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Abstract
Photonics aims to manipulate light by controlling its interactions with matter to enable novel
optical technologies for communication, information processing and sensing. Current efforts
strive to enter the regime of quantum nanophotonics, where light interacts with nanoscale
photonic elements at the single photon level. The realisation of such systems is challenging
due to weak light-matter interaction at the nanoscale, which motivates the quest for new
strategies and nanomaterials with enhanced interaction.
In this context, nanoscale solid state quantum light emitters which mimic the efficient in-

teractions of trapped atoms with light are a key element for implementing quantum optical
devices on chip. The coupling of these quantum emitters to their nanoscale environment has
two important consequences: i) controlling the environment enables control of the emitter,
while conversely ii) the emitter acts as a nanoprobe of its environment. Therefore, hybrid
systems which integrate such emitters with a controllable nano-environment enable manipula-
tion of nanoscale quantum light. Two-dimensional (2D) materials are a particularly promising
platform for this purpose due to their unique blend of optoelectronic and mechanical prop-
erties which enable efficient, tuneable light-matter interactions and sensitive nanomechanical
resonators with ultra-low mass and high mechanical resonance frequency.

In this thesis, I will introduce two different hybrid systems which integrate nanoscale quan-
tum emitters with two-dimensional (2D) materials such as atomically thin graphene and MoS2.
I will first present a hybrid nano-optomechanical system which harnesses efficient near-field
interactions to couple the nano-motion of a 2D mechanical graphene resonator to the emission
strength of a quantum emitter (nitrogen vacancy centre, NVC) at a separation below 40 nm.
In this system, electromechanical control of graphene’s nano-motion enables high-frequency
(100 MHz) emission modulation, while conversely, the NVC acts as a transducer which enables
optical readout of nano-motion in the photon counting regime.
In the second part of the thesis, I demonstrate that single molecules embedded in organic

nanocrystals in a polymer display bright single photon emission with ultra-narrow linewidth
close to the lifetime-limited value (∼ 40 MHz). I show that these emitters can be integrated
with 2D materials at sub-wavelength separation in a hybrid optoelectronic device without emis-
sion perturbation. Using the 2D materials as transparent electrodes, the device’s nanoscale
dimensions enable ultra-broadband tuning (tuning range > 400 GHz) and fast modulation
(frequency ∼ 100 MHz) of the emission energy, which renders it an integrated, ultra-compact
tuneable single photon source.

These results demonstrate the potential of 2D materials for controlling quantum emitters
and the use of an atomically small object to probe optoelectronic and mechanical properties
of atomically thin materials.
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Resumen
La fotónica tiene como objetivo la manipulación de la luz y el control de la misma cuando
interactúa con la materia con el fin de desarrollar nuevas tecnologías ópticas con aplicaciones
en diferentes campos, como son el de la comunicación, procesado de información y detección.
En la actualidad, es de gran interés poder desarrollar este tipo de tecnología pero en el ámbito
de la nanofotónica cuántica, donde la luz interactúa con elementos fotónicos de dimensión
nanométrica mediante fotones únicos. La realización de este tipo de sistemas representa un
importante desafío debido a la débil interacción que existe entre la luz y la materia a escala
nanométrica, por lo que resulta imprescindible la búsqueda de nuevas estrategias y materiales
en estas dimensiones que aumenten dicha interacción.
En este contexto, los emisores de luz cuántica de estado sólido a escala nanométrica,

que imitan las interacciones eficientes de los átomos atrapados con la luz, son un elemento
clave para la implementación de dispositivos ópticos cuánticos en el chip. La implementación
de estos emisores cuánticos en el entorno de la nanoescala conlleva dos efectos de gran
importancia: i) el control del entorno permite controlar el emisor, mientras que al mismo
tiempo ii) el emisor actúa como una sonda nanométrica del entorno. De este modo, los
sistemas híbridos que integren dichos emisores en un entorno nano-controlable van a permitir
la manipulación de la luz cuántica en la nanoescala. Los materiales bidimensionales (2D)
son una plataforma particularmente prometedora para este propósito debido al conjunto de
propiedades únicas que presentan, especialmente optoelectrónicas y mecánicas, que permiten
interacciones eficientes de luz regulable y resonadores nanomecánicos sensibles con masa
ultrabaja y alta frecuencia de resonancia mecánica.

En esta tesis, se van a presentar dos sistemas híbridos diferentes que integran los emisores
cuánticos a escala nanométrica, que incluyen materiales bidimensionales (2D) como son
el grafeno y MoS2. En primer lugar, se demostrará la realización de un sistema nano-
optomecánico híbrido que aprovecha las interacciones eficientes de campo cercano para acoplar
el nano-movimiento de un resonador mecánico bidimensional de grafeno a la fuerza de emisión
de un emisor cuántico (centro de vacío de nitrógeno, NVC) con una separación inferior a 40
nanómetros. En este sistema, el control electromecánico del nano-movimiento de grafeno
permite la modulación de emisión de alta frecuencia (100 MHz), mientras que, a la inversa,
el NVC actúa como un transductor que permite la lectura óptica de nano-movimiento en el
régimen de conteo de fotones.
En la segunda parte de la tesis, se demostrará que las moléculas individuales que han sido

incrustadas en nanocristales orgánicos, y que a su vez se incluyen en un polímero, son una
fuente brillante de fotones individuales con un ancho de línea muy estrecho y próximo a su
tiempo de vida límite (∼ 40 MHz). También, se muestra que los emisores se pueden integrar
en dispositivos optoelectrónicos híbridos utilizando materiales 2D con una separación inferior
a una longitud de onda sin causar perturbación en la emisión. El uso de materiales 2D como
electrodos transparentes en dispositivos de tamaño nanométrico permite la sintonización de
banda ultra ancha (rango de sintonía > 400 GHz) y la modulación rápida (frecuencia ∼ 100
MHz) de la energía de emisión. Por ello, estos dispositivos actúan como una fuente integrada
de fotones únicos que es sintonizable y ultra-compacta.
Estos resultados demuestran el potencial de los materiales 2D para controlar los emisores
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cuánticos y el uso de un objeto atómico para comprobar las propiedades optoelectrónicas y
mecánicas que poseen los materiales atómicamente delgados.
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1. Hybrid systems for nanoscale light
control and sensing

1.1. Scaling down light-matter interactions for nanoscale
light control

Light is ubiquitous in our surroundings and acts as a carrier of information about them. By
learning to manipulate light, we have come to use it for a wide range of purposes including
novel communication, information processing and sensing technologies based on light - this is
the field of photonics.

1.1.1. From photonics to nanophotonics
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Fig. 1.1.: From photonics to quantum photonics: towards manipulating atomically
small quantum light sources. Photonic technologies at different scales: from fibre com-
munications and optical microscopy (Source: britannica.com) to integrated photonics such
as micro-electromechanical systems (MEMS) for projectors (Source: rothbot.blogspot.com).
Nanophotonics integrates light sources (e.g. integrated laser 238) and control systems such as
nano-electromechanical modulators 255 with light confined in waveguides on chip. Quantum
nanophotonics aims to control the interaction of single photons and single quantum emitters
embedded in nanoscale structures 336.
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1. Hybrid systems for nanoscale light control and sensing

Based on photonics, the field of nanophotonics148 aims to shrink the scale of photonic elements
to achieve light interaction with nanoscale objects, which is motivated by a broad range of
potential advantages for science and technology. For instance, nano-optics promises enhanced
optical sensing with high spatial resolution and the ability to observe optical signatures from
small objects, thus pushing the limits of microscopy29. On the other hand, information
technology and optical communications benefit from the speed advantage of fast optical
modulators and detectors integrated on chip to break fundamental limits of electrical signal
propagation275 and eventually reach all-optical processing152 using integrated nanophotonic
elements with a lower power consumption compared to today’s electronic chips37.
One of the main challenges in scaling down the size of an object to which light couples

is that the interaction efficiency becomes weak for sub-wavelength (typically < 500 nm)
structures. Therefore, novel approaches for manipulating light at the nanoscale are required
to reach the ultimate limits of photonic integration178 and for studying nanoscale objects with
light. To date, nanophotonic technologies provide a variety of techniques for shrinking light
such as engineered periodic nanostructures which confine and guide light using resonances at
optical frequencies (photonic crystals), or plasmons161 - hybrid waves of photons and charge
oscillations - whose wavelength is strongly reduced compared to free space, thus enabling
interaction with nanoscale objects.

1.1.2. Quantum Nanophotonics
The scaling limit of light-matter interaction is reached in the interaction of a single photon
with a single atom, where a quantum mechanical treatment is necessary, which is provided by
the framework of quantum optics. Einstein’s observation of the photoelectric effect in 190511

provided the first evidence that light consists of packets of quantised energy. A century
later, quantum optics experiments have developed far-reaching control and interrogation of
single quantum objects such as atoms and ions, thus providing the basis for experiments
which unambiguously demonstrate the quantumness of nature at the nanoscale312. Seminal
experiments include the confirmation that an atom emits photons one at a time147 in contrast
to random emission from classical light sources such as lasers or thermal sources, laser cooling
and trapping of a single atom246, the use of atoms as ultra-sensitive magetometers277 and as
the most precise time-standards known115.

Coupling light to an atomically small object A key factor in the success of such ex-
periments is achieving efficient coupling of light with nanoscale objects. The interaction of
a single quantum object with light can be quantified by its absorption cross-section, which
describes the effective size of the nano-object in the interaction and is defined as:

σabs.(λ) = Pabs(λ)
I(λ) (1.1)

where Pabs and I are the absorbed power and incident intensity at wavelength λ, respectively.
For an efficient interaction, this cross section should thus match the size to which light can
be focused, which is determined by the diffraction limit. According to the Abbe criterion229,
the minimum focal spot diameter d of an ideal optical system in vacuum is defined by the
wavelength λ and numerical aperture NA ≤ 1 as d = 1.2 λ

NA . For visible light, d > 200 nm
is orders of magnitude larger than the typical size of an atom (� 1 nm). Therefore, efficient
atom-light interaction requires σabs. ∼ d to overcome this size mismatch. Experimentally,
one takes advantage of the fact that atoms display optical resonances due to their electronic
structure: under resonant illumination (wavelength λ0), an ideal, isolated single quantum
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Fig. 1.2.: Coupling of artificial atoms to their environment. a A free atom in vacuum is
not coupled to its environment and interacts with resonant light, emitting light at the same
energy (blue). b A nanoscale emitter in a bulk host behaves like an artificial atom which
couples to the host and weakly to its environment (orange). Coupling to the host results in
the emission of lower energy photons (red) and phonons as well as non-radiative decay (grey).
c In a nanoscale host volume, coupling to the environment is further enhanced.

object (e.g. an atom or an ion) is predicted to show a peak value of229 σabs(λ0) = 3λ2
0

2π ∼
10−9 cm2 - this is huge (factor 106) compared to its size! Thus, optical resonance enables
efficient coupling of light to tiny objects, for instance to enable the observation of a single
ion’s absorption331.

Towards photonic quantum technologies Based on the success of fundamental experi-
ments with trapped atoms and ions, the emerging field of quantum photonic technologies231
aims to manipulate light at the single photon level to enable novel technologies. This field
holds promise for quantum networks146, secure optical communications107, quantum informa-
tion science180 as well as improved metrology schemes which explore the fundamental limits
of measurement precision set by quantum mechanics105. The combination of nanophotonics
with single quantum objects is particularly exciting because it is the foundation for chip-based
quantum technologies with dense integration and control of optical quantum systems and their
interactions, photon by photon65. The ideal quantum photonic system could then harness the
interaction of atom-like quantum objects with quantum light in a truly nanoscale environment
to push the scaling limits of light control and sensing.

Artificial atoms for nanoscale integration Single atoms and ions are the workhorses of
quantum optics experiments to date, but coupling them to nanophotonic elements is ex-
tremely challenging293 and requires large experimental setups. Instead, artificial atoms such
as nanoscale solid state quantum emitters are easier to manipulate, which makes them better
suited for integration. These systems are nanoscale objects hosted in a solid which dis-
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play atom-like characteristics such as an optical resonance due to strong confinement of the
electronic wave functions, which results in energy levels separations corresponding to optical
energies (e.g. visible light at typically 1.5-3 eV). Just as for trapped atoms, resonant coupling
enables efficient light interactions and optically addressing a single such nanoscale emitter.
To date, a wide variety of solid state nanoscale emitters including single molecules hosted in
an organic matrix207, defect centres in diamond140, epitaxially grown quantum dots274 and
recently also quantum emitters in 2D materials3 have been proposed as single photon sources
for integration with nanophotonic systems.

Coupling to the environment: a mixed blessing. A key difference between an atom in
vacuum (Fig. 1.2a) and a nanoscale emitter is the coupling of the latter to an environment
consisting of its host (Fig. 1.2b) and a larger environment. The interaction with the en-
vironment is further enhanced within a reduced host volume (Fig. 1.2c). Coupling to the
environment has three important consequences:

• The emitter acts as a nanoprobe of the environment.

• Controlling the environment enables control of the emitter.

• The environment can also deteriorate the emitter’s properties.

Here, the first two aspects hold great promise for quantum photonic technologies: a solid
state optical nanoprobe with the properties of an atom could enable novel optical sensing
schemes with enhanced sensitivity. On the other hand, integrated, a tunable, nanoscale single
photon source is a fundamental building block for quantum nanophotonics. The practical
realisation of these exciting prospects thus requires strategies which minimise detrimental
coupling of an emitter to its environment such that desired interactions dominate.

Scaling down light-matter interactions for nanoscale light control

• Coupling light to nanoscale structures is essential for boosting light-matter interac-
tions for nanoscale light control and for using light as a tool to study nano-objects.

• However,the efficiency of light-matter interactions is weak for sub-wavelength struc-
tures below the diffraction limit (typically 200 nm) and thus requires novel strate-
gies for nanoscale light control.

• One approach is to use nano-objects with an optical resonance which enhances
their effective interaction cross-section with light, such as atoms.

• Artificial atoms are nano-objects such as atomically small light emitters hosted in
a solid state host which mimic this property and are suitable for integration.

• Engineering the coupling of a nanoscale emitter to its environment thus enables two
essential properties for nanophotonics: control of an optically active nano-object
and conversely, its use as a nanoprobe of the environment.
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1.2. Hybrid nanophotonics

1.2. Hybrid nanophotonics
A particularly promising approach to controlling a quantum emitter is integrating it with a
tunable external system in a hybrid platform to achieve efficient coupling of the emitter to a
controllable environment. Then, i) controlling the environment and the coupling may enable
manipulating the emitter, but to achieve this ii) we must ensure that the control mechanism
dominates other, undesired interactions which perturb the properties of the emitter. In gen-
eral, achieving efficient coupling to a quantum system while preserving its properties is hard,
because most interactions with the environment lead to decoherence of the quantum system.
However, the advantage of a hybrid approach is that the external system can be chosen such
that detrimental coupling is minimised while still providing control.
For instance, a wide range of photonic systems use structured nanoscale geometries such

as photonic crystals226 or nanoantennas76 to enhance the spontaneous emission of an emitter
by the Purcell effect251, which is important to achieve high single photon emission rates. This
effect can be understood as an enhancement of the density of states into which emission can
occur, thereby enhancing the radiative decay rate. More formally, it is described by Fermi’s
Golden Rule96, which quantifies the transition rate between an initial (1) and a final state (2)
of an emitter as Γ = 2π

~ |M1,2|2g(~ω), where g(~ω) is the density of final states and |M1,2|
is the matrix element of the transition which is defined by the overlap of the initial and final
state wave functions. If the transition described is the radiative decay of an emitter with a
fixed matrix element, a radiative decay rate enhancement can be achieved by increasing the
density of optical states of the emitter’s environment by structuring it appropriately. However,
static structuring of an emitter’s environment generally only provides a static modification of
its properties.
In contrast, dynamic control of an emitter’s environment is highly desirable to provide active

emitter control, that is, an efficient way of tuning its emission properties in real time. This has
been achieved by using scanning probes to control the nanoscale separation between an emitter
and a resonant strcuture such as a scanning nanoantenna222. However, nanoscale integration
of a quantum emitter with a well-controlled system which can be used to manipulate it is
more challenging.

1.2.1. Hybrid optomechanical systems
Of the large variety of nanostructures enabled by the advances of nanotechnology, micro82-
and nanoscale203 electromechanical systems are a mature platform which displays some of
the highest levels of nanoscale control to date. Here, nanoscale displacements and vibrations
can be driven electrically, which provides far-ranging control. Optomechanical systems couple
mechanical and optical degrees of freedom14,200 to harness the interplay of light and motion
for displacement sensing and manipulation ranging from ground state cooling of a mechanical
resonator by light8 to the detection of gravitational waves.

Scaling down the dimensions of the mechanical element in such systems is of fundamental
interest to achieve low mass, which enhances the force sensitivity215,324 SF :

SF = 4kBTMΓmech (1.2)

where kBT is the thermal energy and Γmech is width of the mechanical resonance, respectively.
A typical example is the atomic force microscope (AFM)31, which enables mapping of

nanostructures with high precision based on an optical measurement of nanoscale forces,
resulting in deflections and frequency shifts of a micron-scale cantilever with an atomically
sharp tip. By choosing specific tip materials, the AFM can be sensitised to map out other
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1. Hybrid systems for nanoscale light control and sensing

physical parameters such as the magnetic and electronic properties of a surface with high
precision, which highlights the use of a functionalised mechanical object as a nanoprobe.
This makes optical detection and manipulation of a nanomechanical devices promising, but
challening due to reduced interactions with light. The field of nano-optomechanics13,15 aims
to scale this interaction down to the quantum regime, where mechanical quantum states of a
nanomechanical resonator can be manipulated.
The interaction of light with a nanomechanical object can be enhanced in a hybrid approach

where light is coupled to motion via a nanoscale emitter which acts as a transducer and
can be addressed using resonant light. In such systems, the coupling between the optical
properties of the emitter and the nanomechanical resonator is fundamental - different hybrid
architectures with different flavours of coupling have been realised to date. An efficient
coupling mechanism is strain coupling330, where nanomotion (amplitude x) leads to a shift
of the emitter’s transition frequency ω described by the (dispersive) optomechanical coupling
strength1 g = ∂ω

∂x .
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Fig. 1.3.: Hybrid optomechanical systems. Hybrid systems coupling nanomechanical res-
onators (blue) to nanoscale emitters (red) by strain 292,294,336 (a,b,c) and magnetic fields 9 (d).
The resonator mass M is also indicated. Figures are adapted from the references indicated.

In this type of homogeneous hybrid optomechanical system, the emitter is embedded directly
in the mechanical element, for instance NVCs implanted in a diamond cantilever292 (Fig. 1.3a),
single molecules hosted in an organic crystal strained by the vibration of a tuning fork294
(Fig. 1.3b) or a quantum dot embedded in an epitaxially grown mechanical resonator336
(Fig. 1.3c). Alternatively, a nanomechanical resonator can be optomechanically functionalised
by the addition of nanoscale emitter such as an NVC9, and optomechanical coupling is provided
by the interaction of the moving NVC spin with a magnetic field.
A central question is whether "quantum" mechanical behaviour can be observed in this

type of hybrid system - this is equivalent to requiring that the quantum fluctuations of the
resonator position are transduced to a detectable modification of the emitter. The ground
state fluctuation amplitude of a mechanical resonator (zero point motion) xZPM corresponds
to the fluctuations of the system for a phonon occupation < 1 and is given as9:

1The optomechanical coupling strength is formally defined by the spin-boson Hamiltonian H = ~Ω0(a†a +
1/2) + ~ω0σz/2 + ~g0σz(a† + a), where the mechanical resonator is treated as a quantum harmonic
oscillator with resonance frequency Ω0/2π and phonon annihilation operator a, while the emitter is treated
as a two-level system with (unperturbed) transition energy ~ω0 and Pauli matrix σz . The last term
describes the emitter-resonator optomechanical interaction, where (a† + a) can be identified with the
resonator position and g0 = ∂ω

∂x
xZPM is the hybrid vacuum coupling rate defined by the coupling strength

and the resonator’s zero point motion amplitude xZPM .
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xZPM =
√

~
2MΩ =

√
~

2M
√
k/M

=

√
~

2
√
kM

∝M−1/4 (1.3)

where M is the mass of the resonator2, Ω =
√
k/M is its mechanical resonance frequency

and k is its spring constant. Furthermore, the observing quantum behaviour of a mechanical
resonator requires that its motion is not strongly perturbed by fluctuations of the environment.
This requires that the mean thermal energy kBT is less than the quantum of mechanical energy
~Ω, such that the mean phonon N occupation of the resonator is below one: N ≈ kBT

~Ω < 1.
In practice, N is reduced by cooling resonators with high mechanical frequency Ω ∝M−1/2.

For instance, boosting Ω in a hybrid system coupling a piezoelectric resonator operating
at microwave frequency to a superconducting qubit has enabled ground state cooling and
quantum manipulation of a mechanical system232(Fig. 1.3d).Therefore, the ideal mechanical
resonator for enhanced sensitivity down to the limit of observing quantum behaviour should
exhibit low mass and high mechanical resonance frequency3.
However, reducing the mass of mechanical resonators in traditional top-down nanofabrica-

tion processes becomes complicated because extremely high precision is required when the
material volume that is to be structured becomes extremely small. For this reason, the lower
mass limit of state-of the art hybrid optomechanical systems to date is on the order of 10−14

kg (Fig. 1.3).

2Strictly, the effective mass Meff of a particular mechanical mode should be considered here.
3The performance of hybrid optomechanical systems can be quantified more rigorously by the coupling
strength g0 = ∂ω

∂x
xZPM = gxZPM . For instance, the regime g0 ≤ Ω corresponds to ultra-strong coupling

where a dependence of mechanical position on the emitter state is observed, which enables a Stern-Gerlach
type of experiment 336. Less stringent regimes such as (ΓZPL > Ω) enable ground state cooling of the
mechanical resonator 138.
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Fig. 1.4.: Properties of 2D material monolayers. Lattice structure, sheet mass density (ρ)
and in-plane Young’s modulus (E) for graphene (a) and MoS2 (b). c Top: absorbance and
band structure (inset) of graphene (Adapted from Nair et al. 221). Bottom: absorbance and
excitonic energy level structure for A (red) and B (blue) excitons for MoS2. The dashed green
line indicates free-particle absorbance (Adapted from Mak and Shan 190)

1.2.2. 2D materials for hybrid optomechanical systems
To further shrink down the dimensions of nanomechanical resonators, we can fall back on an
advantage of hybrid systems, which is the freedom of choice of components. A promising
strategy is to work with materials which are nanoscale by nature, such as atomically thin
two-dimensional (2D) materials. Since the discovery of graphene101 in 2004, 2D materials
have attracted attention due to their versatile mechanical and optoelectronic properties. Of
the rapidly growing variety of these materials, I will focus on graphene and semiconducting
MoS2 in this thesis. Graphene is simultaneously the thinnest (thickness 0.34 nm) and strongest
(Young’s modulus E = 1 TPa) material ever measured167 (Fig. 1.4a), and MoS2 demonstrates
similar properties (Fig. 1.4b).
Atomically thin nanomechanical resonators made of graphene66 and other 2D materials

display higher mechanical resonance frequencies (typically four orders of magnitude) and a
larger zero-point motion (typically two orders of magnitude) compared to top-down fabricated
resonators as a result of their low mass ∼ 10−18 kg (Fig. 1.5). A high mechanical resonance
frequency is important to increase the temperature at which a mean phonon occupation
N < 1 (mechanical ground state) is reached with cryogenic cooling4. Such resonators are
thus extremely sensitive force probes which facilitate the observation of mechanical quantum
fluctuations. Therefore, hybrid systems coupling the nanomotion of 2D mechanical resonators
and nanoscale emitters are a promising extension to the existing family of optomechanical
4In practice, cryogenic cooling is typically limited so 10 mK such that optical cooling strategies are also
employed to achieve ground state cooling 102.
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Fig. 1.5: Comparison of 2D and 3D
nanomechanical resonators. Zero-point mo-
tion amplitude (xZPM) and mechanical res-
onance frequency (Ω) for 3D (grey) and 2D
(red) nanomechanical resonators. Adapted
from Poot et al. 248. The dashed line indi-
cates the minimum Ω to achieve a mean
phonon occupation N < 1 with cryogenic
cooling to 10 mK.

In the first part of this thesis, I will present a novel hybrid optomechanical device where
the vibration of an atomically thin membrane is coupled to the emission properties of a
nanoscale quantum emitter at a sub-wavelength separations < 30 nm (Fig. 1.6). In this regime,
strong, separation-dependent light-matter interactions provide optomechanical coupling which
enables readout of sub-nanometer vibration amplitudes using the emitter as a nanomotion
transducer in the single photon regime. Conversely, electromechanical control of resonator-
emitter separation provides an emitter tuning mechanism in an integrated, sub-wavelength
system which can be integrated with nanophotonic structures to provide single photon control.

< 30 nm

Quantum emitter

2D mechanical resonator

Near-�eld 
interaction

a b

ħΩ
ħω

Fig. 1.6: Hybrid optomechanical
system with a 2D mechanical
resonator. a Near-field interactions
couple the nanomotion of a 2D
mechanical resonator (amplitude
blue, not to scale) to the properties
of a nanoscale quantum emitter
(red). b Quantum picture showing
the emitter as a two-level system
(transition energy ~ω) coupled to
resonator motion (mechanical en-
ergy ~Ω).

1.2.3. 2D materials for hybrid optoelectronic systems
Nanoscale hybrid optoelectronic components consist of an optoelectronic element efficiently
coupled to nanoscale light, for instance in a nanoscale waveguide. These systems provide
manipulation capabilities in a photonic circuit and also act as an interface between electronics
and integrated optics. These systems combine different materials to make classical light
sources such as waveguide-integrated lasers (Fig. 1.7a), but have also demonstrated quantum
photonic capabilities such as embedded single photon source control (Fig. 1.7b) and integrated
single photon detection (Fig. 1.7c).
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Fig. 1.7.: Hybrid optoelectronic systems. a Photonic crystal cavity laser diode integrated
with a silicon waveguide (Adapted from Crosnier et al. 75). b Electrically tunable single photon
source (NVC) integrated with waveguides on chip (Adapted from Schmidgall et al. 270). c High-
speed single photon detector based on a superconducting nanowire (SCNW) integrated on a
waveguide (WG). Adapted from Pernice et al. 241.

In this context, the broad range of optoelectronic properties observed in 2D materials
known today makes these materials building blocks for novel nanophotonic devices153. For
instance, graphene35 is an atomically thin semimetal with zero bandgap, high charge carrier
mobility18 (> 105 cm2 V˘1 s˘1) and a constant far-field optical absorption of 2.3%221 over the
visible spectral range (Fig. 1.4c). Furthermore, graphene shows strong nanoscale light-matter
interactions such as coupling to plasmons154, which enables electrical control of strongly
confined light1.
On the other hand, transition metal dichalcogenides (TMDs) have a direct bandgap in the

same spectral range, which enables 2D electronics320 as well as efficient light interaction190,
leading to the formation of excitons184 due to strong Coulomb interactions of the photogen-
erated electron-hole pairs (Fig. 1.4c). Excitons can be trapped at defect sites in the material
and can recombine by single photon emission39, which highlights their potential for quantum
photonics3. These metallic and semiconducting properties are complemented by the insulat-
ing characteristics53 of atomically thin hexagonal boron nitride (hBN), which can also host
defect centres which act as single photon emitters112.
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Fig. 1.8.: Hybrid optoelectronic systems with 2D materials. Hybrid optoelectronic systems
combining 2D optically active materials (red) with 2D electrodes (blue) for emitting 237 (a),
tuning 57 (b) and detecting 198 (c) light. Abbreviations: Gr graphene, hBN hexagonal boron
nitride, SPS single photon source. Figures are adapted from the indicated references.

Combining 2D materials into hybrid optoelectronic systems enables novel layered optoelec-
tronic devices which combine the strength of different materials to provide versatile function-
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ality in an extremely compact, atomically thin geometry. For instance, charge carrier injection
into a TMD via a tunneling junction formed by hBN and graphene electrodes can be used
to make an electrically actuated single photon source, a "quantum LED"237 (Fig. 1.8a). The
energy of trapped excitons can be modified by electric fields, which results in an ultra-compact
tunable single photon sources57(Fig. 1.8b). A modification of the stacking order compared to
the light emitter in Fig. 1.8b results in an ultra-fast (picosecond) photodetector198 (Fig. 1.8c).

These devices demonstrate the potential of a combining 2D materials for quantum nanopho-
tonic devices. This potential can be further extended by harnessing the unique properties of
2D materials to achieve control of other quantum photonic elements such as nanoscale single
photon sources. For example, an atomically thin semiconductor could be used as a transparent
electrode directly integrated with a solid state single photon source to provide electrical tun-
ability without perturbing the emission, in contrast to metal electrodes which also significantly
increase the device footprint.

In the second part of this thesis (Chapter 7), I will demonstrate a nanoscale hybrid system
which integrates 2D electrodes with a single photon source with lifetime-limited linewidth,
sketched in Fig. 1.9. Here, the 2D material acts as an electrode to control the electric field
which tunes the single photon energy. The compact device geometry enables large electric field
strengths which provide broadband tunability and fast modulation. Conversely, the emitter
acts as a nanoprobe of the electrical field which is sensitive to electronic properties of the 2D
material.

300 nm

Nanoscale emitter

2D electrode

E

Fig. 1.9: Hybrid optoelectronic system us-
ing a 2D material as a transparent electrode
(blue) to control a nanoscale emitter(red) by
electric field control in a compact device.

1.2.4. Nanoscale quantum emitters for hybrid systems
To date, many different types of nanoscale single photon sources embedded in solids ex-
ist3,141,183, ranging from single organic molecules hosted in organic matrices, defect centres
in diamond, quantum dots embedded in semiconductors to localised electron-hole pairs in
two-dimensional (2D) materials.

