Equation 2.7, one can derive an expression for X̄ by assuming a sinusoidal displacement
x(t), which follows the driving force at the same frequency but with a phase difference ϕ:

x(t) = X̄ cos(ωt− ϕ). (2.8)

By inserting the derivatives of this function into the mass-normalized EOM, one obtains the amplitude
response after mathematical simplification as [26]:

X̄ =
F
m√

(ω2
0 − ω2)

2
+
(

ωω0

Q

)2 . (2.9)

The corresponding phase is described by:

ϕ = − arctan(
ω0ω

Q(ω2
0 − ω2)

). (2.10)

Equation 2.9 will be of importance in section 3.5, where it is used to obtain a value for F/m to plot the
full amplitude response of a nonlinear membrane resonator and extract the applied driving force.
At resonance, where ω = ω0, the equations for amplitude and phase simplify to:

X̄(ω = ω0) =
FQ

ω2
0m

, (2.11)

ϕ(ω = ω0) = −π

2
. (2.12)

2.2. Nonlinear Dynamics and the Duffing Equation

2.2.1. Nonlinear Equation of Motion

A membrane resonator subject to a harmonic driving force is linear until a certain critical amplitude Xc.
At higher driving forces, the amplitude increases above this critical level and the resonator transitions
to the nonlinear regime. In this regime, the restoring force is not directly proportional to the resonator
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displacement, but shows a higher-order dependence on the displacement from the equilibrium posi-
tion. Such behavior can be intuitively understood by a phenomenon called geometric nonlinearity. If
a membrane is clamped along its full circumference, large vertical displacement of the membrane can
only be achieved by stretching the interatomic bonds. This bond stretching leads to a stiffening of the
material, which in turn leads to a change in resonance frequency and deviation from the linear dynamic
behavior.

Assuming symmetry of the restoring force in both positive and negative displacement directions (F (x) =
−F (−x)), Hooke’s law (F = −k1x) can be expanded to produce [22]:

F (x) = −k1x− k3x
3 + ..., (2.13)

where higher order terms are neglected for the scope of this thesis. In this equation, k3 is called
the nonlinear spring constant, cubic spring constant or Duffing coefficient. It gives rise to the Duffing
equation, which is presented below and will be of great importance for this thesis and the estimation
of the Young’s modulus of membrane resonators. This additional component of the restoring force has
significant consequences for the total equation of motion. By adding the cubic part of the restoring
force to Equation 2.7, one arrives at the Duffing equation [26]:

mẍ+
ω0m

Q
ẋ+ ω2

0mx+ k3x
3 = Fcos(ωt). (2.14)

Performing mass-normalization, the following form of the Duffing equation is obtained [26]:

ẍ+
ω0

Q
ẋ+ ω2

0x+ βx3 =
F

m
cos(ωt), (2.15)

with the mass-normalized Duffing coefficient β:

β =
k3
m

. (2.16)

At this point, it is important to introduce the concept of an effective mass meff , which will become
relevant for the extraction of the real physical parameters (section 3.5) of the membrane resonators
treated in this thesis. The effective mass of a membrane is a mode-dependent mass, which takes the
vibrational shape of a specific mode into account. In a given vibrational mode, different regions of the
membrane vibrate with varying amplitudes, resulting in an effective mass that is lower than the total
physical mass. Throughout this thesis, only the fundamental mode of the presented circular membrane
resonators is studied, which can be calculated from the total resonator mass m as [29]:

meff = 0.2695m. (2.17)

As a result, all equations that are applied to the fundamental mode of the resonators in this thesis
require the use of the effective mass instead of the total drum mass.

2.2.2. Steady-State Amplitude of a Nonlinear Membrane Resonator

The steady-state equation for the amplitude of a membrane resonator oscillating in the nonlinear regime
can be derived by assuming the resonator’s motion as a single harmonic. The mathematical process
for the derivation of the steady state solution is explained in [30] and results in the following equation
for the amplitude response when nonlinear damping is neglected:

X̄6

(
9β2

16

)
+ X̄4

(
3β(ω2

0 − ω2)

2

)
+ X̄2

((
ω0ω

Q

)2

+ (ω2
0 − ω2)2

)
=

(
Fω

m

)2

. (2.18)

Here, X̄ is the steady-state amplitude.
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2.2.3. Resonator Behavior in the Nonlinear Regime

To qualitatively understand the behavior of a system which is described by Equation 2.14, it is helpful
to write the total restoring force from Equation 2.13 as [31]:

F (x) = −(k1 + k3x
2)x. (2.19)

From here, one can define the effective spring constant keff [31]:

keff = k1 + k3x
2. (2.20)

Thus, it becomes clear that the stiffness of the resonator becomes dependent on the amplitude, which
is represented by the term k3x

2. Further, it follows that the total stiffness of a resonating membrane is
dictated by the sign of the nonlinear spring constant k3.

For a positive value of the Duffing coefficient, the total effective spring constant of a resonator increases,
leading to a spring-hardening effect. The influence of a positive k3 is highlighted in Figure 2.1 a, which
shows the amplitude response of a resonator for increasing driving forces. Upon increase of the driv-
ing force, the response transitions from a purely linear response at low amplitudes to a nonlinear re-
sponse at high amplitudes. Because of the amplitude-dependent membrane stiffening, the resonance
frequency changes with amplitude, as apparent when inserting keff into Equation 2.5 as:

ω0 =

√
keff
m

=

√
k1 + k3x2

m
. (2.21)

This shifts the amplitude response curves to the right at increasing driving forces. For a negative Duffing
coefficient, the amplitude response curve would be shifted to the left side, leading to a mirrored image
of Figure 2.1 b. In an upwards frequency sweep experiment, the amplitude response increases until
the driving frequency exceeds the resonance frequency. At that point, the amplitude suddenly drops to
a lower value and follows the solid curves on the right side of the graph. In a reverse frequency sweep
where the frequency is swept from high to low, the amplitude remains low until it suddenly jumps up-
ward. The points where the amplitude suddenly drops or increases are called saddle node bifurcations
(SNB). In the frequency range between the SNBs, three solutions of the steady state amplitude equa-
tion (Equation 2.18) exist. For each driving force, the stable solutions are plotted as solid lines, while
the dotted line represents the unstable solution.

Figure 2.1: (a) Influence of the amplitude-dependent stiffness on the amplitude response of a res-
onator subject to increasing driving powers and a positive value of the Duffing coefficient. Solid lines
represent the stable solutions, while dotted lines represent unstable solutions. (b) Change of the am-
plitude response of a nonlinear resonator in presence of nonlinear (dashed line) and linear (thin solid
line) damping effects and without any damping (dotted line) for a constant driving force. The plots are
reproduced from [32].
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The amplitude response curves plotted in Figure 2.1 a allow for fitting a backbone curve, which enables
the extraction of the Duffing coefficient. This will be particularly relevant in the experimental part of this
thesis, and will be discussed in more detail in subsection 3.5.2.

When considering nonlinear damping processes that lead to dissipation of the resonator’s energy during
oscillation, the amplitude response curve is slightly modified. In Figure 2.1 b, the amplitude response
of a resonator is shown without nonlinear damping, with slight nonlinear damping and without any kind
of damping (Q → ∞), while keeping the driving force constant. The response of a resonator without
nonlinear damping, but finite quality factor is represented by the thin solid line. Under the influence of
nonlinear damping effects, the response is modified to follow the thick dashed line, showing a reduction
of the amplitude. In the case of no energy dissipation, the amplitude response is represented by the
dotted line. It is worth noting that all curves lie on the same backbone, independent of the presence of
nonlinear damping.



3
Materials and Methods

3.1. Molybdenum Disulfide

After the discovery of scalable routes for the production of graphene in 2004, research on this compound
has been carried out extensively to study and modify the outstanding properties this compound offers
[33]. However, the absence of a band gap has been limiting the applicability of graphene in logical
electronic devices or optical sensors, sparking research on other 2D materials. In this so-called post-
graphene era, transition metal dichalcogenides (TMDCs) and more specifically molybdenum disulfide
(MoS2) are amongst the most studied and promising materials.

Monolayer MoS2 is a semiconducting 2D material with a direct bandgap of 1.8 eV and other promis-
ing optical and electrical properties, making it a suitable candidate for the design of nanoscale optical
and electrical devices like field effect transistors (FET), photodetectors and solar cells [34, 35]. One
monolayer of MoS2 is made up of three covalently bound hexagonal layers (trilayer structure), namely
one molybdenum layer which is sandwiched between two sulfur layers. Six sulfur atoms thus coordi-
nate each molybdenum atom, and each sulfur atom is coordinated by three molybdenum atoms. In
Figure 3.1 a) and b), the pristine trilayer structure is depicted from different perspectives. The atomic
structure strongly resembles the honeycomb structure of graphene, but consists of two different atoms
arranged in a trilayer structure.

As a result of the graphene-like honeycomb structure of monolayer MoS2, this material has a high in-
trinsic stiffness and breaking strength. The Young’s modulus and strength of MoS2 are comparable
to common steels, but values for the modulus vary significantly between experiments and simulations.
Experimental examinations of the Young’s modulus range from 270 ± 100 GPa [37] to 330 ± 70 GPa
[38], while density functional theory (DFT) simulations report values down to 184 GPa [39]. The exper-
imentally determined breaking strength of MoS2 monolayers is reported to be 23 GPa [37].

3.2. Device Fabrication

3.2.1. Fabrication of Monolayer Membrane Resonators

In this thesis, the nonlinear response of circular optical cavities with monolayer membranes of MoS2
is studied. The devices are fabricated via gold-assisted mechanical exfoliation from bulk crystals, with
subsequent annealing. The samples were fabricated with a protocol developed in the group of Otakar
Frank at the Czech Academy of Sciences, Czech Republic [40].

To create the nanomechanical cavities, substrate wafers of 310 nm SiO2 on Si are used, with circu-
lar cavities etched through the oxide layer. On the chip, the cavity diameter ranges from 2 µm to 6
µm. By etching through the oxide, cavity depths of 310 nm are achieved and a silicon back mirror
is created. The wafers are coated with a thin metal bilayer consisting of 3 nm of chromium (Cr) and

10
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Figure 3.1: Pristine, defect-free monolayer of MoS2 in (a) the top view and (b) from the side [36]. Yellow
spheres represent sulfur atoms (S), while blue represents molybdenum (Mo).

15 nm of gold (Au) via magnetron sputtering (Quorum Q300T-D). The addition of a thin gold layer has
been demonstrated to enhance the adhesion of mechanically exfoliated transition metal dichalcogenide
(TMD) monolayers by leveraging gold’s resistance to oxidation. This facilitates large-area exfoliation
of the two-dimensional material by enhancing van der Waals adhesions between the TMD layer and
the substrate [41].

To fabricate cavities with suspended monolayers of MoS2, the monolayers were exfoliated from natural
crystals. The crystals were pressed on the exfoliation tape (Nitto EPL-BT-150E-KL) and are thinned
a maximum of twice. Then, the tape is pressed onto the sample, with subsequent heating to 100 °C
for 30 minutes. This has been demonstrated to increase the yield of cavities covered by a monolayer
[42]. To further maximize the yield, constant pressure was applied to the tape during the annealing
step, which improves adhesion of the material to the gold surface. Once the substrate is cooled down
to room temperature, the tape is removed. The sputtering and exfoliation processes are performed
quickly to reduce exposure of the sample to reduce exposure to the environment. This is done to
reduce adsorption of volatile organic compounds to the sample.

Figure 3.2a shows an optical microscope image of the chip used in this thesis. The drums with diame-
ters of 3-6 µm are covered with MoS2, which has a different color depending on the thickness. As the
thickness increases, the color of MoS2 changes from purple to blue and eventually silver for very thick
flakes. Figure 3.2b highlights the color difference between a monolayer and multiple layers of material.
In the purple multilayer flake, suspended membranes over the cavities appear with a yellow hue.

3.3. Atomic Force Microscopy

To analyze the surface texture and quality of the suspended membranes, Atomic Force Microscopy
(AFM) measurements are performed. The measurements are performed with an Asylum Research
Cypher AFM and Bruker silicon tips on a silicon nitride cantilever. The cantilever has a thickness of 0.6
µm, a length of 27 µm and a width of 32 µm. Additionally, its resonance frequency is 1400 kHz with a
spring constant of 18 N/m.
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Figure 3.2: (a) Optical microscope image of the Si/SiO2 chip with circular cavities ranging from 3 to 6 µm
in diameter. The exfoliated MoS2 shows a thickness dependent color, with thin flakes appearing purple
and thick flakes appearing silver. Flakes with intermediate thickness appear blue. (b) Difference in
optical contrast of monolayer and multilayer MoS2. Suspended membranes in multilayer flakes appear
with yellow hue.

3.4. Actuation and Detection

3.4.1. Optothermal Actuation and Laser Interferometry

To study the mechanics of two-dimensional materials in the form of membrane resonators, various dif-
ferent actuation and detection techniques have been developed. To excite membranes into harmonic
vibrational motion, techniques like acoustic actuation, magnetic actuation, thermal gradient actuation,
electrostatic actuation or optothermal actuation are possible. Among these, electrostatic and optother-
mal actuation have been widely studied and applied to actuate resonators of various architecture like
beams, cantilevers, and membranes [43, 44].

Electrostatic actuation is a widely applied actuation technique and offers comparably simple implemen-
tation, precision and fast response. This technique exploits electrostatic forces, which can be generated
between a suspended 2D material membrane and a gate electrode once a potential difference is ap-
plied. However, this technique requires two clearly separated electrodes without electrical contact to
allow the formation of electrostatic forces to actuate the membrane. As presented in the previous sec-
tion, the gold-assisted exfoliation of MoS2 and graphene is achieved by gold sputtering on the substrate.
The sputtering process does not allow precise control of the coated areas, and thus gold atoms are
sputtered not only on the SiO2 top layer, but are likely to be deposited into the cavity. For electrostatic
actuation, this could lead to significant experimental difficulties due to the high risk of short circuits and
the reduction of the dielectric insulation between the electrodes.

Optothermal Actuation

Besides electrostatic actuation, optothermal actuation has gained significant attraction for its efficiency,
versatility and non-contact approach, making it an ideal candidate to develop an all-optical analysis
procedure for the characterization of mechanical properties of 2D materials. In contrast to electrostatic
actuation, it does not require the application of a voltage between membrane and back electrode, mak-
ing it well suited for samples produced through gold-assisted exfoliation. Instead, the actuation happens



3.4. Actuation and Detection 13

via a power-modulated laser that is focused on the membrane. This leads to modulated absorption of
light by the membrane and causes subsequent heating and cooling. The alternating heating and cool-
ing leads to thermal expansion and contraction, which effectively drives the membrane into oscillation.
If the membrane is initially deflected downwards in the direction of the silicon substrate, thermal expan-
sion causes a downwards deflection of the membrane, indicated by the red dashed line in Figure 3.3a.
Upon cooling, the membrane contracts and is deflected upwards, as represented by the blue dashed
line. This behavior applies to materials with a positive thermal expansion coefficient, while materials
with a negative coefficient would exhibit the opposite trend. The expansion and contraction leads to
reduced or increased distances between the semi-transparent membrane and the silicon mirror, which
are different from the initial distance g0.

Laser Interferometry

This actuation method integrates seamlessly with interferometric readout, enabling the proposed all-
optical, non-contact approach. 2D material membranes of graphene and MoS2 are suited for optical
actuation and readout methods due to their specific optical, thermal and mechanical properties [31,
45]. They exhibit high optical absorption and thermal conductivity while being mechanically flexible to
sustain large oscillations. Interferometric readout of nanomechanical membrane resonators is often ac-
complished by employing a Fabry-Pérot-interferometer, which is formed by the semi-transparent mem-
brane and the highly reflective silicon substrate acting as a mirror. In such a Fabry-Pérot-interferometer,
a readout laser is focused on the cavity and its power is modulated by the oscillating membrane in the
cavity. This modulation of the readout laser contains information about the vibrational amplitude of
the membrane and can be explained by two distinct phenomena [22]. After the readout laser passes
through the optical cavity, it is transformed to an electrical signal with a photodiode. The diode converts
incoming photons to a photocurrent which is proportional to the incident light intensity.

The first phenomenon is depicted in Figure 3.3 a and relies on interference of the readout laser. Due
to the semi-transparent nature of the membrane, parts of the incoming light are reflected while others
get transmitted through the membrane towards the silicon mirror. The transmitted rays are depicted by
the gray line and can constructively or destructively interfere with the rays reflected at the oscillating
membrane (blue and red arrows). The type of interference depends on the optical path difference
between the rays, affecting the detected signal strength.

The second phenomenon that modulates the power of the readout laser is illustrated in Figure 3.3 b,
and shows a cross-section through the optical cavity with the corresponding interfaces and membrane-
silicon distance g0. Additionally, the electric field of the readout laser is depicted in red. Since the
readout laser reflects off the silicon substrate at the silicon-vacuum interface, the boundary condition
requires the electric field to approach zero. This results in a standing wave pattern with alternating
nodes and antinodes of electric field intensity. As the membrane, which absorbs part of the light due
to its non-zero imaginary part of the refractive index, moves through this standing wave, the amount
of light absorbed by the membrane varies depending on its position relative to the standing wave’s
intensity distribution. During this process, it is assumed that the membrane is sufficiently transparent
such that the change in electric field of the standing wave is negligible. Maximum absorption occurs
when the membrane is positioned at an antinode, where the electric field amplitude is highest. Minimal
absorption occurs at nodes where the field amplitude is near zero.

The combination of these two mechanisms determines the final signal strength received by the pho-
todiode. The total reflectivity of the optical cavity is significantly influenced by the thickness of the
oscillating membrane and the cavity depth g0. Figure 3.3 c shows the responsivity of an optical cav-
ity formed by a silicon substrate and MoS2 with varying membrane thickness and cavity depth g [47].
The responsivity is the derivative of the reflectivity with respect to the cavity depth, and thus shows
the regions of strongest reflectivity change. It is desirable to design a cavity with a high responsivity,
since this ensures optimal detection of even small membrane displacements. Thus, a high responsivity
results in a stronger detectable signal change, increasing the signal-to-noise ratio (SNR). As apparent
from Figure 3.3 c, the responsivity of a single layer of MoS2 suspended over a cavity is significantly
lower compared to multilayer MoS2 and only changes marginally with cavity depth. This has drastic
consequences for the experimental work throughout this thesis. Since it is desired to study the Young’s
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Figure 3.3: (a) Horizontal schematic of the optical cavity formed by the silicon back mirror and the
semi-transparent 2D material membrane. When the membrane is optothermally excited, repeated
thermal expansion and contraction induce vibrational motion. Incident light from the readout laser is
reflected by both the back mirror and the membrane, creating a path difference between the rays.
This path difference, which varies with the membrane’s position, results in constructive and destructive
interference, leading to intensity variations detected by the photodetector. (b) The readout laser forms
a standing wave inside the cavity. Oscillation of the membrane through the standing wave leads to
variations in the absorbed light by the membrane, thus modulating the light intensity sensed by the
photodiode. (c) Dependence of the calculated responsivity of the interference signal on the oxide
thickness for varying number of layers of MoS2 and (d) graphene. The calculation is based on [46,
47], assuming a monolayer thickness and complex refractive index of 0.65 nm and 4.0 - 1.0i for MoS2,
and 0.335 nm and 2.6 - 1.3i for graphene [46, 48]. These values of the complex refractive index were
obtained for a wavelength of 633 nm, corresponding to the wavelength of the readout laser. (a) and
(b) are adapted with permission from the master thesis of Álvaro Bermejillo Seco, Delft University of
Technology.

modulus of monolayer 2D material membranes, signal detection is very challenging and requires care-
ful experimentation, laser alignment and positioning.

3.4.2. Experimental Setup

The experimental setup used to achieve all-optical actuation and detection of 2D material membrane
resonators is displayed in Figure 3.4. A red helium-neon laser (HeNe) laser of wavelength λ = 632.8
nm is used to obtain information about the oscillation amplitude via interferometry. The light emitted
from the laser is linearly polarized and is first passed through two neutral density (ND) filters, which
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are positioned right after the laser. The purpose of the ND filters is to reduce the intensity of the light
reaching the sample to avoid temperature-related influences on the membrane. The first ND filter
is continuous, while the second is a filter wheel consisting of eight different filter strengths. For the
experiments, the filters were set to their lowest attenuation to maximize the signal on the photodiode
(see subsection 3.4.1) if not stated otherwise. Next, the red light passes through a beam expander (BE),
which broadens the beam to allow maximum focussing of the light with the objective lens placed above
the sample chamber. After the BE, a 1/2-waveplate and polarized beam splitter (PBS) are mounted.
The 1/2-waveplate is placed in front of the PBS to control the polarization of the light for optimal beam
splitting. It is set to rotate the incoming polarized light to match the PBS. In the PBS, the incident light
is split into two orthogonal polarization components, where one is directed to the sample chamber and
the other to a photodetector (Newport 1801). The beam that is directed onto the sample is passed
through a 1/4 wave plate, transforming the linear polarization to elliptical polarization. Upon return from
the sample, the reflected light gets transformed from elliptical to linear polarization, while being rotated
by 90° to reach the photodetector through the PBS. Thus, the 1/4 wave plate ensures combination of
both light paths to reach the photodetector. In front of the photodetector, a lens is placed to focus the
light on the active area of the detector.
After the 1/4 wave plate, the light continues to the objective, where it is focused on the sample inside
the sample chamber. The sample chamber is kept at a vacuum of 10-5 mbar, and contains a heating
element to control the device temperature. During the experiments, the heating element was set to
310 K to achieve a stable temperature. Further, the sample chamber is mounted on an open-loop
piezoelectric stage, which allows precise positioning of the sample within three dimensions. The insets
on the lower side of Figure 3.4 show a close-up of the sample chamber, where a silicon chip containing
multiple suspended membranes is positioned on the heater (right inset). The inset in the middle shows
a suspended membrane over a cavity, which can be identified by its stronger yellow appearance (as
indicated by the arrow). The inset on the left side shows a cross-section of the actuation and detection
process achieved with the red and blue laser.

To actuate the membrane optothermally, a blue laser diode of wavelength λ = 405 nm is used. The
diode is powered via a Thorlabs LDC 205 C laser diode controller, which is set to 45 mA for all mea-
surements. An optical fiber connects the blue laser diode to a free-space coupler, which sends the light
to a lens before it reaches a cold mirror. This cold mirror serves the purpose of introducing the blue
light into the optical path of the red light, without altering the red laser’s incidence angle on the sample.
It reflects the blue light while allowing the red laser to pass through unaffected. From the cold mirror,
the blue laser passes through the objective and is focused on the same spot as the red readout laser.

To position a membrane right at the focus point of the blue and red laser for optimal actuation and
detection, a camera is used in combination with a torch as a white light source. The white light is
directed through two beam splitters to facilitate introduction into the optical path of the blue and red
laser. During the measurements, the white light is turned off and the beam splitter is removed from
the optical path of the red and blue laser to increase the signal at the photodiode. The removal of
the beam splitter for the white light during the measurements has a drawback for the laser positioning.
With the beam splitter for the white light in place, the blue and red laser are positioned in the center
of a membrane. When the beam splitter is flipped out of the beam during the measurement, the red
and blue laser have a slightly different path than with the beam splitter in place. To compensate for the
altered position of the lasers on the membrane, the obtained signal is maximized by manually adjusting
the sample position with the piezoelectric stage.

The vector network analyzer (VNA, Rohde & Schwarz Model ZNB 4) used in this setup is a key com-
ponent for the detection of the frequency response of the nanomechanical cavity. In addition to the
DC power the blue laser is supplied with, the VNA outputs an AC signal to the blue laser diode. This
AC signal effectively modulates the intensity of the blue laser sinusoidally to achieve optothermal actu-
ation. Simultaneously, it is connected to the photodetector and measures the reflected intensity from
the cavity. Thus, the VNA has the ability to measure the frequency-dependent response of the resonat-
ing membrane by relating the modulated power of the blue laser (input) to the received photodetector
signal (output). To measure the linear and nonlinear response of the membrane, the forward trans-
mission coefficient (S21-parameter) is measured, which represents the ratio of the output signal from
the photodetector over the input signal directed to the blue laser diode. In a frequency sweep, the
S21-parameter will show a high intensity when the membrane is driven at resonance. Such resonance
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Figure 3.4: Laser interferometry setup comprised of the red and blue laser paths for actuation and
detection and the white light path used for positioning. To switch between the measurement using a
spectrum and a vector network analyzer, a switch is used. The basic optical and electronic components
are highlighted and the insets in the lower side of the image show a close-up of a sample in the sample
chamber, a suspended monolayer MoS2 drum resonator and a schematic of the device architecture
and cavity from a horizontal view. The scale bar is 20 µm. Adapted with permission from [49].

peaks are of central importance to study nanomechanical phenomena and extract the Young’s modulus.

Besides the VNA, a spectrum analyzer (SA, Rohde & Schwarz FSL) is connected to the photodiode.
The SA is used to conduct measurements of the temperature-related Brownianmotion of themembrane,
which will be further explained in the next section. By using a switch, the RF signal from the photodiode
can be diverted to either the SA or the VNA, depending on the desired measurement.

3.5. Extraction of Resonator Parameters

The goal of this thesis is the calculation of the Young’s modulus of the resonating membranes by em-
ploying optical actuation and detection. The thesis builds upon a method developed by Davidovikj et
al., which enables the calculation of the Young’s modulus of multilayer graphene and MoS2 membranes
using nonlinear dynamics [22]. By extracting the nonlinear spring constant k3, it is possible to calculate
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the Young’s modulus of a membrane resonator from:

E =
(1.27− 0.97ν − 0.27ν2)R2

πh
k3. (3.1)

This equation relates the Young’s modulus to the nonlinear spring constant via the Poisson ratio ν, the
drum radius R and the membrane thickness h. The authors employed the steady-state amplitude solu-
tion of the Duffing equation to fit experimental data with a least-squares optimization algorithm, with k3
as the sole fitting parameter. This yields accurate results for the Young’s moduli of the studied materials,
but requires an estimation of the drum mass as a parameter in the steady-state solution. Such mass
estimations based on the density and volume of the membrane resonator can be particularly inaccu-
rate for monolayers due to large mass deviations caused by environmental moisture, contamination, or
lattice defects from the production and transfer methods. Masses were shown to deviate by up to 600
% compared to the theoretically estimated mass [23, 31].

To address these uncertainties, this thesis proposes a novel method to extract relevant resonator pa-
rameters without relying on mass estimations. It expands the method of Davidovikj et al. by employing
optical amplitude calibration and direct measurements of the resonator mass via its thermally driven
Brownian motion, also referred to as thermomechanical calibration [24, 29]. Furthermore, temperature
fluctuations are accounted for by applying a method developed by Li et al., which will be explained
later in the text [50]. For the calculation of the Young’s modulus, three measurements are required per
resonator, which are conducted using a vector network analyzer (VNA) and a spectrum analyzer (SA).
A flowchart illustrating the procedure and the key resonator parameters is presented in Figure 3.5,
where the three measurements are indicated by blue and orange borders. The measurements con-
sist of the calibration of the resonator’s amplitude, the examination of its nonlinear behavior and the
thermomechanical calibration step.

Figure 3.5: Flow chart representing the proposed all-optical approach to extract the Young’s modu-
lus of a 2D material membrane. First, two measurements are conducted with the VNA to obtain the
transduction factor α and the mass-normalized Duffing coefficient β. The Duffing coefficient is obtained
from a power-dependence measurement, which measures the amplitude response of the resonating
membrane at increasing driving force. The power dependence measurement requires temperature cor-
rection to facilitate the fitting of the backbone curve to obtain β. The amplitude calibration measures the
harmonics of the fundamental mode (I1, I2, I3) to obtain the transduction factor, which allows transfor-
mation of the VNA signal in volts to an amplitude in nm. The Brownian motion measurement from the
spectrum analyzer gives the power spectral density of the membrane’s thermal fluctuation. Together
with the transduction factor from the amplitude calibration step, the effective mass can be fitted and
an assumption of the drum mass is not needed. Finally, the non-normalized duffing coefficient k3 is
calculated from β and meff , from which the Young’s modulus can be derived directly.
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To conduct the measurements, a drum with a suspended monolayer is selected on the chip. An un-
damaged cavity with a suspended monolayer of graphene or MoS2 can be distinguished by its optical
contrast relative to a cavity without a suspended material layer. The contrast is influenced by the thick-
ness of the suspended membrane, the distance to the substrate, the substrate itself and the used
wavelength [46, 51]. For the devices used in this thesis, suspended monolayers of MoS2 appear with a
yellowish contrast, compared to a white color of the cavities without suspended membrane. The optical
appearance of an MoS2 monolayer on silicon is depicted in the middle inset of Figure 3.4.