Nanoscale emitters: artificial atoms in a solid matrix Nanoscale emitters typically dis-
play an electronic energy level spectrum similar to an atom because their electronic wave
functions are localised at the site of the quantum emitter, with optical resonances corre-
sponding to the energy spacing between two particular levels. If coupling to other electronic
energy levels can be neglected, the emitter can thus be described by transitions between these
two levels due to the absorption and emission of photons. Due to vibrations of the emitter
itself (librations) and the interaction with the phonon bath of the host environment, nanoscale
emitters also exhibit vibrational levels which dress the electronic energy levels97 as shown in
Fig. 1.10a.
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Fig. 1.10.: Single emitter energy level diagram and optical response. a After excita-
tion at energy ~ωexc., the emitter decays by emitting photons at its characteristic transition
energy (zero phonon line, ZPL, decay rate ΓZPL) or by emitting red-shifted photons (decay
rate ΓSB) and phonons. Additionally, the emitter can decay non-radiatively (rate ΓNR). b
Emission spectrum of an emitter as in a. c The ZPL linewidth ΓZPL compared to the lifetime-
limited linewidth Γ0. d Inhomogeneous broadening (grey dashed line, width ΓI H) of an emitter
ensemble.

Radiative and non-radiative decay Upon optical or electrical excitation, the emitter decays
back to its ground state by radiative and non-radiative processes. Radiative processes include
spontaneous photon emission at the emitter’s characteristic, purely electronic transition (zero
photon line, ZPL, energy ~ωZPL) or at slightly lower energy, corresponding to the emission
of a red-shifted photon and librations of the emitter and host matrix phonons. The emitter
may also relax by spin-forbidden singlet-triplet transitions (intersystem crossing) or by energy
transfer to its environment - such processes are summarised in the non-radiative decay rate
Γnr and depend strongly on the type of emitter and its environment.

Excited state lifetime and photon statistics Radiative and non-radiative decay processes
are associated with a finite lifetime τ of the excited electronic state which governs the expo-
nentially decaying probability of finding the emitter in the excited state Pexc.(t) ∝ e−t/τ after
a time t. Experimentally, measurement of the excited state lifetime τ = (Γr+Γnr)−1 provides
information about the coupling of an emitter to its environment as it is directly related to the
total decay rates, which can be modified by the environment. Importantly, the finite lifetime
is what renders these emitters single photon sources because the minimum time between the
emission of two photons - that is, the time for one emission and absorption cycle - is defined
by τ (Fig. 1.11a).

An ideal single photon emitter emits light one photon at a time with a probability of one -
this is in stark contrast to thermal and laser light sources, which emit a fluctuating amount
of photons per time (Fig. 1.11a). For instance, a coherent light source such as a laser emits a
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stream of photons which fluctuates about a mean number of photons ñ in time44, described
by a Poisson distribution5 (Fig. 1.11b).
The variance ∆n =

√
ñ of this distribution describes the noise of the laser’s photon stream,

which persists even in the case of a faint laser source. In contrast, a perfect single photon
source shows ñ =1 and sub-poissonian noise ∆n = 0, which cannot be described classically96.
This renders a single photon source an extremely quiet source of non-classical quantum light,
which has far-ranging consequences for optical sensing with reduced noise and is fundamental
for optical quantum communications.
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Fig. 1.11: Photon statistics of a coherent
and a single photon source. Top: Poisson
distribution of a coherent light source such as
a laser. Bottom: photon statistics of a single
photon source. The mean photon number
ñ = 1 is the same in both cases. Adapted
from Buckley et al. 44.

Emission linewidth Typical lifetimes of solid state emitters such as single molecules are
on the order of 1-10 ns, which defines the spectral width ΓZPL of the ZPL transition via
the energy-time uncertainty principle96: ∆E∆t ≤ ~, where ∆E = ~ΓZPL. Thus, typical
lifetime-limited ZPL linewidths Γ0 = τ−1 of such systems are on the order of MHz-GHz.
Given that the optical resonance is typically on the order of ω/2π = 500 THz for visible
light, this is an extremely narrow resonance with a high quality factor ω/Γ0 on the order of
107. In contrast, the spectral width of vibronic transitions is much larger because they are
governed by the lifetime of the vibrations, typically on the picosecond scale. The resulting
emission spectrum is sketched in Fig. 1.10b and displays a narrow ZPL (FWHM ΓZPL) with
a Lorentzian lineshape6 and a broad sideband due to vibronic transitions.

Here, the relative contribution of the ZPL and the vibronic sideband is determined by
the emitter’s branching ratio, which quantifies emission into the vibrational levels of the
electronic ground state (Franck-Condon principle) and coupling to the host matrix phonons
(Debye-Waller factor), both described in more detail by Friedrich et al.97. To further quantify
the emission properties, it is also useful to introduce the radiative quantum efficiency of the
emitter, defined as the contribution of radiative decay Γr to the total decay Γtot as η = Γr

Γtot .

Linewidth broadening due to the host matrix Within the host matrix, the emission
linewidth can be broadened due to non-radiative decay processes (Γ = Γ0 + Γnr), which
5The Poisson distribution describes a random process that can take on integer values n with a probability
p(n) = ñn

n! e
−ñ, where ñ is the mean value.

6In terms of frequency ω, the Lorentzian lineshape is defined as: L(ω) = 1
2π

Γ
(ω−ω0)2+(Γ/2)2 , which is the

frequency-space representation of the excited state’s exponential decay in time.
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1. Hybrid systems for nanoscale light control and sensing

shorten the excited state lifetime τ . This can also be described as a damping process due
to population decay with a characteristic time T1, where the upper limit of T1 is set by τ .
Furthermore, the emitter can couple to fluctuations of the environment lead to dephasing and
spectral diffusion, described by a time scale T ∗2 , which causes decoherence and makes photons
emitted at different times distinguishable. Together, these two effects result in a ZPL linewidth
given as ΓZPL = 1

T1
+ 2

T∗2
which is broadened compared to the lifetime-limited value Γ0 =

(T1)−1 (Fig. 1.10c). Spectral diffusion can be reduced by reducing environmental fluctuations
- for instance by croygenic cooling to reduce phonon scattering - such that T ∗2 →∞ and the
linewidth becomes lifetime-limited. Local defects and imperfections of the host can also induce
a distinct and permanent shift of the transition energy, resulting in a distribution of the optical
resonances of nominally identical emitters (Fig. 1.10d) known as inhomogeneous broadening,
typically described by a Gaussian distribution of width ∆ωIH . This effect has two important
consequences: it is troublesome because it detunes nominally identical optical resonators,
which highlights the need for tuning mechanisms which enable resonant interactions of single
emitters. On the other hand, it lifts the transition energy degeneracy of emitters in an
ensemble, which is fundamental to the study of single emitters because it enables spectrally
addressing a single emitter, provided a sufficiently narrow linewidth ΓZPL � ∆ωIH .

Below, I give a summary of desired properties for an ideal nanoscale emitter.

Properties of an ideal, nanoscale quantum emitter

• High quantum efficiency and bright single photon emission enables optical
detection of a nanoscale emitter and also for applications such as quantum com-
munication, which require high single photon emission rates.

• Narrow linewidth is important for sensing applications such as the detection
of energy level shifts and ensures spectral overlap in heterogeneous systems280.
Lifetime-limited emission linewidths are required to make photons indistinguish-
able183. Narrow emission lines also translate to a longer lifetime, which results in
longer interaction time and more efficient interactions with external systems.

• A high branching ratio into the ZPL ensures predominant photon emission into
the ZPL, which is the relevant transition in many cases, for instance to achieve
entanglement between two emitters28,172.

• High single photon purity is required for secure quantum communication and
fault-tolerant quantum computation3,283.

To choose suitable nanoscale emitters for the hybrid devices presented in this thesis we
selected bright emission and narrow linewidth as well as a robust, ideally nanoscale host
matrix as the selection criteria. From a comparison between different types of available
emitters (Fig. 1.12), we identified nitrogen vacancy centres (NVC) in nanodiamond and single
dibenzoterrylene (DBT) molecules hosted in bulk anthracene (Ac) as suitable candidates.
These systems combine different advantages: the NVC is available off the shelf embedded in
a robust and nanoscale environment which should be tolerant to nanofabrication processes
required to fabricate hybrid systems. Furthermore, NVCs can exhibit almost lifetime-limited
linewidths in nanodiamonds. On the other hand, DBT shows narrow linewidths and bright
emission, which has been consistently reported in various studies and suggests that this is a
very reproducible system224,299,316. Here, the challenge is scaling down the Ac host matrix to
nano-volumes to achieve efficient coupling. In the following, I will give a brief overview of the
optical properties of NVCs and DBT.
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Fig. 1.12: Emission properties of nanoscale
solid state light emitters. Reported emis-
sion linewidth (Γ ) and maximum emission
intensity of various single photon sources at
low temperature (T < 15 K): nitrogen va-
cancy centres (NVCs) in nano-diamond 276

(ND) or shallow (depth ∼ 100 nm) im-
planted (imp.) in bulk diamond 69, InGaAs
quantum dots grown in bulk 157, silicon va-
cancy centres (SiVCs) in ND 137, single DBT
molecules hosted in bulk anthracene (Ac) 301,
defect (Def.) states in monolayer WSe2

119

and multilayer hBN 300. Emitters displaying
linewidths within 20% of the lifetime limit
Γ0 are marked with an asterisk. The emitters
used in this work, NVCs in ND and Ac:DBT,
are highlighted orange.

Nitrogen vacancy centres in diamond

Defect centres in diamond are attractive single photon sources because of their bright, highly
polarised narrowband emission and their photostability even at room temperature. The di-
amond host matrix is a robust environment for these emitters with a large bandgap of 5.5
eV, making it transparent to emission from defect centres over a large spectral range. Of the
over 500 different colour centres known in diamond4, the nitrogen vacancy centre (NVC) -
a vacancy in the diamond lattice with an adjacent nitrogen substitution - is the most abun-
dant (Fig. 1.13a). The NVC exists in a negatively charged form (NV−) form emitting at 637
nm, and a neutral form (NV0) which emits at 575 nm (Fig. 1.13b). Both charge states can
be found in the same defect centre2. The NVC is the most widely studied diamond defect
because the NV− exhibits spin and spin-dependent fluorescence, which renders it an inter-
face between single photons and a single spin. This property has been exploited for a wide
range of applications such as extremely sensitive magnetometry (56 nT Hz−1/2 Maletinsky
et al.193). Recent experiments used NVCs in bulk nanodiamond as a spin-photon inerface to
demonstrate robust quantum teleportation of a quantum state, which highlights the potential
of these emitters as quantum resources244. Furthermore, NVCs can be used as nanoprobes of
electric fields133, strain and temperature268 as well as for optical clocks124.
Importantly, NVCs can also be hosted in tiny grains of diamond with sub-wavelength dimen-

sions, known as nanodiamonds. This type of nanoscale host provides more efficient coupling to
the environment which can be exploited by nanophotonic control schemes in a hybrid system.
Interestingly, narrow ZPL lines spread over a large inhomogeneous broadening (∼ 15 nm ≡ 10
THz) have been observed from these systems (Fig. 1.13c), even though the nanoscale prox-
imity of the NVC to the surface could also deteriorate the emission properties. Some emitters
even show ZPL emission with linewidths of 16 MHz, which approaches the lifetime limit of
13 MHz276. However, other studies report a large variance of optical properties for different
nanodiamonds211,296 and the branching ratio of emission into the ZPL is generally weak (∼
5%) for NVCs2. These results show that a sensitive emitter can be integrated in a nanoscale
environment, but that the environment also has an enhanced impact on its properties at the
nanoscale.
In this thesis, the most important feature of NVCs hosted in nanodiamond is that the latter

is a robust, nanoscale environment. This ensures resilience to nanofabrication techniques
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Fig. 1.13.: Nitrogen vacancy centre in diamond. a Atomic structure showing the vacant site
(V) and nitrogen substitution (N). b Room-temperature NVC emission spectrum showing both
NV− and NV0 ZPL contributions over a broad phonon sideband. Adapted from Aharonovich
et al. 2. c Low temperature (8 K) emission spectrum showing narrow ZPLs. Adapted from
Shen et al. 276.

and sub-wavelength separation of the embedded NVCs to their environment, which we will
control in a hybrid system using near-field interactions where ultra-narrow linewidth is not a
stringent requirement. In Chapter 6, I will focus on how to achieve a nanoscale host volume in
which single quantum emitters retain their bulk properties based on a different system, single
fluorescent molecules.

Single fluorescent molecules

Single molecules are less than a nanometre in size and display optical transitions in the
visible to mid-IR. They were the first quantum object to be optically isolated in a solid state
environment in 1989 by Moerner and Kador205, who used a optical technique to observe the
absorption signature of a single molecule at cryogenic temperatures. At the same time, Orrit
and Bernard233 demonstrated that a single molecule can also be optically isolated by observing
its fluorescence, which provides much higher signal to noise than the original absorption
experiments and has become the technique of choice for studying single molecules. Soon
after these seminal experiments, single molecules were the first solid state emitters to display
photon anti-bunching22 which had previously only been observed from atoms and ions147.
Single molecules at cryogenic temperatures thus exhibit many spectroscopic phenomena333
known from the study of free atoms which makes them a key element in the transition of
quantum optics from atomic systems towards solid-state systems.
Single molecules remain one of the most attractive candidates within the large variety of

solid state quantum emitters available to date. This is due to their bright single photon emis-
sion, close to unity quantum efficiency and extremely narrow lifetime-limited linewidths around
10 MHz. These emitters have been used as triggered43,208,301 and tunable41,329 sources of
indistinguishable172,302 single photons and as optical transistors131 which control the flow of
light. Conversely, they have also shown to be sensitive optical nanoprobes of electric fields24,87,
currents51, acoustic modes in crystals150, strain294 and the structure of their nanoscale en-
vironment314. In these applications, the narrow linewidth of single molecules at low temper-
atures enables addressing a single molecule and ensures large absorption cross-section (105

times larger than their physical size) which enables them to be detected, Furthermore, theo-
retical predictions show that such molecules could be used to trace the trajectory of a single
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Fig. 1.14.: Dibenzoterrylene (DBT) hosted in anthracene (Ac). a DBT molecular struc-
ture and b insertion site in the anthracene crystal. Adapted from Nicolet et al. 224 c Low-
temperature emission spectrum of DBT in bulk anthracene under 767 nm laser excitation
(excitation scheme shown in the inset). Adapted from Trebbia et al. 301.

charges86 and may even be used to study the electric field in superconductors88. A particu-
larly exciting experiment which builds on many of these achievements is the coupling of single
molecules to atomic ensembles280, which demonstrates that these emitters can be the link
between atomic and solid state quantum optics in heterogeneous hybrid systems which take
advantage of the best of both worlds. In particular, this result relied on the spectral overlap of
the narrow atomic and molecular resonances, which is an important feature of single molecules
for future hybrid atom-molecule systems.
In this work, I will focus on one particular organic host-guest system, single dibenzoterrylene

(DBT) molecules hosted in an anthracene (Ac) matrix. DBT is a centrosymmetric molecule
(Fig. 1.14a) which has two insertion sites in the Ac crystal (the main site is shown in Fig. 1.14b)
and has a ZPL transition at 785.1 nm (1.58 eV) toegther with vibronic transitions (Fig. 1.14c).
At low temperatures (T < 4 K), the ZPL shows vanishing dephasing and reaches a narrow
lifetime-limited linewidth Γ0/2π ∼ 37 MHz224. DBT has proven to be a bright, stable single
photon source at room247,299 and cryogenic301 temperatures, with a large branching ratio of
33% emission into the ZPL317 (∼ six times larger than for an NVC).
So far, DBT has mainly been studied in bulk systems. One approach to scaling down

the host volume is spin-casting299, which results in thin films which enable coupling of the
molecules to integrated waveguides181. Here, the host volume is confined in one dimension
(film thickness) and the relative positioning of the molecule and waveguide is not controlled.
In a different approach, a solution of DBT and anthracene can be shaped arbitrarily using
microfluidics and capillary forces, for instance to make Ac:DBT crystals in a 600 nm diameter
dieletric waveguide84. This approach is attractive because the common waveguide mode
enables efficient interactions of molecules. However, these approaches do not scale down
the host volume in three dimensions as in the case of a nanodiamond, which is required
for full integration with nanophotonic structures. Recently, the group of Costanza Toninelli
demonstrated that Ac nanoparticles hosting DBT can be made using a solution-based approach
for self-assembly240. These Ac nanocrystals retain the narrow DBT linewidth, which makes
them attractive for integration with hybrid systems. In Chapter 6, I will show how we can use
a modification of this approach to make stable nanoscale emitters which can be integrated
with 2D materials in a hybrid system.
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1. Hybrid systems for nanoscale light control and sensing

1.3. Hybrid coupling: interactions of single emitters and
2D materials

The aim of this thesis is to combine the outstanding properties of 2D materials and nanoscale
light emitters into hybrid systems which explore and control efficient interactions at nanoscale
separations between these two components. In the following, I will provide an overview of
the relevant interactions for the hybrid device geometries explored in this thesis. First, I
will focus on efficient near-field interactions which become prominent and govern the light-
matter interaction between the emitter and the 2D material at sub-wavelength separations.
In particular, I will present non-radiative energy transfer, which enhances the emitter’s decay
rate in the presence of a 2D material and the Casimir-Polder interaction, which gives rise to a
shift of the emitter’s transition energy. The strong separation scaling of these effects makes
them ideally suited for nanoscale devices and also provides novel optomechanical coupling
mechanisms. 2D materials in our devices can also be used as electrodes to apply electric fields
over an emitter, which results in a transition energy shift known as the Stark effect.
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Fig. 1.15.: Drexhage’s experiment. a Lifetime variation of an emitter (Eu3+ ion, λ =
614 nm) with separation from a mirror. Adapted from Amos and Barnes 6. b The acoustic
analogue of the experiment as in a for the decay rate enhancement of a Chinese gong (λ =
1.1 m) in front of a concrete wall (solid lines). Adapted from Langguth et al. 166.

1.3.1. Non-radiative energy transfer (nRET)
An excited emitter may decay back to its ground state by radiative or non-radiative decay as
described in Section 1.2.4. Both of these processes depend on the emitter’s environment32
and can thus be controlled by engineering the latter. For instance, an emitter’s radiative decay
rate Γr may be modified by a resonant optical structure such as an optical cavity which can
enhance251 or inhibit335 the spontaneous emission process.

A celebrated example is the Drexhage’s experiment80 performed in 1968, which showed
that an optical emitter at a given separation to a mirror displayed a radiative decay rate
governed by the separation due to backaction of the reflected field on the emitter (Fig.1.15a).
Interestingly, an analogous experiments with a completely different type of source such as an
acoustic resonator - a Chinese gong - shows the same result166 (Fig.1.15b) due to the reactive
force of the reflected acoustic waves on the gong. Since then, advance of nanofabrication
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Fig. 1.16: Nano-motion sensing via FRET. The
sub-nm transformation of DNA strand function-
alised with a FRET donor-acceptor pair results in
a change of donor fluorescence intensity. Adapted
from Mao et al. 194.

techniques has enabled the realisation of large variety of optical nanostructures to control the
radiative emission rate226.

Förster resonance energy transfer

Similar to the case of radiative decay, an emitter’s non-radiative decay rate Γnr is also deter-
mined by coupling to the environment. For instance, an emitter may decay be transferring its
energy to excitations in its environment instead of emitting a photon. This process is known
as Förster resonance energy transfer95 (FRET), which describes near-field non-radiative en-
ergy transfer between pairs of dipoles where the quantum of excitation energy is transferred
from the excited emitter (donor) to a second emitter (acceptor). In this geometry, the rate of
energy transfer from donor to acceptor ΓFRET depends on the overlap of the donor’s emission
spectrum fD(ω) with the acceptor’s absorption cross-section σA(ω) and the donor-acceptor
separation d as229:

ΓFRET
Γ0

= 9c4κ2

8πd6

∫ ∞
0

fD(ω)σA(ω)
n(ω)4ω4 dω (1.4)

Here, Γ0 is the emitter’s decay rate in the absence of the acceptor, n is the refractive index
of the medium and κ is defined by the relative orientation of the two dipoles.

At this point, we can already draw three important conclusions: i) efficient FRET can
only occur if the emission and absorption of donor and acceptor overlap and ii) FRET scales
strongly with separation R, which makes this effect very efficient at small separations and iii)
FRET maps separation d to observable optical properties of the emitter. In particular, FRET
results in a separation-dependent emission strength Φ(d):

Φ(d)
Φ(∞) ∝

Γ0

Γ0 + ΓFRET (d) (1.5)

and donor emission quenching because Φ(d → 0) = 0. This property is used in biology to
optically detect nanoscale changes of molecular conformation195,326 (Fig. 1.16), i.e. FRET
can be used to optically detect nanoscale mechanical motion.

Non-radiative energy transfer to 2D materials

In this thesis, I am interested in controlling non-radiative energy transfer (nRET) from an
emitter to a 2D material at nanoscale separation, that is, we consider energy transfer between
a 0D donor and a 2D acceptor. The change of dimensionality compared to FRET between two
0D dipoles (Eq. 1.4) results in a change of distance scaling62,122, which can be understood
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regarding the 2D material as a sheet of incoherent dipoles89,297 leading to a scaling reduction
by two dimensions compared to the FRET scenario.
The modification of the emitter’s decay rate can also be viewed as its self-interaction with

plane and evanescent waves scattered from the interface229. In this case, the decay rate
enhancement is determined by the reflective properties of the 2D interface, described by its
reflection coefficient (rp) and the separation d to the interface. The emitter’s decay rate
enhancement can then be expressed as an integral over parallel wave vectors k‖ 100,109,295:

ΓnRET ,2D

Γ0
= 1 + 3νλ3

0
32π3

∫ ∞
0

k2
‖ exp−2k‖d Im rpdk‖, where (1.6)

rp = −2
1 + ε+ i2σ(Eem)k‖λ0/c

(1.7)

The separation dependence arises from the distribution of wave vectors k2
‖ exp−2k‖d which

contribute to the coupling at a given distance d, while the 2D material properties and the emis-
sion energy (Eem = hc/λ0) dependence are contained in the sheet conductivity σ. Substrate
properties are described by the permittivity ε, and ν = 1(ν = 2) describes parallel (perpen-
dicular) emitter dipole orientation to the 2D material. In the case of undoped graphene, its
optical conductivity can be approximated as189 σ0 = 4e2/~ which enables solving Eq. 1.7 an-
alytically. This results in a simpler expression for experimentally relevant separations d > λ

100 ,
given as100:

ΓnRET ,2D

Γ0
≈ 1 + 9να

256π3(ε+ 1)

(
λ0

d

)4
(1.8)

This expression thus describes a d−4 scaling law of nRET to graphene which only depends
on known quantities (the fine structure constant α and the emission wavelength λ), which has
led to the suggestion that it could be used as a universal nanoruler to measure d109,199. Eq. 1.8
also shows that graphene is a broadband energy sink, that is, nRET is efficient over the visible
spectral range where σ = σ0

286. In this region, nRET leads to excitation of electron-hole
pairs in the graphene (Fig. 1.17a) which is experimentally observed as emission quenching
(Fig. 1.17b) and a reduction of excited state lifetime τ = (Γ0 + ΓnRET ,2D)−1 (Fig. 1.17c).
The generation of electron-hole pairs in graphene by nRET was recently demonstrated in
ultrafast photcurrent measurements40.
The d−4 separation dependence has been experimentally observed using static spacer layers

to vary d100 (Fig. 1.17d) or scanning near-field microscopy with an NVC297. These experi-
ments displayed nRET efficiency approaching 90% with a decay rate enhancement approaching
100 at nanoscale separations, which makes nRET efficient for nanoscale light control.
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Fig. 1.17.: Non-radiative energy transfer from an emitter to 2D materials. a Competi-
tion of radiative decay (rate Γr ) and non-radiative decay by nRET (rate ΓnRET ), resulting in
electron-hole pair generation in graphene. b Fluorescence quenching of dye molecules lying
on a graphene flake (separation 11 nm). c Emitter lifetime over the same area as in a. A
strong lifetime reduction is visible for emitters above graphene. d Log-log plot of separation
dependence of ΓnRET normalised to the total decay rate Γ∞ in the absence of graphene. e
Control of emitters at nanoscale separation to graphene via electrostatic doping, showing
nRET quenching (yellow), photon emission (blue) and plasmon coupling (red) regimes. f Ex-
cited state lifetime dependence on 2D material thickness for a semi-metallic (graphene) and
semiconducting (MoS2). g Control of quantum dot (QD) photoluminescence (PL) by electri-
cal tuning of excitonic resonances in MoS2. Figure sources: b,c,d adapted from Gaudreau et
al. 100, e Tielrooij et al. 295, f Raja et al. 254 and g Prasai et al. 249.
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Electrical nRET tuning with 2D materials

Graphene’s conductivity can be modified by electrostatic doping, which has a direct impact
on the nRET behaviour as shown by Eq. 1.7. Recent experiments used electrostatic doping
of graphene to demonstrate electrical control of nRET168 by tuning the Fermi level to access
different regimes295 (Fig. 1.17e) from nRET at low doping to launching graphene plasmons
at high doping. Combined with the high nRET efficiency, this highlights the role of graphene
for tunable electrical emitter control.
The emergence of other 2D materials apart from graphene has stimulated the study of

their behaviour as nRET acceptors. Here, experiments with quantum dots and TMDs showed
that nRET also occurs for 2D semiconductor if the emission energy overlaps with the TMD’s
absorption spectrum249, as expected from Eq. 1.4. Interestingly, a comparison of nRET
behaviour of different thicknesses of graphene and MoS2 showed that the screening effects
which change the electric field in the 2D material dominate the nRET behaviour254. This
leads to an increase of nRET for a larger layer number for graphene, while the opposite trend
is observed for MoS2 (Fig. 1.17f). As for graphene, electrostatic doping of a TMD can also
be used to control nRET efficiency by tuning excitonic absorption249, and it was observed
that a small observed change of far-field absorption results in a large modulation of nRET
due to efficient interactions in the near field (Fig. 1.17g). In this case, the nRET is related to
exciton-polaritons in the TMD143

Overall, this shows that nRET with 2D materials is a promising approach to tuning inte-
grated single emitters. So far, electrical tuning has been demonstrated by electrostatic doping
of 2D materials. In Chapter 5, I will extend this to electromechanical control of emitters in a
hybrid optomechanical system, which also offers interesting perspectives to use an emitter as
an optical transducer of the nanomotion of 2D mechanical resonator.

1.3.2. Casimir-Polder shift

Vacuum fluctuations

The observation of efficient nRET for emitters and graphene at nanoscale separations is a
hallmark of strong near-field interactions which modify the emitter’s decay rate. However, in
this geometry, it is known that other effects which modify the transition energy of an emitter
can occur. One of the most striking predictions of quantum mechanics is the existence of
vacuum fluctuations, i.e. the electromagnetic fluctuations of empty space103. Therefore,
observing these fluctuations and their effect on microscopic and macroscopic objects is of
fundamental interest to test these predictions as a manifestation of quantum effects165.

In 1947, Lamb and co-workers achieved a first experimental breakthrough by measuring
an energy level degeneracy in hydrogen atom162, known as the Lamb shift, which can only
be explained by the effect of vacuum fluctuations. A year later, Casimir and Polder (CP)
published the theoretical framework to understand the potentials and forces due to fluctuations
of the electromagnetic vacuum in the presence of massive, neutral bodies52. Their approach
is based on the interplay of polarisation fluctuations of these bodies and the fluctuating
electromagnetic field, resulting in an attractive, short-range force45. CP theory predicts a
strong interaction scaling with decreasing length scales: for instance, the pressure P between
two perfect mirrors due to these forces is given as P = ~c

240πd4 and can reach atmospheric
pressure at nanometric separations d. This has a two important consequences: observing the
effect of vacuum fluctuations requires control of small objects and nanoscale separations while
conversely, vacuum fluctuations could have a profound impact on a nanoscale system.
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Experimental observation

The first quantitative experimental evidence of this type of physics was provided by measure-
ments of the the transition energy shift due of atoms at nanoscale separations to conductors
due to fluctuation-induced potentials (Fig. 1.18a). Here, the atoms act as sensitive probes of
the electromagnetic environment with optical readout. In 1992, Sandoghdar and co-workers264
performed this type of experiment at a characteristic length scale λ/(2π)� d where λ is the
wavelength of the atomic transition probed, and d is the atom-conductor separation. In this
regime, van der Waals (vdW) interactions based on instantaneous electrostatic coupling of
the atomic dipole with its images in the conductor prevail229 and the interaction follows the
Lennard-Jones potential171 with a characteristic separation dependence12 d−3. By studying
a different transition with lower λ, the CP regime λ/(2π) � d was accessed by the same
group287 in an experiment with similar d as in the vdW case. In this regime, the retardation
time t = d/c is larger than the atomic dipole’s fluctuation autocorrelation time ∼ λ/(2πc),
resulting in a retarded potential which is a purely quantum effect20 with scaling d−4.

An alternative approach to exploring vacuum fluctuations is to directly probe the CP force
arising from this potential with a microsphere in an atomic force microscope210 (Fig. 1.18b), a
torsion pendulum164 (Fig. 1.18c) and micromechanical resonators58(Fig. 1.18d). In this type
of configuration, precise control and measurement of mechanical motion is key to experimental
success.
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Fig. 1.18.: Experimental schemes for observing the effect of vacuum fluctuations and the
Casimir-Polder interaction. a Measurement of the number of transmitted Na atoms passing
through a gold cavity of variable width (Sukenik et al. 287). b A gold-coated microsphere
mounted on an atomic force microscope cantilever approaching a mirror (Mohideen et al. 210).
c Torsion pendulum (Lamoureux 164). d Micro-electromechanical system (MEMS) driven by
proximity to a mirror (Chan et al. 59) e A tunable artificial atom (superconducting transmon)
in a microwave cavity (Hoi et al. 127).

Engineering vacuum fluctuations

These initial experiments demonstrated real effects on macroscopic objects and led to a better
understanding of the underlying physics. Since then, the field has evolved towards understand-
ing the effects of vacuum fluctuations in more complex geometries121,163,260 and putting them
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to work by engineering the nanoscale environment2617. For instance, novel approaches to trap-
ping atoms50,64, nanoscale geometries which demonstrate repulsive217 CP forces as well as
control of nanomechanical devices59 and their failure due to CP effects339 have been demon-
strated. A particularly exciting prospect is the use of artificial atoms to probe CP physics in an
engineered nano-environment126 (Fig. 1.18e). This approach integrates a sensitive quantum
object in a controlled, nano-engineered environment to probe and harness vacuum forces.

CP interactions of 2D materials

Interestingly, CP-type interactions also exist between atoms and 2D materials63, which is of
particular relevance for this work. In a recent theoretical proposal, Muschik et al.219 proposed
a hybrid optomechanical device where a mechanical graphene resonator is at nanoscale sep-
aration d to a solid state quantum emitter with a transition energy ~ω and a linewidth Γ0,
acting as an artificial atom. CP interactions between these two components give rise to a
separation-dependent line shift of the emitter, valid for separations d > 5 nm:

∆ω
Γ0
∝ α

(
2πλ0

d

)4
(1.9)

where α is the fine structure constant and λ0 is the wavelength of the transition.
The CP interaction thus enables optomechanical coupling with divergent scaling at nanoscale

separations, in a similar hybrid architecture as sketched in Section 1.2. However, this type of
system has not been demonstrated to date because it requires the integration of an emitter
with ultra-narrow at nanoscale separations to a suspended 2D material. In the course of
this thesis, I will discuss the potential of the hybrid optomechanical system presented for the
observation of the CP interaction.

1.3.3. Stark shift
An electric dipole moment will experience a shift of its energy levels when subjected to an
electric field. This phenomenon is known as the Stark effect and was used as a modulation
technique in the first observation of single molecules in a solid by Moerner and Kador205.
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Fig. 1.20.: Stark shift of a single
molecule.

The Stark effect provides electrical tuning of the
transition energy of a wide variety of single photon
sources such as single molecules234 (Fig. 1.19a), de-
fect centres in diamond216,290, quantum dots125 as
well excitons259 and localised emitters57 in 2D mate-
rials. Furthermore, it enables tuning of distinct emit-
ters into resonance280 to observe indistinguishable
photons172 from distant single photon sources but
also for emitters embedded in a nanostructure85,243,270
(Fig. 1.19b).133 (Fig. 1.19d),
Using the emitter as a nanoprobe with optical

readout enables sensing of nanoscale currents51 and
charges down to the single electron level86 as well
as determining electrical field strength88 and orienta-
tion or locating single emitters with nanometric preci-

sion123 (Fig. 1.19c). Interestingly, the Stark shift has also been proposed as an optomechanical
7At a larger scale, this type of force has been suggested as a propulsion mechanism for spacecraft 328.
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1.3. Hybrid coupling: interactions of single emitters and 2D materials

Single emitter

Waveguide

Electrode
a b

c d
Electrode

Fig. 1.19.: The Stark effect in nanoscale systems. a Original measurement of the Stark
effect on single molecules by Orrit et al. 234. b Stark tuning of single molecules into resonance
in a waveguide (adapted from Faez et al. 85). c High-precision localisation of a single emitter
via the Stark shift using a scanning electrode (adapted from Hettich et al. 123). d NVC as an
electric field nanoprobe in a p-i-n diode (Iwasaki et al. 133).

coupling mechanism between the motion of a carbon nanotube and the energy level shift of
a molecule250.
The shift ~∆ω( ~E) of an emitter’s energy level in an electric field ~E is approximated as209:

~∆ω( ~E) = ~ω( ~E)− ~ω(0) = −~µ · ~E − 1
2

(
( ~E · α̂) · ~E

)
(1.10)

where ~ω(0) is the unperturbed energy level, ~µ is the emitter’s permanent dipole moment and
α̂ its polarizability tensor, which depend on the emitter and energy level considered. Higher
order terms are omitted here as they are negligibly small - for instance, in a single molecule,
the third-order term is reduced by a factor 10−3 compared to the second order41.
In this work, I will focus on the Stark shift of single molecules, where the effective shift of

the transition is a result of the combined shift of the molecule’s electronic S0 and S1 levels
(Fig. 1.20). The Stark shift is then given as:

~∆ω( ~E) = ~∆ωS1( ~E)− ~∆ωS0( ~E) (1.11)

Centrosymmetric emitter structures such as a DBT molecule have no permanent electric
dipole and are thus expected to display a quadratic Stark shift234. However, distortions of the
molecule induced by the host site can induce a permanent dipole.
In Chapter 6, I will present a system which explores the use of different types of 2D

materials as electrodes to tune the transition energy of nanoscale emitters in a device with
sub-wavelength emitter-2D material separation. In this type of geometry, large electric field
strengths can be built up, while the Stark shift behaviour reveals characteristic features of
each type of 2D material and near-field effects.
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1. Hybrid systems for nanoscale light control and sensing

Nanoscale interactions of single emitters and 2D materials

• Near-field effects modify an emitter’s properties at sub-wavelength separations to
a 2D material.

• Non-radiative energy transfer (nRET) to excitations in the 2D material results in
enhanced non-radiative decay rate and leads to linewidth broadening.

• Divergent d−4 scaling with separation provides optomechanical coupling for me-
chanical emitter tuning and transduction of nanomotion.

• Casimir Polder interactions shift the transition energy the presence of the 2D mate-
rial, which scales as d−4. Experimental observation of this effect is challenging as
it requires integration of an ultra-narrow linewidth emitter at nanoscale separation
to a mobile 2D membrane.

• Conductive 2D materials can also be used as transparent electrodes to electrically
tune the transition energy of an emitter. In this configuration, emitters can also
be used as nanoprobes of doping-related effects in the 2D material.
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1.4. Scope of this thesis

1.4. Scope of this thesis
In this thesis, I will present two different types of hybrid system which integrate 2D materials
with nanoscale quantum emitters.

A: Hybrid optomechanical device
First, I will demonstrate a hybrid optomechanical system which couples the nano-motion of
a 2D mechanical resonator to the emission properties of a nanoscale emitter via near-field
interactions (Chapter 5). Using this system, I will address the following questions:

What kind of hybrid geometry could take advantage of near-field interaction to
couple the nano-motion of a 2D material to the emission of a nanoscale emitter?
Based on the divergent scaling of near-field effects such as nRET and the Casimir-Polder
with separation d−4, we need to devise a system architecture which takes advantage of
this scaling to achieve optomechanical coupling - this will involve nanoscale separation
of the 2D material and a nanoscale quantum emitter.

How can we integrate a 2D mechanical resonator with a nanoscale emitter
to make a hybrid optomechanical system? In particular, this requires a process
which provides co-localisation and precise control of the nanoscale separation between
an emitter and a suspended 2D material. Furthermore, the process must be compatible
with both hybrid components.

How can we control the nano-motion of a 2D mechanical resonator? This requires
a mechanism to actuate nanomotion and a detection technique which can read out both
static deflection and high-frequency nanoscale vibrations of an atomically thin resonator
with high precision.

Can we observe hybrid coupling of 2D resonator position to emission proper-
ties? Here, we seek to observe a dependence of emitter-2D resonator separation on the
emission properties, which requires a nanoscale control of the separation and sensitive
readout of the emission signal at the single photon level. Conversely, we may ask: does
hybrid coupling also enable us to detect high-frequency vibrations of the 2D resonator
using the emitter as a transducer? This would provide a novel nano-motion readout
technique which is based in counting single photons.

B: Hybrid optoelectronic device
Second, I will present a hybrid optoelectronic system for broadband tuning of a lifetime-limited
quantum emitter using 2D electrodes. With this system, I will address the following:

Can we shrink the host volume of an atomically small quantum light source to
the nanoscale without perturbing its properties? Preserving emission qualities of
an emitter within a nanoscale host is complicated because of enhanced, detrimental
coupling to the environment. Ideally, we require an emitter which shows outstand-
ing properties ina bulk host, and then devise strategies for scaling the bulk volume to
nanoscale dimensions. Retaining bulk emission properties will require a gentle nanofab-
rication process.
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1. Hybrid systems for nanoscale light control and sensing

Can we integrate 2D materials with a nanoscale emitter as a transparent elec-
trode? 2D materials are transparent and display electronic properties ranging from
semi-metallic to semiconducting. In principle, this makes them ideal as transparent
electrode. What emitter-2D material combination is suitable? How do the properties
of the 2D material affect emission linewidth and stability?

How far can we tune an emitter’s energy electrostatically? 2D materials as elec-
trodes integrated with a nanoscale emitter would provide an ultra-compact platform for
Stark tuning, with large electric field strengths possible in a nanoscale geometry. What
is the tuning range of such a system? How does tuning affect the emission properties?
How fast can we modulate the emitter in this way?

The thesis structure is shown graphically in Fig. 1.21:

Hybrid systems

2D mechanical resonators
Low mass (10-18 kg)
Strong (E = 1 TPa)
xZPM  ~ 10-12 m
Electrical control 
+ optical readout (Ch. 4)

2D electrode
Thin (< 1 nm) 
Transparent 
High mobility (>105 cm2 V–1 s–1)

Hybrid optoelectronic system (Ch. 7)

Lifetime-limited single molecules (Ch. 6)
Broadband and fast Stark tuning
Nanoprobe of 2D electronic properties

Hybrid optomechanical system (Ch. 5)

nRET near-�eld coupling (scaling d-4)
Electromechanical  NVC emission control
High-freq. (100 MHz) nanomotion transduction

Measurement setup (Ch. 2)
Nanofabrication (Ch. 3)

+Nanoscale 
quantum emitter

2D materials

Fig. 1.21.

28



2. Experimental setup

How can we experimentally isolate and examine a single nano-object? This is a crucial aspect
in achieving a central goal of this work, which is to observe and control the hybrid interactions
of nanoscale objects. In practice, it requires a suitable experimental technique to single out
the response of a nano-object embedded within the overall device response. In our case, an
optical approach is a natural choice as nanoscale light emitters are a main ingredient of the
hybrid systems we wish to study. Importantly, this approach also allows us to characterise
the behaviour of 2D materials and their nano-motion, the other main hybrid component. Our
experimental strategy is to cryogenically cool hybrid devices to reduce perturbations by the
environment, and then to use spatially and spectrally selective techniques to optically isolate
single emitters and vibrating nanomechanical resonators.
In this chapter, I will present the experimental setup and techniques we use to characterise

our hybrid devices. The centrepiece of this setup is a custom low-temperature scanning confo-
cal microscope where devices cooled to 2.8 K are optically excited and electrically controlled,
and their reflected light and fluorescence analysed

2.1. Cryogenic device cooling to 2.8 K

Cooling a nano-object and its environment reduces thermal fluctuations which perturb its
intrinsic properties. For instance, cryogenic cooling is necessary to optically address single
molecules by resonant excitation (see Section 2.4) and improves the quality factor of mechan-
ical resonators in our hybrid devices (see Chapter 4). For this reason, we use a closed cycle
optical cryostat (Montana Instruments Cryostation) to cool our devices to 2.8 K. Within the
cryostat’s cold chamber, devices are optically accessible by a small window. Before cooling,
the cold chamber is pumped down to a vacuum of ∼ 4 10−6 mbar using a roughing pump
combined with a turbo-molecular pump. The system is designed such that a device on the
cold finger is well isolated from mechanical vibrations of the helium pulse tube1. Experimen-
tally, we find that sample drift is below 1 µ/day in all three directions, thus enabling long
measurements.
Wires thermally anchored to the cold finger inside the cryostat provide electrical contact

to the device from the outside. The device ground is connected to the cryostat cold finger
and radiation shields to reduce stray electric fields. Fig. 2.1a shows a device clamped to
the cryostat cold finger with screws. An inner cold shield at 30 K with a small window for
optical access (Fig. 2.1b) protects the device from heating by black body radiation. Calibrated
resistors mounted inside the cryostat on the cold finger and at the cold shields are used to
track the system temperature.

1Residual vibration amplitude < 5 nm at 3 Hz pumping frequency according to manufacturer specifications
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2. Experimental setup
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Fig. 2.1.: Optical cryostat a Device mounted on the cryostat cold finger. The jumper
for electrical access is visible at the back of the device. b Closed cold shield with a small
window for optical access. c Cryostat with closed outer housing. A microscope objective on
a 3D piezo stage provides scanning optical access to the device inside the cryostat. A 3D
micro-manipulator is used for coarse positioning of the objective and piezo stage.
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2.2. Electronic device control and measurement

Cryogenic device cooling to 2.8 K

• We reduce thermal fluctuations of our hybrid devices by cooling them to 2.8 K
in an optical cryostat, resulting in an enhanced response from single emitters and
nanomechanical resonators.

• Within the cold chamber, devices are optically and electrically accessible, enabling
low-temperature characterisation and control.

• We measure a sample drift below 1 µm3/day at 2.8 K, which enables long mea-
surements.

2.2. Electronic device control and measurement
Our setup electronics as shown in Fig. 2.2 consists of three functional groups for i) applying
electrical potentials to hybrid devices ii) photodetectors for detecting light from them and
iii) measurement electronics for analysing the detected signals in the time and frequency
domain. All instruments are remote-controlled and read out by a computer running the
QTLab measurement and control suite2. A data acquisition card (DAQ, National Instruments
PCI-6230) in the measurement computer provides a software-controlled DC voltage output
(range ± 10 V), analogue-to-digital conversion (ADC) of DC signals and counter units for
pulsed signals up to 80 MHz.

DC and AC back-gate potentials
Our devices are two-terminal devices in planar capacitor geometry consisting of a p-doped
silicon (Si++) substrate, a dielectric layer of SiO2 (and PVA in some devices) and a 2D flake.
Within the cryostat, they are electrically contacted (see Section 2.1) such that we can apply
DC (amplitude Vg) and AC (amplitude δVg, frequency fAC) potentials to the global Si++

back-gate with respect to the grounded 2D flakes.
Care must be taken to prevent voltage spikes to the device, which result in dielectric

breakdown309 and leakage currents through the dielectric layer. To prevent such spikes,
DC sources are connected to the device gate via a large resistor RL = 10 MΩ and a π-
filter128 to damp voltage spikes and remove residual AC components in the DC line. We
continuously monitor leakage currents through the dielectric layer with a multimeter (Keithley
2000 Multimeter) which measures the voltage VL over RL, with a typical leakage current
IL = VL

RL
≈ pA for |Vg| < 100V . Vg is swept in small steps at a rate of 10 mV / 10 ms

to avoid sudden changes of voltage on the device. Before connection to the cryostat leads,
Vg and δVg(fAC) are combined using a bias tee (Mini-Circuits ZFBW-6GW) which prevents
crosstalk between the two lines. Experimentally, we use the following voltage sources:
DC voltage sources

• Keithley 2400 SourceMeter (maximum output voltage ± 21 V)

• DAQ voltage output + 20x voltage amplifier (Falco Systems WMA-02, maximum output
voltage ± 175 V).

AC voltage sources
2https://github.com/heeres/qtlab/wiki
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2.2. Electronic device control and measurement

• Arbitrary waveform generator (AWG, Agilent 33600A) with two output and one syn-
chronisation channel (frequency DC-125 MHz).

• Spectrum analyser (SA, Keysight N9000A CXA) sweeping local oscillator output (fre-
quency 9 kHz - 26.5 GHz).

We note that the AWG’s outputs are also used for other applications such as fast modulation
of the tunable laser for pseudo-broadband excitation as described in Section 2.4.2 and provide
synchronisation for time-resolved single photon experiments and spectrum analysis with a
lock-in amplifier.

High-frequency reflection measurement
As described in Section 2.3, high-frequency (10-100 MHz) modulated reflection signals from
our devices are read out by a fast photodiode or analog APD. Signals from these photodetectors
are analysed using a spectrum analyser or a high-frequency lock-in amplifier (LIA, Stanford
Instruments SR844), depending on the AC source used to apply δVg(fAC) to the device. If
the SA RF sweeping output is used, the signal is analysed using the SA, while the LIA is
used when the AWG supplies the AC signal and enables measuring amplitude and phase of
the reflection signal. In this case, the LIA reference frequency has to be synchronised to the
AWG drive.

Emission readout
Light from single emitters in our devices is recorded by APDs in single-photon counting mode,
that is, they output an electrical pulse when a photon is registered. In quasi-DC measurements
of emission, APD photodetection events are counted and averaged by the counter module
of the DAQ card, resulting in a measurement of "counts/second" (cts/s). Time-resolved
measurements of emission (resolution > 4 ps) are made using a time-resolved single photon
counter (TCPSC)3 as described in Section 2.5.1.

Electronic device control and measurement
• Our devices have a planar capacitor structure consisting of a p-doped Si substrate
coated with a dielectric layer onto which a 2D flake is placed.

• We apply DC and AC potentials to the global Si++ back-gate relative to the
grounded 2D flake to control electrostatic doping, electric fields and capacitive
actuation of mechanical 2D resonators in our devices.

• High-frequency reflection signals from hybrid optomechanical devices are analysed
in the frequency domain using a spectrum analyser or lock-in amplifier to measure
amplitude and phase of the nano-motion of 2D mechanical resonators.

• APDs detect single photons emitted from our devices. The resulting signal is
integrated to give a quasi-DC measurement of the emission rate or recorded with
picosecond time resolution to capture fast emission dynamics.

3We find that for this system, it is important to use pulse converters for the APD signal to avoid crosstalk
between channels leading to artefacts.
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2. Experimental setup
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Fig. 2.3.: Scanning confocal microscopy scheme. Focused excitation light is rastered over a
sample by a scanning objective. Reflected light and fluorescence from emitters on the sample
detected confocally by spatial filtering with a pinhole. By inserting a long-pass filter, the
excitation component is suppressed and only fluorescence is collected. Combining scanning
and simultaneous measurement, a 2D map of reflection or fluorescence is recorded.

2.3. Scanning confocal microscope

Isolating optical signals from nano-objects such as single photon emitters or a vibrating 2D
resonator requires means of reducing the background to be able to detect their generally weak
signals. One approach is to spatially confine the excitation and detection volume to enhance
the relative contribution of the nano-object’s signal, which can be achieved using a confocal
microscopy configuration74,239,322 as illustrated in Fig. 2.3. In this configuration, a point-like
illumination spot combined with a conjugate point-like detector enables optical sampling with
high spatial selectivity. This point-like detector is realised by placing a pinhole in front of
the detector which rejects incoming light from areas outside the excitation spot and thus
confines the probe volume, thereby reducing the background. In practice, single mode fibres
with micron-scale diameters combined with fibre-coupled detectors are often used instead of
a pinhole and free space coupling to a detector. For fluorescent nano-objects such as single
emitters, spectral filtering provides an efficient means of suppressing the background of the
excitation component of the reflected light, thus enabling their detection. By scanning the
excitation and detection volume with respect to the sample - a technique commonly known as
scanning confocal microscopy - a spatial map of reflected light or fluorescence can be made.
Importantly, this type of scanning imaging enables the use of extremely sensitive point-like
detectors such as APDs to make 2D maps of a sample’s optical response.
We use a custom scanning confocal microscope built as part of this work to optically

interrogate hybrid devices by laser excitation and detecting both reflection and fluorescence.
Fig. 2.4 shows a schematic of the confocal setup with some additional components to augment
its functionality. A photo of the setup is shown in Fig. 2.5a, where the confocal excitation
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2.3. Scanning confocal microscope

and reflection paths as well as the fluorescence collection path is shown. Additional elements
such as a wide-field excitation LED and a white-light source and CMOS camera for sample
navigation are also visible. The single photon detection arm of the setup is shown in Fig. 2.5b,
comprising a long-pass filter and two fibre couplers for detection by two separate APDs. All
elements are mounted on a damped optical table (Newport RS2000) for stability.

2.3.1. Laser sources, power and polarisation control
We use continuous wave (CW) lasers at 532 nm (LaserQuantum Ventus) and a 785 nm
distributed feedback (DFB) diode laser (Toptica DL 100 DFB) as excitation sources. In
addition, a pulsed laser at 530 nm (PicoQuant LDH-P-FA-530L, > 63 ps pulse length and up
to 80 MHz repetition rate) can be used for pulsed excitation experiments.
For each wavelength, a dedicated excitation channel enables injection into the optical setup,

polarization selection and computer-controlled power control (only one of the two channels is
shown in Fig. 2.4. From the laser source, the excitation light is fibre-coupled to a collimator
(Schäfter+Kirchoff 60 FC). Here, the a single-mode fibre of ∼ 4 µm mode field diameter acts
as a point-like light source for confocal microscopy. The collimated beam first passes a laser
line filter (LLF, Semrock MaxLine) with a pass-band centred on the nominal laser wavelength
(532 nm or 785 nm) which strongly attenuates (OD > 6) any excitation components outside
a FWHM of 2 nm. Such spectral cleaning is important for emission measurements with
low background and to resolve Raman lines spectrally close to the excitation. Following this
spectral cleaning of the excitation, a linear polariser (LP) fixes the polarisation along a single
axis and removes any other polarisation components.
To remotely control the excitation laser power, a half-wave plate on a motorised, computer-

controlled rotation stage is used rotate the linear polarisation angle of light impinging on a
polarising beam-splitter (PBS). The polarisation angle determines the fraction of transmit-
ted/reflected light, of which only the transmitted light is guided towards the device. In
practice, this configuration provides excitation power control over a range of ∼ 103. After
transmission through the PBS, the linear excitation polarisation is converted to circular po-
larisation by a quarter-wave plate (QWP). This is necessary so that the excitation path can
be used for measurement of the reflected light, as detailed below. After passing through the
QWP, a dichroic mirror (DM) reflects the excitation light towards two mirrors (M21, M22)
which guide it into the focusing objective. Therefore, we usually illuminate our devices with
circularly polarised light, except when we study the emission pattern of single emitters. Then,
the QWP is replaced by a HWP so that we can control the linear polarisation angle.

2.3.2. Long working distance objective on a 3D piezo stage
Excitation light is focused onto the device within the cryostat by a long (10 mm) working
distance microscope objective (100x Mitutoyo Plan Apo NIR HR Infinity Corrected) with a
numerical aperture NA = 0.7 with 60-80 % transmission over our wavelength range of interest
(∼ 500-1000 nm). We remark that the effective NA of our system is reduced as the optical
access into the cold chamber passes through two windows, for which the objective is not
corrected4. The excitation beam diameter is set such that it matches the objective’s entrance
pupil diameter (∼ 3 mm). A 3D piezo stage provides computer-controlled focusing and
scanning of objective relative to the device (Fig. 2.1c), while a manual 3D micro-manipulator
is used for coarse positioning of the objective on the piezo stage.
4This is a common problem faced in experiments addressing emitters in an optical cryostat and can be
partially resolved by using optics integrated with the emitter such as solid immersion lenses 333.
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2.3. Scanning confocal microscope
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Fig. 2.5.: Optical setup a A confocal excitation and reflection path is shown in green, while
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Fig. 2.6.: Confocal reflection measurement. a Reflection focus scan showing normalised
reflected intensity (IR) vs. objective (piezo stage) z position after coupling into a single mode
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µm. b Reflection map of a narrow trench for 50 µW excitation power at 532 nm. c Trench
depth profile measured by AFM. d Line section of reflection shown as dashed line in b. A
Gaussian fit (solid line) shows a FWHM of 1.4±0.1µm.

2.3.3. Reflection measurement
We use reflection measurements to optically address suspended 2D resonators and spatial
reflection maps to navigate our devices. Experimentally, reflected light from the device prop-
agating back along the excitation light path can be retrieved using the reversal of handedness
of the circular polarisation upon reflection5. Passing back through the QWP, reflected light
is thus transformed back into linearly polarised light but with perpendicular polarisation with
respect to the original excitation polarisation. This results in reflection on the PBS towards
a photodiode (PD), where the reflected light intensity can be measured. Two mirrors and
a microscope objective (Olympus 10x) are used to align and couple the light into a single
mode fibre leading to the detector as shown in the inset of Fig. 2.5a. A silicon photodiode
powermeter (Thorlabs S120C) is used to measure static reflection powers with nW resolution.
Dynamic reflection signals such as modulated reflection 2D mechanical resonators (see

Chapter 4) are measured using a high-frequency PD (NewFocus Model 1801, cut-off frequency
125 MHz, minimum noise-equivalent power NEPmin = 3.3 pW/

√
Hz) or an analogue APD

(Thorlabs APD130A, cut-off frequency 50 MHz, NEPmin = 0.20 pW/
√
Hz). Here, the

PD enables higher frequency measurements, while the APD enables measurements with low
power and of smaller modulation amplitudes due to its higher sensitivity. Signals from these
detectors are analysed in the frequency domain (see Section 2.2), which efficiently isolates the
high-frequency reflection modulation from the static background signal.
The focal depth and excitation spot size of our system can be extracted from reflection

measurements. In our case, the excitation source is a laser in TEM00 mode with a spherical
5The relative phase between the linear constituents of the circularly polarised light is conserved upon reflection,
while the direction of propagation is reversed. For a fixed observer, this appears as a reversal of handedness.
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2.3. Scanning confocal microscope

Gaussian beam profile. As the beam diameter is matched to the entrance pupil of the objective,
this beam profile should be preserved upon focusing, resulting in spatial intensity distribution
I(r, z) given as273

I(r, z) = 2
πw2 exp

(
−2r2

w2

)
(2.1)

with the beam radius w(z) = w0

√
1 + ( z

zR
)2 and Rayleigh length zR = πw2

0
λ , where λ is the

laser wavelength. In this picture, the beam waist w0 defines the excitation spot size and zR
the depth of focus. Fig. 2.6a shows reflection intensity Ir at 532 nm excitation against axial
objective position, set by the piezo stage. We use this type of "focus scan" to set the optimum
axial position of the objective at maximum Ir. It also displays some asymmetric interference
effects (oscillations at large, positive z) attributed to the layered structure of the sample (285
nm of SiO2 + 300 nm PVA on Si). A fit of the focus scan yields a FWHM of 7.2 µm, which
corresponds to the depth of focus of the system. For an ideal Gaussian beam, this FWHM
corresponds to twice the Rayleigh length zR = 3.6 µm, from which we deduce a beam waist
of w0 =

√
zRλ
π ≈ 780 nm for λ = 532 nm.

The excitation spot size can be directly estimated from the reflection of a sub-wavelength
feature73 such as a narrow trench etched into SiO2, shown in the spatial reflection map in
Fig. 2.6b. Prior to optical measurement, the trench width is measured by AFM (Fig. 2.6c) to
be 150 nm � λ. Fig. 2.6d shows the intensity Ir(x) along a line section through the trench,
and a Gaussian fit to the dip in intensity gives an estimate of the spot FWHM as 1.4 µm,
which is comparable to the theoretical value of 2w0 = 1.560 µm obtained from the measured
depth of focus.

2.3.4. Emission measurement
Detecting photons emitted from single emitters requires a strong suppression of excitation
background. In our setup, we use multiple stages of spectral filtering to efficiently isolate the
emission signal, so that we can detect single emitters as point light sources. The background
reduction is thus achieved by spectral instead of spatial filtering, so that we can relax the
confocal condition of using a small pinhole diameter in favour of a larger diameter which
enables us to collect more emission. In practice, we thus couple the filtered emission into
multi-mode fibres with a 20-fold increase of diameter compared to single mode fibres used for
reflection measurements.
Experimentally, we use scanning laser excitation as described in Section 2.3.3 to excite

fluorescence from nanoscale emitters in our devices. We excite NVC fluorescence with 532
nm CW or pulsed laser excitation, while a tunable laser centred at 785 nm is used to excite
DBT molecules. The first stage of spectral filtering is at the excitation level, where we use
a narrowband laser line filter to remove excitation components at the emission wavelength.
The second filtering stage is the dichroic mirror (DM, Semrock LPD01-785RU for 785 nm
excitation. Semrock FF555-Di03 for 532 nm excitation) where the transmission of excitation
is suppressed with an optical density (OD) ∼ 2. In the last stage, a steep long-pass filter
(LPF, Semrock LP02-785RU) suppresses residual excitation light with OD ∼ 6.5 for λ < 785
nm for DBT emission. When using 532 nm excitation, two blocking notch filters centred
at 532 nm (Edmund Optics 86-120) each with OD ∼ 6 within a FWHM of 17 nm fulfil
the same purpose. To optimise spectral filtering, it is essential to adjust both the tilt angle
of the LPF and the laser line filter to achieve optimum suppression of the excitation light.
Overall, spectral filtering provides efficient rejection of excitation light by at least eight orders
of magnitude for each excitation wavelength.
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Fig. 2.7.: Confocal emission measurement. a Spatial map of DBT ensemble emission in
a nanocrystal at 2.8 K under broadband excitation with 500 nW at 785 nm. b Line sections
of emission (dashed lines in a). Gaussian fits (solid lines) yield a FWHM of 1.8 µm in each
case. c Line sections of emission from two single molecules (red and blue dots) at 2.8 K under
resonant excitation with 5 nW. Gaussian fits (solid lines) yield a FWHM of 1.35±0.08 µm in
each case.

After these spectral filtering stages, the emission signal is coupled into a multimode (diame-
ter 100 µm) fibre using a microscope objective (Olympus 10x) coupler (Fig. 2.5b). Emission is
measured using a fibre-coupled avalanche photo diode in single photon counting mode (APD,
Perkin-Elmer SPCM AQRH 14 FC) with a measured dark count rate of ∼ 50-100 counts/s
and a peak detection efficieny of 45-65 % in the 650-830 nm wavelength range according to
manufacturer specifications. The APD’s dead time113 is 50 ns, while its output pulse length
is 35 ns, thus it can detect a single photon at most every 85 ns. Compared to this time
scale, the highest observed count rates of ∼ 1-3 105 counts/s from single DBT molecules
corresponds to a time scale of at least 3 µs are well resolved by the APD and far below its
saturation specified at 106 counts/s.

We use spatial maps of single DBT molecules to characterise the lateral resolution of the
emission detection as shown in Fig. 2.7a. Under broadband excitation, we find a FWHM
of 1.8 µm for emission from a DBT ensemble in a nanocrystal (see Section 2.4.2). This
value overestimates the resolution as we excite many emitters distributed over the volume
of the nanocrystal (dimensions ∼ λ (see Section 6.3.2)). Instead, if we perform the same
measurement by resonant excitation of a single emitter (see Section 2.4), we find that the
FWHM is reduced to ∼ 1.35 µm. Under off-resonant excitation at 532 nm, we find a FWHM
of ∼ 900 nm for NVC emission by the same method. Overall, we remark that spectral
selectivity is what enables us to isolate nanoscale emitters, to a much greater extent than
spatial selectivity. Resonant excitation yields the ultimate selectivity of addressing a single
molecule, while off-resonant excitation of NVC centres in nanodiamond results in ensemble
fluorescence from 1-4 NVCs (see Section 3.2).