Once a suspended monolayer is identified, its resonance frequency of the fundamental mode and non-
linear behavior are examined using the VNA. If significant nonlinearity is observed, the presence of
harmonics up to the third order is verified to enable amplitude calibration. From the equation for the
resonance frequency ω0 =

√
k1/m, it follows that the resonance frequency is inversely proportional

to the mass of the membrane. This poses a challenge for detecting higher harmonics, as the photo-
diode is designed to operate within a bandwidth of 125 MHz, beyond which its response attenuates
significantly. Due to their low mass, monolayer membranes exhibit higher resonance frequencies com-
pared to a multilayer membrane of the same diameter. This can be problematic for the detection of the
higher harmonics, because the photodiode is designed for operation up to a bandwidth of 125 MHz.
Beyond that, the signal response of the photodetector attenuates significantly. Monolayer membranes
have very low mass, leading to comparably high resonance frequencies as opposed to multilayer mem-
branes.

Once higher harmonics are detected, the signal strength of the membrane’s Brownian motion is as-
sessed. If a clear signal is observed, all three measurements are conducted consecutively without
changing the laser position on the resonator. The significance of a continuous measurement protocol
is discussed in the following section.

3.5.1. Amplitude Calibration

The calibration of the amplitude is a crucial step towards the extraction of the nonlinear spring constant
and the effective mass. This experimental step yields the transduction factor α (V 2/m2), which de-
scribes the amount of voltage generated by the photodiode per meter of displacement of the resonator.
Thus, the transduction factor allows the transformation of a VNA signal in V/V to information about the
resonator’s displacement in nm. The method of optical amplitude calibration was developed by Dolle-
man et al. and exploits the generation of higher harmonics resulting from nonlinear optical transduction
[24].

In Fabry-Pérot interferometry of nanomechanical cavities, the reflected intensity received by the pho-
todiode periodically changes as a function of the distance between the semi-transparent membrane
and the reflecting back mirror. At low vibrational amplitudes of the membrane, the dependence of the
detected optical signal can be approximated to be linearly dependent on the mirror to mirror distance.
At high vibrational amplitudes, however, this assumption of linear transduction is invalid, and optical
nonlinearities become relevant. The nonlinearities give rise to higher harmonics at integer multiples of
the fundamental resonance frequency, providing valuable information about the vibrational amplitude
δ, the average membrane position g and most importantly, the transduction factor α. By assuming a
sinusoidal motion of the resonating membrane, mathematical formulas for δ, g and α are developed
using ratios of the harmonics up to the third order.

The vibrational amplitude δ can be calculated from the third (I3ω) and first (I1ω) harmonic via:

δ =
2
√

6I3ω/I1ω√
γ2 − I3ω/I1ωγ2

, (3.2)

with γ = 4π/λ and λ as the wavelength of the readout laser (λ = 633nm). From the amplitude δ, it is
possible to calculate the average position g via the ratio of the second to the first harmonic I2ω/I1ω:

g =
1

γ

(
πn+ arctan

(
12δγ − δ3γ3

(6δ2γ2 − 48)I2ω/I1ω

))
. (3.3)
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In this equation, n is a positive integer and requires knowledge of the estimated average position based
on the production process [24]. For the device architecture used in this thesis, a value of n = 2 is chosen
[24].

Finally, the square root of the transduction factor can be calculated from the equation:

√
α ≈ I1ω

δ
, (3.4)

with I1ω as the measured root-mean-square (RMS) voltage VRMS of the fundamental harmonic.

At high vibrational amplitudes, nonlinear transduction effects can influence the amplitude, leading to an
error in the calculation of δ. It is possible to account for this source of error by calculating the corrected
amplitude δcorr from [24]:

δcorr =

(
1 +

1

8

(
I1ω√
α

)2

γ2

)
I1ω√
α
. (3.5)

The output signal of the VNA (S21) is given as a complex ratio of the output signal of the photodiode
(Vout) over the reference or input signal modulating the blue laser (Vin) as:

S21[V/V ] =
Vout

Vin
. (3.6)

To convert this to VRMS , the input RMS-voltage Vin,RMS must be known. With the impedance Z of the
VNA (50 Ω) and the RMS input power Pin,RMS in dBm, the input voltage is calculated via:

Vin,RMS =
√
ZPin,RMS =

√
Z

1000
10

P (dBm)
10 . (3.7)

Finally, the output RMS voltage is obtained with:

Vout,RMS = S21

√
Z

1000
10

P (dBm)
20 . (3.8)

The transduction coefficient α plays a crucial role for the rest of the measurements and is a direct
input parameter for the fitting of the duffing coefficient and the effective mass. The value of α is highly
sensitive to the positioning and focus of the readout laser on the drum, as well as to variations in laser
intensity [22]. Thus, it is important to perform a continuous set of measurements to ensure validity of
the transduction factor across all measurements.

3.5.2. Laser Interferometry in the Nonlinear Regime: Power Dependence

The second measurement with the VNA examines the power dependence of the resonator by step-wise
increasing the power modulation of the blue laser. This changes the driving force accordingly, leading to
a transition of the resonator’s behavior from the linear to the nonlinear regime. The power-dependence
is measured from -40 dBm to 10 dBm for each drum to capture this transition. Then, the backbone
curve can be applied:

f2
max = f2

0 +
3

16π2
βX̄2

max,nl, (3.9)

which allows extraction of the mass-normalized Duffing coefficient β [26, 50, 52]. The backbone curve
relates the frequency at the maximum of the amplitude response f2

max to the fundamental resonance
frequency in the linear regime f2

0 , themaximumdisplacement of the nonlinear response X̄2
max,nl and the

mass normalized duffing coefficient. β can then be extracted by fitting the backbone curve to multiple
frequency response curves To obtain the amplitude response data in nm, the VNA signal (VRMS) is
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converted to an absolute displacement in nm by applying Equation 3.2 with the transduction factor
obtained from the amplitude calibration.

Upon increase of the power modulation, the temperature of the drum can fluctuate, which leads to
changes in the tensile stress of the membrane due to thermal expansion. In membrane resonators,
the tensile stress is the core parameter that influences the resonance frequency (section 2.1). Thus,
changes in resonance frequency are observed at increasing optothermal driving force [26], which ulti-
mately leads to misalignment of the power-dependence curves. To compensate for the temperature-
related shift of the power-dependence curves, a method presented by Li et al. is applied, which allows
correcting for the influence of temperature by aligning the experimental dataset at the resonance fre-
quency of the device in the linear regime [50, 52].

The alignment of the power dependence curves bases on the assumption that the influence of the cubic
spring constant is negligible at frequencies far away from the resonance frequency. This is applicable,
because the restoring force contribution from nonlinearities (∝ βx3) is small due to small displacements
x at frequencies away from the resonance frequency (Equation 2.15). To account for temperature fluc-
tuations, a linear harmonic oscillator model is fitted to the nonlinear frequency response curves at
frequency ranges far from the resonance frequencies. This fitting process provides estimates of the
resonance frequency and quality factor. The fitting regions are manually selected to ensure a reason-
able correspondence with the dataset. In the next step, the resonance frequency of a linear response
curve is selected as the reference frequency, and the frequency difference between the fitted reso-
nance frequency of the nonlinear response curve and the reference frequency is determined. Finally,
the nonlinear curves are aligned with the reference frequency.

To perform the linear oscillator fitting, the following LHO model is used:

X̄(f) =
X̄max,l/Q√

(1− (f/f0)2)
2
+ f2(f0/Q)2

, (3.10)

where X̄max,l is set to the maximum amplitude of the nonlinear curve X̄max,nl to perform the fitting for
f0 and Q.

After correction for temperature fluctuations, the backbone curve can be fitted to provide the mass
normalized nonlinear spring constant.

3.5.3. Mass Calculation using Brownian Motion

The transduction factor is not only relevant for the fitting procedure of β, but is a direct input parameter
for the fitting process for the effective mass. In the thermomechanical calibration step, the membrane’s
Brownian motion is measured using a spectrum analyzer and exploits the relation between the mem-
brane’s temperature-related fluctuations and its mechanical response. This relation is given by the
equipartition theorem, which is commonly applied to calibrate the displacement of a nanomechanical
resonator via the transduction coefficient α [22, 29]. In this work, however, thermomechanical calibra-
tion is not used to obtain the transduction coefficient, but the effective mass.

The Brownian motion of a nanomechanical membrane arises from the collision of surrounding gas
particles with the membrane. At temperatures above 0 K, the particles can transfer energy to the
membrane, leading to a random vibrational motion often called thermal noise. Based on the equiparti-
tion theorem, the mean square amplitude of the thermal motion of the n-th mode of the resonator can
be described as:

⟨x2
n(t)⟩ =

∫ ∞

0

dfSzz(f). (3.11)

Here, f is the frequency and Szz(f) the one-sided power-spectral density (PSD) of the membrane
arising from thermal noise. The PSD of the n-th mode can be written as:
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Szz(f) =
kBTfn

2π3meff,nQn

[
(f2 − f2

n)
2 +

(
ffn
Qn

)2] , (3.12)

with fn, Qn and meff,n as the resonance frequency, quality factor and effective mass of the mode,
respectively [29]. Further, kB is the Boltzmann constant and T the resonator temperature.

The PSD of the membrane resonators can be measured using a Spectrum Analyzer. By squaring
the obtained voltage signal and dividing it by the measurement bandwidth, the PSD is obtained, with
units of V 2/Hz. However, the measured signal does not purely correspond to the thermal noise of
the membrane, but also contains environmental white noise Sw

vv as a flat additive and noise from the
photodetector SPD

vv (f). Thus, the measured PSD from the spectrum analyzer can be written as:

Svv(f) = Sw
vv + SPD

vv (f) + αSzz(f), (3.13)

with α as the transduction factor [29].

To calculate the effective mass of the fundamental mode, the PSD of the fundamental mode is mea-
sured without altering the laser position with respect to the amplitude calibration and power-dependence
measurement. This ensures validity of the transduction factor across the set of consecutive measure-
ments. During the measurement of the PSD, the blue actuation laser is turned off, and only the red laser
illuminates the sample for interferometric readout. Then, the dark noise of the photodiode is measured
with the red laser turned off.

By subtracting the measured dark noise from the PSD of the resonator, only a constant noise floor
remains due to the white noise from the environment. By averaging in a frequency range away from
the peak of the Brownian motion, the constant noise floor can be determined as is subtracted from the
PSD. The remaining signal after subtraction of SPD

vv (f) and Sw
vv can be purely attributed to the thermal

noise of the resonator αSzz(f).

Because α is already known, it is possible to determine the effective mass by fitting the obtained thermal
noise signal using Equation 3.12 multiplied with α. To obtain initial guesses for f0 and Q, a LHO model
is first fitted to the PSD. In the final step, the initial guesses of f0 and Q are used to fit the effective
mass meff to the PSD.

3.5.4. Calculation of the Young's Modulus

After all three of the measurements presented in Figure 3.5 were conducted consecutively, it is possible
to calculate the Young’s modulus by combining Equation 2.16 with Equation 3.1. With the value for β
obtained from the power-dependence measurement, the non-normalized Duffing coefficient k3 can be
computed as:

k3 = β ·meff . (3.14)

Finally, k3 can be inserted into Equation 3.1 together with the drum radius, Poisson ratio and membrane
thickness to obtain the Young’s modulus of the studied membrane.



4
Results and Discussion

4.1. Young's Modulus of Pristine MoS2 Monolayers

To evaluate the proposed all-optical characterization method for determining the Young’s modulus, the
devices made from pristine monolayer MoS2 are used, and the analysis procedure described in sec-
tion 3.5 is followed closely. A total of 26 suspendedmembranes on the chip are tested for their nonlinear
performance, Brownian motion, and presence of harmonics at varying drum diameters of 3 to 6 µm.
Consecutive measurements on drums exhibiting the required nonlinear behavior and harmonics up to
the third order are conducted on four drums (Drum 5, 12, 15 and 16), corresponding to an approximate
yield of 15%. Notably, high actuation powers close to 10 dBm are required to detect signals from the
harmonics. In most drums, the absence of third order-harmonics impeded amplitude calibration and
further measurements. Nonlinear behavior and the required harmonics are observed in drums with di-
ameters of 4 and 5 µm, with corresponding optical images shown in Figure 4.1. The proposed method
is demonstrated in detail on one of the four drums (Drum 16), which consists of a MoS2 monolayer
suspended over a 5 µm diameter cavity.

Figure 4.1: Overview of the nanodrums fabricated from pristine monolayer MoS2 via gold-assisted
mechanical exfoliation. The diameters of the drums are (a) 4 μm for Drum 5 and (b-c) 5 μm for the
Drums 12, 15 and 16.

Before the start of a measurement, the blue and red laser spots are positioned in the center of the
drum using the white light source and the camera, with the corresponding beam splitter in the optical
path of the lasers. The spot size of both the red and blue laser is approximately 1 µm. With the focus
of both lasers at the height of the membrane, the white light source is turned off and the device’s
response to different driving frequencies is examined with the VNA. Once the resonance peak with the
lowest frequency is identified, it is assumed to be the fundamental mode of the drum. All measurements
conducted on this drum will be performed in the frequency range around this peak to ensure the validity
of the equations and effective mass described in section 3.5.

To record the measurements, the beam splitter introducing the white light into the optical path of the

22
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lasers was removed to direct the maximum intensity of the red laser to the photodiode. With the beam
splitter in place, the third harmonics of the drums were not visible due to the reduction in laser intensity
caused by the splitter. Removing the beam splitter during measurements resulted in a slight shift of
the red and blue lasers away from the drum’s center position. This required manual re-centering by
maximizing the signal of the fundamental mode and higher harmonics in the VNA. The laser position
on the drum was manually adjusted using the open-loop piezoelectric stage until the signal detected
by the VNA reached its maximum.

4.1.1. Extraction of Device Parameters

In the beginning of the analysis, the resonance frequency of the fundamental mode was identified at
approximately 40.45 MHz, and all measurements were conducted with the resonance frequency as
the center frequency and a span of 10 MHz. Figure 4.2 presents the fundamental mode at very low
driving powers of -34 to -22 dBm. With higher driving power, the amplitude of the resonator rises as
expected due to enhanced thermal expansion and contraction. In addition to the presented amplitude
response data at low driving powers, Figure 4.2 shows fits of a damped linear harmonic oscillator
model to the experimental results. The fitting of an LHO model to the data at low power is justified
under the assumption that nonlinearities are negligible due to the low amplitude. From the fits, it is
possible to extract the resonance frequency and the quality factor, which are given in the legend for
each driving power. The resonance frequencies are consistent between different driving powers, with
minor variations arising from measurement noise and a limited number of measurement points.