2.3.5. Photoluminescence and Raman spectroscopy
Transition metal dichalcogenide (TMD) photoluminescence and single emitter fluorescence
from our devices is spectrally resolved using a spectrometer with a sensitive detector. Ex-
perimentally, we couple light from the emission port of the setup into a spectrometer (Andor
Technology Shamrock 303i, focal lenght 303 mm, aperture f/4) equipped with an electron-
multiplying charge-coupled device (EMCCD, Andor Technology iXon Ultra 897) as a detector.
As the excitation and collection is confocal, spectra are measured with high spatial resolution.
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2.4. Single emitter spectroscopy and imaging

We use gratings with 300,1800 and 2400 lines/mm, yielding a spectral resolution of at least
0.1 nm for the 300 lines/mm grating6. We perform Raman spectroscopy on graphene flakes
in our devices with 532 nm excitation using a steep 532 nm notch filter to resolve Raman
lines close to the excitation laser wavelength91. Furthermore, single emitter spectra can be
measured by using the high gain of the EMCCD combined with resonant excitation. Hyper-
spectral maps are obtained by measuring spectra over a range of (x, y) positions and enable
spatial visualisation of 2D material properties such as defect and exciton emission from our
devices.

Scanning confocal microscope

• We use a custom confocal scanning microscope to illuminate devices mounted in
the optical cryostat with laser sources at 532 nm and 785 nm to excite NVCs and
DBT molecules, respectively.

• Computer-controlled focusing and spatial scanning of devices to make reflection
and emission maps are realised using a long working distance objective on a 3D
piezo scanner.

• Both the static and the dynamic components of light reflected from our devices is
read out.

• Emission from NVCs, DBT molecules and TMDs is measured with APDs.

• Single photon detection by APDs is complemented by a spectrometer to record
emission and Raman spectra.

2.4. Single emitter spectroscopy and imaging
Both the energy and transition linewidth of a quantum system are parameters dependent on
the coupling of the system to its environment as discussed in Chapter 1. For this reason,
measuring these quantities is of particular interest to explore coupling in a hybrid system.
In principle, they can be measured by spectroscopy of a single emitter embedded, but this
is experimentally challenging for two reasons: i) spatially isolating a single emitter requires
extremely sparse spatial distributions (see Section 2.3.4) and ii) emitters with sufficiently
narrow linewidth to act as transducers of such coupling are beyond the resolution capabilities
of conventional spectroscopy. For instance, the linewidth of a single DBT molecule ∼ 50
MHz ≡ 0.1 pm at cryogenic temperatures is not resolved by standard spectrometer with a
dispersive grating, where the resolution is typically 0.1 nm (for our spectrometer).

Instead, single emitter spectroscopy is accomplished by scanning the wavelength of a narrow-
band tunable laser through a the emitter’s absorption peak while recording the off-resonant
fluorescence - a technique known as scanning laser spectroscopy209 (SLS). This technique
enables addressing a single emitter within an ensemble in the same excitation spot, which
circumvents the constraint of sparse spatial emitter distribution. In practice, two conditions
must be met for SLS:

• Single emitters within an ensemble must not overlap in their optical absorption res-
onance, that is, they must be spectrally sparse. Specifically, the resonances of an

6This value is calculated using software by the manufacturer, available at
http://www.andor.com/ResolutionCalculator.aspx
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ensemble of n emitters of optical linewidth Γ must be distributed over a spectral range
∆ωensemble such that nΓ� ∆ωensemble.

• A fine-tunable, stable laser with a large tuning range is required to be able to resolve
narrow emission lines within the sparse distribution.

The basic SLS scheme is sketched in Fig. 2.8a-c, where the tunable laser energy is scanned
through a single emitter resonance, resulting in emission into the zero-phonon line (00ZPL) at
the transition energy and red-shifted phonon sidebands (PSB). Off resonance, the molecule’s
absorption is low, resulting in weak 00ZPL and PSB emission while at resonance, the absorp-
tion is strongly enhanced, resulting in an emission peak. In our experimental configuration,
only the red-shifted sideband is collected as the 00ZPL emission cannot be distinguished
from the excitation at the same energy. Collecting 00ZPL photons requires a suitable optical
arrangement such as orthogonal excitation/collection paths as shown by Faez et al.85 or cross-
polarisation measurement197. However, the PSB and 00ZPL intensities are related by DBT’s
branching ratio (∼ 33%), which allows using the PSB intensity as an indirect measure of the
00ZPL emission. This measurement technique was first demonstrated by Orrit et al.233 to
detect single molecules and provided a simpler approach compared to the seminal experiments
based on absorption modulation by Moerner et al.206.

2.4.1. Scanning laser fluorescence spectroscopy of single DBT
molecules

Organic molecules such as DBT at cryogenic temperatures fulfil the required conditions for
SLS due to their narrow emission linewidth ΓDBT = 50 MHz, spread over an inhomogeneous
broadening range ∆ωensemble > 200 GHz - 1 THz and a typical n < 100 for DBT molecules
hosted in nanocrystals, as discussed in Section 6.1. Our tunable laser at 785 nm is a precise
probe for DBT molecules with stable output power and narrow linewidth < 1MHz � ΓDBT ,
as discussed in more detail in Appendix A.1.
Therefore, we can use scanning laser spectroscopy (see Section 2.4) to optically address

and isolate a single DBT molecules at 2.8 K as sketched in (Fig. 2.9. Resonant excitation
of the molecules at energy ~ωexc. = ~ω00ZPL (Fig. 2.9a) results in the emission of photons
into ZPL’s, each accompanied by a PSB (Fig. 2.9b). Experimentally, a LPF with a sharp
transition is used to suppress the resonant excitation at the energy of the 00ZPL, permitting
only lower energy photons to strike the APD (indicated in Fig. 2.9b). The 00ZPL position
and linewidth of an inhomogeneously broadened DBT ensemble can thus be reconstructed by
scanning the excitation laser detuning ∆ωexc. over the absorption peaks (Fig. 2.9c) and while
recording the sideband emission(Fig. 2.9d).

2.4.2. Pseudo-broadband excitation of DBT ensembles
Once a device is cooled to 2.8 K, we use spatial emission maps as described in Section 2.3.4
to locate nanocrystals containing fluorescent molecules with excitation by the same tunable
laser used for SLS. The linewidth of the excitation laser (< 1 MHz) is much smaller than the
distribution of molecular optical resonances defined by the inhomogeneous broadening (∼ 1
THz). Therefore, it is not experimentally viable to make spatial maps at a single excitation
energy, where the probability of resonant excitation of a molecule by chance is rather small.
Instead, a more efficient approach is to artificially broaden the excitation energy of the laser
while making a spatial map of emission as sketched in Fig. 2.10.
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Fig. 2.8.: Scanning laser spectroscopy of a single emitter. A tunable laser is scanned
across the Lorentzian absorption resonance (linewidth Γ ) of a single emitter (left column,
laser energy indicated by the blue dot). Three detuning cases are shown: a red-detuned
excitation, b resonant excitation and c blue-detuned excitation. The middle column shows
simplified single molecule energy level diagrams, the excitation energy and 00ZPL and PSB
emission for each detuning (transitions to higher vibrational levels omitted here). The right
column shows the emission spectra comprising a narrow 00ZPL and its PSB for each detuning.
Shaded green areas indicate the spectral range detected by the single photon detector after
filtering of the spectrum.
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Fig. 2.9.: Resonant excitation and emission of a single molecule. a Energy level diagram
of a single molecule under resonant excitation of the purely electronic 00ZPL with excitation
energy ~ωexc. = ~ω00ZPL. The cut-off wavelength of the long-pass filter λLPD used to sup-
press the resonant excitation light is indicated by a dashed green line. b Schematic emission
spectrum of a single molecule showing vibronic zero-phonon lines (0XZPL) with their respec-
tive phonon sidebands (PSB). c Absorption spectrum of an ensemble of single molecules at
low temperature. Each narrow peak corresponds to the 00ZPL absorption line of a single
molecule. The scanning laser excitation line is indicated in red. In scanning laser spectroscopy
measurements, the laser is scanned over these absorption peaks and red-shifted emission (d)
is recorded as a function of the laser detuning ~ωexc., which reveals the absorption lines by an
emission measurement.
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Fig. 2.10.: Pseudo-broadband excitation The excitation laser is artificially broadened over
a frequency range ∆ωB (red shaded area) by modulation. This enables quasi-simultaneous
excitation of all molecules whose absorption ZPL line lines in this range instead of scanning
through the absorption resonances.

44



2.4. Single emitter spectroscopy and imaging

El
ec
tro

de

20 µm

a b

Co
un

ts
30

0
0

Re�ection Fluorescence

Fig. 2.11.: Off-resonant wide-field imaging of DBT molecules at room temperature. a
EMCCD image of reflected wide-field illumination on a device with a large electrode (delimited
by a dashed line) on PVA containing DBT-doped nanocrystals at 1 s integration time without
gain. b EMCCD image of the same are area after insertion of a 785 nm long-pass filter showing
DBT fluorescence, integration time 10 s without EM gain.

In practice, we modulate the laser diode current at fmod = 200 Hz7 with a waveform
generator such that the excitation energy is modulated over a spectral range of ∆ωB ∼ 100
GHz, corresponding to an artificial broadening of the excitation by a factor 100GHz

1MHz = 105,
which greatly enhances the probability of exciting one or many molecules in the focal spot.

2.4.3. Wide-field off-resonant excitation and imaging
During fabrication of our hybrid devices, it is important to be able to quickly localise emitters,
for instance to accurately transfer 2D flakes on top of them. In this case, spatial emission maps
made by low-temperature scanning are cumbersome, and we resort to wide-field excitation
combined with spectrally filtered 2D imaging to make a snapshot of fluorescence from our
devices. Importantly, this can be done at room temperature, as we do not require narrow
emission linewidths for this measurement. To simultaneously image fluorescence from many
emitters distributed within a spatial region, we use wide-field off-resonant (WFOR) excitation
paired with a highly sensitive EMCCD camera with single photon resolution (identical to the
detector used in the spectrometer). Inspired by the work of Gerhardt et al.104, we use a light
emitting diode (LED) emitting around 730 nm (Opulent Far Red 720-740 nm) for off-resonant
excitation of DBT molecules8.

As shown in Fig. 2.4, LED light is first partially collimated by a lens and filtered with a
short-pass filter with cut-off at 750 nm to attenuate excitation light at DBT’s resonance at
785 nm. The filtered light is reflected into the main beam path by a beam splitter (BSWF )
and then focused onto the back focal plane (BFP) of the objective by a second lens (LWF ).
As a result, a large area (diameter typically 100 µm) of the sample is now illuminated by LED
light with an input power at the objective of typically 1 mW. Reflected light from the device
and fluorescence from emitters in the illuminated area is then guided towards the EMCCD

7The modulation frequency fmod is chosen to be faster than the APD measurement frequency 1/τAPD ∼
50-100 Hz but also well below the diode’s modulation frequency cut-off (MHz).

8Some measurements performed with our collaborators at LENS use a 767 nm laser for WFOR illumination
instead
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with a system of mirrors. Without spectral filtering, the EMCCD is used to image reflected
light (Fig. 2.11a).
Fluorescence is imaged by inserting a LPF to strongly attenuate reflected light below 785

nm, revealing the location of fluorescing nanocrystals as shown in Fig. 2.11b. EM gain on
the EMCCD can be used to enhance the signal-to-noise ratio of the fluorescence image. We
use a 100 mm tube lens, resulting in ∼ 50x magnification9 on the EMCCD. Details of the
alignment procedure for this part of the optical setup are given in Appendix A.2.1.

Scanning laser spectroscopy of single emitters

• Scanning laser spectroscopy enables optical characterisation of ultra-narrow single
photon emitters with a spectral resolution only limited by the probe laser linewidth.

• This technique enables spectrally isolating and addressing single emitters by reso-
nant excitation with a tunable laser and readout of red-shifted fluorescence photons
using single photon detectors.

• We perform scanning laser spectroscopy of single DBT molecules hosted in an-
thracene at 2.8 K using a tunable 785 nm laser which is scanned through the
DBT’s absorption resonance while measuring fluorescence.

• To spatially localise active emitters with resonances distributed over a broad fre-
quency range at low temperature, we artificially broaden the linewidth of our exci-
tation laser by modulation and make spatial maps.

• Additionally, we implement wide-field off-resonant excitation and imaging to quickly
localise active emitters in hybrid devices during fabrication at 300 K using a 730
nm LED source and imaging with a high-sensitivity electron-multiplying (EM) CCD
camera.

2.5. Time-resolved single photon counting
To study the emission dynamics of single emitters, we use APDs in single photon counting
mode combined with a time correlator (PicoQuant PicoHarp) which enables time-resolved
single photon counting (TCSPC). In the following, we present three different measurement
configurations which we use to quantify the emitters’ intrinsic dynamics and their modification
by modulated coupling to the nanoscale surroundings in a hybrid system.

2.5.1. Excited state lifetime measurement
To measure the excited state lifetime of emitters such as NVC’s, we use the experimental con-
figuration sketched in Fig. 2.12: a 532 nm pulsed laser (60 ps pulse width) at a repetition rate
frep ∼ 10 MHz periodically excites NVC fluorescence, which is isolated spectrally by a LPF and
detected confocally with an APD as described in Section 2.3.4. The time correlator’s "Start"
input is synchronised to the emission of a pulse from the laser. When a photon is detected by
the APD, it sends a "Stop" signal to the time correlator, and the time delay between the two
is measured. By repeated measurement of this delay with 10-100 ps resolution10, a histogram

9The tube length for of this objective for 100x is 200 mm.
10This is orders of magnitude below the typical NVC lifetime (∼ 10 ns) reported in the literature 290
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Fig. 2.12.: Time-correlated single photon measurement A pulsed laser excites an emitter
with pulses at a repetition rate of frep. Residual excitation light is suppressed by a long-pass
filter (LPF) and fluorescence detected by an avalanche photodiode (APD) in photon counting
configuration. Single photon detection events are transmitted as electrical pulses from the
APD to the time-correlated single photon counter (TCSPC) which records single photon arrival
times τ relative to a synchronisation (sync.) signal from the pulsed laser over a measurement
time tmeas . Inset: build-up of the delay time histogram with increasing tmeas .

of delay times is built up as depicted in the inset of Fig. 2.12. Experimentally, the measure-
ment time is on the order of 30-120 s, depending on the emission strength (counts/s) of the
emitter. In this measurement configuration, the resulting histogram shows the characteristic
exponential decay182 which can be fitted to quantify the emitter’s excited state lifetime τ .
Due to the off-resonant nature of the excitation, this type of measurement typically quantifies
ensemble properties. As a result, the modification of a single emitter’s lifetime within the
ensemble may be masked in the ensemble signal (see Section C.6).

2.5.2. Photon anti-bunching measurement
Photon time correlation measurements reveal the nature of the light source emitting them and
can be used to distinguish thermal, coherent and single photon sources. These time correlation
measurements are typically carried out in Hanbury-Brown and Twiss114 (HBT) configuration11
combined with resonant confocal excitation as described in Section 2.4. A sketch of the HBT
setup is shown in Fig. 2.13: an incident photon stream from an emitter under resonant CW
excitation is split equally between two detection arms by a 50:50 beam splitter and detected
by an APD on each arm. The time delay between photon detection events is recorded by a
TCSPC, which builds up a coincidence histogram over a given measurement time, similar to
the excited state lifetime histogram shown in Fig. 2.12. Experimentally, the detection time of
one arm is artificially offset by a fixed amount τD such that negative relative time delays can
also be observed12.
11Originally, this configuration was used to measure the angular diameter of stars by the spatial coherence of

light emitted from them. Kimble et al. 147 showed the first use of this configuration to observe non-classical
coherence of light emitted from Na atoms in 1977.

12This is typically achieved by adding a large length of cable to one of "Stop" channel. In our case, the signal
is delayed electronically within the TCSPC
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Fig. 2.13.: Photon anti-bunching measurement Photon correlation measurement in
Hanbury-Brown and Twiss configuration with two APDs on separate arms after a 50:50 beam
splitter (BS). Both APDs trigger a TCSPC, which builds up a histogram of time delay between
detection events on the two APDs. A fixed time-delay on one of the channel provides an offset
τD such that the correlation at negative delay times are also observed.

In the limit of short (< 100 ns) inter-photon times, the resulting delay time histogram
follows the second-order (intensity) correlation function of the emitter93, defined as:

g(2)(τ) = 〈I(t+ τ)I(t)〉
(〈I(t)〉)2 (2.2)

where I is intensity and τ is delay time. In such experiments, the observation of photon
anti-bunching147 unequivocally demonstrates the non-classical nature of a single quantum
emitter, where the emitter relaxes back to its ground state upon emission of a single photon,
after which it requires a time on the order of the excited state lifetime to emit the next
photon308. For anti-bunched photons from an ideal emitter, one thus expects a vanishing
correlation at zero time delay183: (g(2)(0) → 0). Experimentally, multiphoton emission and
noise will increase this value, so that the measured value of g(2)(0) is also a measure of the
SPS purity22,30,274.
In the context of hybrid systems described in this thesis, photon anti-bunching measure-

ments are important to confirm that only one emitter is optically addressed, for instance
for observing the effect of coupling on the linewidth of a single emitter in a hybrid system.
Furthermore, they provide an alternative to the pulsed laser excitation scheme described in
Section 2.5.1 to measure an emitter’s excited state lifetime without ensemble averaging202.

When a pulsed laser is used to excite the emitter, a photon correlation measurement reveals
peaks separated by the time period of the pulsed excitation182. This shows that external
influences such as pump modulation are transduced to the photon correlation measurement.
In a hybrid optomechanical system by Arcizet et al.10, this effect enables the observation
of mechanical motion transduced to oscillations in the photon correlation of a single photon
emitter attached to the end of an oscillating cantilever as the emitter periodically moves
through a pump laser beam.
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2.5.3. Time-resolved emission under external modulation
Apart from an emitter’s intrinsic dynamics, time-resolved emission measurements can also
reveal a time-varying coupling strength of an emitter to its environment if this effect is trans-
duced to a modulation of emission intensity. This is of particular interest for the hybrid
systems described in this work because it implies that these measurements can be used to ob-
serve hybrid coupling in our devices. Experimentally, the emitter is excited by a CW laser and
subjected to a periodic coupling modulation, and a TCSPC synchronised to the modulation
measures resulting emission intensity variations.
We use a measurement scheme depicted in Fig. 2.14, where a TCSPC is synchronised to an

arbitrary waveform generator (AWG) which electrically modulates a hybrid device parameter,
resulting in time-varying fluorescence intensity of emitters in the device. Emitted light is
detected an APD, and the time delay of detection events relative to the AWG sync signal
is recorded by the TCSPC. Over the measurement time (typically 30-120 s), a histogram of
delay times builds up, revealing a dynamics of the modulated emission intensity as sketched
in Fig. 2.14.
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Fig. 2.14.: Synchronized single photon counting Time-resolved single photon counting
synchronized to periodic modulation of a hybrid device parameter at frequency fAC by an
arbitrary waveform generator (AWG). Single photons from emitters in the hybrid device are
detected by an APD, and the TCSPC records a histogram of the delay times of APD detection
events relative to the synchronisation signal.

In this configuration, we measure time-resolved oscillations of a mechanical graphene res-
onator oscillating at 10-100 MHz frequencies in the near field of NVCs as described in Chap-
ter 5. We note that this synchronised TCSPC measurement scheme can be readily extended
to observe other high-frequency modulations an emitter’s properties as long as a suitable
transduction mechanism to emission strength can be realised. For instance, a fast periodic
modulation of a single emitter’s transition energy modulation by the Stark effect can also be
transduced to emission strength by slightly off-resonant excitation as shown in Chapter 7.
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2. Experimental setup

Time-resolved single photon counting

• We measure the dynamics of photon emission from emitters in our devices using a
time correlator with > 4 ps time resolution.

• Exciting with a pulsed 532 nm laser, we measure excited state lifetimes of NVC
ensembles.

• We measure photon anti-bunching in Hanbury-Brown and Twiss configuration to
verify that we resonantly address single DBT molecules.

• By synchronising the time correlator with an external electrical modulation of a
hybrid device one can observe time-resolved emission modulation from single pho-
ton sources in the device. This technique reveals time-varying coupling strengths
which are transduced to emission strength fluctuations.

2.6. Conclusion

In this chapter, I presented the versatile experimental setup used to optically address and elec-
trically control our hybrid devices cryogenically cooled to 2.8 K in a custom confocal scanning
microscope. Using lasers at 532 nm and 785 nm in this setup, we locally excite fluorescence
from NVCs and DBT molecules, which we spectrally isolate from the excitation signal using
optical filters and read out with single photon detectors. This combination of spatial and
spectral filtering allows us to interrogate nanoscale emitters and fluorescence from 2D ma-
terials such as TMDs within our hybrid devices. A spectrometer provides a complementary
read-out scheme to measure broadband photoluminescence and Raman spectra.

Scanning laser spectroscopy enables us to optically address single DBT molecules at 2.8 K
and probe their transition energy and linewidth. The precision of this type of spectroscopy is
far beyond the scope of conventional photoluminescence spectroscopy and reveals hybrid inter-
actions at the level of a single quantum object. We simultaneously read out reflection signals
from our devices and use frequency-domain analysis to single out the reflection modulation
due to the nano-motion of 2D resonators.

For both NVCs and DBT, time-resolved measurements of emission reveal the dynamics
of single photon emission quantified by the excited state lifetime and photon anti-bunching.
We use the latter measurement to confirm that we optically address a single DBT molecule
with resonant excitation. Synchronised measurements of a single photon emission in an
electrically modulated hybrid system reveal hybrid coupling modulations transduced to by
nanoscale emitters. Here, DC and AC voltage sources are used to control device parameters
such as electric field, electrostatic gating and to drive 2D mechanical resonators. The high-
frequency nano-motion of such resonators is also detected in reflection using fast photodiodes
and analysed using a spectrum analyser or lock-in amplifiers. An overview of the measurement
configurations presented and the required source/detector combination is shown in Fig. 2.15.
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Fig. 2.15.: Measurement configurations Abbreviations: AB photon anti-bunching, em.
emission, mod. modulation, SM single molecule, TRMO time-resolved mechanical oscilla-
tions (see Chapter 5).
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3. Device fabrication
In this chapter, I present the fabrication techniques used to make the hybrid devices studied
in this work. They provide a versatile toolbox for engineering a nanoscale environment which
integrates 2D materials with nanoscale single emitters. Special attention is given to the
development of techniques which are compatible with both of these components.

3.1. Exfoliation, optical identification and deterministic
transfer of 2D flakes

The study of 2D materials relies on the ability to isolate and manipulate atomically thin layers
of bulk solids. Though few-layer graphite263 and single layers of graphene33 had already been
observed around the first half of the 20th century, it was only in 2004 that Novoselov and
Geim227 demonstrated the isolation and novel properties of a single layer of graphene. The
isolation method relied on the remarkably simple feat of repeatedly thinning down thick layers
of graphite with adhesive tape to the limit of single layers, a process termed "mechanical
exfoliation"1

Since this first step, many new methods such as chemical synthesis and liquid exfoliation72

have been developed for large-scale manufacturing, integration and combination of 2D mate-
rials228, for instance in new electronic devices92. Although the synthesised graphene initially
displayed inferior quality compared to exfoliated flakes in terms of carrier mobility, recent
results18 show mobilities on par with mechanically exfoliated flakes. However, high-quality
synthesis methods for new 2D materials such as TMDs68,185 are still under development and
not available yet for many of the rapidly growing list of layered materials. This leaves mechan-
ical exfoliation popular for fundamental research, where universal, simple and fast techniques
for the isolation and manipulation of small areas of high quality 2D flakes are required. In
this context, high flake quality implies the absence of defects of the crystal lattice and con-
tamination such as adsorbates on an atomically thin sheet, both of which can be detrimental
to the materials’ properties and hinder the observation of physical phenomena. Ideally, both
isolation and manipulation techniques should preserve the material quality. Our approach is
to minimise the amount of process steps and chemistry that the 2D flake is subjected to in
each case.
Different variations of mechanical exfoliation techniques have been reported319,337, but the

basic process always relies on repeated cleaving a bulk crystal of mined or synthetically grown
layered material. Crystal cleavage is done using some form of adhesive tape which enables
breaking of the weak van der Waals interlayer bonds in the material until a single layer remains.
The aim of this process is to make large, clean 2D flakes which can be easily manipulated once
isolated. Exfoliation usually results in many thin flakes which have to be inspected to find
single layers. To this end, it is useful to have a reliable and fast method to determine the flake
thickness before the next step in processing. Typically, this step consists of nanostructuring
of the flake into a device such as a field-effect transistor or deterministic transfer of the
1Frindt et al. 98 already used mechanical exfoliation in 1966 to produce thin layers of MoS2.
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flake to a target structure, for instance on a chip. This latter process is especially useful for
making suspended devices or for integrating 2D materials with substrates that do no sustain
fabrication steps such as wet chemistry involved in nanostructuring.
In the following, we present a universal exfoliation method for producing large, thin flakes

from arbitrary layered bulk crystals. It employs thin silicone films instead of tapes with chemical
adhesives for thinning down the bulk material, thus reducing contamination by adhesives on
the exfoliated flakes and avoiding the required cleaning steps to remove it177. After the
final step of the exfoliation process, flakes adhere to a transparent polymer stamp which
provides a robust base for further processing. We describe how atomically thin flakes on the
stamp can be inspected optically, which provides a fast and reliable means of determining their
thickness. Finally, we present an all-dry universal deterministic transfer process which relies on
silicone’s viscoelasticity and enables precise placement of exfoliated flakes on nanostructured
and polymer substrates. Together, these techniques enable the realisation of the suspended
2D devices and the integration of 2D materials with the fragile quantum emitters studied in
this work.

3.1.1. Universal mechanical exfoliation method for atomically thin
flakes

The mechanical exfoliation method described in the following was developed as part of this
work and reliably produces large (typical area > 2500 µm2), clean 2D flakes of graphene and
TMDs. As such, it is a versatile method which we believe is suitable for the exfoliation of
most layered materials. Instead of commonly used "Scotch" tapes which are sticky because of
chemical adhesives, our method employs thin films of polydimethylsiloxane (PDMS), which is
a form of silicone. These films are smooth and easily conform to solid surfaces, which results a
large contact area. In this regime, van der Waals dispersion forces provide adhesion130 without
the need for chemical adhesives, enabling clean exfoliation. Specifically, we use commercial
cleanroom-grade GelPakTM DGL-30-X4 film, referred to as PDMS thin film in the following.

Prerequisites

• Bulk crystal of the material to be exfoliated as shown in (Fig. 3.1e).

• Thin PDMS film

• Thick (∼ 2 mm) PDMS film as shown in Fig. 3.1b. This is home-made by pouring
24 g SylgardTM 184 silicone elastomer into plastic Petri dish and mixing in 2.4
g SylgardTM 184 silicone elastomer curing agent (mixing ratio silicone elastomer
10:1 curing agent), using a clean plastic spatula. Bubbles resulting from mixing
should be removed as far as possible. The mixture is left to settle on a horizontal
surface for at least 24 h, during which time any remaining bubbles diffuse out of
the mixture.

• Make sure that bare PDMS surfaces are always covered as quickly as possible as
ambient humidity reduces their adhesion and causes wrinkling.

• Never bend or put pressure on crystals, regardless of their size. This will induce
cracks in the material and prevent the exfoliation of large, thin flakes.

• Store bulk materials in an environment free of dust (including dust from the crystal
itself). Plastic bags are not suitable, plastic boxes with foam padding are good.
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3.1. Exfoliation, optical identification and deterministic transfer of 2D flakes

1. Prepare required tools (Fig. 3.1a): two tweezers for manipulating bulk crystals and
fragile films, scissors for cutting PDMS film and a cotton swab. A cleanroom wipe
makes a clean, dust-free workspace.

2. First, we prepare PDMS transfer stamps. Cut home-made PDMS into squares of side
length equal to the width of a microscope glass slide using a scalpel (Fig. 3.1b).

3. Clean microscope glass slides in oxygen plasma for 60 seconds to promote PDMS ad-
hesion. Typically, five slides are a good number per exfoliation session.

4. Stick a thick PDMS square "cushion" onto each cleaned glass slide (Fig. 3.1c).

5. Clean the glass slides with PDMS cushion in oxygen plasma again for 60 seconds. This
promotes adhesion of the next PDMS layer.

6. Cut the thin PDMS film into squares of slightly smaller side length than the thick PDMS
cushion. Remove the thicker protective layer from the film and stick it onto the plasma-
cleaned PDMS cushion on each glass slide as shown in (Fig. 3.1d). Leave the thinner
protective layer on the film for now. Use the back end of a pair of tweezers to smooth
away any bubbles and to ensure good adhesion of the thin PDMS film.

7. The actual exfoliation process starts with a bulk crystal as shown in (Fig. 3.1e).

8. First, cleave the bulk crystal to reveal flat facets with large homogeneous domains(Fig. 3.1f).
This is done using thin PDMS instead of "Scotch" tape to avoid glue residues: sandwich
the bulk crystal between two exposed PDMS thin film surfaces (leave the thinner pro-
tective layer in place for support). Using the cotton swab and barely any force, gently
smooth the PDMS film onto the flattest part of a bulk crystal. Briefly place this stack
into vacuum (∼ 1-10 mbar for 60 s) to ensure any remaining air bubbles are removed
and the film fully adheres to the crystal surface.

9. Using tweezers and without bending the films, slowly peel them off the crystal. You
should be left with large, thin crystals on both PDMS films as in Fig. 3.1g. Choose
the film with the higher quantity of large, thin flakes (typically grey) for what follows.
Remember to cover the other film with a fresh piece of PDMS in case it is needed later.

10. Exfoliate the selected thin film again by very gently smoothing another piece of exposed
PDMS thin film onto it with the cotton swab. Take care not to bend this sandwich.
Separate the two films by smoothly pulling them apart with tweezers (moderate speed
but no abrupt movement), again avoiding bending.

11. Again, choose the film with the larger, greyer areas and keep the other film for later.
Remove the thin protective layer still on the PDMS on one of the slides. Gently smooth
the flake side of the selected film from the previous step onto the thin PDMS on the
slide. Exfoliate gently again, to leave even thinner flakes on the stamp as shown in
(Fig. 3.1h). Do the same for the other film on a different stamp.

12. Repeat the previous step until all stamps have areas of thin flakes on them.

13. In a microscope, check each slide for thin flakes by eye (Fig. 3.1i). Scan over the
full stamp area using reflection mode at 10x magnification. At this magnification,
undesirably small flakes are not visible but an experienced user will still see large, thin
flakes. Thin flakes are often found attached to thick flakes and also at the stamp edge.
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14. Mark interesting flakes with a marker on the edges of the PDMS cushion. The bright
spot of the microscope in reflection mode serves as a reference for marking the exact
position on the stamp.

3.1.2. Optical determination of flake thickness
After exfoliation from a bulk crystal and optical identification of thin flakes in a microscope
as described in Section 3.1.1, the flake thickness can be determined optically by the fraction
of light they absorb. For instance, a free-standing single graphene layer absorbs πα ∼ 2.3
% of visible light transmitted through it, and each additional layer adds the same fraction to
the absorption up to a thickness typically of 4-5 layers221. For TMDs, micro-reflectance and
transmission spectroscopy99 offers a relatively fast approach to measuring the layer thickness,
but we find that a simple measurement based on white light absorption contrast also enables
the determination of few-layer TMD thickness. In this section, we present this method and
show how it is used to determine the number of layers of graphene and TMD flakes on a
transparent PDMS stamp.
We extract this contrast from greyscale transmission micrographs of graphene and TMD

flakes as shown in Fig. 3.2a-c, for instance using the open source software ImageJ2. We
define the absorption contrast as Cabs = IPDMS−Iflake

IPDMS
, where IPDMS and Iflake are the

greyscale values on bare PDMS and on the flake, respectively. On the PDMS stamp, we find
that both graphene and TMD flakes show step-like reductions of contrast. Fig. 3.2d shows
experimentally extracted contrast values for graphene (red) and MoS2, MoSe2 and WSe2
(blue) for a number of flakes on different stamps. For graphene, a linear trend is observed
with ∼ 2 % contrast reduction per layer, which matches the literature value quite well. TMDs
show a larger increase of ∼ 4 % per layer for 1-2 layers, which is to be expected given the
larger thickness per layer compared to graphene. We note that the transparent substrate
can lead to a small difference observed between the contrast reduction for a single layer and
the contrast step between consecutive layers. For TMDs, distinguishing between single or
multilayer flake thickness is particularly important as most of the interesting physics emerges
for single layers190. As explained in the next section, the layer thickness shown here was
independently cross-checked with Raman spectroscopy for graphene and photoluminescence
measurements for TMDs3. Absorption contrast thus serves as a robust and universal figure
of merit in searching for atomically thin flakes of different materials and in situ determination
of their thickness. In addition, this method does not require transfer or exfoliation onto a
well-defined substrate as is the case for other optical methods54,223? .

The optically determined thickness of graphene flakes can be confirmed by Raman spec-
troscopy90 directly on the PDMS stamp or after transfer to a suitable substrate. For example,
the multilayer graphene flake shown in Fig. 3.3a has an absorption contrast of 10 % , corre-
sponding to a thickness of four layers according to Fig. 3.2d). Fig. 3.3b shows the same flake
(with some tearing) after transfer onto a nanostructured substrate with holes in 285 nm of
SiO2 on silicon. Here, selection of a single colour channel of the image (green in this case)
yields higher reflection contrast. On the flake area, the reflected light intensity is reduced by
∼54 % compared to the substrate. According to Blake et al.? , this value corresponds the
reflection contrast of a four-layer flake on this substrate thickness. Finally, we also perform
Raman spectroscopy with 532 nm excitation at the location indicated by the yellow dot in
Fig. 3.3c. A multi-Lorentzian fit of the 2D band profile around 2700 cm−1 clearly shows the
2Available at https://imagej.nih.gov/ij/
3TMD thickness can however also be measured by Raman spectroscopy 99
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Fig. 3.1.: 2D material exfoliation. a Required tools: tweezers, scissors, a cotton swab and
PDMS thin film. b Home-made thick PDMS film in a plastic Petri dish mould, partially cut
into square cushions. c Thick PDMS cushion on a cleaned glass microscope slide. d Transfer
stamp: a thin PDMS film square on PDMS cushion shown in c). e Bulk kish graphite. f Flat
crystal facets in encapsulated in PDMS thin film, cleaved from bulk. g Thin crystals exfoliated
from facets in f). h Thin crystals as in g) exfoliated to thin PDMS on transfer stamp. i Flake
hunting in an optical microscope.
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Fig. 3.2.: Optical flake thickness determination a Greyscale transmission micrograph of
a bilayer graphene (BLG) flake showing 6 % absorption contrast. b Greyscale transmission
micrograph of a multilayer "staircase" MoS2 flake. The single area part shows 4 % absorption
contrast. c Greyscale transmission micrograph of a multilayer "staircase" WSe2 flake. Single
layer and bilayer areas show 4 % and 8 % absorption contrast, respectively. d Comparison of
absorption contrast per layer for graphene and TMDs.
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Fig. 3.3.: Multilayer graphene flake characterisation by Raman spectroscopy a Trans-
mission micrograph of a multilayer graphene flake with 10 % absorption contrast. b Optical
micrograph (green channel) of a transferred multilayer graphene flake partially suspended on
an array of holes and electrically connected by electrodes. A line section (red line in micro-
graph) shows a 54 % contrast reduction of reflected light. c Raman spectrum of the multilayer
graphene flake showing G and 2D peaks measured at the location indicated by the yellow dot
in b. Dashed lines are Lorentzian fits.

presence of more than one peak, which rules out the possibility of monolayer graphene. While
the determination of the flake thickness from the Raman response is challening and becomes
almost indistinguishable for samples with more than five layers, the shape and peak positions
of this spectrum for this flake is consistent with four-layer graphene, as discussed for instance
by Ferrari et al.90 and Malard et al.192.
For TMDs, photoluminescence measurements at room and low temperature298,318 (see

Section E.1) reveal which parts of a flake are single layers285. Though such measurements
usually require transfer to a chip, they enable calibration of the absorption contrast of a single
layer and thus a priori determination of flake thickness before transfer as described.

3.1.3. All-dry deterministic transfer of 2D flakes
Having exfoliated and identified a suitable atomically thin flake on a PDMS stamp as described,
the next step in fabrication is the transfer of the flake to a target substrate of choice. In
the following, we describe an all-dry deterministic transfer method which relies on PDMS’s
viscoelasticity and is based on a method first described a by Castellanos-Gomez55. The method
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Fig. 3.4.: Flakes transferred by viscoelastic stamping a Three different types of TMD flake
transferred onto a polymer layer on the same chip. b Graphene flake suspended on an array
of holes in SiO2.

reduces contamination such as polymer residues associated with other transfer techniques77,319
employing adhesive chemical and polymers and avoids wetting of the target substrate by water
or solvents, which can be critical for some types of substrate and additionally gives rise to
contamination from residues from the liquids. Compared to other techniques, this method
enables transferring multiple flakes onto the same chip as shown in Fig. 3.4.
The transfer process relies on positioning the flake with respect to the target chip, and

then bringing the two into contact in a controlled manner, typically using a microscope and
micromanipulators. The transfer system developed as part of this thesis is shown in Fig. 3.5.
It is based on an optical microscope (ZEISS Axio Scope A1) with transmission and reflection
imaging modes with the addition of a transfer arm. The arm is attached to a 3D microma-
nipulator which allows placement of a flake on a silicone stamp onto the substrate with high
precision (typically 2-3 µm in-plane positioning accuracy for an experienced user). A tip/tilt
stage enables control of the relative tip/tilt angles (θ,φ) of the stamp to the target substrate
prior to contact. Once in contact, PDMS’s viscoelasticity is at the heart of the process of
detaching the flake from the PDMS stamp while leaving it adhering to the target substrate:
over short timescales, viscoelastic materials behave like solids, while they slowly flow over
longer timescales. Due to this effect, slow peeling of the PDMS stamp after contact with the
target substrate results in the flake preferentially adhering to the substrate by van der Waals
forces rather than remaining on the PDMS stamp. The transfer method also works for rough
substrates with electrodes and holes, thus enabling the fabrication of electrically contacted and
suspended structures. For some types of substrates such as polymers (cf. nanocrystal-doped
PVA, see Section 6.1), atomically thin flakes adhere weakly which complicates the transfer.
However, we find that slightly heating the target substrate greatly enhances the adhesion and
probability of success of the transfer. The full process is described in the following.
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3.1.4. Dry transfer recipe

Prerequisites

• PDMS transfer stamp with flake of interest position marked as described.

• Cleaned target chip.

1. For high precision alignment during transfer, install a rotation mount in the microscope
as shown in Fig. 3.5a,b. For transfers to polymer substrates, install a heated mount
(see Fig. 3.5d). Transfer stage mounting may require moving the default position of
the microscope stage down.

2. Place a square of double-sided tape into the centre of the mount to fix the target chip.
If a rotation mount is used, stick the chip down fully to the tape, making sure that it
lies flat on the mount. If a heater stage is used, do not stick the chip down yet, only
lightly lay it on the tape. Move the z position of the microscope stage fully down so
that it is clear of the transfer stamp mount.

3. Set the 3D micromanipulator to (x,y,z)=(0,0,0) and tip/tilt angles (θ,φ) = (0,0)◦
(see Fig. 3.5b). Set the microscope to top illumination (reflection mode) and 10x
magnification. For small flakes or highest positioning precision, use 50x magnification.

4. Install the PDMS transfer stamp flake side down into the stamp holder such that the
position of interest is directly in the illumination area of the microscope.

5. Find the flake by moving the 3D micromanipulator. Adjust θ such that the stamp is
parallel to the chip surface and φ such that the stamp is inclined down towards the chip
by approximately 10◦. Bring the flake into focus again and mark its outlines on the
video screen of the microscope software.

6. Move the transfer stamp up to clear the way for the chip mount.

7. Close the microscope aperture to maximise the depth of focus, such that the flake and
target structure are visible simultaneously.

8. Move the chip mount such that the target structure on the chip is in focus. Adjust the
rotation mount angle such that the target structure is aligned with the flake using the
video screen and the flake outline.

9. If the heater stage is used, the chip has to be rotated by hand with tweezers.

10. With the microscope aperture correctly set, the target structure should be visible clearly,
and objects on the stamp should appear fuzzy as it is above focus.

11. Slowly move the stamp down towards the chip using the z micropositioner. The flake
should now come into view. Readjust its position relative to the target structure as
needed, using the x,y micropositioners.

12. As the stamp comes into contact with the chip, areas in contact will change colour.
This "adhesion front" will start approaching the position of the flake, control the speed
of this approach using the z manipulator which now controls the force on the stamp.
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13. The direction of the adhesion front is controlled by the tip/tilt angles. It is critical
for the success of the transfer, and should be adjusted such that the front will ideally
move: from lower lying areas to higher lying areas of the target structure, from the
thinnest part of the flake to the thickest part and from the flattest part of the flake to
the roughest.

14. Once the relative alignment of the flake and the structure is satisfactory, slowly move
the adhesion front over the flake until it has passed over the flake by roughly twice the
largest flake dimension.

15. If a polymer substrate is used, heat the stage to 80◦ C now using the electric heaters.
Once this temperature is reached, turn off the heaters.

16. Taking great care, start moving the transfer stamp up, away from the chip. The adhesion
front should now move back towards the flake. This process has to be actively controlled
such that the adhesion front speed is at most 1-2 µ / 5 seconds. The most critical part
is the flake edge, where the speed should be extremely slow.

17. Once the adhesion front has crossed back over the flake by twice the flake dimensions,
the transfer stamp can be moved fully upwards and the chip removed.

18. It may be necessary to gently remove tape residues on the back of the chip.

Exfoliation, optical identification and deterministic transfer of 2D flakes

• Mechanical exfoliation using a viscoelastic polymer (PDMS) is a universal and clean
method for isolating large, single layers of graphene and other layered materials such
as TMDs.

• White-light absorption contrast enables fast and reliable optical identification of
single layers.

• An all-dry stamp transfer technique enables deterministic placement of isolated
single layers with micron-scale precision on a broad range of substrates.

3.2. Nanodiamonds hosting nitrogen vacancy centres
Diamond nanoparticles of sizes down to few nm (see Fig. 3.6a) are produced by the detonation
of oxygen-deficient explosives155 termed "detonation nanodiamond" or by milling of microdi-
amonds produced by "high pressure high temperature" (HPHT) synthesis36. Irradiating these
nanodiamonds with intense ion or electron beams results in the formation of optically active
colour centres3,196? such as nitrogen-vacancy centres38,282? (NVC) and has also been used
more recently to implant silicon vacancy centres137 (SiVC), both of which act as single photon
emitters30. NVCs within the nanodiamond are hosted at random locations as illustrated in
Fig. 3.6b.
Diamond’s chemical robustness makes this host-guest combination attractive for processes

which required aggressive wet chemistry such as solvents for device fabrication. While nar-
row, lifetime limited emission from defect centres embedded in the nanodiamond has been
observed recently137, these systems also display a large variance in brightness and decay rate?
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Fig. 3.5.: Flake transfer setup. a Overview showing the optical microscope, chip positioning
stage and 3D micromanipulator for flake positioning. b Chip positioning stage with a rotation
mount for the chip installed (outlined as a dashed line in a). c PDMS transfer stamp with
exfoliated flakes. Marks on the side of the flake serve as a reference for finding an identified
thin flake again. d Heated chip positioning stage.
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which makes it necessary to preselect suitable nanodiamonds for applications requiring ultra-
narrow linewidth emission. For applications with less stringent requirements on linewidth,
nanodiamonds remain an excellent choice due to their resilience120,204 to nanofabrication.

500 nm2 nm

a b c

Fig. 3.6.: Nanodiamond a TEM image of a small nanodiamond, the crystal lattice is clearly
visible. Source: adamasnano.com b Nanodiamond model with 50 NVC sites (shown blue,
source: Bradac et al. 38). c SEM image of nanodiamonds used in this work in a shallow hole
on a SiO2/Si chip. A graphene flake partially covers the hole.

For the hybrid optomechanical devices presented in this work, we use a commercially avail-
able water-based suspension of ∼40 nm diameter HPHT nanodiamonds (see Fig. 3.6c) con-
taining one to four embedded NVCs, according to manufacturer specifications (Adámas Nan-
otechnologies, Inc.). We find that replacing the water in the suspension with isopropanol (IPA)
yields a more uniform nanodiamond distributions on chip when spin-cast. This replacement is
performed by centrifugation of the original NVC suspension followed by removal of the water
layer and replacement with the same fraction of IPA. Well sealed in a small container, these
suspensions can then be stored over a period of a few weeks, until solvent evaporation or
nanocrystal clustering sets in, after which the suspension is no longer usable. We find that
brief sonication of the vial prior to spin-coating on a substrate reduces nanocrystal clustering.

Nanodiamonds hosting nitrogen vacancy centres

• Single quantum emitters hosted in nanoscale environment such as nanocrystals are
suitable for integration with other nanophotonic elements.

• We use nanodiamonds hosting NVCs as single emitters for integration in a hybrid
optomechanical devices.

• Nanodiamonds are robust against nanofabrication processes, but NVCs within them
typically show heterogeneous properties and broad emission linewidths.

• Therefore, they are suitable for integration in nanophotonic systems which do not
require ultra-narrow linewidth emitters.

3.3. Chip surface structuring and mounting
All devices shown in this work are fabricated on small, 5 x 5 mm2 chips which serve as a robust,
inert substrate which is also used as an electrical contact to the device (see Section 2.2). In
the following, we describe the steps for cleaning and nanostructuring the chip surface, which
is essential for our devices. Typical nanostructuring processes we use include etching patterns
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into the chip surface and the depositing metal electrodes onto it for electrically contacting
our devices. Once fabricated, these chips are then mounted onto chip carriers and contacted
electrically to allow mounting in a cryostat.
The chips themselves consist of 285 nm insulating silicon oxide (SiO2) thermally grown

on highly p-doped silicon with low resistivity, diced from 100 mm diameter wafers obtained
from University Wafer. Before any further processing steps are performed, the pristine chips
are cleaned in sonicating acetone heated just below its flashpoint at ∼ 50◦ C in beaker in a
water bath to clean dicing residues. This is followed by a second step of sonication in fresh,
room-temperature acetone. Finally, acetone residues are removed by sonicating the chips in
IPA. Before critical steps such as spin-casting a polymer layer or transferring a 2D flake to
the chip surface, it is essential to clean the chips in oxygen plasma.
Once cleaned, the next processing step is determined by the type of device to be constructed

on the chip. To characterise nanocrystals or doped PVA layers, the chips can be directly spin-
cast with the suspension of interest. Devices with suspended 2D materials require accurately
deposited metal electrodes and the etching of shallow, well-defined holes into the chip surface.
The latter two processes are based on electron-beam lithography, which provides a precise tool
for defining nanoscale structures. Devices with 2D flakes on a doped PVA layer also require
the evaporation of metal electrodes, with lower precision but without damaging the embedded
nanocrystals - a method for achieving this is also described.

3.3.1. Electron beam lithography
Optical lithography is a widely used tool for microstructuring light-sensitive materials, termed
"photoresists", at a scale defined by the wavelength λ of the light used during exposure.
The resolution R, defined as the minimum feature size, is given by the diffraction limit as
R = k λ

NA
132, where k is a process-dependent parameter (k ≈ 1) and NA is the numeri-

cal aperture of the illumination system. Using an exposure mask, the photoresist is locally
exposed to light in a desired pattern. Areas exposed to light undergo a change of chemical
structure, for example an increase ("negative" resist) or decrease ("positive" resist) of their
solubility in certain solvents designed for lithography. These solvents, termed "developers"
are used to selectively remove areas of the exposed resist, resulting in a positive or negative
image of the mask used in the resist. When a resist is deposited as a layer on a substrate ma-
terial, this substrate can be patterned after development of the exposed resist using different
techniques such as chemical etching or metal deposition. Here, the resist is used to selectively
protect certain parts of the substrate, resulting in a positive or negative image of the original
lithography mask being transferred to the substrate.
By locally exposing suitable resists with scanning electron beams instead of optically ex-

posing the whole mask pattern at once, much smaller structures can be exposed compared to
optical lithography due to the small focal spot size achievable with electron beams310. This
advantage of resolution comes at the expense of the longer step time as the electron beam has
to raster the whole design. The longer exposure time is a critical disadvantage for industrial
scale exposure of entire wafers at once, where optical lithography with deep ultraviolet radi-
ation is used. However, longer exposures are acceptable for the usually smaller designs used
in research, where electron beam lithography (EBL) is now a standard nanostructuring tool.
Compared to optical lithography, it has the additional advantage of not requiring a dedicated
exposure mask for each design, thus permitting rapid design modification.
We use a commercial EBL system (Quanta 200 scanning electron microscope with EBL

attachment) to pattern metal electrodes onto the chip surface in a process shown in Fig. 3.7.
Thin (∼ 150 nm), spin-cast films of poly(methyl methacrylate) (PMMA) of different molecular
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weights act as negative resist, i.e. exposed areas of the resist are removed in the process of
developing. A lower molecular weight makes the PMMA more sensitive to exposure by the
electron beam, which is useful for making undercut exposures as described in the following.
Fig. 3.7 outlines the basic procedure for using EBL to create metal thin-film electrode patterns
on chip:

1. A clean SiO2/Si chip is spin-coated with a 150 nm thick layer of low molecular weight
PMMA (MicrochemTM PMMA 495 A4), followed by a layer of higher molecular weight
PMMA (MicrochemTM PMMA 950 A2) of the same thickness according to the param-
eters given in Appendix B.1. Between each spin-coating step, the coated chip is baked
on a hotplate for 120 seconds at 150◦ C.

2. The coated chip is exposed locally by a scanning computer controlled electron beam
according to a pre-defined pattern with beam settings as provided in Appendix B.2.
Here, the bottom (lower molecular weight) PMMA layer is more exposed than the top
(higher molecular weight) layer for the same electron beam intensity.

3. The exposed chip is developed in mixture of methyl isobutyl ketone (MIBK):IPA of
mixing ratio 1:3 for 30 seconds while gently shaking the chip, followed by five seconds
in IPA in a second beaker for rinsing the developer and another 60 seconds in a third
IPA beaker for rinsing the chip fully. In this process, an undercut pattern is formed in
the resist layer due to the higher exposure of the bottom layer.

4. A thin film of Ti followed by a thicker Au film is evaporated onto the developed chip
(evaporation details in Section 3.3.2. The Ti film promotes adhesion between Au and
SiO2.

5. By dissolving the PMMA film in acetone, the areas of metal on the PMMA film are
removed while the fraction directly on the SiO2 remains. Here, the undercut features of
the exposed PMMA facilitate the lifting of the metal film as it ensures that the thin film
on the PMMA and on the SiO2 are well separated. For the lift-off process, it is advisable
to use bursts of sonication which promote the removal of the unwanted fraction of the
metal film. In this way, arbitrary metal thin film patterns can be made on the chip. The
details of the metal evaporation process are described in the next section.

3.3.2. Metal thin film evaporation
To electrically contact 2D materials in our devices, we use patterned thin metal films which
serve as electrodes. By evaporating the metal through a mask, we can define electrode
patterns on chip. All electrodes shown in this work consist of a 100 nm thick Au layer
thermally evaporated onto a 5 nm thick Ti layer, evaporated by electron beam physical vapour
deposition. The Ti layer promotes adhesion between the substrate and the Au layer160. Both
layers are made in a single, two-step process in a Leybold UnivexTM 350 evaporator.

We use two different types of masks for evaporation: for devices with 2D materials sus-
pended on holes in SiO2, we use EBL to pattern an evaporation mask on the chip surface
as detailed in the previous section. This enables the fabrication of fine electrode structures
on chip, as shown in Fig. 3.8a. In addition, the EBL-defined mask allows the fabrication of
alignment markers (highlighted in the figure) which are used in the subsequent etching step
to accurately position the etch mask with respect to the electrode pattern. We choose a
relatively low aspect ratio of 100 nm height to 5 µm width for the electrodes to facilitate
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Fig. 3.7.: Metal electrode structuring steps. a Clean SiO2-coated Si chip b Spin-cast of
PMMA resist double layer. Light green: PMMA495 A4, dark green PMMA950 A2. c Electron
beam exposure of the resist. d Development of exposed chip. e Evaporation of a thick Au
layer on a thin Ti adhesion layer. f Lift-off of the excess metal layer by dissolving the PMMA
layers.

the stamp transfer of 2D flakes on top of the electrode. To make a reliable contact to the
doped Si beneath the SiO2, a diamond tip can be used to scratch away both the PMMA
layers and the SiO2 surface in one corner of the chip just before inserting the chip into the
evaporator. This results in an Au contact to the Si, which can be used as a back-gate contact
(see Fig. 3.15b).
For devices where 2D materials lie on a thin film of DBT-doped PVA, we use a home-

made hard evaporation mask made of a thin metal plate with machine-milled slots to make
finger electrodes on the PVA film as shown in Fig. 3.8b. To ensure a stable adhesion for
wire-bonding of the sample (see Section 3.6), we remove roughly half of the PVA film on
the chip prior to evaporation with a water-soaked swab. In this way, half of the electrode
lies on SiO2, where we later wire-bond the device. The swab also makes a smooth interface
between the electrode sections on and off the PVA, important for good electrical conductivity
of the electrodes. The hard mask itself is held in a chip holder which allows simultaneous
electrode evaporation on up to four chips as shown in Fig. 3.8. For a successful evaporation,
it is important to ensure contact of the hard mask with the chip, which is achieved by placing
1 mm thick PDMS squares beneath each chip in the mount. We find that rotation of the
sample during evaporation and the use of an evaporator with a large separation (∼ 1 m) to
the evaporation crucibles gives the best results.

3.3.3. Reactive ion etching
Devices with suspended 2D resonators are fabricated by etching hole arrays into the SiO2
surface onto which the 2D flake is later transferred as detailed in Section 3.1.3. The etching
process is shown in Fig. 3.10: hole arrays are defined in PMMA by EBL after fabrication of
the electrode pattern on the chip. Using the alignment markers also included in the electrode
pattern (see Fig. 3.8a), the hole pattern can be precisely aligned to the electrodes and written
into the PMMA. After development of the exposed PMMA, the SiO2 surface is etched by
plasma etching with reactive ions (reactive ion etching, RIE) with a plasma of CHF3, C4F8
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SiO2
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PVA
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Fig. 3.8.: Metal electrode evaporation. a Micron-scale electrodes on a chip Si/SiO2 using a
soft polymer mask patterned by EBL. The dashed circle highlights an alignment marker used
for subsequent alignment of the hole etching pattern. b Finger electrode on a Si/SiO2 chip
half coated in DBT-doped PVA. The dashed white line indicated the interface between the
PVA-covered area and the bare SiO2 surface.

Hard mask

Clamp

ChipsChip holder

1 cm
Mounted holder

Fig. 3.9.: Hard mask for metal evaporation on polymers. The hard mask, made of a thin
metal plate, is placed onto the chip holder and clamped down using a threaded clamp. Inset:
the mounted chip holder during Au evaporation.
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Fig. 3.10.: Fabrication steps for reactive ion etching. a Clean chip with electrodes. b A
double layer of high molecular weight PMMA is spin-cast onto the chip. c The desired etch
pattern is exposed on the PMMA using EBL. d The exposed chip is developed, uncovering
the etch pattern in the PMMA. e The chip is exposed to reactive ions which etch uncovered
PMMA areas. f The PMMA layer is removed using acetone and IPA.

and Ar in a commercial Oxford Instruments Plasmalab System 100 machine. Here, the EBL-
structured PMMA serves as a precisely defined etch mask. After etching, the PMMA layer
is removed by dissolving in acetone and IPA, leaving a clean SiO2 surface. Sonication of the
chip in these solvents and oxygen plasma cleaning may be necessary if long etching times
are used to make deeper holes - the long exposure of PMMA to the plasma can lead to
polymerisation136 (teflon formation) of its surface, making it harder to remove. Typical etch
depths in 285 nm thick SiO2 for a given RIE process time are given in Fig. 3.11.

3.3.4. Focused ion beam milling

The uniform etch depth attained by RIE may not desirable for some devices such as 2D
resonators suspended over holes of different depths on the same chip. To make these devices,
focused ion beam (FIB) milling was used4 to structure arrays of holes of different depths as
shown in Fig.3.12a. The hole depth is determined by the ion beam exposure which enables
accurate depth control at the expense of a longer processing time compared to RIE. Line
sections extracted from an AFM topology (Fig.3.12b) show that the hole depths in this array
lie in the range of 30-300 nm, resulting in the colourful interference seen in Fig.3.12a.

4We greatly acknowledge the help of Gabriele Navickaite from the QNOE group who made these structures
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Fig. 3.11.: Etch depth dependence on etching process time. A linear trend line for
estimating the dependence of etch depth on etch time is also shown.
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Fig. 3.12.: Chip surface structuring by FIB milling. a Optical micrograph of an array of
FIB-milled holes with interconnecting trenches. Under white light illumination, different hole
depths lead to interference which gives rise to preferential reflection of certain wavelengths
depending on the depth. b AFM map of the area highlighted in a. c Line profiles of hole
depth as indicated in a.
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Chip surface structuring

• Highly p-doped Si chips coated with a thin layer of thermally grown SiO2 serve
as an electrically conductive substrate with an insulating coating for all devices
fabricated in this work.

• We structure the SiO2 surface by combining electron beam lithography with metal
thin film deposition and reactive ion etching processes to create electrodes and
hole arrays.

• To make hole arrays of varying depth on the same chip, we use FIB milling of the
SiO2 layer.

• For delicate substrates such as polymer layers containing single emitters in nanocrys-
tals, we use a hard shadow mask during metal evaporation to define electrode
structures.

Hybrid devices combining 2D materials at nanoscale separation to emitters embedded in
nanocrystals require a high degree of positioning control of the nanocrystal. We use a tech-
nique based on a sacrificial polymer mask which uses large-scale liquid deposition followed by
selective removal of excess nanocrystals. This technique works well for nanodiamonds, but
can also be adapted to organic nanocrystals combined with a protective polymer layer as dis-
cussed in Chapter 7. Specifically, we first spin-cast a device multiple times with nanocrystal
suspension and optically confirm that nanocrystals are at the desired locations. Then, we
remove all excess nanocrystals by dissolving the sacrificial mask, thus enabling a large-scale
yet precise control of nanocrystal position.

3.4. Large-scale deterministic nanodiamond deposition
with a sacrificial mask

Hybrid devices combining 2D materials at nanoscale separation to emitters embedded in
nanocrystals require a high degree of positioning control of the nanocrystal. We use a tech-
nique based on a sacrificial polymer mask which uses large-scale liquid deposition followed
by selective removal of excess nanocrystals, which works well for nanodiamonds. Specifically,
we first spin-cast a device multiple times with nanocrystal suspension and optically confirm
that nanocrystals are at the desired locations. Then, we remove all excess nanocrystals by
dissolving the sacrificial mask, thus enabling a large-scale yet precise control of nanocrystal
position.

For hybrid optomechanical devices where a graphene membrane is suspended over NV
centres, we use the sacrificial mask placement technique to place nanodiamonds hosting
these emitters into RIE-etched holes on chip as sketched in Fig. 3.13: A chip with patterned
electrodes and holes is spin-cast with a double layer of high-molecular weight PMMA as for
the RIE etching pattern (see Section 3.3.3). The sacrificial mask patterned is exposed by EBL
within the hole pattern and developed as in Section 3.3.1. A suspension of nanodiamonds is
spin-cast onto the sacrificial mask until the holes contain the desired density of nanocrystals.
In the final step, the sacrificial mask is dissolved in acetone followed by cleaning in IPA, thereby
lifting away all nanocrystals outside the holes, leaving only the desired nanodiamonds in the
holes behind. In this last step, it is important not to use sonication to dissolve the sacrificial
mask as this also removes the nanodiamonds in the holes.
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Fig. 3.13.: Large-scale deterministic nanocrystal deposition. a Clean chip with electrodes
and holes. b A double layer of high molecular weight PMMA is spin-cast onto the chip. c The
desired deposition mask pattern is exposed on the PMMA using EBL. d The exposed chip is
developed, uncovering the deposition mask in the PMMA. e A suspension of nanodiamonds
(ND) is spin-cast onto the chip until the holes contain nanocrystals. f The PMMA layer is
removed using acetone and IPA, leaving behind only the nanocrystals within holes.