Figure 4.2: Experimental data and corresponding linear harmonic oscillator fits of Drum 16 at different
driving powers. The Q-factors and resonance frequencies are stated for each power. The amplitude is
given in VRMS.
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The extracted quality factors from the fits are remarkably high for 2D material resonators at room tem-
perature, with values ranging from ~1000 to ~1600 at -34 to -22 dBm. In general, quality factors of
such resonators are below 1000, with commonly reported values in the lower hundreds [53–56]. High
quality factors are desirable in nanomechanical resonators due to an increase in precision of mass,
pressure, and strain sensing as well as a reduced energy consumption for low-power devices [52, 57,
58]. A potential reason for the high quality factor could be the production method, if the suspended
membranes are fabricated with very high pre-strain. Highly pre-strained membranes exhibit increased
quality factors in comparison to membranes without pre-strain due to a phenomenon called dissipa-
tion dilution [59, 60]. As introduced in subsection 2.1.1, the quality factor represents the amount of
stored over dissipated energy per oscillation cycle. In a highly pre-strained membrane, the increased
pre-strain enhances the stored energy, while dissipation mechanisms remain largely unaffected. Con-
sequently, the dissipated energy is effectively ‘diluted’ relative to the stored energy, leading to a higher
quality factor.

Amplitude Calibration

After identification of the resonance frequency of the fundamental mode, the higher harmonics of this
mode are measured to calibrate the vibrational amplitude. To avoid an influence of nonlinear damping
and strong temperature-related shifts in the resonance frequency, the harmonics are measured at the
lowest driving power, where the third harmonics are visible. For Drum 16, the harmonics are measured
at 6 dBm and are presented in Figure 4.3 a. The first three harmonics are detectable and above the
noise level, while the fourth harmonic is not visible. The transition point of the harmonics from the
upper branch of the stable solution to the lower branch occurs at different frequencies, which can arise
from fluctuations in the nonlinear response of the resonating membranes [24]. Such fluctuations in
the nonlinear response could originate from thermal or measurement noise or slight variations in the
driving force [24]. The variations in the transition points between the harmonics do not have negative
consequences for the calculation of the ratios of the harmonics, since the backbone curve followed by
the resonator is the same for all harmonics [24]. The amplitude, average position, and the square root
of the transduction factor are calculated within a frequency window of 50 kHz, ending before the peak
of the harmonic preceding the lowest peak frequency. The window used for calculating the harmonic
ratios is indicated by the dashed vertical lines in the figure.

Figure 4.3 b-d show the amplitude of the resonating membrane, its average position and transduction
factor calculated within the 50 kHz range. With 15 nm, the amplitude of the vibration is high compared
to the thickness of a single layer of MoS2 (6.5 Å [61]), but not so high that nonlinear effects play a role.
This is in agreement with the similar amplitudes of the averaged δ and δcorr of 15 nm. The extracted
average position of 302 nm is in line with the depth of the cavity, which was extracted to be 304 nm.
The cavity depth was measured with an AFM at multiple non-suspended cavities. The extracted square
root of the transduction factor is 1.20×106 V/m, which corresponds to a value of 1.43×1012 V2/m2 for
α. In contrast to the amplitude, which is expected to increase along the upper branch of the amplitude
solution, g and

√
α are expected to be constant. This is in agreement to the values in Figure 4.3 c and

d, which do not depend on the frequency.

Power-Dependence

After obtaining the transduction factor, the power-dependence measurement is conducted. During the
measurement, the power modulation of the blue actuation laser is increased in increments of 2 dBm
from -40 to 10 dBm and the amplitude response is measured. Figure 4.4 a shows a selection of ampli-
tude responses in nm at different driving powers, from -22 dBm to 10 dBm. The amplitude is converted
to nm with the transduction factor from the amplitude calibration step by dividing the measured VRMS

by
√
α. These responses are also used for the fitting of the backbone curve to extract the normalized

Duffing coefficient, which is shown in Figure 4.4 b.

The amplitude responses in Figure 4.4 a exhibit significant temperature-related fluctuations in their reso-
nance frequencies, which requires aligning the resonance frequencies to enable fitting of the backbone
curve. These temperature-induced shifts in resonance frequency become increasingly pronounced
with higher driving power, with the amplitude response of driving at 10 dBm showing the strongest
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Figure 4.3: (a) Amplitude calibration of the membrane resonator using the harmonics of the fundamen-
tal mode. The harmonics were measured at 6.0 dBm to reduce the possibility of nonlinear damping and
temperature-related shifts during the measurement. The vertical dashed lines indicate the frequency
window where the amplitude, average position and transduction factor of the resonator were computed.
(b) Amplitude of the resonator with and without correction for nonlinear optical transduction. Due to
the low amplitude, nonlinear optical transduction effects are negligible. (c) Average position and (d)
transduction factor of the membrane resonator.

shift. An increase in power modulation leads to a rise of the membrane temperature due to the limited
thermal conduction of the membrane. At high irradiation intensities, the generated heat is not fully dissi-
pated during the subsequent cooling cycle, causing a cumulative temperature increase. The increase
in membrane temperature results in thermal expansion of the membrane, which in turn reduces the
overall tension in the membrane [62]. The reduced tension in the membrane lowers its stiffness, and
thus the resonance frequency (see Equation 2.5) [62].

To correct for the frequency shifts, the amplitude response at each driving power is fitted with a LHO
model at frequencies with an amplitude well below 1 nm. At such low amplitudes. the effect of nonlinear-
ities is negligible. The fitted curve represents the response of the resonator in absence of nonlinearities
and can be used to determine the frequency shift ∆f of the response at high driving power to the res-
onance frequency of the membrane at low driving powers (f0). The resonance frequency of 40.41
MHz at low driving power is determined from the linear response at a modulation of -22 dBm, which
is shown in purple. To fit the LHO model to the nonlinear data, the regions above and below the res-
onance frequency are determined manually, along with the initial guess for the resonance frequency.
The procedure is shown in the inset of Figure 4.4 a for the response at 4 dBm, where the data used for
the fit is represented in blue. In the fitting process, the amplitude of the LHO model is fixed, while the
resonance frequency and quality factor are fitted. The frequency shift ∆f is defined as the difference
of the fitted resonance frequency to the resonance frequency at low driving power f0.
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Figure 4.4: (a) Power-dependence measurement of Drum 16 at driving powers from -22 dBm to 10
dBm. To correct for the temperature-induced frequency shift, a LHO model is fitted to the response in
the linear regime for amplitudes well below 1 nm (see inset). For each driving power, the frequency
shift ∆f is determined by calculating the difference between the resonance frequency from the LHO
fit (indicated by colored dashed vertical lines) to the resonance frequency f0 of the resonance at low
driving power (-22 dBm, indicated by the vertical grey dashed line). The inset for -22 dBm shows the fit
determining f0. (b) Fit of the backbone curve (Equation 3.9) to the maximum amplitudes of each driving
power after correction for temperature fluctuations. The extracted value for the Duffing coefficient from
the fit is β = 14.5±0.2×1030 Nm-3kg-1.

After correction for the temperature fluctuations, the curves are plotted in Figure 4.4 b to fit the backbone
curve and extract the normalized Duffing coefficient. In the graph, the maximum amplitudes for each
driving power are highlighted by black dots, through which the backbone equation from Equation 3.9
is fitted. A good agreement of the fitted backbone curve and the maximum amplitudes is observed,
indicating a successful temperature correction. The fitting procedure yields a mass-normalized Duffing
coefficient of β = 14.5±0.2×1030 Nm-3kg-1, with the uncertainty extracted from the fit.
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After extracting β from the backbone of the power-dependence measurement, it is possible to verify the
agreement between the experimental data and the Duffing coefficient. This is achieved by plotting the
experimental data together with the solutions of the steady-state amplitude based on Equation 2.18. For
each driving power, the steady-state amplitude equation requires the resonance frequency ω0 = 2πf0,
the quality factor Q, the fitted Duffing coefficient β and the driving force per effective mass as Fω/meff .
The values for Q and Fω/meff are calculated together with the resonance frequency in the step for the
correction of temperature fluctuations in the same manually defined frequency regions. Q is calculated
together with the resonance frequency and Fω/meff in a separate fit of a LHO model with Fω/meff in
the numerator (Equation 2.9).

With these values as the input parameters for the steady-state amplitude response function, the ex-
perimental data is plotted together with the stable and unstable solution branches in Figure 4.5. The
upper and lower stable solutions are plotted as solid lines, whereas a dashed line indicates the unstable
solution. Figure 4.5 a-e show the data corresponding to the individual driving powers, while an overlay
of all data and fits is presented in Figure 4.5 f.

The plotted steady-state amplitude response curves are in good agreement with the experimental data
for power modulation values of -22 dBm up to 4 dBm (Figure 4.5a-d). The amplitude and curvature
of the steady-state solution strongly resemble the experimental findings. However, it is important to
emphasize the increase in quality factor from 1560 at -22 dBm to 4364 at 4 dBm. Generally, the quality
factor of a resonator transitioning from the linear to the nonlinear regime is not expected to increase
with increasing driving powers. With higher amplitudes, energy losses arising from nonlinear damping
are expected to increase, thus leading to a broadened resonance and reduced quality factor [26, 31].

In contrast to the data of lower modulation powers, the agreement between the calculated amplitude
response and the data for 10 dBm is reduced (Figure 4.5e). For frequencies around the resonance fre-
quency, the measured amplitude increases more sharply than the calculated response, showing limited
agreement. At amplitudes approaching the maximum, the calculated and measured response align
more closely, showing similar curvatures. Most notably, the amplitude of the steady-state response
does not match the value of the experimental data. In general, a reduced amplitude can originate from
a lower quality factor. However, the quality factor was extracted from the LHO fit to the data performed
for the temperature correction, which matches the experimentally determined amplitude in Figure 4.4
a and b.

The higher amplitude of the measured response for 10 dBm in comparison to the calculation using
Equation 2.18 is unexpected, particularly regarding effects of nonlinear damping. If a resonator is sub-
ject to nonlinear damping, its vibrational amplitude is typically reduced in comparison to an undamped
vibration, as presented in Figure 2.1 b. Since nonlinear damping was neglected in this thesis, the
calculated amplitude would be expected to exceed the measured amplitude if nonlinear damping is
present.

Brownian Motion Measurement

To be able to compute the Young’s modulus from the mass normalized Duffing coefficient β, it is es-
sential to convert it to the non-normalized form k3. This can be achieved via Equation 2.16, requiring
the effective mass to be known. The effective mass of the fundamental mode can be obtained with
the measurement of the Brownian motion of the drum. By using the spectrum analyzer, the PSD of
the drum’s thermal motion is recorded together with the dark current noise of the photodetector. The
PSD is measured at a bandwidth of 3kHz, a sweep time of 0.5 s and 20 averages. During the measure-
ment, the blue laser is turned off. After subtracting the noise of the photodetector and a constant white
noise signal, the pure PSD of the drum’s thermal motion is obtained. By using the transduction factor
obtained from the amplitude calibration, the effective mass can be extracted by fitting Equation 3.12
to the measured data. Before fitting the effective mass, initial guesses for the quality factor and res-
onance frequency are obtained by fitting a LHO model to the Brownian motion PSD. In Figure 4.6,
the fit of Equation 3.12 to the measured PSD is shown. From the fit, an effective mass of meff =
11.5±0.7×10-17 kg is obtained.

The extracted effective mass can be compared to that of an ideal circular drum made of monolayer
MoS2 without membrane slack, defects, or contamination. To calculate the mass for an ideal drum
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Figure 4.5: (a-e) Overlay of the measured and calculated steady state response of the oscillating
membrane for increasing driving powers from -22 to 10 dBm. The colored data points correspond to the
experimental data, and the black line indicates the steady-state solutions obtained from Equation 2.18.
The stable solutions are represented by solid lines, while dashed lines represent the unstable solution.
For each driving power, the quality factors extracted from the linear response are shown in the title of
the plots. (f) Combined plot showing the experimental data and steady-state solutions for the driving
powers of (a-e).

of 5 µm diameter, the bulk mass density of 5060 kgm-3 for MoS2 is multiplied with the volume of the
membrane for a thickness of 6.5 Å [61, 63]. The resulting ideal mass of 1.74×10-17 kg is a factor of
6.6 lower than the mass extracted from the fitting process. This discrepancy could be attributed to
contaminants introduced during sample fabrication, transfer, and analysis, including moisture, dust,
and other residues. Thus, the higher extracted mass is reasonable and does not necessarily indicate
a large systematic error. Additionally, membrane slack in real drums leads to a slightly higher effective
mass compared to an ideal, perfectly tensioned membrane. The discrepancy between measured and
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Figure 4.6: Measured power spectral density of Drum 16 after subtraction of a flat noise background,
together with the corresponding fit to determine the effective mass of the membrane. The power spec-
tral density is measured with a bandwidth of 3 kHz, a sweep time of 0.5 s and 20 averages at an input
impedance of 50 Ω. The value obtained for the effective mass is meff = 11.5±0.7×10-17 kg.

expected values is discussed in more detail in subsection 4.1.3.

4.1.2. Calculation of the Young's Modulus

After obtaining the effective drum mass, it is possible to calculate the non-normalized spring constant
k3 and the Young’s modulus via Equation 3.1. By rearranging Equation 2.16, k3 is calculated as k3 =
βmeff,fit and has a value of 1.67±0.33×1015 Nm-3. To compute the modulus for Drum 16, the value for
k3 is used together with a radius of 2.5 µm, monolayer thickness of 0.65 Å and a Poisson ratio of 0.25 [61,
64]. The obtained value for the Young’s modulus using the values extracted with the presented method
is E = 5157 ± 980 GPa. The error was determined by propagating the errors from the transduction
factor, effective mass and Duffing coefficient.

This modulus value is significantly higher than the expected literature values, which range from 140
to 430 GPa [22]. To provide a more comprehensive overview, the moduli of three additional drums
are shown in Figure 4.7, obtained using the same all-optical procedure. As evident from the figure,
the moduli of all drums are significantly higher than the literature values (grey horizontal band), with
the modulus of Drum 5 being the closest at 663±158 GPa. Furthermore, the figure shows calculated
Young’s moduli of the analyzed drums when the effective mass of an ideal drum meff,calc is used to
calculate k3. These moduli are in better agreement with the literature data and range from 87±20 GPa
to 779±140 GPa. Although the values for Drum 12 and Drum 16 are close to or within the range of
literature values, a general deviation remains.

To calculate the Young’s moduli of the other examined drums, the corresponding transduction factor,
Duffing coefficient and fitted effective mass were determined with the same approach as for Drum 16.
The values for each drum are summarized in Table 4.1, allowing comparison among the drums and to
values obtained from other works.

The normalized Duffing coefficient is expected to differ slightly due to sample-dependent variations
in pre-tension, contamination and defects. The Duffing coefficient governs the amplitude-dependent
membrane stiffening, which increases the restoring force (Equation 2.19). The fabrication of nanome-
chanical membrane resonators inherently results in membranes with varying pre-tension, defect den-
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Figure 4.7: Bar chart representing the experimentally obtained Young’s moduli of the studied mem-
brane resonators. Blue bars indicate Young’s moduli calculated from the fitted effective mass from
the Brownian motion. Orange bars represent the moduli when calculated with an effective mass of an
ideal, perfectly spherical drum. The range of Young’s moduli described in literature is indicated by a
grey horizontal band [22].

sity, and contamination levels [65, 66]. Davidovikj et al. demonstrated that non-uniform pre-strain
distributions modify the mode shape, thereby altering the amplitude dependent stiffening behavior [47].
Furthermore, crystal lattice defects or additional point masses from contamination can further influence
the mode shape and result in variations in the cubic stiffness between membranes. As shown in Ta-
ble 4.1, the extracted values for β are comparable for Drums 5, 12, and 15, whereas the value for Drum
16 deviates.

Comparing the transduction factors to the value reported by Dolleman et al., a clear difference between
MoS2 and graphene is evident [24]. The transduction factor of MoS2 is approximately three orders of
magnitude higher than for graphene. This can be attributed to the higher reflectivity and stronger optical
absorption of MoS2, compared to graphene’s broadband but weaker absorption [68]. Additionally, the
higher responsivity values of MoS2 in Figure 3.3 support this correlation. Moreover, the obtained values
are consistent with those of Davidovikj et al. [22] obtained by interferometric readout and amplitude
calibration via Brownian motion.

4.1.3. Discrepancy Between Results and Literature

As evident from Figure 4.7, the Young’s moduli calculated from the fitted data show a clear discrepancy
with literature values across all studied drums. This discrepancy persists even when the effective mass
of an ideal drum is used to calculate the modulus instead of the fitted mass from the Brownian motion.
The analysis and identification of the cause for the discrepancy is further hindered by a limited amount of
studies reporting values for the Duffing coefficient and transduction factor obtained via optical readout
and transduction methods. While it is difficult to attribute the discrepancy to a single measurement
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Table 4.1: Comparison of experimentally determined properties of the examined monolayer MoS2 res-
onators analyzed with the developed method. The measured transduction factor, normalized Duffing
coefficient and effective mass are given together with values extracted from literature for similar experi-
mental techniques. 1Calculated assuming a perfectly spherical drum of radius 4 and 5 µm, a bulk mass
density of 5060 kgm-3 and monolayer thickness of 6.5 Å [61, 63].

Sample

Drum
Dia-
meter
(µm)

Transduction
Factor

α
(×1012 V2/m2)

Normalized
Duffing

Coefficient β
(×1030 Nm-3kg-1)

Effective
Mass

meff,fit

(×10-17 kg)

E
using

meff,fit

(GPa)

E
using

meff,calc

(GPa)

Drum 5 4 0.51±0.09 3.94±0.4 8.51±0.3 663±158 87±20

Drum 12 5 5.47±0.22 3.69±0.2 9.35±0.5 1067±102 198±14

Drum 15 5 1.23±0.09 2.38±0.1 20.1±0.9 1480±163 128±12

Drum 16 5 1.43±0.06 14.5±0.2 11.5±0.7 5157±996 779±140

MoS2 [22] 4 2.56 — — — 315±23

Ideal MoS2 4/5 — — 1.11/1.741 — 140-430 [22]
Graphene
(5 nm) [22] 5 — 8.79 — — —

Graphene
[24] 5 0.00774 — — — —

Graphene
[67] 5 — — 5.0-9.6 — 494

parameter, potential sources of error include the mode shape of the resonating membrane, the fitted
effective mass, the amplitude calibration step and the extraction of the Duffing coefficient.

Mode Shape

Firstly, the dependence of the presented all-optical procedure on the mode shape of the drum is high-
lighted. All equations that were used to derive the Young’s moduli rely on the assumption that the
fundamental mode with the corresponding mode shape is measured. The presence of contamination,
lattice defects or non-uniform pre-strain throughout themembrane can cause deviation of the vibrational
mode from the fundamental mode shape [47]. The applied formulas for the modulus calculation in this
thesis are derived for axisymmetric vibrational modes of the membrane and are invalid for asymmetric
modes [22]. Whereas the fundamental mode is generally axisymmetric, contamination, imperfections
or non-uniform pre-strain could result in an asymmetric vibrational mode, causing inaccurate results.
Furthermore, non-uniformity of the membrane could lead to mode-coupling, further altering the vibra-
tional mode shape [26].

Effective Mass

Secondly, the effective mass of the membrane is a critical parameter in the calculation, because it di-
rectly influences the value of the nonlinear spring constant. Lattice defects or additional mass from
contamination can lead to significant changes of the effective mass. To assess the quality of the ana-
lyzed samples, AFM imaging is performed on both monolayer and multilayer membranes. Two drums
measured using the proposed all-optical method are analyzed (Drum 15 and 16) alongside previously
unstudied drums. The AFM images of Drum 15 and 16 are presented in Figure 4.8a-b, and clearly
show impurities and defects on the monolayer surface.

Drum 15 shows strong contamination by added particles on the membrane surface in the vicinity of the
membrane edge. With respect to the monolayer membrane, these particles have a height of approxi-
mately 35 nm, and could significantly increase the mass of the membrane and affect its mode shape.
The AFM images also reveal side-wall adhesion, indicated by the steep slope of the membrane around
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its circumference. Additionally, Drum 16 shows contamination in the vicinity of the membrane edge and
a major lattice defect. Indicated by the abrupt decrease in height close to the membrane center, the
membrane seems perforated. A perforation in the membrane is expected to drastically affect the mode
shape and strain profile of the membrane. Further measurements on monolayer (Drum A2) and multi-
layer (Drum A6) drums are performed, which were not studied with nonlinear dynamic characterization.
Both drums are presented in Figure 4.8c-d, also highlighting contamination and non-uniformity of the
membranes. While Drum A2 seems to have less contamination, Drum A6 shows localized impurities
of ~45 nm and wrinkles close to the membrane edge.

Despite the presence of impurities, the effective mass of the MoS2 membranes is comparable to that
of graphene membranes studied by Liu et al. with the same radius, which range from 5.0–9.6 ×10-17
kg [67]. Given that graphene has a slightly lower mass than MoS2, the mass values obtained for the
resonators in this thesis appear reasonable.

Laser Position Sensitivity in Transduction and Nonlinear Stiffness

Finally, the strong dependence of the transduction factor and nonlinear spring constant on the laser
position is emphasized. From the amplitude calibration step, the transduction factor is extracted, which
is a crucial input parameter for the fit of the backbone curve to obtain the Duffing coefficient and the
extraction of the effective mass. If the readout laser is not directly focussed on the drum center, the
interferometric readout captures a reduced vibrational amplitude with respect to the central oscillation,
leading to an inaccurate transduction factor. This could potentially influence the calculated Young’s
modulus, contributing to the observed discrepancy.

In addition to the transduction factor, the nonlinear stiffness is highly sensitive to the measurement
position. If the readout laser is not focused on the center of the drum, a reduced vibrational amplitude is
recorded, since the highest oscillation of the fundamental mode occurs in the membrane center. When
assuming that the actuation force and resonance frequency stay unaffected, the Duffing coefficient
would increase. This could occir for cases where the blue and red laser are not perfectly aligned, or
both lasers are focused on an off-center position of the membrane. With the requirement of manual
adjustment of the laser position on the drum due to the influence of the beam splitter (subsection 3.4.2),
this inaccuracy is increased. The increased Duffing coefficient could explain the increased values of
the Young’s moduli, due to the direct proportionality of the modulus and the Duffing coefficient.

Additional Error Sources

An additional source of error could lie in the experimental procedure for the measurement of the Brown-
ian motion. The fitted effective mass was obtained by measuring the thermal noise of the drum without
irradiation of the blue laser. This changes the temperature of the drum and thus its resonance frequency,
from 40.41 MHz under irradiation with the blue and red laser to 42.96 MHz during the Brownian motion
measurement. Despite the better agreement of Young’s moduli using the calculated instead of the fit-
ted effective mass, is it not possible to regard the fitted mass as the only source of error. Although the
fitting procedure is consistent in itself and experimental data and steady-state solution align reasonably
well, it is not possible to purely assign the source for the discrepancy to the mass fitting procedure. As
discussed, the transduction factor and Duffing coefficient are highly dependent on the laser position on
the drum and could equally contribute to the discrepancy in the results.

Another interesting observation is the significant change in quality factor that was observed from fitting
the LHO model to the power-dependence measurement. Generally, such an increase is not expected,
as damping effects typically increase with increasing driving amplitude [26, 31]. However, the res-
onators in this thesis showed quality factors above 1000, which is higher than commonly reported
values [53–56]. While the high quality factors could be related to dissipation dilution, an explanation
for the quality factor increase can not be given at this point.

Finally, it is important to note that the different sources of error are not independent but highly inter-
connected. In particular, membrane contamination or defects simultaneously affect the mode shape,
effective mass, and nonlinear stiffness. The fundamental assumption underlying the equations in this
thesis is the symmetry of the fundamental mode. If defects or additional mass alter the mode shape, the
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Figure 4.8: Scanningmode AFM images of four suspendedMoS2membranes to reveal the topography
and quality of the membranes. (a-b) Topography maps of monolayer membranes of Drum 15 and
16, showing sample contamination close to the cavity edge and membrane perforation (Drum 16).
Topography of additional (c) monolayer and (d) multilayer membranes, which were not studied with
nonlinear dynamic characterization. The membrane in (c) shows comparably low contamination, while
the multilayer in (d) shows strong contamination of the membrane with a height of ~45 nm with respect
to the membrane. Additionally, wrinkles are present in the vicinity of the membrane edge.
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equations become less accurate. Moreover, the mode shape determines the measured amplitude dur-
ing the calibration step and backbone fitting process, directly influencing the extracted Young’s modulus
via the transduction factor and Duffing coefficient.



5
Conclusion and Outlook

In the scope of this thesis, a novel all-optical approach for measuring the Young’s modulus of two-
dimensional materials was developed and successfully tested on monolayer membrane resonators of
MoS2. By replicating nonlinear dynamic characterization from Davidovikj et al. and combining it with
optical amplitude calibration from Dolleman et al., an all-optical analysis method is achieved. From
a set of three consecutive measurements, it is possible to extract the Young’s modulus without pre-
liminary assumptions about the resonator. By eliminating the need for physical contact, this method
overcomes limitations of atomic force microscopy (AFM) nanoindentation, such as high stress con-
centrations, tip-sample interactions (adhesion, capillary forces), and viscoelastic effects. Unlike the
static deflection method in AFM, the presented approach enables the characterization of the dynamic
mechanical properties of 2D materials through their nonlinear vibrational behavior.

Although values for the Young’s moduli of all drums are extracted, these values exceed the range of
literature values. On the other hand, calculation of the Young’s modulus with the effective mass of an
ideal drum yields results slightly below literature values. Given the similarity of the obtained mass val-
ues to those of Liu et al., the mass values obtained in this thesis appear reasonable [67]. One of the key
factors influencing the results is the strong sensitivity of the transduction factor and nonlinear stiffness
to laser positioning. Moreover, surface morphology imaging revealed significant contamination and
lattice defects, which could explain deviations in the extracted Young’s modulus. Since membrane con-
tamination and imperfections impact all key parameters, including the mode shape, effective mass, and
nonlinear stiffness, it is challenging to identify a single source of error. Given the inherent challenges
associated with measuring atomically thin monolayer membranes, it is noteworthy that this method
yielded results for the modulus, despite the need for further improvements.

While pristine membranes without deliberately introduced defects were studied throughout this thesis,
analysis of defective membranes is feasible, given that the mode shape does not drastically deviate
from the fundamental mode. This would allow analysis of the Young’s modulus of defective graphene
membranes to evaluate a potential modulus increase at low defect concentrations, as presented by
López-Polín et al. [19]. Furthermore, this technique could be expanded to other 2D materials if their
mechanical, thermal and optical properties allow analysis with this all-optical, nonlinear dynamic ap-
proach.

Despite deviation from the experimentally determined Young’s moduli to literature values, the presented
method successfully combines actuation, amplitude calibration and mass determination relying purely
on optical methods. Thus, this method could function as a promising, contactless alternative to AFM
Nanoindentation to unravel the connection between point defects and Young’s modulus in 2D material
monolayers.
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5.1. Final Recommendations

Given the high relevance of 2D materials for current and future industrial applications, further exper-
imental research is required to evaluate and improve the method presented in this thesis. Below, a
list of potential improvements and recommendations is given. By adapting the experimental setup ac-
cordingly, the developed method could pave the way towards a deeper understanding of the relation
between Young’s modulus and defect concentration.

• To detect a signal for the harmonics up to the third order, the monolayer resonators in this thesis
required very high actuation power as opposed to multilayer membranes. This increases the
chance of influencing the membrane, increasing membrane temperature and introducing defects.
A possible way to reduce the invasiveness of the method is by changing the readout laser and
adapting the cavity depth accordingly to obtain the highest possible responsivity. Furthermore,
this increases the sensitivity and stability of the method as well as the measurement yield.

• The invasiveness could further be reduced by applying a different actuation method, such as a
piezoelectric actuator. This reduces changes in membrane temperature and possible changes of
the membrane. Furthermore, the necessity of aligning the actuation and readout laser is avoided,
which simplifies the experimentation and increases efficiency.

• With an improved measurement setup, repeated measurements on the same drum would provide
insight into the accuracy and reproducibility of the method by reducing statistical uncertainty.

• To validate the method, the analysis of multilayer membranes is feasible. This would reduce the
effect of contamination on the effective mass, providing more accurate results.
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A
Measurements and Results of

Additional Drums

Drum 5

Figure A.1: Experimental data and corresponding linear harmonic oscillator fits of Drum 5 at different
driving powers. At these low powers, the membrane is assumed to behave linearly, allowing the linear
fits. The Q-factors and resonance frequencies are stated for each power. The amplitude is given in
VRMS.
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Figure A.2: Amplitude calibration of Drum 5 using harmonics of the fundamental mode. The harmon-
ics were measured at 10 dBm. The vertical dashed lines indicate the frequency window where the
amplitude, average position and transduction factor of the resonator were computed. (b) Vibrational
amplitude of the resonator with and without correction for nonlinear optical transduction. Due to the
low amplitude, nonlinear optical transduction effects can be neglected. (c) Average position and (d)
transduction factor of the membrane resonator.
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Figure A.3: Power-dependence measurement of Drum 5 at driving powers from -30 dBm to 10 dBm.
To correct for the temperature-induced frequency shift, a LHO model is fitted to data far above and
below the nonlinear response (see inset). The frequency shift ∆f is the difference in frequency from
the fitted resonance frequencies to the resonance frequency in the linear regime f0, which are indicated
by dashed vertical lines. Fitting of the backbone curve (Equation 3.9) to the maximum amplitudes of
each driving power after correction for temperature fluctuations. The extracted value for the Duffing
coefficient from the fit is β = 3.94±0.3×1030 Nm-3kg-1.