3.5. Suspended 2D mechanical resonators
Some of the most interesting intrinsic properties of 2D materials are revealed when they
are free-standing without any detrimental influences of a supporting substrate. For instance,
measurements of quantised optical absorption221, ultra-high charge carrier mobility34, 2D
membrane permeability48 and nanomotion of an atomically thin graphene resonators46 were
enabled by the ability to suspend 2D materials. At the same time, nanoscale suspended
structures are extremely fragile and their fabrication requires great care - this is particularly
true for suspending atomically thin membranes.
In this work, atomically thin mechanical resonators made by suspending areas of a 2D flake

are a crucial component of the hybrid optomechanical devices discussed in Chapter 5. Here,
near-field coupling between a mobile 2D resonator and single photon emission is achieved by
suspending a 2D flake at a distance < 50 nm above a quantum emitter. The fabrication
of such devices requires that the flake transfer process enables nanoscale separation control
between two fragile objects without destroying either of them. The first experimental studies
of 2D graphene resonators by Bunch et al.46 (see Fig. 3.14a) used graphene flakes partially
suspended by selective removal of the substrate beneath the flake using aggressive wet chem-
istry. This approach is not suitable for our purpose of making a 2D resonator suspended
above a quantum emitter as i) the flake is suspended a posteriori to being transferred, which
prevents quantum emitter placement and ii) the wet chemistry involved would most likely de-
stroy the quantum emitter. Therefore, an all-dry approach where a flake can be suspended on
an existing support structure containing a quantum emitter is favourable. The deterministic
flake transfer technique described in Section 3.1.3 fulfils these requirements and was first
used by Castellanos-Gomez et al.56 to make suspended 2D mechanical drum resonators by
transferring flakes onto a pre-patterned substrate with holes. Furthermore, the dry-transfer
technique is favourable for making suspended structures as it circumvents the extra step of
critical point drying (CPD)134. This process is used to remove transfer process liquids such
as solvents by replacing them with liquefied gases that are slowly expanded, thus avoiding
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changes in surface tension and capillary forces associated with solvent evaporation which can
destroy fragile suspended structures.
By suspending a 2D flake over a hole in a substrate in an ambient environment, an air-filled

cavity is formed capped by the 2D membrane as shown in see Fig. 3.14b. These cavities
can be used to study the permeability of 2D membranes48, but they are not suitable for
making flat drumhead mechanical resonators under vacuum due the expansion of the gas
within the cavity, resulting in buckling of the membrane. For this reason, we make suspended
structures using pre-patterned substrate with holes and interconnecting trenches, which enable
pressure equilibration between the areas above and below the 2D membrane. We also pre-
pattern electrodes onto the substrate, which are used to contact the 2D membrane e.g. for
electrostatic actuation. Once patterned, quantum emitters can be placed into the holes (see
Section 3.4) to make a hybrid optomechanical device. Fig. 3.14c shows a bilayer graphene
flake transferred to an array of holes and electrodes on an SiO2 chip, fabricated as detailed in
Section 3.3. The circular suspended areas form drumhead resonators which can be actuated
electrostatically as detailed in Chapter 4. Optically, a difference in brightness is visible between
the smaller and larger diameter drumheads. This difference is related the membrane’s optical
absorption and position relative to the substrate5 and is related to whether the drumhead is
suspended or collapsed.
A variety of techniques such as AFM, Raman spectroscopy and photoluminescence mea-

surements can be used to reveal whether a 2D membrane is suspended. For the graphene
drumhead array shown in Fig. 3.14c we measure the device topology with an AFM as shown
in Fig. 3.14d. While the smaller diameter drumheads appear buckled and bulging upwards
and thus suspended, the larger diameter drumheads appear collapsed. The buckling is at-
tributed to the 2D membrane area being larger than the area of the hole. Additionally, the
AFM measurement itself may cause the membrane to be attracted towards the AFM tip by
electrostatic or van-der-Waals forces, thereby distorting the surface. However, we find that
membrane buckling is reduced once the membrane is deflected electrostatically.

Experimentally, large drum diameters are more favourable compared to small ones for three
main reasons: the resulting mechanical resonators have lower resonance frequencies and larger
amplitudes of motion (see Chapter 4), making them easier to characterize, and their electro-
static deflection requires smaller electrical potentials. However, the aspect ratio, defined as
AR = diameter

depth plays a crucial role in suspending 2D materials: above a certain value, the
drumheads collapse. The highest aspect ratios obtained for our devices are 37 for bilayer
graphene and 23 for monolayer MoS2. Clearly, the flake thickness also plays a role here as
a thicker, stiffer resonator can sustain higher aspect ratios. For instance, using four-layer
graphene, it is possible to make drumhead resonators of up to 10 µm diameter suspended
over 120 nm deep holes, as shown in Fig. 3.14e. By transferring a 2D membrane onto an
array of holes of different depths, the influence of the aspect ratio can be investigated fur-
ther as shown in Fig. 3.14e. Here, a single / double-layer of MoS2 covers an array of 3 µm
diameter holes of varying depth made by FIB milling of the SiO2 substrate (see Fig.3.12). A
photoluminescence map of the device at low temperature (Fig. 3.14f) shows strong emission
from a fraction of the holes under the monolayer area. These holes correspond to an aspect
ratio below ∼ 20, above which the drums collapse, leading to quenched emission188.

Therefore, the stamp transfer technique enables the fabrication of suspended membranes of
different types of material to make mechanical drumhead resonators. To make hybrid optome-
chanical systems, 2D flakes are transferred onto structured substrates containing quantum
emitters. For instance, these emitters can be placed into holes prior to transfer (as described
5Experimentally, this is a first indicator that membrane position is transduced to the reflected light field,
which can be used to read out its nanomotion
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Fig. 3.14.: Suspended 2D membranes a The first mechanical graphene resonator, a doubly-
clamped beam suspended over a trench. Figure adapted from Bunch et al. 46. b Schematic
of a buckled graphene membrane enclosing a gas-filled cavity. Figure adapted from Bunch et
al. 48. c Bilayer graphene (BLG) drumhead resonators formed by transferring a BLG flake onto
80 nm deep holes of 1 µm and 3 µm diameter in SiO2, interconnected by narrow trenches and
contacted by gold electrodes. d AFM topology of the area outlined in a. e An array of large,
four-layer (4L) graphene drums. f Top: Mono (1L) and bilayer (2L) MoS2 suspended on an
array of 3 µm diameter holes of depths 40-300 nm. Bottom: photoluminescence (PL) map of
the device at 3 K under laser excitation at 532 nm.
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in Section 3.4 with a depth chosen such that the suspended membrane will be in extremely
close proximity to the emitter, enabling near-field interaction. At the same time, the aspect
ratio of the hole must be chosen such that membrane does not collapse.

Suspended 2D mechanical resonators

• Hybrid optomechanical devices with near-field optomechanical coupling require sus-
pending a 2D membrane at distance < 50 nm above single quantum emitters.

• Combining all-dry 2D flake stamp transfer with chip surface structuring and large-
scale deterministic emitter positioning, a single flake can cover many holes con-
taining emitters to form an array of hybrid optomechanical systems.

• The stamp transfer technique can be used to make large, atomically thin drumhead
resonators on holes with aspect ratios of Diameter/Depth ∼ 40.

3.6. Chip mounting and wire bonding

After fabrication, chips with devices are fixed on custom chip holder for electrical contacting
and mounting in a cryostat. Using a small drop of silver paste with high silver content to
ensure good electrical and thermal conductivity (SPI Silver Paste PlusTM), the chip is stuck
onto the central island of the holder as shown in Fig. 3.15a. The chip holder is made of
fibreboard and is gold-plated to ensure good thermal and electrical conductivity in plane.
Gold-plated vias drilled through the fibreboard ensure good thermal contact between the chip
holder facets. The chip is pressed against the chip holder to ensures good thermal contact
and that the chip surface is parallel to the cryostat mount, important for optical alignment.
After fixing the chip, it is left in a desiccator for > 24 h to ensure that the silver paste is
completely dry.

Once fixed to the holder, the chip is electrically contacted by wire-bonding the gold electrode
pads of the device to electrode fingers on the on the chip holder as shown in Fig. 3.15b, which
are later connected to leads in the cryostat. In addition, the island is wire-bonded to the
surrounding parts of the chip mount, providing electrical contact to the back-gate port and
additional thermal anchoring of the device to ensure efficient cooling.

The silicon back-gate can be contacted by wire-bonding to a corner scratched with a
diamond scribe before evaporation as described in Section 3.3.2, thus providing a direct
metallic electrical contact to the silicon substrate. We use gold wires of 25 µm diameter to
contact our devices with wedge bonds made by ultrasonic bonding116. The SEM micrograph
in Fig. 3.15c (taken at an oblique viewing angle) shows typical wire bond to the gold electrode
pad of a device after measurement. The electrodes leading to the device and the graphene
flake contacted by them are also visible.
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Fig. 3.15.: Chip mounting for low-temperature measurement a A gold-plated chip holder
used to mount chips in our croystat with a central island for chip placement. Gold-plated Vias
provide thermal contact between the front and back chip holder facets. b Wire bonded chip
stuck to a holder as in a. The device (dashed white outline) and back-gate contact (dashed
red outline) are electrically connected to different pads on the chip holder. c SEM micrograph
of a gold wire bonded to a device electrode pad. d Sketch of the contacts as shown in b.
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Chip mounting and wire bonding

• Optical measurements on chip-based devices at low temperature in a cryostat
require a stable mount for the chip, good thermalisation to ensure efficient cooling
and electrical contacts to enable the application of external electrical potentials.

• We mount our devices on custom gold-plated printed circuit boards (PCB) using
silver paste.

• Good thermalisation is ensured by a large contact area of the PCB with the cryostat
cold finger.

• Gold wire bonds provide electrical contact between the PCB terminals and the
device electrodes.

3.7. Conclusion
In summary, the nanofabrication techniques presented in this chapter enable the controlled
manipulation and integration of 2D materials and nanoscale quantum emitters into hybrid sys-
tems on chip. These techniques range from standard nanofabrication processes used to pattern
SiO2/Si chips - the foundation for our hybrid devices - to more advanced methods which are
mutually compatible with both fragile 2D membranes and nanoscale emitters components.

I highlighted two essential techniques for making hybrid devices in this work: First, a large-
scale deposition technique which enables accurate placement of nanoparticles hosting emitters
over a large area to make arrays of devices incorporating emitters. Second, the use of a
viscoelastic polymer for 2D material exfoliation and an all-dry deterministic transfer technique
which enable isolating large 2D flakes and positioning them on a target nanostructure with high
accuracy while circumventing problems such as adhesive contamination and wet chemistry
associated with other techniques techniques. Together, this two techniques are essential
prerequisite for making the hybrid devices discussed in this work, in particular for the hybrid
optomechanical system presented in Chapter 5. Here, the ability to suspend 2D mechanical
resonators at separations < 40 nm above a nanoscale quantum emitter is fundamental for
achieving near-field interactions.
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4. Electrostatic control and
interferometric readout of 2D
nanomechanical resonators

In this chapter, I focus on the theoretical description and experimental characterisation of
the 2D nanomechanical resonators. These resonators have extremely low mass (∼ 10−18 kg
for micron-sized devices) and high mechanical resonance frequencies (MHz-GHz), resulting
in high zero-point motion (xZPM ∼ 10−12 m) and force sensitivity (∼ 400 zN Hz−1/2)324,
which makes these mechanical system favourable for force sensing and the observation of
the quantum behaviour of a mechanical object. However, the transduction of their small
amplitude of motion (typically pm-nm) to a measurable signal is challenging and requires
sensitive detection techniques. In this chapter, I will present an interferometric technique
which enables nanomotion detection of these devices, which are made by suspending 2D
materials on patterned substrates as described in Section 3.5.
First, I will describe the models used to derive the static deflection and resonant nanomotion

for a suspended 2D membrane. AFM measurements of an electrostatically deflected membrane
confirm this theoretical description and provide an independent calibration for interferometric
displacement measurements, which are used to characterise and both static deflection and
high-frequency nano-motion. These measurements are an important prerequisite for under-
standing the separation-dependent dipolar coupling of a 2D resonator to a nanoscale emitter
in our hybrid optomechanical devices as described in Chapter 5.

4.1. Electrostatic actuation of a circular 2D membrane
In the following, we derive the expressions for the electrostatic deflection of a circular graphene
drum. Being atomically thin and under large pre-tension167, such drums can be modelled as
membranes269 - that is, their behaviour is dominated by tensile stress as opposed to a plate,
where bending stiffness dominates1. Here, we adapt this problem to our experimental situation
with similar notation to that used by Weber et al.325 (see also Katsnelson145 and Landau159).
When the graphene membrane is under tension and subjected to an external electrostatic pres-
sure P (x, y) along the z direction, its deformation ξ(x, y, t) obeys the equilibrium condition
given by:

ρ2D
∂2ξ

∂t2
= T∇2ξ + P (x, y) (4.1)

where ρ2D = ngρgη is the graphene sheet mass density which depends on the number of
graphene layers ng, graphene’s intrinsic mass density ρg and a correction factor η ≥ 1 to
take into account adsorbates on the membrane which increase its mass. T = Etεng is the
stretching force per unit length at the edge of the membrane, which depends on the Young’s
1This distinction is the 2D-equivalent of the bending deformation of a string (dominated by tension) or a
beam (dominated by its stiffness).
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hSiO2
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vac.
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zSio2

δξstatic

R
AuzG

Fig. 4.1.: Simplified device model. We consider an electrically contacted graphene membrane
of radius R located at zG and suspended in vacuum at a distance δ over a layer of SiO2

(thickness h). When the device is illuminated by laser radiation incident along the z-axis, an
interference pattern is formed by reflection at the material interfaces located at zSi and zSiO2 .
The graphene membrane absorbs a position-dependent fraction of the field intensity and can
be electrostatically deflected through the interference pattern towards the Si++ back-gate by
a distance ξstatic . In this model, graphene’s reflectance (<0.1%) 221 is neglected.

modulus167 E = 1 TPa, the thickness (t=0.3 nm) of a graphene layer, the radial strain ε and
the number ng of graphene layers considered. By applying a constant voltage Vg between the
graphene and the gate electrode, we generate an electrostatic force Fel given as:

Fel = 1
2∂zCeq (Vg)2 (4.2)

where Ceq is the equivalent gate capacitance [F/m2] of the system which contains two dielec-
tric layers: vacuum and SiO2. It is given as:

C−1
eq = C−1

vac + C−1
SiO2

= ε−1
0

(
δ + h

εr

)
→ Ceq = ε0

δ + h
εr

Fel is a conservative force which arises from an electrical potential Uel = 1
2Ceq (Vg)2. By

expansion of the equivalent capacitance2, we find:

Uel =
∫∫

dxdy
ε0 (Vg)2

2

 1
δ + h

εr

+ ξ(
δ + h

εr

)2 + ξ2(
δ + h

εr

)3 + ξ3(
δ + h

εr

)4 +O
(
ξ4)

(4.3)

This results in an electrostatic pressure as introduced in Eq. 4.1:

Fel = ∂Uel
∂z =

∫∫
dxdyP (x, y)

=
∫∫

dxdy
ε0 (Vg)2

2
(
δ + h

εr

)2

1 + 2ξ
δ + h

εr

+ 3ξ2(
δ + h

εr

)2 + 4ξ3(
δ + h

εr

)3 +O
(
ξ4)


(4.4)

2Taylor series for small deflections ξ � δ + h
εr
: 1
δ+ h

εr
−ξ

= 1
δ+ h

εr

[
1 + ξ

δ+ h
εr

+
(

ξ

δ+ h
εr

)2

+ ...

]
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4.2. Static 2D resonator deflection

where εSiO2 = εrε0 =3.9 · 8.85 10−12 F m−1 is the dielectric constant of the SiO2 layer, h is
the SiO2 layer thickness and δ is the distance from the non-deformed graphene drum to the
vacuum/SiO2 interface.
Reinserting P (x, y) into Eq. 4.1 yields an analytical solution for the deformation:

ξ(x, y, t) = ξstatic(x, y) +
∑
k

ξk(x, y)e−iΩkt (4.5)

The graphene drum deflection thus contains a static term ξstatic and a time-dependent term
representing the radial mechanical modes. Experimentally, we can thus control the membranes
static position and and oscillating motion by applying DC and AC potentials over a device
as sketched in Fig. 4.1. Here, the large area of the flake and back-gate electrode compared
to the resonator’s size ensure that the electrostatic pressure is uniform over the resonator’s
area. In what follows, we will first focus on the static deflection of 2D resonators and its
measurement before turning to their dynamic nano-motion.

Electrostatic deflection of a circular 2D membrane
• The deflection of atomically thin membranes such as 2D drum resonators can be
modelled as a membrane under tension.

• We derive a model for the deflection ξ(x, y, t) of such resonators under uniform
electrostatic pressure. It consists of a static and a dynamic term: ξ(x, y, t) =
ξstatic(x, y)+

∑
k ξk(x, y)e−iΩkt, the latter corresponding to radial vibration modes

of the resonator.

• Therefore, both the static deflection and vibrations of 2D drum resonators can be
controlled by applying DC and AC potentials, respectively.

4.2. Static 2D resonator deflection
Based on the general formalism presented in Section 4.1, we first calculate the electrostatic
deflection of a circular 2D membrane in the steady state ∂ξ

∂t = 0. Here, the resonator is
subjected to an electrostatic force Fel = 1

2∂zCeq (Vg)2 which is always attractive and deflects
the drum towards the back-gate. According to Eq. 4.1, we have:

T∇2ξstatic = ε0 (Vg)2

2
(
δ + h

εr

)2

1 + 2ξstatic
δ + h

εr

+ 3ξ2
static(

δ + h
εr

)2 +O
(
ξ3
static

) (4.6)

For small deflections, we can consider 2ξstatic
δ+ h

εr

� 1 (in our system,
δ+ h

εr
2 ≈ 65 nm). We now

integrate ∇2ξstatic in radial coordinates to obtain the lowest-order solution for ξ:

T∇2ξstatic(r) = 1
r
∂
∂r

(
r ∂ξ(r)∂r

)
= ε0(Vg)2

2
(
δ+ h

εr

)2

∂ξ
∂r = ε0(Vg)2

2T
(
δ+ h

εr

)2

[
r
2 + k0

]
ξ = ε0(Vg)2

2T
(
δ+ h

εr

)2

[
r2

4 + k0r + k1

] (4.7)
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At the boundaries of the drum, there is no deflection (ξstatic(r = R) = 0), while at the center,
the membrane can be considered as flat (∂ξstatic(r=0)

∂r = 0). Thus, k1 = 0 and k2 = −R
2

4 .
Therefore, the deflection can be written as:

ξstatic(r) = ε0 (Vg)2

8T
(
δ + h

εr

)2
[
r2 −R2] (4.8)

At the center of the drum, the deflection is denoted ξ0:

ξ0 = ξstatic(r = 0) = − ε0R
2 (Vg)2

8T
(
δ + h

εr

)2 (4.9)

4.2.1. AFM measurement of static graphene resonator deflection

The static deflection of a suspended graphene drum resonator in our hybrid devices can
be directly observed by AFM measurements at different DC back-gate voltages332 Vg. A
uniform electrostatic pressure applied to the membrane results in a centrosymmetric, parabolic
deflection ξstatic of the drum towards the back-gate as described by Eq. 4.8.

Experimentally, we make AFM maps of a single layer graphene drum suspended over a 200
nm deep hole of 2 µm diameter while varying Vg (Fig. 4.2a)3. With increasing Vg, we observe
a centrosymmetric deflection of the membrane as expected from Eq. 4.8. After deflection
up to Vg = 20 V, the drum is brought back to its original undeflected state at Vg = 0 V.
The drum deflection is more apparent in 3D renderings (Fig. 4.2b) at Vg = 0 V and Vg =
20 V. Line sections of AFM maps (Fig. 4.2c) show the parabolic profile of the drum under
deflection, in accordance with Eq. 4.8.

The drum slack ∼ 20 nm due to adhesion to the hole side walls by van der Waals interac-
tion149,167 is also visible. Interestingly, the drum surface at Vg = 0 V after deflection is flatter
than initially, which suggests that wrinkles and ripples on the drum surface are smoothed out
during deflection. Fig. 4.2 shows that the deflection ξ0 at the drum centre (r = 0) has a linear
dependence on (Vg)2, from which we extract a deflection of ∼ -0.07 nm/V2. From this value,
we extract the membrane’s radial strain ε ∼ 10−3 assuming linear deflection regime for moder-
ate gate voltages323, which is comparable to similar experiments67,272,325. This measurement
demonstrates reversible electrostatic deflection control of the graphene-NVC separation in our
device.

3In this experiment, we use non-contact mode AFM with a metal-coated, conductive tip which is grounded
with the device electrode to avoid additional mechanical and electrostatic forces of the tip on the membrane.
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Fig. 4.2.: AFM measurement of electrostatic monolayer graphene deflection. a AFM
maps of a 2 µm diameter graphene drum under deflection by a static back-gate voltage Vg .
The rightmost map shows the drum back at Vg = 0 V. b 3D rendering of the drum shape at
Vg = 0 V (left) and Vg = 20 V (right). c Line sections through the deflected drum (indicated
in a). Data are shown pale, bold lines are parabolic fits. d Deflection ξstatic of the drum centre
with V 2

g . A linear fit to the data (solid line) shows a slope ∂ξstatic
∂V 2

g
≈ -0.07 nm /V2.
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4. Electrostatic control and interferometric readout of 2D nanomechanical resonators

AFM measurement of static 2D resonator deflection
• We derive the static deflection of a 2D drum resonator under a uniform electrostatic
pressure.

• In our device’s capacitor geometry, this electrostatic pressure results from applying
DC back-gate voltages.

• Uniform electrostatic pressure results in a parabolic deflection of the drum ξstatic ∝
V 2
g .

• We experimentally confirm this dependence with AFM measurements of an elec-
trostatically deflected graphene drum.

• These measurements show that electrostatic gating provides stable, reversible de-
flection control over a range of 0-50 nm for micron-sized 2D drums with a typical
deflection of ∂ξstatic∂V 2

g
≈ -0.07 nm /V2.

4.3. Interferometric displacement detection
Having confirmed electrostatic deflection control in our devices by AFM measurements, we
now outline the interferometric technique we use to to detect the nano-motion of 2D res-
onators. The interferometric technique is based on a modulation of reflected light from a
device due to the nano-motion of 2D resonators on the device. In contrast to AFM mea-
surements, such interferometric measurements can be implemented directly in our scanning
confocal setup (see Section 2.3) and allow us to monitor the resonator mechanics in situ in
a non-invasive way. Here, we focus on optical detection of graphene’s nano-motion, but we
note that 2D resonators made of other materials such as TMD’s213 can also be read out in
this way.

4.3.1. Electric field intensity model
We start by presenting a simulation of the electromagnetic field intensity in our device upon
laser illumination. This is essential in understanding the modulated reflection signal resulting
from the motion of the graphene membrane in our device (shown schematically in Fig. 4.1).
We model our device as a series of dielectric layers (air, SiO2, Si) as sketched in Fig. 4.1.
Under normally incident laser illumination, multiple reflections at each layer give rise to an
interference pattern - a standing wave of light field intensity - in which the graphene membrane
is suspended. We employ a transfer matrix model for the optical reflection and transmission
of multilayer stacks as detailed by Burkhard et al.49 to calculate the electric field distribution
E(z) within our device.
Fig. 4.3 shows the resulting field intensity |E(z)|2 obtained from this model for normally

incident laser radiation at λ = 532 nm on a typical sample geometry with a hole depth of
δ = 120 nm, resulting in h = 165 nm for 285 nm SiO2 thickness. The position zG of an
ideally suspended graphene drum at the surface of SiO2 (i.e. without slack) is also indicated.
Therefore, this simulation reveals the local gradient of |E(z)|2 at the location of a graphene
membrane in a given device geometry, which is directly related to the reflection modulation
arising from the membrane’s motion, as described in the next section. Conversely, we use such
simulations to optimize the device geometry to a desired field intensity distribution. To check
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Fig. 4.3.: Calculated electric field intensity. |E(z)|2 in the Si, SiO2 and vacuum regions of
the device (interfaces indicated by dashed grey lines). |E(z)|2 is normalised to the maximum
field intensity |Emax |2, and the graphene membrane is located at zG (red dashed line). Here,
we model a device with a hole depth δ = 90 nm. A typical electrostatic deflection distance
ξstatic is also indicated.

the effect of hole depth on reflected intensity and to avoid destructive interference which
would reduce the reflected signal from our devices and thus the interferometric detection
sensitivity, we use FIB milling to make a sample of different hole depths (Fig. 4.4a,b). Under
532 nm laser illumination, we observe a modulation of reflected intensity (Fig. 4.4c) due to
these interference effects, which suggests an ideal hole depth of ∼ 100 - 150 nm to obtain a
high reflection signal. At the same time, the 2D resonator should be positioned away from a
node of the electric field intensity for maximum displacement sensitivity, such that we find a
depth of ∼ 90-100 nm to be a good compromise. In practice, we achieve hole depth control
over large arrays by controlling the RIE etch time for holes on which the 2D membrane is
suspended as shown in Section 3.3.3.

4.3.2. Measured reflected intensity
Modifications of the reflected light intensity induced by the nano-motion of a 2D resonator
can be directly related to the structure of the interference pattern in which it moves. Here, we
consider suspended graphene as an absorber with absorption coefficient πα ≈ 2.3% per layer
(valid for up to five layers of graphene surrounded by vacuum? ). Although graphene also
displays a reflectance ∼ 0.01 % which could lead to interference effects in our geometry, we
will focus on the dominant contribution by the absorption here. The fraction of light absorbed
by graphene is proportional to the electric field intensity at its position |E(zG)|2 as shown in
Fig. 4.3.

Ir(zG)
I0

= 1− ngπα
|E(zG)|2

|Emax|2
(4.10)

where I0 is the measured reflection intensity in the absence of graphene, ng the number of
graphene layers and |Emax|2 the maximum field intensity. From Eq. 4.10 we see that the net
reflected intensity is minimum when graphene is located at the position of |Emax|2.
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Fig. 4.4.: Reflected intensity dependence on hole depth. a Hole array of depths ranging
from 10-300 nm in SiO2 made by focused ion beam milling. b AFM topography of the
device, showing the hole depth. c Reflected intensity against hole depth under 532 nm laser
illumination.

When the graphene membrane is displaced from its initial position zG by a distance ξstatic
towards the back-gate (see Fig. 4.3), the resulting relative change in the reflected intensity is
equal to the relative change of the field intensity due to the linearity of Eq. 4.10:

Ir(zG − ξ)− Ir(zG)
Ir(zG) = |E(zG − ξ)|2 − |E(zG)|2

|E(zG)|2 (4.11)

This relation thus allows us to infer the displacement ξstatic from intensity measurements
using a model for the electric field intensity of our device (see Section 4.3.1). We first confirm
that 2D resonator displacement is indeed observable in reflection measurements, and then
proceed to calibrate the deflection from the measured reflection modulation.

4.3.3. Interferometric detection of static deflection
To observe the effect of resonator deflection on the reflected light intensity, we make maps
of reflected intensity Ir(x, y) from a suspended bilayer graphene resonator (3 µm diameter)
at different static back-gate voltages Vg. This experiment is similar to AFM measurements
shown in Section 4.2.1, but now we use light as a deflection probe. Fig. 4.5a shows maps of
Ir(x, y) normalised to the substrate reflection over a symmetric range of Vg. An increase of Ir
is observed with increasing |Vg|, which indicates that resonator deflection is indeed transduced
to a change of Ir and also shows symmetry in Vg. Line sections (Fig. 4.5b) through Ir(x, y)
maps reveal a parabolic shape, while the the maximum value Ir(r = 0) at the drum centre
shows a linear dependence on (Vg)2. Compared to a direct deflection measurement by AFM
(Section 4.2.1), this indicates a linear relation between deflection and reflected intensity. We
use this linear dependence to read out membrane deflection ξstatic via Ir after calibration as
detailed in the next section.