45

Figure A.4: (a-c) Overlay of the measured and calculated steady state response of the oscillating
membrane for increasing driving powers from -30 to 10 dBm of Drum 5. The colored data points
correspond to the experimental data, and the black line indicates the steady-state solutions obtained
from Equation 2.18. The stable solutions are represented by solid lines, while dashed lines represent
the unstable solution. (d) Combined plot showing the experimental data and steady-state solutions for
the driving powers of (a-c).

Figure A.5: Measured power spectral density of Drum 5 after subtraction of noise sources together
with the corresponding fit to determine the effective mass of the membrane. The value obtained for the
effective mass is meff = 8.51±0.3×10-17 kg.
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Drum 12

Figure A.6: Experimental data and corresponding linear harmonic oscillator fits of Drum 12 at different
driving powers. At these low powers, the membrane is assumed to behave linearly, allowing the linear
fits. The Q-factors and resonance frequencies are stated for each power. The amplitude is given in
VRMS.
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Figure A.7: Amplitude calibration of Drum 12 using harmonics of the fundamental mode. The harmon-
ics were measured at 10 dBm. The vertical dashed lines indicate the frequency window where the
amplitude, average position and transduction factor of the resonator were computed. (b) Vibrational
amplitude of the resonator with and without correction for nonlinear optical transduction. Due to the
low amplitude, nonlinear optical transduction effects can be neglected. (c) Average position and (d)
transduction factor of the membrane resonator.
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Figure A.8: Power-dependence measurement of Drum 12 at driving powers from -30 dBm to 10 dBm.
To correct for the temperature-induced frequency shift, a LHO model is fitted to data far above and
below the nonlinear response (see inset). The frequency shift ∆f is the difference in frequency from
the fitted resonance frequencies to the resonance frequency in the linear regime f0, which are indicated
by dashed vertical lines. Fitting of the backbone curve (Equation 3.9) to the maximum amplitudes of
each driving power after correction for temperature fluctuations. The extracted value for the Duffing
coefficient from the fit is β = 3.69±0.2×1030 Nm-3kg-1.



49

Figure A.9: (a-d) Overlay of the measured and calculated steady state response of the oscillating
membrane for increasing driving powers from -30 to 10 dBm of Drum 12. The colored data points
correspond to the experimental data, and the black line indicates the steady-state solutions obtained
from Equation 2.18. The stable solutions are represented by solid lines, while dashed lines represent
the unstable solution. (e) Combined plot showing the experimental data and steady-state solutions for
the driving powers of (a-d).
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Figure A.10: Measured power spectral density of Drum 12 after subtraction of noise sources together
with the corresponding fit to determine the effective mass of the membrane. The value obtained for the
effective mass is meff = 9.35±0.5×10-17 kg.
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Drum 15

Figure A.11: Experimental data and corresponding linear harmonic oscillator fits of Drum 15 at different
driving powers. At these low powers, the membrane is assumed to behave linearly, allowing the linear
fits. The Q-factors and resonance frequencies are stated for each power. The amplitude is given in
VRMS.
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Figure A.12: Amplitude calibration of Drum 15 using harmonics of the fundamental mode. The har-
monics were measured at 8 dBm. The vertical dashed lines indicate the frequency window where the
amplitude, average position and transduction factor of the resonator were computed. (b) Vibrational
amplitude of the resonator with and without correction for nonlinear optical transduction. Due to the
low amplitude, nonlinear optical transduction effects can be neglected. (c) Average position and (d)
transduction factor of the membrane resonator.
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Figure A.13: Power-dependence measurement of Drum 15 at driving powers from -30 dBm to 10 dBm.
To correct for the temperature-induced frequency shift, a LHO model is fitted to data far above and
below the nonlinear response (see inset). The frequency shift ∆f is the difference in frequency from
the fitted resonance frequencies to the resonance frequency in the linear regime f0, which are indicated
by dashed vertical lines. Fitting of the backbone curve (Equation 3.9) to the maximum amplitudes of
each driving power after correction for temperature fluctuations. The extracted value for the Duffing
coefficient from the fit is β = 2.38±0.1×1030 Nm-3kg-1.
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Figure A.14: (a-e) Overlay of the measured and calculated steady state response of the oscillating
membrane for increasing driving powers from -30 to 10 dBm of Drum 15. The colored data points
correspond to the experimental data, and the black line indicates the steady-state solutions obtained
from Equation 2.18. The stable solutions are represented by solid lines, while dashed lines represent
the unstable solution. (f) Combined plot showing the experimental data and steady-state solutions for
the driving powers of (a-e).
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Figure A.15: Measured power spectral density of Drum 15 after subtraction of noise sources together
with the corresponding fit to determine the effective mass of the membrane. The value obtained for the
effective mass is meff = 20.1±0.9×10-17 kg.



B
Performance Assessment Blue Diode

Laser

To avoid the contribution of optical nonlinearities to the measured response of the resonator, the power
output of the blue actuation laser is examined. When modulating the intensity of the blue laser, the
power output should change linearly with the voltage. For the measurements presented in this thesis,
the laser diode controller was set to 45 mA. The maximum modulation power that was set at the VNA
was 10 dBm. The voltage change at 10 dBm (0.71 V) can be calculated using Ohm’s law and an
impedance of the VNA of 50 Ω as:

I = U/R = 0.71V/50Ω = 14.2mA (B.1)

Because of the periodic nature of the modulation, the laser current of 45 mA is modulated by ± 7.1 mA.
To control if this is within the linear range of the blue laser, the optical output power of the blue laser is
measured as a function of laser current using a power sensor (ThorLabs S120C), which is positioned
right in front of the free-space coupler. As apparent from Figure B.1, the laser performs in the linear
regime at a modulation of the laser current by 7.1 mA.

Figure B.1: Optical power output of the blue laser as a function of laser current.
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C
Literature Review

The literature review preceding this thesis is presented on the following pages. It discusses the type of
defects in graphene and MoS2 in detail and summarizes theoretical and experimental studies on the
relation between Young’s modulus and defect concentration.
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Abstract

This literature review investigates the impact of lattice imperfections on the mechanical properties of
two-dimensional (2D) material membranes, focusing specifically on graphene and molybdenum disul-
fide (MoS2). The review highlights the significant role of defect engineering in tuning the mechanical
properties of these materials, which are crucial for various applications in electronics, sensors, com-
posite reinforcement and nanomechanics. It discusses controversial findings in the field, particularly
the study by López-Polín et al., which reported a strong increase in the Young’s modulus of suspended
graphene by almost the factor of two due to the inclusion of point defects. This contrasts with the
majority of studies that observed a monotonous decrease in Young’s modulus with increasing defect
density. By summarizing experimental and theoretical research, the review identifies critical knowl-
edge gaps in the current understanding and sets the stage for further experimental verification using
non-linear dynamic characterization methods in the subsequent master thesis. The goal is to clarify
the influence of specific defects on the mechanical properties of graphene and MoS2, and to establish
a more comprehensive understanding of how these defects can be engineered for improved material
performance.
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Introduction

1.1 Two-Dimensional Materials

With the scientific study and fabrication of two-dimensional (2D) materials, researchers address cur-
rent challenges in areas like the semiconductor [1] and medical industry [2], as well as sensor technology
[3] and the renewable energy sector [4]. The study of materials that extend only in two dimensions
while retaining atomic thickness is crucial, as it allows for significant improvements in chemical,
optical, electronic, and mechanical properties. In comparison to their bulk counterparts that are
typically held together by van der Waals bonds, atomically thin monolayers from the same element or
compound were proven to show tremendously enhanced properties. For example, 2D materials offer
improved carrier mobility and thermal conductivity, as well as a tunable band gap and the possibility
for chemical functionalization [3, 5].
Concretely, the superior mechanical properties of some 2D materials have aroused great interest, and
makes them suitable for applications ranging from sensors [3] to flexible and wearable electronics [6,
7] to reinforcement agents in composites [8, 9]. Due to their atomic thickness and high aspect ratio,
monolayers of van der Waals materials typically show very low bending stiffness while maintaining
extremely high in-plane strength and stiffness [10]. Within the more than a thousand known and pre-
dicted 2D materials [11], typical materials with promising mechanical properties include hexagonal
boron nitride (hBN) [12], Xenes [13], molybdenum disulfide (MoS2) [9] and graphene [14]. Particu-
larly, the two latter are among the most applied and highly studied materials and will thus be in the
focus of this report.
The outstanding material properties are not only intrinsically present, but can be tailored specifically
to a desired application. The modification of the properties can for example happen via stress [15],
strain [15], functionalization [7, 16], or the inclusion of lattice defects [17], with the latter being known
as the field of defect engineering.
Besides the relevance of lattice defects for the tunability of mechanical properties of monolayers,
defects play a crucial role for applications of 2D materials in photovoltaics, integrated circuits, me-
chanical and chemical sensors as well as in composite reinforcement [18, 19]. Defects are not only
introduced into a material for the improvement of properties, but arise during production and the
exposure to ambient conditions and elevated temperatures during the device lifetime. This can have
tremendous impact on the device performance, which further demonstrates the need to thoroughly
understand the interdependence between mechanical properties and defect kind and concentration.
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1.2 State of the Art

Despite the high relevance of defect engineering in 2D materials to tune mechanical properties, the
literature has not yet yielded scientific consensus amongst researchers on the influence of defects on
these properties. Contradicting results in experimental as well as theoretical studies were reported,
and a study of López-Polín et al. [20] has further sparked this debate. In 2014, López-Polín and co-
workers reported a method to drastically increase the in-plane Young’s modulus (E2D) of suspended
graphene monolayers via the inclusion of lattice point defects. The remarkable increase of E2D was
achieved by introducing low densities of single and di-vacancies of carbon atoms into the material by
irradiation with helium ions. At a defect concentration of ∼ 0.2 %, the greatest increase in modulus
by almost a factor of two from 859 to 1618 GPa was found. The principle of the modulus increase
was reasoned to lie in the suppression of thermal out-of-plane membrane fluctuations, which typically
occur at room temperature. The suppression of these extended fluctuations is hypothesized to keep
the membrane predominantly in the 2D plane, thus increasing the stiffness of suspended graphene
monolayers. After an initial increase of E2D, a further increase of the defect density resulted in soften-
ing of the graphene membranes. On the contrary, the fracture strength showed a continuous decrease
with increasing defect density, which is in line with standard continuum theory.
The remarkable finding of López-Polín et al. contrasts with most experimental studies, which report
a monotonous decrease of the modulus with increasing defect density, also at low concentrations.
However, the majority of the studies on this topic are simulations, and experimental work is lack-
ing and highly challenging. Additionally, López-Polín et al. used atomic force microscopy (AFM)
nanoindentation to characterize defective samples, which can have certain drawbacks and lead to
erroneous results due to high stress concentration, tip morphology variations and material anisotropy
[21]. Further, it was shown that freestanding graphene is subject to pronounced thermal fluctuations
at room temperature due to the low bending stiffness, essentially reducing the Young’s modulus [22,
23]. As a consequence, the commonly applied formulas to derive the Young’s modulus from indenta-
tion experiments are not directly applicable for crystalline membranes and require modification [22].
These difficulties with nanoindentation measurements have sparked research on alternative, non-
contact methods to characterize the mechanical properties of 2D membranes. An established method
to achieve this is by exploiting the non-linear duffing response of suspended 2D membranes with
interferometry [24]. By applying forced oscillations to the membranes in the GHz regime, the cubic
spring constant can be fitted to interferometric measurements, ultimately leading to characterization
of the membrane pre-tension and Young’s modulus [24]. The analysis via non-linear dynamic charac-
terization provides an alternative experimental to AFM-nanoindentation and has multiple benefits.
Contrary to AFM-nanoindentation, it is a non-contact method that provides millions of averages of
the measurement parameter per second. Thus, inhomogeneities of the setup and the material are
drastically reduced.

In the scope of this literature review, the highly debated study of López-Polín et al. will be put
into context with existing literature to provide a thorough theoretical fundament for the practical
research that will be conducted in the master thesis following this article. The literature review aims
to identify the knowledge gaps of current research on the topic of defect engineering in suspended
membranes of graphene and MoS2.



Two-Dimensional Materials

2.1 Graphene

2.1.1 Structure and Defects

Next to diamond and fullerenes, the term graphene describes one of the most commonly known al-
lotropes of carbon. Graphene takes up a two-dimensional structure and consists of purely sp2-bonded
carbon atoms, leading to a so-called honeycomb structure. The honeycomb structure is illustrated in
Figure 2.1 a), where the individual carbon atoms are sketched in grey. Along the honeycomb lattice,
two directions, the armchair (AC) and zigzag (ZZ) directions, are defined. The armchair direction
is along the y-axis in Figure 2.1 a), which resembles the shape of an armchair. The zigzag direction
is along the x-axis in the figure. Due to the sp2-hybridization, the carbon atoms are connected to
neighboring atoms with covalent bonds at an angle of 120°. In the honeycomb structure, three of
the four valence electrons of carbon form single σ-bonds to neighboring atoms. This C-C bond has
a bond energy of 4.9 eV, leading to the remarkable in-plane strength of graphene that is even higher
than in sp3-hybridized diamond [25]. Additionally, the carbon atoms of graphene are contributing
to a double bond (π-bond) which is formed by the non-hybridized 2p-orbitals. The 2p-orbitals are
oriented orthogonally to the plane of the covalent σ-bonds and form a fully delocalized π-electron
system. This delocalization is responsible for the remarkable electronic mobility and conductivity.
Naturally, graphene occurs in the stacked form of graphite, where the individual graphene monolayers
are connected via van der Waals forces. Due to the low strength of the interlayer forces, the individual
graphene layers are easily sheared against each other. For the thickness of a graphene monolayer,
no clear definition exists, but often the interlayer spacing in graphite (3.35 Å) is used [14, 26]. The
thickness of graphene becomes a relevant quantity when comparing properties of 2D materials with
their bulk counterparts or other 3D materials is desired.

During production, exposure to the environment or in the scope of defect engineering, structural
defects can be introduced into the graphene monolayer. The introduced defects can be of either
intrinsic or extrinsic nature. Intrinsic defects describe lattice faults that are purely related to the
chemical nature of the host material, namely single vacancies (SV), agglomerations of vacancies like
di-vacancies (DV), line defects or adatoms of the same element or compound. In graphene, a special
intrinsic defect is known, which is described as the Stone-Wales (SW) defect. On the other hand,
extrinsic defects include physically introduced foreign adatoms or substitutional impurities.

The previously mentioned defects have been widely explored to tailor material properties such as
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magnetization, electric and thermal conductivity, surface functionalization and mechanical properties
[27]. To influence the mechanical properties of graphene, specific focus lies on the point defects as
Stone-Wales and single- as well as multi-vacancy defects, which results from the fact that these defects
have the lowest formation energies [28, 29] Thus, they are frequently caused by production processes
like CVD and PVD, during crystal growth, rapid cooling and ion bombardment [28, 30].

a)

b) d)c)

Figure 2.1: Structure of pristine and defective graphene monolayers. a) Pristine, defect-
free graphene monolayer b) Stone-Wales (SW) defect caused by rotation of one bond by 90° c) single
vacancy (SV) defect and d) di-vacancy (DV) defect in the V2(5-8-5) configuration. [29]

A Stone-Wales defect is a point defect that does not involve the removal or addition of an atom,
but is instead formed by a 90° rotation of one C-C bond. Thus, two pentagons and two heptagons
are formed from four initial carbon hexagons, leading to the description of this defect type as an
SW(55-77) defect. This defect is highlighted in Figure 2.1 b).
Next to the SW defect, mono- and di-vacancies are relevant for the mechanical properties. The
graphene mono-vacancy is depicted in Figure 2.1 c), and is also termed a V1(5-9) defect. This de-
scription originates from the rearrangement of the bond structure due to the vacancy, as it causes
the atoms to rearrange forming one pentagon and one nonagon. The introduction of a single vacancy
into the graphene lattice causes the formation of one dangling bond, which is oriented towards the
vacant lattice site and causes a protrusion of the monolayer [27].
The formation of di-vacancies (DV, Figure 2.1 d)) results from either coalescence of two mono-
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vacancies or the removal of two adjacent carbon atoms, which does not entail a dangling bond. Such
a vacancy is also called a V2(5-8-5) defect, indicating the formation of two pentagons and one octagon.
A divacancy can rearrange into other lattice configurations, namely V2(555-777) or V2(5555-6-7777).

2.1.2 Mechanical Properties

Because of the extraordinary bond strength of the C-C bonds, the planar honeycomb structure pro-
vides great strength to materials with this structure. In graphene, record-high values of the Young’s
modulus along the armchair and zigzag direction were observed, which are substantially higher than
materials like the commonly used High-Strength-Low-Alloy-Steels (HSLA, ∼210 GPa [31]) or tung-
sten carbide (WC, ∼700 GPa [32]). For the armchair direction, experimental and theoretical studies
reported Young’s moduli ranging from 790 to 1050 GPa [33]. Along the zigzag direction, values of
the Young’s moduli range from 807 to 1050 GPa [33].
Similarly, the fracture strength of monolayer graphene also varies between the two directions. Along
the armchair and zigzag direction, the fracture strength ranges from 93 to 123 GPa and 106 to 137
GPa, respectively [33].

2.2 Molybdenum-Disulfide (MoS2)

2.2.1 Structure and Defects

After the discovery of scalable routes for the production of graphene in 2004 [34], research on this
compound has been carried out extensively to study and modify the outstanding properties this com-
pound offers. However, its zero-bandgap has been limiting the applicability of graphene in logical
electronic devices or optical sensors, sparking research on other 2D materials. In this so-called post-
graphene era, transition metal dichalcogenides (TMDCs) and more specifically molybdenum disulfide
(MoS2) are amongst the most studied and promising materials.
Monolayer MoS2 is a semiconducting 2D material with a direct bandgap of 1.8 eV [35] and other
promising optical and electrical properties, making it a suitable candidate for the design of nanoscale
optical and electrical devices like field effect transistors (FET), photodetectors and solar cells [36].
One monolayer of MoS2 is made up of three covalently bound hexagonal layers (trilayer structure),
namely one molybdenum layer which is sandwiched between two sulfur layers. Six sulfur atoms thus
coordinate each molybdenum atom, and each sulfur atom is coordinated by three molybdenum atoms.
In Figure 2.2 a) and b), the pristine trilayer structure is depicted from different perspectives. The
atomic structure strongly resembles the honeycomb structure of graphene, but consists of two differ-
ent atoms arranged in a trilayer structure. As a result, the zigzag and armchair directions can also
be defined in MoS2 (Figure 2.2 a): zigzag along x, armchair along y).

The type of defects which are commonly found in monolayer MoS2 depends on the preparation and
growth technique, among which mechanical exfoliation (ME), chemical vapor deposition (CVD), and
physical vapor deposition (PVD) are the most commonly applied [36]. Compared to PVD, ME and
CVD allow monolayer production of the highest quality [36], and are therefore in the focus of this
report. During production of MoS2 monolayers via ME and CVD, predominantly single (VS) and
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Figure 2.2: Structure of pristine and defective MoS2 monolayers. Pristine, defect-free
monolayer of MoS2 in a) the top view and b) from the side [37]. Yellow spheres represent sulfur
atoms (S), while blue represents molybdenum (Mo). c) Top view of a defective MoS2 monolayer with
Mo and S vacancies. Yellow spheres represent S atoms and purple spheres represent Mo. d) vacancies
of one S atom (VS), two adjacent S atoms (VS2), one Mo atom (VMo), one Mo and three neighboring
S atoms (VMoS3) and one Mo and six adjacent S atoms VMoS6) [38].
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double (VS2) sulfur and molybdenum (VMo) vacancies are created, with VS being most easily created
due to lower formation energy [36]. In the case of a single vacancy of Mo or S, one of these atoms
is missing from the lattice, whereas a VS2 describes the absence of two adjacent S atoms. In PVD,
predominantly antisite defects of Mo on S sites are present [36].
In addition to the previously mentioned defects (Figure 2.2 c)), the vacancy complexes VMoS3 and
VMoS6 are depicted in Figure 2.2 d). These complexes have higher formation energies than the simpler
vacancies, but are preferentially created by electron irradiation [39].

2.2.2 Mechanical Properties

As a result of the graphene-like honeycomb structure of monolayer MoS2, this material has a high
intrinsic stiffness and breaking strength. The Young’s modulus and strength of MoS2 are comparable
to common steels, but values for the modulus vary significantly between experiments and simulations.
Experimental examinations of the Young’s modulus range from 270 ± 100 GPa [40] to 330 ± 70 GPa
[41], while density functional theory (DFT) simulations report values down to 184 GPa [42]. The
experimentally determined breaking strength of MoS2 monolayers is reported to be 23 GPa [40].



Influence of Lattice Point Defects on Young’s
Modulus and Breaking Strength

3.1 Graphene

The research on the influence of lattice point defects on the mechanical properties of graphene has
yielded highly contradicting results, both in experimental and theoretical studies (Table 3.1, Fig-
ure 3.3). To facilitate precise defect engineering and estimate degradation effects during the lifetime
of devices incorporating monolayer graphene, a thorough understanding of this matter is of utmost
importance.
Intuitively, the introduction of lattice point defects in a crystalline material like graphene is expected
to significantly lower the Young’s modulus and tensile strength. In comparison to the pristine graphene
monolayer, lattice point defects like single and double vacancies reduce the number of strong in-plane
σ-bonds, leading to decreased mechanical properties. Such a reduction of strength and stiffness with
increasing defect density was observed by the majority of theoretical and experimental studies across
all defect concentrations, as shown in Table 3.1.
To study the effect of defects, predominantly theoretical studies were conducted, applying differ-
ent modelling techniques as molecular dynamics, finite element method (FEM), or parameterization
methods (e.g. PM6 Method). As summarized in Table 3.1, the majority of these studies examined
the influence of SV and SW defects on Young’s modulus and strength, with a limited number of
studies also focussing on DV defects. In the presented studies, the concentration of defects ranged
from 0.1% to 5%, with a focus on SV and SW defects. These defects are subject to more intensive
examination because of their structural simplicity and abundance, as confirmed by experimental and
thermodynamic studies [43, 44].

3.1.1 Young’s Modulus

At these defect concentrations, a linear decrease of the Young’s modulus with increasing defect density
is commonly observed, as presented in Figure 3.1. To investigate the influence of SV on a single layer of
graphene, Tapia et al. [53] employed a uniaxial tensile test via atomistic finite element analysis (FEM).
The resulting dependence of the modulus on the areal density of vacancies is depicted in Figure 3.1 a)
and was shown to be only slightly affected in the presence of one SV (0.8 % reduction). With a total
number of 1050 carbon atoms in the FEM model, a single defect translates to a number defect density
of 0.1%. However, an increasing number of vacancies significantly reduced the modulus. In addition



CHAPTER 3. INFLUENCE OF LATTICE POINT DEFECTS ON YOUNG’S MODULUS AND
BREAKING STRENGTH 9

Table 3.1: Comparison of mechanical properties of graphene and monolayer MoS2 under
the influence of defects. To convert the in-plane modulus E2D (Nm-1) to a bulk modulus E3D

(Nm-2), it is divided by the thickness of one monolayer (Graphene: 3.35 Å [14], MoS2: 6.15 Å [45]).
*Initial, defect free values. 1Values corresponding to SV defects (Graphene). AC: Armchair.

Material
Young’s Modulus
with SV Defects

E3D (GPa)1
Strength
σ (GPa)

Analysed
Defect
Type

Defect
Conc.
(%)

Type Ref.

Graphene 1000 130 — pristine AFM [14]

Graphene
↑

Emax =1618
(859*)

↓ SV, DV 0-1.5
(Emax at 0.2) AFM [20]

Graphene ↑ (1100*) ↓ SV 0.24 PM6 [46]
Graphene 2570 (1350*) ↓ SV 1 Mol. Mech. [47]

Graphene
↑

Emax =1500
(1130*)

↓ SV, SW 0.1-1.5
(Emax at 0.2) Atom. Sim. [48]

Graphene ↓ ↓ SV 0–4 AFM, FEM [19]

Graphene 1089-972
(1100*) ↓ SV, SW 0.2–4 Mol. Dyn. [49]

Graphene N.A. ↓ SV, SW 0.13 Mol. Dyn. [50]
Graphene ↓ ↓ SV 2 Mol. Dyn. [51]

Graphene 1020-900
(1032*) ↓ SV, SW 0.1-1.4 Mol. Dyn. [52]

Graphene AC: 920-580
(910*) ↓ SV, DV, SW 0.4-3.13 Mol. Dyn. [33]

Graphene 904-889
(931*) ↓ SV, (SW) 0.13–0.52 Atom. Sim. [44]

Graphene 1034-992
(1042*) ↓ SV 0.1-0.86 FEM [53]

MoS2 ↓ (211*) ↓ VS ,VS2

VMo,VMoS3
N.A. DFT [54]

MoS2

VS/S2: 237
VMo: 234

VMoS3: 229
(237*)

↓ VS ,VS2

VMo,VMoS3

N.A. DFT [45]

MoS2
225.8-219

(226*) ↓ VMoS3 0.1-1 Mol. Dyn. [55]

MoS2
AC: 231-219

(232*) ↓ VMo 0.1-1 Mol. Dyn. [56]
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to the effect of the vacancy density, the authors examined the influence of vacancy distribution on the
Young’s modulus. It was concluded that the location of vacancies in relation to the tensile direction
and general position on the sheet does not result in significant influence of the modulus. This result
is in agreement with the findings of Ito et al. [57], who reported no difference in the reduction of the
modulus between uniformly and randomly distributed SVs.
Dettori et al. [44] also investigated the mechanical properties of graphene in the presence of SV
defects, and further included SW defects into their research. SVs and SW defects were studied in
a defect range of 0.13-0.52 % with a tight-binding atomistic simulation. Based on the simulation, a
linear decrease of the modulus with increasing defect concentration was concluded, as apparent from
Figure 3.1 d). Contrasting the effect of SVs, SW defects were shown to have a negligible impact on the
modulus. In addition to the effect of defects, the authors studied defect-induced stress fields in the
monolayer. It was shown that the generated elastic stress fields from point defects are short-ranged
(∼10 Å), such that defects in the given concentrations are not influenced by each other.
In agreement with Dettori et al., multiple studies observed a similar difference in the effect of SW and
SV defects on the modulus, while observing a linear decrease of E with increasing SV concentration
[49, 52]. As depicted in Figure 3.1 b) and c), the effect of SW defects is significantly lower than the
effect of SV defects. Hao et al. [49] examined the influence at defect concentrations of 0.2-4 % and
reason the smoother decay of the stiffness of SW-containing graphene from a structural standpoint.
SW defects preserve the sp2-bonding character of graphene, while SVs lead to dangling bonds and
structural instabilities. With an initial modulus of 1.1 TPa in the defect-free state, it drops from
1.089 TPa at 0.2 % to 0.972 TPa at 4 % vacancy concentration. Similarly, the modulus in the study
of Jing et al. [52] reduced from a defect-free value of 1.032 TPa to 1.02 TPa and 0.890 TPa at SV
concentrations of 0.1 % and 1.4 %, respectively. The effect of di-vacancies is stated to be slightly re-
duced compared to SV defects because of the higher number of dangling bonds created by SV defects.
Moreover, the possibility of vacancy defect reconstruction was examined, and shown to stabilize and
even increase the modulus compared to the initial state [52].
In the molecular dynamics study of Li et al. [33], the effect of defects on the modulus was compared
between the zigzag and armchair directions. A significant decrease of the modulus was observed in
both directions with increasing defect concentration (0.4-3.13 %), however with different dependen-
cies on the defect type (Figure 3.1 e-f)). In agreement with Jing et al., DV have a reduced impact
compared to SV in both orientations. Again, this is attributed to the increased number of dangling
bonds of SV compared to DV. In contrast to the previously presented data, SV have an extraordinary
influence at a concentration of ∼ 0.4 % in the armchair direction. Only at this concentration, SV
were calculated to moderately increase the modulus by ∼ 10 GPa. This effect is not addressed in the
manuscript, thus hindering further interpretation and conclusions.