4.3.4. Calibration of static deflection
From AFM measurements, we observe a linear dependence of deflection on electrostatic force
via ξstatic ∝ V 2

g as discussed in Section 4.2.1. Together with the linear dependence of reflected
intensity Ir on V 2

g , this suggests that we can calibrate Ir to obtain an optical measurement of
deflection ξstatic. The calibration procedure relates measured values of Ir to the electric field
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intensity explored by the moving membrane, which we simulate based on a device geometry
measured by AFM.
Fig. 4.6a shows the linear increase of Ir with (Vg)2 at the centre of a four-layer graphene

drum for a larger (Vg) range than in Fig. 4.5. We normalize Ir by the intensity I0 reflected
from the undeflected drum and obtain an expression which describes our measurements given
by Ir

I0
= 1 +A (Vg)2. Here, A is a device-dependent constant which has dimensions of [V−2]

and is extracted from a linear fit of the measured data.
We combine Eq. 4.8 with the expression for Ir

I0
to obtain an expression which allows us to

determine the displacement ξ0 from the reflected intensity:

ξ0 = κ

[
Ir
I0
− 1
]

(4.12)

where

κ = − ε0R
2

8AT
(
δ + h

εr

)2 (4.13)

is the device-dependent calibration constant which we use to independently read out membrane
deflection in a hybrid optomechanical device.
For large deflections over 65 nm, our calibration is overestimated and does not hold as the

higher terms in Eq. 4.6 must to be taken into account. For the second order in ξ, the solution
becomes:

ξstatic(r) = −
δ + h

εr

2 − C1J0

(
r
√
b
)
− C2Y0

(
r
√
b
)

(4.14)
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where b = ε0(Vg)2(
δ+ h

εr

)3 , C1 and C2 and constants and J0(x) and Y0(x) are Bessel functions of

the first and second kind, respectively.
For the case of small deflections, we determine the value of the calibration constant κ from

the model of the normalized electric field intensity as detailed in Section 4.3.1. By insertion
of measured values of the sample geometry, this model yields the electric field intensity profile
|E|2 (z) in which the graphene membrane lies. To determine κ for a given membrane, we
assume that the measured change in the normalized reflected intensity ∆Ir

Ir,0
corresponds to

the same relative change of the normalized electric field intensity described by the model due
to graphene’s constant absorption fraction:

∆Ir
Ir,0

≡ ∆|E|2

|E0|2
(4.15)

where |E0|2 is the electric field intensity at the initial (undeflected) position of the graphene
membrane.
This approximation holds for cases where the maximum deflection is smaller than a period

of the standing wave ξmax � λ/2 and in the linear region of the electric field intensity away
from nodes of |E|2 (z). Employing this calibration, we extract the deflection with applied
back-gate voltage to be ξstatic,optical

(Vg)2 = 0.15 ± 0.05 nm / V 2 for a membrane with 3 µm
diameter as shown in Fig. 4.6. For comparison, AFM measurements of deflection on a 2 µm
single layer graphene drum yield a value of ξstatic,AFM

(Vg)2 ≈ 0.07 nm / V2 (see Section 4.2.1).
Given the scaling ξ0 ∝ R2

ng
(see Eq. 4.8), we expect a factor ∼ 2 between the deflection of

drums with (R = 1.5 µm, ng = 4, optically calibrated) and (R = 1 µm, ng = 1, AFM
measurement), which agrees well with the ratio ξstatic,optical

ξstatic,AFM
= 2.14. We note that a typical

slack of 10-20 nm for 3-4 µm diameter drums (obtained from AFM, see Section4.2.1) has
to be included in the calibration of interferometric deflection measurements. We also remark
that our calibration technique is based on a measurement of deflection over the laser spot size
(∼ 1.4 µm) which induces a systematic error which we do not account for here.

Interferometric displacement detection

• Interferometric measurements enable in situ, non-invasive monitoring of 2D res-
onator deflection by measurement of the reflected intensity from devices in our
optical setup.

• We find the drum centre deflection of 0.15 ± 0.05 nm / V 2 for 3 µm membrane
diameter, corresponding to a deflection of ∼ 4 nm for a backgate voltage Vg = 5
V.

• We reconstruct the shape of a deflected resonator with spatial reflection maps.

• Combined with simulations of the interference pattern produced by laser illumi-
nation of our device, reflection measurements can be calibrated to measure the
deflected distance, in good agreement with AFM measurements.
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4.4. Dynamics of 2D resonators
Interferometric measurements also enable the detection of the high-frequency nano-motion
of 2D resonators. In this case, we use a fast photodiode to detect the reflection modulation
due to the nano-motion of a 2D resonator. Frequency-domain analysis of these signals yield
mechanical spectra which reveal the resonator’s mechanical properties. In the following, we
describe the models and interferometric measurements used to understand and quantify the
vibrational properties and dynamics of 2D drum resonators. The theory presented largely
follows the work of Weber et al.323.

4.4.1. Harmonic oscillator model
We use a harmonic oscillator model to describe the time-dependence of the vibrational modes
of a graphene drum as described in Eq. 4.5. The vibrational mode shape describes the
displacement over the area of the 2D resonator, while the time-dependence of the displacement
is described by a one-dimensional damped, driven harmonic oscillator:

Mẍ(t) + Γmẋ(t) + kx(t) = Fext(t) (4.16)

Here, x is the displacement and M , Γm and k are the oscillator’s mass, damping rate and
spring constant, respectively. We first consider a periodic driving force Fext(t) = Fexte

−iΩt

at frequency Ω. Then, a solution for oscillator displacement in Eq. 4.16 is given as: x(t) =
x̃e−i(Ωt+φ), where φ is the phase lag between the driving force and the resonator displacement
due to dissipation. Using this ansatz, we obtain:

M(iΩ)2x̃− iΩΓmx̃+ kx̃ = Fext (4.17)

Solving for the displacement:

x̃ = Fext

M( kM − Ω2)− iΩΓm
= χm(Ω)Fext (4.18)

Here, we introduced the mechanical susceptibility χm(Ω), a complex quantity relating dis-
placement and driving force:

χm = 1
M(Ω2

m − Ω2)− iΩΓm
(4.19)

where Ωm =
√

k
M is the angular mechanical resonance frequency4. We now consider a

sinusoidal driving force of the form Fext(t) = Fext cos(Ωt). Then, the resonator’s motion
follows the same form: x(t) = xm cos(Ωt + φ), where we have introduced a phase delay φ
between the driving force and the resonator’s motion due to dissipation. The displacement
amplitude xm is then given as:

xm = Fext√
M2(Ω2

m − Ω2)2 + (ΓmΩ)2
= Fext√

M2(Ω2
m − Ω2)2 + Ω2

mΩ2

Q2

(4.20)

The mechanical response of the resonator thus shows peaks at a frequency Ωm with a
linewidth characterised by the damping Γm = Ωm

Q . Here, Q is the quality factor of the

4When discussing experimental results, we will however refer to the resonance frequency fm in units of [Hz]:
fm = Ωm

2π .
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mechanical resonance which quantifies the sharpness of the peak and its height relative to the
off-amplitude off-resonance (the peak is Q times higher). Physically, it can be understood
as the relation between energy stored W and energy lost ∆W per oscillation cycle of the
resonator269:

Q = 1
2π

W

∆W (4.21)

The phase delay φ of the driven resonator is given as:

φ = arctan
(

ΩΓ
M(Ω2

m − Ω2)

)
(4.22)

For an undeflected circular membrane, the eigenfrequency of the fundamental mode (k =
0) can be found from the time dependence of Eq. 4.1. It is determined by the membrane
geometry and material properties as269:

Ω0 = 2.404
R

√
Etεng
ρ2D

(4.23)

For a monolayer graphene resonator with R = 1.5 µm, ρ2D ∼ 7.6 10−19 kg µm−2 and
a typical built-in strain67 of ε ∼ 10−4, one thus expects Ω0 ∼ 2π 55 MHz. For resonators
with low dissipation, the resonance frequency Ωm is identical to the eigenfrequency Ω0

269.
Importantly, mechanical resonators with high quality factor display a larger amplitude of
motion, which facilitates the detection of their motion. Nonetheless, this amplitude is still
very small even for high-Q 2D mechanical resonators (highest reported81 Q ∼ 105), which
motivates the search for mechanisms which enhance the transduction of their nano-motion to
an optical signal.

4.4.2. Mechanical response with electrostatic drive
As for the case of static deflection, we use electrostatic actuation at high frequencies to drive
the nano-motion of 2D resonators. Here, we evaluate the expected amplitude of motion xm
caused by a monochromatic electrostatic drive of amplitude δVg and frequency Ω at a fixed
static Vg � δVg. For resonant driving (Ω = Ωm), we obtain the following expression from
Eq.4.20 for a resonator driven by a capacitive force of amplitude F = ∂xCVgδVg:

xm(Ωm) = QF

MΩ2
m

= Q

MΩ2
m

∂xCVgδVg (4.24)

We use the first order expression (cf. Eq. 4.3) of C to obtain ∂xC:

∂xC = ∂

∂z

(∫∫
dS

ε0

δ(z) + h
εr

)
(4.25)

This leads to the simple expression:

|∂zC| =
πR2ε0(

δ + h
εSiO2

)2 (4.26)

Using typical values for a monolayer graphene device with d = δ + h
εSiO2

= 165 nm, R = 1.5
µm we obtain ∂xC = 2.07 nF m−1. This yields xm = 150 pm for a drive of Vg + δVg =1
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Fig. 4.7.: Optical measurement of mechanical resonance of four-layer graphene drum
resonator at 3 K Oscillation amplitude (a) and phase (b) measured in reflection with a
photodiode and lock-in amplifier. We use arbitrary units for the oscillation amplitude as the
photodiode signal is proportional to the actual amplitude of motion. The black solid line is a
fit to the data according to the model derived in Eq.4.20. Drive amplitude δV g = 150 µV,
532 nm laser power P = 1 mW.

V + 10 µV, Ωm = 2π 30 MHz and Q = 500. Therefore, detecting the nano-motion of
2D resonators requires sensitive detectors which are compatible with both high resonance
frequencies on the order of 10-100 MHz and sub-nm displacement amplitudes.

4.4.3. Interferometric readout of high-frequency nano-motion
We read out the high-frequency nano-motion of 2D resonators by performing frequency-
domain analysis of the reflected light from a vibrating drum using a fast photodiode read out by
a spectrum analyser (SA) or lock-in amplifier (LIA) (instrument details in Section 2.3.3). Here,
we use the amplified output of the SA internal resonator or an arbitrary waveform generator
to drive the membrane. A typical spectrum of the reflection signal from a driven graphene
resonator at 3 K measured using the LIA is shown in Fig. 4.7a. For small oscillation amplitudes
as calculated in Section 4.4.2, we find the reflection signal modulation is proportional to the
oscillation amplitude. This enables us to extract the mechanical resonance frequency fm ∼
38.8 MHz and quality factor Q ∼ 200 by fitting with a function proportional to xm(Ω) as
described by Eq. 4.20. Here, the resonator is driven at δVg = 150 µV and illuminated with 1
mW laser power, which likely induces heating of the membrane and a concomitant degradation
of the mechanical quality factor, as we have observed in a TMD resonators213 (see Fig. 4.8).
The signal’s phase, shown in Fig. 4.7b, displays a characteristic π phase step upon crossing
over the resonance.

4.4.4. Influence of experimental parameters on mechanical properties

In agreement with previous studies on graphene and other 2D materials66,213,325, we find that
our 2D resonators show higher quality factors when cooled to low temperatures. Fig. 4.8a
shows an example of the change of mechanical spectra of a graphene resonator from a cryostat
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Fig. 4.8.: Influence of experimental parameters on observed mechanical resonance. a
Mechanical spectra of a graphene resonator at two different cryostat base temperatures. b
Mechanical quality factor Q with increasing laser power. c Example of a graphene resonator’s
non-linear response emerging with increasing driving strength δVg . d Damping (Q−1) depen-
dence on cryostat base temperature for a monolayer WSe2 resonator, measured interferomet-
rically with low excitation power. Figure adapted from 213.

base temperature of 200 K to 3 K. An increase of mechanical frequency together with a Q
enhancement by a factor ∼ 5 is observed. The increase in frequency is ascribed to contractions
of the substrate supporting the graphene, leading to higher tension in the membrane despite
graphene’s negative thermal expansion coefficient278,306.
The laser power used for interferometric measurement of nano-motion also influences the

observed mechanical properties. For instance, Barton et al.21 showed that both backaction
heating and laser cooling of a graphene membrane’s mechanical modes could be achieved,
depending on the excitation wavelength and device geometry used. These parameters affect
the gradient of the photothermal force experienced by the suspended 2D resonator. The pho-
tothermal force is delayed with respect to the resonator’s motion, which can induce effective
heating or cooling of the membrane201. In our case, the gradient of the local light field in
which the 2D resonator is suspended can be adjusted slightly by modifying the substrate struc-
ture as described in Section 4.3.1, and the resonator diameter can also be varied. However, we
generally observe a decrease of Q with laser power in our present devices (Fig. 4.8b), which
indicates that we heat the membrane in our configuration. Again, this motivates the study of
other optomechanical coupling mechanisms which require less light intensity to observe the
resonator’s nano-motion without heating it.
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With increasing effective drive amplitude V δVg, we observe the onset of non-linear behaviour
with a characteristic asymmetric "shark fin" mechanical spectrum as shown in Fig. 4.7c. This
behaviour arises due to non-linear damping81, described by an amplitude-dependent Duffing
term ηx3

m in the resonator’s equation of motion. Non-linear damping is negligible at small
oscillation amplitudes, but dominantes the resonator’s intrinsic damping at large oscillation
amplitudes. Experimentally, we drive graphene resonators at amplitudes δVg < 200 µV to
avoid non-linear resonance and the associated bistability and hysteresis for the typical range
of DC voltages |V | < 5 V.

Overall, these results show that low-temperature interferometric measurements with low
laser power and drive amplitude should lead to the observation of high mechanical Q factors
in 2D resonators. In the case of graphene, Eichler et al.81 had already observed Q = 105

using a current mixing technique at a temperature of 90 mK, demonstrating that high Q’s
can indeed be achieved - by reducing dimensionality to a one-dimensional resonator such as a
carbon nanotube, huge quality factors on the order of 5 106 have been observed214 by careful
reduction of contaminants and noise induced by the environment. In comparison, recent
interferometric measurements performed by the Bachtold group at ICFO in collaboration
with the author demonstrated that monolayer TMD drum resonators show high Q values
approaching 105 213 by using laser powers < 100 nW. In these experiments, a combination of
the TMD’s low adsorbate density, higher strain and reduced intrinsic dissipation142 leads to
higher Q-factors compared to graphene.

4.4.5. Electrostatic tuning of resonance frequency
Here, we discuss the impact of the static backgate voltage Vg on the mechanical resonance
frequency fm. Electrostatic deflection results in a tunable mechanical resonance fm by to two
distinct effects: i) capacitive softening, which results in decreasing fm with Vg and ii) elec-
trostatically induced tension, resulting in an increase of fm. For 2D membranes with a large
intrinsic strain, capacitive softening dominates for small deflections while large deflections are
required to induce sufficient additional electrostatic tension to detune the resonator. Capaci-
tive softening arises from a deflection-induced reduction of the resonator’s spring constant278,
resulting in an effective spring constant keff = k − 1

2
∂2

∂2
z
CV 2

g which decreases fm with Vg.
The back-gate dependence of fm is then given as325:

fm = 1
2π

√
2.42T

R2ρ2D
− ε0

ρ2D(δ + h
εr

)3 (Vg − V0)2 (4.27)

where T = Etngε contains the device’s intrinsic strain ε and ρ2D is the modified sheet
density of the membrane which includes an increase by a factor η due to adsorbates. The
other parameters are as defined previously in Section 4.1 and Fig. 4.1.
Interestingly, the measurement of fm(Vg) also reveals intrinsic doping of the graphene drum

and work function differences220, which is observed as a shift of the maximum value fm,max
at non-zero V0. Thus, V0 is an offset voltage which must be taken into account to determine
the deflection potential ∆Vg = Vg − V0 applied to a given drum.

We use Eq. 4.27 to fit typical detuning data shown in Fig. 4.9a for a four-layer (ng =4)
graphene device of radius R = 1.5µm, resonating in its fundamental mode. From the fit,
we extract the offset V0 = 0.89 V, intrinsic strain ε = 1.7 10−4 and sheet mass density
enhancement η = 5.6 - the latter indicates the presence of adsorbates on the membrane. We
remark that compared to other 2D flake transfer processes, our dry stamp transfer method
does not include a cleaning or annealing step after transfer, which could improve the cleanliness
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Fig. 4.9.: Electrostatic tuning of graphene’s mechanical properties. a Tuning of graphene’s
mechanical frequency fm with back-gate voltage Vg due to electrostatic softening. Here, data
are offset by a constant V0 due to doping and work function differences (see main text). The
red dashed line is a fit to the data described in the text. b Mechanical spectra taken over
a larger Vg span without correction for V0 in a different device to a show an interplay of
capacitive softening at |Vg | < 5V and electrostatically induced tension above this value.

of the device. However, such steps may not by compatible with other components such as
nanoscale emitters in a hybrid system.
In a different device, we observe an increase of frequency fm with Vg after an initial

capacitive softening due to electrostatically induced tension67 at higher back-gate voltages
(Fig. 4.9b).

4.4.6. Graphene resonator mode profile

We measure the mode profile of a given graphene resonator by driving it at one of its me-
chanical resonances fm,k (where k = 0 corresponds to the fundamental mode) and recording
the lock-in amplitude at fm,k at each point over the resonator, as described previously in Sec-
tion C.10. Fig. 4.10a shows a finite-element simulation of the fundamental mechanical mode,
while Fig. 4.10b is the corresponding experimentally measured profile. Driving the resonator
at a higher mode, we observe a more complicated mode profile as shown in Fig. 4.10c.

4.4.7. Thermal motion of a graphene resonator

A real, physical mechanical oscillator is always coupled to its environment which acts as a
thermal bath. This coupling results in dissipation of energy from the resonator, leading to
damping of its motion. In the reverse process, Langevin forces due to fluctuations of the
environment around the oscillator’s mechanical resonance frequency can drive its thermal
motion. The relation between these two processes is captured by the fluctuation-dissipation
theorem156, which can be used to calibrate the measurement sensitivity and obtain the oscil-
lator’s position spectrum. We also refer to Hauer et al.117, where this calibration process is
described in detail.
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Fig. 4.10.: Graphene drum resonator mode profile. Mode profiles of a circular graphene
drum resonator. a Finite-element simulation of the fundamental mode profile. Experimentally
observed fundamental (b) and higher order (c) mode profiles. The dashed line indicates the
graphene membrane perimeter.

Resonator position spectrum

The resonator position spectrum Sx[Ω] is defined as the Fourier transform of the temporal

autocorrelation function Cx(τ) =< x(t)x(t+τ) >: Sx[Ω] =
∫ ∞
−∞

Cx(τ)eiΩτdτ . The quantity

∆x2 is then defined as:
∆x2 = 1

2π

∫ ∞
−∞

Sx(Ω)dΩ (4.28)

The Langevin force spectrum is given as:

SL[Ω] = ~
∣∣∣∣Im( 1

χm[Ω] )
∣∣∣∣ coth ~Ω

2kBT
= ~MΓcoth ~Ω

2kBT
Ω (4.29)

where Γ is the damping rate, χm is the mechanical susceptibility. This expression associates
the dissipation of an oscillator (imaginary part of the mechanical susceptibility χm) to the
spectrum of the Langevin forces, which represent the fluctuations of the system. This expres-
sion remains valid in the quantum regime delimited by the critical temperature TQ = ~Ωm

kB
,

where Ωm = 2πfm is the angular resonant frequency of the oscillator. For a graphene res-
onator with fm ∼ 100 MHz, TQ ∼ 0.5 mK. This means that in our experiments performed at
3 K, the resonators are far from being in the quantum regime (in the absence of other cooling
mechanisms). Submitted to Langevin forces, the position spectrum of the oscillator can be
written as STx [Ω] = |χm[Ω]|2SL[Ω] :

STx [Ω] = 2Γ
M
[
(Ω2

m − Ω2)2 + Γ2Ω2
]~Ωm

(
nT + 1

2

)
(4.30)

where nT =
(
e

~Ωm
kBT − 1

)−1
is the Boltzmann distribution. For T � TQ, we define the

quantum fluctuation noise spectrum:

SQx [Ω] = 2Γ
M
[
(Ω2

m − Ω2)2 + Γ2Ω2
]~Ωm (4.31)

For T � TQ, we define the thermal fluctuation spectrum of the oscillator:

STx [Ω] = 2Γ
M
[
(Ω2

m − Ω2)2 + Γ2Ω2
]kBT (4.32)
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At resonance, we obtain:
SQx [Ωm] = ~Q

MΩ2
m

(4.33)

STx [Ωm] = 2QkBT
MΩ3

m

(4.34)

where the mechanical quality factor is defined as Q = Ωm
Γ .

Power spectral density of the reflected intensity

From the AC reflection signal of a thermally driven graphene resonator obtained using a
spectrum analyser, we have access to the measured power spectral density (PSD) Sm of the
AC output voltage delivered by the photodiode. Sm has three contributions: i) the electrical
noise Se, ii) shot noise Sb(Plaser) due to fluctuations of the laser and iii) the mechanical
response Sz of the thermally driven membrane.
Therefore, if the resonator is only submitted to the thermal fluctuations, we measure Sm =

Se + Sb(Plaser) + χ2
optS

T
x . The conversion factor χopt depends on the optical susceptibility

χopt = ∂Ir
∂x , defined as the slope of the standing wave pattern in which the membrane is

moving. This interferometric response Ir is approximated by a sine function. If the initial
position of the membrane is away from any extrema of Ir and in the limit of the small
displacements (δx � λ), we can make the approximation: χopt ∼ βPlaser where β is a
device-dependent calibration constant.

Calibration of the resonator’s position spectrum

First, we measure the amplitude spectrum Vm in units of Vrms at room temperature, T = 300
K. The power spectral density obtained for a given resolution bandwidth (RBW ) Sm = V 2

m

RBW
thus has units of V 2Hz−1.
In order to obtain the position noise Sx (in m2Hz−1), we then calculate the quantity

Sm − Se = Sb + (βPlaser)2Sx. Here, Se is obtained from a background measurement in
the absence of an optical signal. Finally, we fit the obtained signal by a function f(ω) =
L(Ω) + const. . The constant background gives us the quantity Sb, while the Lorentzian fit

L(Ω) provides the mechanical frequency, Q factor and area A =
∫ ∞
−∞

(βPlaser)2Sx(Ω)dΩ. In

order to estimate the conversion coefficient β, we have (from Eq. 4.28):∫ ∞
−∞

(βPlaser)2Sx(Ω)dΩ = (βPlaser)2 kBT

MΩ2
m

(4.35)

From the fit we find that A =
∫ ∞
−∞

(βPlaser)2Sx(Ω)dΩ = 2.751 10−8 V2
rms, and Sb =

2.07 10−12 V2
rms Hz−1. From Eq. 4.35, we can evaluate the quantity:

β = Ωm
Plaser

√
AM
kBT

(4.36)

Thus, β = 2.46 · 1017V.m−1.W−1 which we use to calibrate measured signal in m2 Hz−1 as
shown in Fig. 4.11 and extract the mechanical resonance at fm = 15.5 MHz as well as a
mechanical quality factor Q = 156. The background level Sb defines the sensitivity of our
interferometric measurement to be on the order of 0.5 pm Hz1/2. For the laser powers used
(typically on the order of few mW), we find that our sensitivity is limited by the shot noise of
the laser.
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Fig. 4.11.: Calibrated, single-sided power spectral density of a thermally driven graphene
drum. A Lorentzian fit to the data yields a mechanical resonance frequency fm = 15.5 MHz
and a mechanical quality factor Q = 156 at T = 300K .

Interferometric displacement detection

• Our 2D drum resonators have eigenfrequencies on the order of 10-100 MHz, de-
pending on their geometry,tension and temperature. By driving them electrostati-
cally at these frequencies, we actuate their resonant nano-motion.

• The resonator’s nano-motion induces a small modulation of the reflected light,
which we detect with fast photodetectors. In this way, we make an interferometric
measurement of the resonator’s mechanical spectrum and find typical resonance
frequencies fm ∼ 10-70 MHz and quality factors Q ∼ 200-2000 for graphene, and
Q = 53000 for WSe2.

• Applying a combination of DC and AC back-gate potentials, we deflect the vibrating
resonator and tune its resonance frequency. This measurement also allows us to
extract the intrinsic strain (∼ 10−4) and 2D mass density of our device, which is
enhanced by a factor ∼ 5 due to adsorbates on the membrane.

• In the absence of electrostatic driving, we measure thermal motion of our resonators
at 300 K, which we use to calibrate the sensitivity of our interferometric detection,
resulting in a value of 0.5 pm/Hz−2.

4.5. Conclusion
In this chapter, I discussed a model of a suspended circular 2D drum from which its deflection
under a uniform electrostatic pressure and its eigenfrequencies can be derived. The static
deflection behaviour predicted by this model is confirmed by AFM measurements, which
demonstrate that electrostatic actuation with DC back-gate potentials provides stable and
repeatable nanoscale deflection control. As an alternative approach to characterising 2D
mechanical resonators, I presented an interferometric technique which we implemented in our
optical setup. The technique is based on the 2D resonator acting as a mobile absorber in a
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standing wave formed by an excitation laser and allows calibration of the membrane’s static
deflection in good agreement with values measured by AFM.
Using the same electrostatic actuation mechanism as for static deflection, the resonators

can also be driven at their high-frequency mechanical resonance by applying radio-frequency
back-gate potentials and their nano-motion detected interferometrically. Using this technique,
I showed that our graphene resonators have typical mechanical resonance frequencies of 10-100
MHz with quality factors of 200-2000, and that their mechanical frequency is electrostatically
tunable. Furthermore, we observe the thermal motion of these resonators which allows us to
quantify the sensitivity of our measurement setup and to calibrate the resonators’ amplitude
of motion. Importantly, our results show that we can reach a detection sensitivity > 0.5 pm
Hz−1/2, which is comparable to graphene’s zero-point motion (amplitude ∼ 0.1-1 pm) with
this technique. However, to observe this motion, we employ large powers in the mW range
which heat the membrane and thus inhibit the observation of quantum behaviour in spite of
the sensitivity of the technique. Therefore, non-invasive techniques such as a transducer for
nano-motion detection are required, as I will present in the next chapter.
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5. A hybrid optomechanical system
coupling graphene nano-motion to
NVC emission strength

Despite recent progress in nano-optomechanics, active control of optical fields at the nanoscale
has not been achieved with an on-chip nano-electromechanical system (NEMS) thus far.
In this chapter, I present a new type of hybrid system, consisting of an on-chip graphene
NEMS suspended a few tens of nanometres above nitrogen-vacancy centres (NVCs), which are
stable single-photon emitters embedded in nanodiamonds. Electromechanical control of the
photons emitted by the NVC is provided by electrostatic tuning of the graphene NEMS position
described in the previous chapter, which is transduced to a modulation of NVC emission
intensity. The optomechanical coupling between the graphene displacement and the NVC
emission is based on near-field dipole–dipole interaction. This class of optomechanical coupling
increases strongly for smaller distances, making it suitable for nanoscale devices which enable
transduction of graphene’s nano-motion at the single photon level. These achievements hold
promise for selective control of emitter arrays on-chip, optical spectroscopy of individual nano-
objects, integrated optomechanical information processing and open new avenues towards
quantum optomechanics.

5.1. Introduction
Active, in situ control of light at the nanoscale remains a challenge in modern physics and
in nanophotonics in particular5,129,262. A promising approach is to take advantage of the
technological maturity of nano-electromechanical systems (NEMS) and to combine it with
on-chip optics60,173,242. However, in scaling down the dimensions of such integrated devices,
the coupling of a NEMS to optical fields becomes challenging. Despite recent advances in
nano-optomechanical coupling212,236,292,336, in situ control of light at the nanoscale with an
on-chip NEMS has not been accomplished thus far. In this context, recent work has shown
that graphene is an ideal platform for both nanophotonics111,154,179,225,305 and nanomechan-
ics47,67,81.

Here, we demonstrate a single device combining these two platforms. In this device,
the transduction between nano-motion and an optical field is due to a strong modifica-
tion of an emitter’s relaxation rate and light emission when graphene is placed in its near
field40,89,100,109,199,225,297, at nanometre-scale distances. The coupling strength increases strongly
for shorter distances and is enhanced because of graphene’s two-dimensional (2D) character
and linear dispersion. As such, this near-field hybrid optomechanical coupling mechanism be-
tween graphene and a point dipole is intrinsically nanoscale in comparison with the evanescent
coupling involving micron-scale cavities and waveguides in previous lines of work7,61,71,256,325.
In addition, owing to its electromechanical properties, graphene NEMS can be actuated and
deflected electrostatically over few tens of nanometres with modest voltages applied to a gate
electrode19,67,278,325,332, see Section 4.2. The graphene motion can thus be used to modulate
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Fig. 5.1.: Relaxation of an emitter in the presence of graphene. Energy diagrams of an
optical emitter and graphene at the K point of the Brillouin zone (Dirac cone). For small
separations d < 50 nm, the relaxation of the excited emitter is predominantly due to near-field
dipole–dipole interaction by excitation of electron–hole pairs in graphene.

the light emission, while the emitted field can be used as a universal probe100,109,199 of the
the graphene position.
As discussed in Section 1.3, coupling between an emitter and graphene can manifest itself

in various ways, such as Stark shift250, dipolar-coupling induced modification of the emission
intensity89,100,295,297 or energy (Casimir-Polder219), or as energy transfer to graphene plas-
mons154,225. In our experiment, we use the dipole-graphene coupling to control the NVC
emission by the graphene displacement. This effect is due to non-radiative energy transfer
(n-RET) and is mediated by dipolar interactions between the emitting point dipole and in-
duced (lossy) dipoles in graphene, as shown schematically in Fig. 5.1. As a consequence, it
gives rise to a diverging decay rate109 ΓG ∝ d−4 of the emitter in the presence of graphene
at a separation d = 5-50 nm. Therefore, the emission is reduced with decreasing graphene-
emitter separation (see Section C.4). Here, graphene has the advantage of being a 2D gapless
broadband energy sink. First, the distance-dependence of the energy transfer rate is gov-
erned by material-free parameters and the wavelength, which can be exploited as a universal
nano-ruler100,109,199. Second, the enhanced dipolar coupling strength and stronger distance
dependence (d−4 compared to d−3 for bulk materials100) makes the near-field dipolar inter-
action a more effective and divergent coupling mechanism between a graphene NEMS and a
fluorescent emitter.

5.2. Hybrid nano-optomechanical device

To harness near-field dipolar interactions for nano-optomechanical coupling, we propose and
demonstrate a novel type of integrated hybrid device as shown in Fig. 5.3. Our device consists
of a 4-layer graphene membrane designed to be suspended some 10-50 nm above a nano-
diamond containing one or a few fluorescent nitrogen vacancy centres (NVCs)26,79, as shown
in Fig. 5.3. By applying a combination of a DC and AC voltage to the conducting graphene
membrane relative to the doped silicon back gate, we electrostatically control the graphene-
NVC separation and can simultaneously drive the resonator at radio frequencies. Thus, our
device enables electro-mechanical control of the NVC emission while the emitter acts as a
transducer of the resonator’s nano-motion.
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Fig. 5.2.: Hybrid optomechanical device sketch. A graphene drumhead resonator is sus-
pended over a shallow hole etched into SiO2 containing an emitter. The graphene resonator
can be electrostatically deflected towards the emitter and driven at resonance by DC (V )
and AC (δV ) gate voltages, respectively. A laser excites the emitter, and reflected light and
emitter fluorescence are collected by a photodiode and APD, respectively.