In contrast to the previously presented research, a limited number of studies report an increase of the
modulus at certain defect concentrations ([20, 46–48]), which are summarized in the top section of
Table 3.1. The first study on this topic was published in 2010 by Kvashnin et al. [47], who carried out
a molecular mechanics simulation recreating an experimental AFM nanoindentation measurement.
The indentation on circular graphene membranes with diameters from 38 to 140 Å was simulated.
It was observed that the initial modulus of 1.35 TPa could be increased by about a factor two, to
2.57 TPa at 1 % of vacancy defects (Figure 3.2 a)). After this initial increase, a continuous reduction
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a) b) c)

d) e) f)

Figure 3.1: Linear decrease of the Young’s modulus with increasing density of Stone-
Wales defects and single and di-vacancies. Evolution of the modulus versus concentration of
a) single vacancies (areal density) [53] b) SV and SW defects [49] c) SV, DV, and SW defects [52] d)
single vacancies [44] and e-f) SV, DV, and SW defects [33].

of the modulus with increasing defect concentration followed. The authors propose two competing
mechanisms for the initial increase and subsequent decrease in modulus. The initial hardening of
graphene at lower defect concentrations is hypothesized to result from geometric rearrangement of
the C-C bonds, ultimately leading to shorter and thus stronger bonds near the defects. At higher
concentrations, this effect is believed to be counteracted by the decreased density of C-C bonds in
the lattice.
The presented research however does not provide information about the validation of the model and
the calculation of the modulus from the simulated indentation experiment. Already, the initial mod-
ulus of the pristine graphene of 1.35 TPa is significantly higher than the commonly accepted value of
∼ 1.0 TPa, hinting to possible inaccuracies in the simulation. Validation of this approach is further
aggravated by the lack of supplementary information.

In an experimental study from 2015, López-Polín et al. [20] examined the influence of a controlled
density of single and di-vacancies on the modulus and strength of graphene membranes via AFM
nanoindentation. Similar to the earlier result of Kvashnin et al., a significant increase in the Young’s
modulus could be observed for low defect concentrations, followed by the commonly expected linear
decrease (Figure 3.2 d)). To produce controlled defect densities from 0 to 0.9 %, the samples were
irradiated with Ar+ ions at 140 eV for different time periods. At these conditions, SV and DV are
randomly introduced into the graphene lattice at a ratio of 3:1 and are likely to be filled with small
atmospheric atoms. In comparison to graphene membranes that were not irradiated (blue curve in
Figure 3.2 c)), the in-plane Young’s modulus E2D could be increased by almost a factor of two for
irradiated membranes (red curve in Figure 3.2 c)) at a defect density of 4×1012 cm-2 (∼ 0.2 %). The
defect content of 0.2 % translates to a mean distance of ∼ 5 nm between the defects.
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a) b)

c) d) e)

f)

Figure 3.2: Increase of the in-plane Young’s modulus of suspended graphene monolayers
due to inclusion of lattice defects. Computational studies of the influence of single vacancies
on the modulus with molecular dynamics representing AFM nanoindentation (a-b)) [47, 48]. Exper-
imental AFM nanoindentation experiment showing an c) increase of the modulus of ion-irradiated
graphene monolayers (red) compared to pristine monolayers (blue), a d) change of the modulus of
suspended graphene with increasing density of vacancies and e-f) the hypothesized suppression of
long-wavelength thermal fluctuations of the suspended graphene membranes [20].
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As opposed to the previously presented results, the authors present a fundamentally different ex-
planation for the increase of the modulus at low defect concentrations. An increase of the modulus
is not reasoned with stronger in-plane bonds, but attributed to an influence of vacancy defects on
out-of-plane flexural modes. Because of the low bending rigidity of graphene (κ ≈ 1 eV [20]), strong
thermal out-of-plane fluctuations with large wavelengths are hypothesized to occur in a suspended,
defect-free 2D membrane (Figure 3.2 e)). Upon inclusion of point defects, flexural modes with long
wavelengths should be suppressed and the mean free path of the corresponding phonons is reduced.
This behavior is schematically depicted in Figure 3.2 f), and hypothesized to be responsible for the
drastic modulus increase. At higher defect concentrations, the softening effect caused by reduction of
sp2-bonds is said to become dominating, effectively leading to the linear decrease that was observed
before.
In the interpretation of López-Polín et al., their results are in good agreement with an experimental
study from Zandiatashbar et al. [19], who compared the influence of sp3-type defects and vacancies
on the modulus. The defects were introduced with an oxygen plasma treatment and clear differences
in the influence on the modulus were observed. Although a continuous decrease of the modulus
was reported in the vacancy defect regime, an increase in E2D at minute concentrations was deemed
possible despite differences in the defect nature in both studies ([20], Suppl. Inf. 16).

Figure 3.3: Influence of single vacancies on the Young’s modulus of graphene monolayers, as pub-
lished by the presented authors (see Table 3.1). References stating an increase of the Young’s modulus
are represented by blue shades. Partly, the data in this table was estimated from graphs of the given
references, and is thus not exact.

Another study supporting the increase of E2D at low concentrations of monovacancies was published
by Kvashnin and Sorokin [48], who carried out atomistic simulations of AFM nanoindentation sim-
ilarly to the previous study [47] from the same group. Randomly distributed single vacancies with
concentrations ranging from 0 to 1.5 % resulted in a similar modulus dependence as the study of
López-Polín et al. (Figure 3.2 b) and inset). At concentrations from 0.1 to 0.6 %, a significant
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modulus increase was reported. Upon inclusion of SW and DV defects into the graphene lattice, no
increase was observed, stating the relevance of SV for the modulus increase.

The presented results on SV’s are summarized in Figure 3.3, where studies reporting a modulus in-
crease at small defect concentrations (0–1%) are displayed in blue, clearly highlighting the discrepancy
compared to results of monotonous modulus decrease. Further, it is differentiated between experi-
mental and computational results.

3.1.2 Breaking Strength

Unlike with the modulus, there is scientific consensus amongst the studies focusing on the breaking
strength of defective graphene membranes. All presented studies report a decrease in strength with
increasing concentration of SW defects, as well as single and di-vacancies. Also, the reports observing
an increase of the modulus found a decrease in strength with increasing defect density. Although
López-Polín et al. [20] state that classical models fail to describe the influence on the modulus, they
explicitly state their compatibility to describe the dependence of the fracture strength.

3.2 MoS2

3.2.1 Young’s Modulus

In comparison with graphene, the literature on the influence of defects on MoS2 is largely consistent,
and no increase in modulus and strength was observed at low or high defect concentrations. Similar
to the research on graphene monolayers, experimental studies on the effect of defects are uncommon,
and a strong emphasis is placed on computer simulations (see Table 3.1). The most studied defects
are vacancies of one (VS) and two (VS2) sulfur atoms, since they occur most frequently due to their
low formation energy compared to other defects [39]. In addition to these defects, multiple studies
also examine vacancies of one Mo atom (VMo) and a group of one Mo atom and three neighboring S
atoms (VMoS3).
Multiple DFT studies [45, 54] investigate the influence of the four previously mentioned defects and
find limited effects of sulfur vacancies (VS , VS2) on the modulus. A more pronounced decrease of the
modulus was concluded for VMo and VMoS3 defects. In their manuscript, Lorenz et al. [45] apply DFT
calculations to MoS2 nanotubes in the zigzag configuration (22,0), which are deemed to be sufficiently
comparable to MoS2 regarding the mechanical properties [58]. For each type of defect, one defect
was introduced per (22,0) nanotube. While the vacancies VS , VS2 and VMo had a very limited effect
on the modulus, VMoS3 vacancies resulted in the most noticeable decrease of 3.54 % compared to
pristine nanotubes. Kazemi et al. [54] simulated multiple different TMD materials, including MoS2,
with first-principles DFT. To create the vacancy defects for the simulation, the corresponding atoms
were removed from the atomic model. In accordance with Lorenz et al. [45], only minor influence
of anionic vacancy defects were observed. A more significant reduction of the stiffness resulted from
metal and metal complex vacancies, with the strongest reduction caused by molybdenum vacancies.
M. Li and co-authors researched the influence of molybdenum vacancies (VMo) [56] and molybdenum
complex vacancies (VMoS3) [55] with molecular dynamics simulations. VMo defects were introduced
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randomly at concentrations ranging from 0.1 to 1 % and a classical tensile test experiment was sim-
ulated. Along the armchair direction, the stiffness was shown to decrease linearly from 232 GPa for
the pristine material to 219 GPa for a defect concentration of 1 %. The slope of the armchair config-
uration compared to zigzag was almost identical with respect to an increasing defect concentration.
In both directions, no sign of a stiffness increase was observed at any concentration. The influence
of VMoS3 was studied at defect concentrations of 0.1 to 1 % and resulted in a similar dependence of
the modulus with defects. The stiffness decreased linearly from 226 GPa of the defect-free material
to 219 GPa at 1 % of VMoS3. Again, no increase of the modulus was observed for any concentration.

3.2.2 Breaking Strength

Besides studying the influence on the modulus, the strength of the defective monolayers of MoS2

was also examined. Similar to graphene, the strength decreased with increasing defect density in all
presented studies, as apparent from Table 3.1.



Conclusion and Research Plan

4.1 Conclusion

Based on the presented literature review, clear knowledge gaps can be identified regarding the in-
fluence of lattice defects on the mechanical properties of 2D material membranes. Specifically, the
influence of point defects on the Young’s modulus is widely debated, and contradicting results were
published.
In typically applied and highly relevant 2D materials like graphene and MoS2, defects commonly
result from exposure to environmental conditions or during production via ME, CVD or PVD. As
presented, defects can severely alter the properties of graphene and MoS2, which can be exploited
to tune the material properties for specific applications or research purposes. Despite substantial
research initiatives in the past decade, the procedure, also known as defect engineering, has yielded
conflicting results in theoretical and experimental studies.
In graphene, the most frequently observed defects are Stone-Wales defects, along with single and dou-
ble vacancies, owing to their comparatively low formation energies. In the majority of simulations and
experimental studies, an inclusion of these defects at concentrations up to 4%, the in-plane Young’s
modulus decreased continuously with increasing defect fraction. On the contrary, a limited number
of studies reported an increase in the modulus by almost a factor of 2 for 0.2 % of vacancy defects.
With a mean defect spacing of ∼5 nm, the defects are hypothesized to suppress thermal out-of-plane
fluctuations of suspended graphene membranes, which would occur in the absence of defects. Result-
ing from the suppressed thermal fluctuations, the membrane is predominantly kept in the 2D-plane,
leading to the enhanced stiffness. However, the increase by almost a factor of two is extremely high
and requires subsequent experimental analysis for verification. Small atoms from the atmosphere or
the production processes potentially saturate the point defects, which was not included in any of the
simulation supporting the hypothesis of modulus increase. Further, inhomogeneities in the structure,
wrinkling or varying pre-tension and clamping of the membranes were not included, highlighting the
general challenge of exactly reproducing experimental observations in simulations. Lastly, the chosen
simulation potential has a strong impact, leading to scattered overall results.

In monolayers of MoS2, mostly single and double vacancies of sulfur are created, followed by single
molybdenum vacancies. Despite the structural similarity to graphene, no increase in modulus was
observed in any study on MoS2 with increasing defect density, although no experimental study on
this topic was conducted to date. Thus, it remains unclear whether this is connected to the trilayer
structure with two different atoms or has other, currently not identified reasons.
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4.2 Research Questions

Because of these highly contradicting results and the great relevance to exhaustively understand de-
fects in 2D materials, further research is required to clarify the effect of single point defects on the
Young’s modulus at low concentrations between 0.1 and 0.6 %.
In the thesis, the mechanical properties of defective graphene and MoS2 will be characterized ex-
perimentally via non-linear dynamics as an alternative, non-contact method to conventional AFM
nanoindentation and theoretical simulations [24]. MoS2 is chosen as a reference material for graphene
due to the strong similarities in their atomic structures, which could lead to similar effects of defects
on their elastic modulus. The defect concentrations of the membranes to be studied will be of the
same magnitude as in the reference studies presented in this review to ensure comparability.

In the experimental part of the master thesis, the following primary research question will be ad-
dressed.

Primary Question:

1. How do atomic-scale defects influence the Young’s modulus of graphene, as measured through
non-linear dynamic characterization?

To help answer the primary question and put the results in the larger scientific context, the following
sub-questions will be examined.

Subquestions:

1. Can trends in the mechanical influence of defects observed in graphene also be found in struc-
turally similar 2D materials like MoS2?

2. What are the benefits and disadvantages of non-linear dynamic characterization compared to
the commonly applied AFM nanoindentation?

3. How do precision and accuracy of non-linear dynamic characterization and AFM nanoindenta-
tion compare in mechanical characterization?

4. What challenges arise in the calibration process and error estimation during the nonlinear
dynamic characterization of suspended membranes?

4.3 Research Plan

As presented, experimental studies on the influence of point defects on the modulus are clearly un-
derrepresented, for graphene as well as MoS2. Also, the mechanism of modulus enhancement is still
highly debated, and requires further proof. To shed light on this controversial matter, the following
experimental research will be conducted during the master thesis.

With the utilization of non-linear dynamics, the Young’s modulus of MoS2 and graphene will be stud-
ied at varying concentrations of point defects. To ensure comparability with the experimental study
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of López-Polín et al., the defect type and concentration will be similar. Point defects at 10 different
concentrations ranging from 1.00 ∗ 1012 to 1.00 ∗ 1015 will be introduced into suspended monolay-
ers of MoS2 and graphene via irradiation with helium ions. For the non-linear characterization, the
monolayers will be suspended over circular cavities on a silicon chip with 4 µm diameter. The project
will be executed in collaboration with the group of Otakar Frank, Department of Electrochemical
Materials at the Czech Academy of Sciences. The team of Otakar Frank will prepare the samples,
introduce the defects by irradiation and characterize the defects.
A detailed research plan for characterization of the Young’s modulus of defective graphene and MoS2

membranes is listed on the following page.



CHAPTER 4. CONCLUSION AND RESEARCH PLAN 19

Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1. Study the
theoretical
background and
write Literature
Review
2. Get
acquainted with
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setup and
hands-on practice
3. Fixing the
experimental
setup, installing
new PC and
explore resonance
of 2 µm Drums
4. Obtaining first
data of non-linear
membrane
dynamics and
establish proper
fitting procedure
5. Measuring and
fitting drums
with varying
defect
concentrations to
extract Young’s
modulus
6. Analysis of
experimental
results, writing of
master thesis and
preparation of
presentation

Action plan
2024
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D
Source Code Parameter Extraction

The python scripts used to analyze and plot the data presented in this thesis can be found in the
following GitHub repository:

https://github.com/LukasPott/AllOpticalModulusCalculation.git
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https://github.com/LukasPott/AllOpticalModulusCalculation.git
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