5.3. Co-localisation of graphene nano-motion and NVC
emission

Our hybrid devices are fabricated in arrays (10 to 100 devices per chip), but we address them
individually using the custom-made scanning confocal microscope described in Chapter 2 with
532 nm laser excitation at powers < 1 mW to avoid NVC saturation (see Appendix C.1). In
this way we excite and monitor the NVC fluorescence (Fig.5.4b) and reflectance (Fig.5.4a)
over the device. As described in Section 4.3 these reflection measurements also allow us to
detect the nano-motion of the graphene resonators by interferometry. By recording mechanical
spectra (as shown in Fig. 4.8) over the device area, we can extract a map of the mechanical
resonance frequency fm, shown in Fig. 5.4c. Here, fm depends on drum diameter as described
in Section 4.4 and can also vary between similar drums due to inhomogeneous strain and the
presence of ripples as well as photothermal effects21. Together, Figs. 5.4b,c reveal the co-
localisation of the emitters and graphene resonators required for hybrid interaction.

103



5. A hybrid optomechanical system coupling graphene nano-motion to NVC emission strength

a

3 µm10 µm

Electrode SiO2

Graphene

Nano-diamonds
*

1 µm

70 nm

b c

Fig. 5.3.: Graphene–NVC hybrid optomechanical device. a False colour SEM micrograph
of arrays of hybrid graphene devices. Graphene is closely suspended over nanodiamonds (0–50
nm) and clamped at the edges of the holes by van der Waals interactions. b False colour
AFM topology of nanodiamonds (red) deposited in the centre of a hole etched into SiO2,
marked with an asterisk in a. c Detail of nanodiamonds in a hole half-covered by a suspended
graphene membrane.
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Fig. 5.4.: Graphene–NVC hybrid optomechanical device. a False colour confocal reflection
map of the same device shown in Fig. 5.3 at T = 3 K. At each laser position, both emission
and a mechanical spectrum are recorded, thus providing a spatial map of the NVC emission
(b) and the extracted mechanical resonance frequency fm (c).

Hybrid nano-optomechanical device

• We propose and fabricate a hybrid optomechanical device where a mechanical
graphene resonator of typically 3 µm diameter is suspended 0-50 nm above an
ensemble of NVCs in a nanodiamond.

• We fabricate arrays of such devices on a single chip by combining deterministic nan-
odiamond deposition with dry transfer of large graphene flakes to make suspended
drum resonators.

• In these devices, separation-dependent near-field interactions provide optomechan-
ical coupling between NVC emission strength and graphene’s nano-motion.

• AFM measurements confirm that electrostatic deflection of the graphene resonator
enables nanoscale control of the graphene-NVC separation.

• Interferometric measurements provide an independent calibration of graphene res-
onator deflection. devices

5.4. Electromechanical NVC emission strength control
In order to quantify and control the near-field interaction between the NVCs and the graphene
resonator, we tune the graphene-emitter separation electrostatically. The membrane is at-
tracted towards the NVCs by applying a potential difference Vg between the back gate and
the graphene drum.
For a device showing co-localised graphene nano-motion and emission, we use AFM and

interferometric measurements described in Sections 4.2,4.3 to calibrate the actuation and
find 1.2 ± 0.1 nm / V2 for the sample shown here. For a given value of Vg, the graphene-
emitter separation is dG−NV C(Vg) = d0−ξstatic(Vg), where d0 is the initial graphene-emitter

105



5. A hybrid optomechanical system coupling graphene nano-motion to NVC emission strength

(∆Vg )
2     (V2)

Em
is

si
on

 (k
ct

s/
s)

9060300
dG-NVC    (nm)

Emission

1 µm

0 (kcts/s) 20 

20

10

025

NVC

Fig. 5.5.: In situ electromechanical control of dipolar coupling. Dependence of measured
NVC emission intensity (blue) on the graphene-emitter separation dG˘NV C , controlled by elec-
trostatic deflection of the membrane. With increasing (∆Vg )

2 , the membrane approaches
the NVC, thereby reducing dG˘NV C and quenching the NVC emission. Data can be fitted with
an n-RET model (red), which also allows deflection calibration. For large separations, the
extrapolated emission rate agrees with measured emission of nanodiamonds in the absence of
graphene. The grey band is an uncertainty interval of width 1,500 cts/s, estimated in detail
in Appendix C.8. Inset: optical emission map of the hybrid system showing localized NVC
emission below the graphene resonator (resonator perimeter shown dashed white).

separation extracted from the measured device topology (see Fig. 5.3b). Such electrostatic
actuation provides in situ and stable control of the graphene deflection from its initial position
to the point of contact with the nano-diamond. This point of contact is can be determined
from measurements of the resonator’s mode profile with deflection towards the nano-diamond
as described in Appendix C.10. Upon contact with the nano-diamond, the mode profile is
severely distorted.
We use this in situ control to extract the separation between graphene and a localised

emitter, a quantity that is difficult to extract using far-field or local probe techniques. Fur-
thermore, we experimentally verify that the graphene-emitter coupling is due to n-RET by
measuring the NVC emission as a function of the membrane position. As shown in Fig. 5.5,
we observe a non-linear reduction of the NVC emission as the membrane is electrostatically
deflected towards the nano-diamond. As introduced above, the emitter decay rate ΓG(d)
has a non-linear separation dependence, which induces a separation-dependent total emission
strength given as100 (solid line in Fig. 5.5):

ΦG = Φ0

1 + 9να

256π3(εeq+1)2
(

λ
dG−NVC

)4
+ Φbg (5.1)

Here, Φ0 is the emission of a single emitter in the absence of graphene, ν ∈ takes into
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account the emitting dipole orientation, α is the fine structure constant, εeq is the equiva-
lent relative permittivity of the separating medium (see Appendix C.8) and λ is the emission
wavelength, which we take to be the peak wavelength of the NVC emission spectrum (shown
in Appendix C.2). We fit the data with the emission model shown above where we consider
energy transfer from an individual NVC to graphene109. We consider this interacting emitter
to be the NVC closest to the graphene, within a nano-diamond containing an ensemble of 1-4
NVCs26. Further, we assume NVCs embedded deeper within the nano-diamond to contribute
to a fluorescence background Φbg (visible in Fig. 5.5 for small separations) with negligible
dependence on the graphene membrane position (see Appendix C.5). This background fluo-
rescence inhibits the use of radiative lifetime decay measurements as an alternative method
to probe the n-RET separation dependence (see Appendix C.6). However, good agreement of
our data with the n-RET model shows that emission measurements provide an indirect optical
probe of the graphene position. Given the assumptions described, the main contributions to
the measurement uncertainty - shown in Fig. 5.5 as a grey band - are the broad emission
spectrum as well as the uncertainty in the initial membrane position (the error is derived in
Appendix C.8). We remark that the observed emission reduction cannot be a result of an
interferometric modulation of the excitation intensity due to graphene deflection. Indeed, for
our device geometry (oxide thickness and hole depth) the interferometric effect would lead
to an increase of the emission upon decreasing dG−NV C , in contrast to the measurements
shown in Fig. 5.5 (we discuss this in more depth in Appendix C.1).

Electromechanical NVC emission strength control

• Non-radiative energy transfer (nRET) scales with graphene-NVC separation as
(dG−NV C)−4

• We tune dG−NV C by electrostatic deflection control and with it the nRET effi-
ciency.

• As a result, we observe emission quenching for small dG−NV C due to enhanced
nRET.

• Conversely, we can use emission quenching as a nano-ruler to quantify dG−NV C .

5.5. High-frequency graphene nano-motion transduction
to NVC emission strength

In addition, our hybrid device enables high frequency and local control of individual emitters
at sub-wavelength scales. To demonstrate this concept, we show optomechanical transduc-
tion of graphene’s radio-frequency nano-motion to NVC emission by performing time-resolved
emission measurements as described in Section 2.5.3. During a mechanical oscillation cy-
cle, the graphene-emitter separation dG−NV C periodically varies with an amplitude δz and
the graphene position is imprinted on the NVC fluorescence. To observe this, we drive the
resonator capacitively at frequency fdrive and simultaneously perform time-correlated single
photon counting of the emitted photons over a few mechanical periods. By repeating such
synchronized acquisition, we obtain a histogram of photon arrival times modulated at fdrive,
as shown in Fig. 5.6. As such, this transduction mechanism involves three successive steps: i)
the initial electro-mechanical actuation of the membrane, followed by ii) a quasi-instantaneous
optomechanical transduction due to n-RET ( c

dG−NVC
� fm) c being the speed of light), and
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Fig. 5.6.: Graphene nano-motion transduction to NVC emission. Time trace of NVC
emission (bars) modulated by a driven graphene membrane oscillating at frequency fm in its
near field. Distance-dependent dipolar emitter–graphene coupling imprints the nano-motion
of the graphene membrane on the emission.

finally iii) a conversion into a time-resolved electronic signal at the single photon counting
module. Additional interferometric measurements enable calibration of the driven oscillation
amplitude to be approximately 1 nm at resonance (see Section 4.4.2). The optomechanical
transduction step is linear for δz � dG−NV C , resulting in the observed sinusoidal emission
modulation despite the non-linear dependence of emission on dG−NV C .
In order to reveal the mechanical spectrum of the graphene resonator in the NVC emis-

sion, we extract the modulation depth AFFT (fdrive) defined as the Fourier component of
the emission time-traces at different frequencies fdrive. At mechanical resonance, both the
amplitude of motion δz(fm) and AFFT (fm) are greatest. Indeed, by sweeping fdrive through
fm (independently measured by interferometry), we can reconstruct the mechanical spectrum
of the graphene resonator (Fig. 5.7a) through the near-field transduction mechanism1.
To show that this transduction strength can be tuned in situ, we record AFFT (fm) while

varying the stationary separation dG−NV C , as shown in Fig. 5.7b. Here, the differential
emission ∆AFFT = AFFT (fm)

Ar(fm) is the measured emission modulation amplitude AFFT (fm),
normalised to the resonant oscillation amplitude Ar(fm) as obtained from interferometry.
This normalisation is necessary to compensate the increase of Ar with increasing back gate
voltage as δz(fdrive) ∝ χmVgδVg(fdrive), where χm is the mechanical susceptibility. The
measurements shown in Fig. 5.7 reveal that ∆AFFT diminishes with increasing Vg. Indeed,
while the near-field interaction diverges with decreasing dG−NV C , the observed emission and
thus the transduced signal is quenched. Our data can be fitted by the derivative of NVC
emission with respect to dG−NV C , as expected from Eq. 5.1. We find that the largest
transduction would be obtained for a separation of 35 ± 3 nm. These results, summarized
in Fig. 5.7b, show that we achieve active control of the optomechanical coupling strength by
tuning the separation between an emitter and a vibrating graphene NEMS.
Finally, we explore the localized nature of the near-field coupling mechanism in the nor-

mal plane through time-resolved emission from our hybrid device over the whole area of the
resonator driven in its fundamental mode (see Section 4.4.6). A spatial map of AFFT (fm)
(inset of Fig. 5.7a) shows a stronger signal at the NVC’s site, as expected for such n-RET
coupling between graphene and a point-like emitter. This observation highlights the intrinsic
1Here, the background is due to extraction of the Fourier component at fm from relatively short sampling
of typically 4-5 oscillation cycles with a finite binning time (typically 256 ps) of the time-correlated single
photon counter.
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Fig. 5.7.: Graphene mechanical resonance transduction to NVC emission. a Differential
oscillating NVC emission: each point corresponds to the amplitude of the Fourier component at
fdr ive of the emission time trace (as in Fig. 5.6). A Lorentzian fit of the data (red line) yields the
same value for fm as obtained independently by interferometry. Inset: spatial map of Fourier
component at fdr ive , localized around the emitter position (*). The dashed circle indicates
the graphene drum perimeter. b Dependence of measured (blue) and extrapolated (red)
differential NVC emission intensity on the graphene-emitter separation dG˘NV C , normalized by
the membrane’s resonant oscillation amplitude Am (which increases with Vg , thus reducing
the measurement uncertainty for small dG˘NV C ). The grey band is an uncertainty interval (see
Appendix C.8).

localization of the interaction, confined within a sub-wavelength volume. As such, a small
ensemble of emitters can be used as a local transducer of the graphene NEMS motion, which
enables eigenmode shape reconstruction. On the other hand, driving the NEMS at higher-
order mechanical modes with sub-wavelength spatial modulations would allow addressing and
coupling to individual emitters distributed over separations unresolvable with far-field optics.

High-frequency graphene nano-motion transduction to NVC emission strength

• In our hybrid device, the graphene resonator’s high frequency nano-motion is im-
printed on the dynamics of NVC emission by n-RET coupling.

• We capture this effect with time-resolved emission measurements which reveal pe-
riodic NVC emission modulation under a graphene resonator vibrating at resonance
(fm ∼ 100 MHz).

• Using the NVC as a transducer of the nano-motion amplitude, we reconstruct the
mechanical response of the graphene resonator by measuring single photons.

• We control the coupling strength in our device by tuning the resonator’s equilibrium
position. Combining static deflection and time-resolved emission measurements,
we find that the highest coupling strength occurs at a graphene-NVC separation
of ∼ 35 nm.

• Spatial maps show that the optomechanical coupling is highly localised to the NVC
site, as is expected for a near-field effect.
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5.6. Discussion and Conclusion
The dissipative coupling of nano-motion to emitter decay rate in our device also holds promise
for optomechanics experiments. To quantify the dissipative coupling demonstrated here, we
use an established formalism83,327 to extract a dimensionless dissipative coupling strength
(see Appendix C.9) B̃ = ∂zΓGzzpmΓ−1

0 ∼ 10−7 and the dissipative optomechanical coupling
rate ∂zΓGz = 60 kHz.nm−1. Here, ΓG is the decay rate of the emitter in presence of
graphene, zzpm ∼ 65 fm is the zero-point motion of the resonator and Γ0 ∼ 16 MHz is
the intrinsic decay rate of NVCs in a nanodiamond, extracted from lifetime measurements in
Appendix C.6. This is comparable to existing dissipative optomechanical devices such as a
microdisk coupled to an optical waveguide174, a graphene resonator coupled to a microsphere
optical resonator71 or a photonic crystal nanocavity334. The dissipative coupling quantified
here takes into account spectral broadening of the emitter we selected. We remark that the
coupling strength B̃ in our devices would be enhanced by coupling nano-motion to a single,
lifetime-limited linewidth emitter instead of an ensemble of broadband emitters. Such single
emitters are readily available, for example single molecules224 or NVC’s in bulk diamonds290,
in nanocrystals or implanted close to a surface69.

In conclusion, we have realised a novel device comprising a graphene NEMS dissipatively
coupled to nitrogen vacancy centres by near-field dipolar coupling. Our work offers interest-
ing perspectives for lock-in detection of weak fluorescence signals, NEMS position sensing,
electro-mechanical control of emitters on chip and fast electro-mechanical light modulation at
the single photon level. Based on the system presented, we envision a similar device which har-
nesses vacuum fluctuations219 to induce a divergent and dispersive optomechanical coupling
between a quantum emitter and a 2-dimensional mechanical resonator. For instance, using
a semiconducting 2-dimensional resonator (e.g. MoS2) instead of graphene suppresses the
nRET dissipative coupling so that the coupling is purely dispersive. Using a lifetime-limited
linewidth emitter - such as a DBT molecule224 - would then enable coherent manipulation of
mechanical and optical degrees of freedom at the level of single quanta10,252,336.
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6. Single molecules: ultra-narrow
quantum emitters in a nanoscale
environment

Single fluorescent molecules hosted in organic crystals are bright, photostable single photon
sources with lifetime-limited optical resonance at cryogenic temperatures182,183. Integrating
these emitters with 2D materials in hybrid nanoscale devices enables control of the emission
properties due to non-radiative energy transfer (nRET) as well as Stark and Casimir-Polder
energy level shifts. Here, efficient hybrid interactions require nanoscale proximity of the emitter
to the 2D material. However, emitters in nanoscale hosts are also exposed to detrimental
interactions with their environment which degrade optical properties such as narrow emission
linewidth observed in bulk hosts. For instance, although NVCs with lifetime-limited linewidths
have been observed in nanodiamonds276, statistics over many nanodiamonds show a broad
spread of brigthness and lifetimes211, which suggests that coupling to the environment is
distinct for each NVC. Efficient hybrid interaction requires that broadening and fluctuation
due to undesired coupling to the environment is minimised in a nanoscale host such that
desired and controllable hybrid interactions dominate.
In this chapter, I seek to reconcile the apparent contradictions of small host volume and

ultra-narrow emission, putting special focus on single DBT molecules hosted in anthracene
(Ac). I present a novel technique for making Ac nanocrystals hosting single DBT molecules in
a protective polymer thin film. Importantly, low-temperature optical characterisation of DBT
molecules in these nanocrystals shows that they retain their bulk lifetime-limited linewidth.
Finally, I also present a technique which permits 3D structuring of the polymer thin film for
engineering of the molecule’s nanoscale environment.

6.1. Bulk organic crystals hosting single molecules
In many of the seminal experiments which demonstrated the outstanding optical properties of
single fluorescent molecules, bulk organic microcrystals (typically tens of microns in diameter
and 1-2 microns thick) hosting ensembles of optically active polycyclic aromatic hydrocarbon
guest molecules were used291. A common approach to fabricating this host-guest architecture
is to evaporate and co-sublimate both materials together on a cool surface224, resulting in
large, clean crystals186. These crystals form a highly ordered environment which does not
perturb single molecules embedded within them, resulting in narrow, often lifetime-limited
single photon emission at low-temperature.
Fig. 6.1 shows co-sublimated anthracene crystals hosting DBT molecules provided by the

Toninelli group at LENS. When cooled to 2.8 K in a cryostat, single DBT molecules hosted
in these co-sublimated crystal show bright emission spots under wide-field resonant excitation
at 785 nm (Fig. 6.1)1.
1Here, the laser is slightly defocused to illuminate the crystal area and emission images taken over the
detuning range are overlaid.
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a b

Fig. 6.1.: Co-sublimated anthracene crystals hosting DBT molecules a Reflection mi-
crograph of co-sublimated anthracene crystals on sapphire. b Emission from single DBT
molecules in a co-sublimated anthracene crystal at 2.8 K.

While co-sublimated crystals provide a well-protected environment for studying the intrinsic
properties of single molecules with lifetime-limited emission linewidths at cryogenic temper-
atures, manipulating them for integration with other nanoscale photonic structures is chal-
lenging due to their relatively large size and sensitivity to standard chemical processes2. In
particular, such large structures are unfavourable for studying near-field interactions as the
majority of molecules hosted in the bulk does not interact with the crystal’s environment -
typically, the host size should be on the order of a wavelength or less (e.g. 785 nm for DBT)
such that most molecules interact with their nanoscale environment. By adjusting the co-
sublimation parameters, thinner crystals can be made as shown in a recent study by Polisseni
et al.247. Their approach was to sublimate flat, thin (50-150 nm) anthracene crystals onto
DBT molecules spin-cast onto a chip prior to sublimation. Molecules in the resulting crystals
show emission lifetimes comparable to bulk co-sublimated crystals (typically 4.5 ns). However,
in the sense of hybrid integration, this technique still has the drawbacks of random positioning
of the crystal and the fact that a target photonic structure is subjected to the relatively high
and possibly detrimental temperatures involved in sublimation (∼ 150-200◦ C).
Alternatively, a microfluidic approach as been demonstrated by the Sandoghdar group85,108,303,

which utilises capillary forces to fill microstructured channels with a molten mixture of host
and guest material. Upon cooling, this mixture forms organic crystals hosting single molecules
with lifetime-limited linewidth, with the advantage that the crystal shape is defined by the
structure of the microchannel. However, as for the case of Polisseni et al., this process involves
high temperatures to melt the host crystal and the resulting microstructured crystal is enclosed
by the microfluidic channel, which can be problematic for interactions which require nanoscale
separation to a different material. In the reported microfluidic structures, the thickness of the
microfluidic channel itself is on the order of 100 µm85 such that structures to which the
emitters couple efficiently have to be within the microfluidic channel303 - encapsulated by the
molten crystal - which limits the type of system that can be realised in this way. For precision
integration of single molecules with delicate structures, other process are required which we
explore in the following.
2For example, anthracene, a common host material, is highly soluble in acetone and isopropanol, which are
standard solvents for nanofabrication.
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Bulk organic crystals hosting single molecules

• Bulk organic microcrystals are a protective host environment for single molecules,
which display bright single photon emission and lifetime-limited linewidth at low
temperatures and make these emitters good candidates for nanophotonic integra-
tion.

• However, bringing single molecules in a bulk host into nanoscale interaction with
other nanophotonic structures is complicated as most molecules are embedded
deep within the microcrystal.

• Furthermore, standard microcrystal sublimation techniques require relatively high
temperatures (> 150◦ C) which are not compatible with delicate hybrid compo-
nents and do not provide position control. The solubility of such microcrystals
in organic solvents also limits the use of standard nanofabrication techniques for
structuring them.

• Microfluidic shaping of organic crystals provides deposition control and lifetime-
limited linewidth in significantly thinner structures (> 100 nm) but also requires
melting the organic crystal and that structures which are coupled to single molecules
at nanoscale separation be embedded within the crystal, which limits the suitability
of this technique for hybrid systems.

• Therefore, nanoscale integration of these emitters with sensitive hybrid components
requires techniques for scaling down the host environment size and controlling
deposition while avoiding elevated process temperatures.

6.2. Low-temperature spectroscopy of DBT-doped
organic nanocrystals

In this chapter, I will present three different techniques for scaling down the anthracene (Ac)
host volume to enable efficient interaction of DBT molecules with their environment, while
retaining the bulk emission properties. Essentially, they comprise a spin-casting technique
as well as suspension-based self-assembly techniques - the fabrication details are given in
Section 6.3. Between the three techniques, a comparison identifies Technique 1, DBT-doped
nanocrystals (NCs) suspended in PVA ("DBT-doped PVA"), as the best choice in terms of
small host volume, narrow linewidth and bright emission (Table 6.1). In this section, I will
present the optical properties of single DBT molecules at 2.8 K in nanocrystals made by
Technique 3.

Table 6.1.: Comparison of three different techniques for scaling down DBT host volumes in
terms of minimum observed linewidth (Γmin) and maximum saturation emission (Φmax ) at
2.8 K. Bulk data are taken from Nicolet et al. 224.
Technique Host volume Γmin/2π (MHz) Φmax (kcts/s)
Bulk: > (100µm)3 30-40 40
1: Spin-cast Ac:DBT > (1µm)3 80 80
2: Self-assembled Ac:DBT NCs < (400nm)3 500 3
3: DBT-doped PVA < (400nm)33 45 100
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6.2.1. Off-resonant ensemble emission spectrum
We start by gaining an overview of DBT’s relevant spectral features by measuring the emission
spectrum of an ensemble of DBT molecules in a nanocrystal under off-resonant excitation with
a 767 nm laser. Fig. 6.2a sketches the off-resonant excitation process301: after laser excitation
with an energy ~ωexc. larger than the molecule’s transition energy, the molecule relaxes to
the vibronic ground state of the excited electronic state by a fast301 (picosecond) vibrational
relaxation. The molecule then emits into the zero-phonon transitions between the vibronic
ground states (v = 0) of the electronic ground and excited state (00ZPL) and sidebands
with peaks corresponding to higher vibronic transitions (v 6= 0) and their respective phonon
sidebands (PSB)97 as shown in Fig. 6.2b. In a measured low-temperature spectrum shown in
Fig. 6.2c 4, we recognise a strong emission peak at ∼ 785 nm corresponding to the 00ZPL
and smaller peaks corresponding to higher vibronic transitions, with a broad PSB background.
Cooling from 20 K to 3.4 K, we observe a narrowing and increase of the ZPL intensity, which
is particularly clear for the 00ZPL. This behaviour is attributed to a reduced population of
phonon modes of the host matrix and librational modes of the molecule which shift and
broaden the transition110,139,158 - effectively, cooling down "freezes" the molecule and its
environment. From the data at 3.4 K, we extract a branching ratio of the ZPL contribution
(spectral area) to the total spectrum of ∼ 27%, which is comparable to the reported bulk
value of 33%301. The observed narrowing of the transition with temperature highlights the
importance of cryogenic cooling to reduce the impact of thermal fluctuations.
We emphasize that the narrow and clearly distinguishable peaks observed in these DBT

spectra differ strongly from the broad emission observed from NVCs in a nanodiamond at
3 K (see Appendix C.2), despite the equally small volume of the host environment - this
suggests that our nanocrystals are of high quality, and that individual molecules should show
an extremely narrow linewidth.

6.2.2. Optical response of a single DBT molecule
Having observed narrow emission from an ensemble of cold DBT molecules, we now optically
isolate a single molecule to characterise its emission in the nanocrystal. These measurements
are performed on a PVA film containing anthracene nanocrystals which host DBT molecules
(Technique 3) cooled to 2.8 K in our scanning confocal setup.

First, we make a spatial map of our sample under pseudo-broadband excitation (see Sec-
tion 2.4.2) and observe emission of many optically active nanocrystals over the full scanning
area (Fig. 6.3a). This excitation scheme enables uf to quickly localise DBT emitters which
are distributed over two spatial and a frequency dimension, which would make emitter local-
isation at a single frequency extremely time-consuming. By performing such maps over the
full thermal detuning range of our laser (∼ 1 THz) while oscillating the current detuning over
a smaller range (∼ 50 GHz), we map out DBT’s optical resonance at each position on the
device. In Fig. 6.3b, we map the location of the brightest emitters for each thermal detuning
step, which shows that DBT resonances can be found over the full detuning range. Some
areas show emission only when excited within a certain detuning band, which highlights the
importance of having a broadband technique to locate emitters efficiently. The background,
corresponding to large negative detuning, is suppressed as the excitation light leaks through
the long-pass filter at these detuning values.
Focusing on a single fluorescent nanocrystal, we characterise its emission by scanning laser

spectroscopy (Fig. 6.6a), which reveals a series of bright, sharp emission peaks from the
4This data was measured and kindly provided by our collaborator Pietro Lombardi at LENS
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Fig. 6.2.: Low-temperature DBT emission spectrum in a nanocrystal under off-resonant
excitation. a Off-resonant excitation scheme, showing the laser excitation (purple) and emis-
sion into vibronic ground state (v = 0) and higher order (v 6= 0) zero-phonon lines and their
respective phonon sidebands (PSB). b Schematic emission spectrum from emission processes
as described in a. c Measured DBT emission spectra from an anthracene nanocrystal under
excitation at 767 nm cooled to 20.1 K (orange) and 3.4 K (green). Data are normalised to the
laser peak intensity. The grey line is a spectrum taken at position away from the nanocrystal.
Data kindly provided by Pietro Lombardi at LENS, Florence.
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Fig. 6.3.: Spatial distribution of DBT resonance at 2.8 K. a Spatial map of DBT emission
from nanocrystals measured at a fixed thermal detuning (100 GHz) and oscillating current
detuning at 200 Hz modulation frequency over ∼ 50 GHz with an APD integration time of 50
ms. b Superimposed spatial maps of DBT emission in the same area as in a, measured step-
wise over the full range thermal detuning range. (one colour corresponds to one step) with
the same current detuning as in a. For each thermal detuning step, coloured spots indicate
the brightest emission areas at that detuning.

DBT ensemble hosted within it. The peak energy dispersion is a signature of inhomogeneous
broadening209 due to local variations of strain and charge within the nanocrystal, enables
spectrally addressing a single molecule. A single peak shows a Lorentzian resonance with a
typical linewidth of Γ/2π = 70 MHz.
To confirm that we are addressing a single molecule, we measure photon statistics in

Hanbury-Brown and Twiss (HBT, see Section 2.5.2) configuration (Fig. 6.6b) with low-power
(100 nW) resonant excitation of a single peak as in Fig. 6.6a. We fit the correlation data
with a second-order intensity autocorrelation function defined by Michler et al.202:

g(2)(τ) = A(1− C exp (−|τ |/τDBT )) (6.1)

Here, τ is the delay time, A is a normalisation constant and C takes care of residual back-
ground. At zero delay time, the minimum of second-order intensity autocorrelation function
g(2)(0) = 0.04(±0.02) � 0.5 is signature of a single photon source. Furthermore, our mea-
sured value is close to that of an ideal single photon source where g(2)(0) = 0183 and compares
very favourable to bulk DBT values (g(2)(0) = 0.28299) and other nanoscale emitters such as
NVCs in nanodiamonds (g(2)(0) = 0.1730), even though epitaxially grown quantum dots still
hold the record of g(2)(0) = 0.0028283. Fitting our data with g(2)(t), we extract an excited
state lifetime of τDBT= 4.3 ns5, implying a lifetime-limited linewidth Γ0/2π = 1

2πτDBT = 37
MHz, which is equal to the value reported in bulk crystals301 and also to that obtained from
independent lifetime measurements performed on the same type of nanocrystals at LENS240.6

5This is an approximation because the excitation power used exceeds the saturation power by factor ∼ 3 for
this molecule, which could lead to an error in this simple model for extracting the lifetime where we do
not consider Rabi oscillations which arise when exciting a molecule above saturation 333. A more complete
model including a triplet state as well as dephasing as is presented by Basché et al. 22.

6We note that emitter lifetime may in fact be enhanced in a nanocrystal: in bulk, the host volume refractive
index n leads to a decay rate enhancement by a factor n2l 30, where l > 1 is a local-field correction factor 41.
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Fig. 6.4.: DBT dipole alignment in an Ac nanocrystal. Emission of three different DBT
molecules in the same nanocrystal under linearly polarised resonant excitation at different
angles. The polarisation angle is set by rotating a half-wave plate (HWP) and data are
normalised to the excitation power at each angle.

To determine the emission dipole orientation of single molecules in our nanocrystals, we
measure their emission under linearly polarised resonant excitation at different angles. Fig. 6.4
shows the emission of three different molecules in the same nanocrystal under different po-
larisation angles set by rotating a half-wave plate in the excitation path (see Section 2.3.1).
The co-alignment of three molecules at different energies indicates that the nanocrystal is a
highly ordered host environment313, which is also supported by the narrow emission linewidths
observed. For a given nanocrystal, the observed emission dipole orientation is thus determined
by the orientation of the nanocrystal itself.
As a complementary measurement to the ensemble emission spectrum shown in Fig. 6.2c,

we now spectrally resolve the fluorescence from a single DBT molecule by photoluminescence
excitation measurements shown in Fig.6.5a. This measurement scheme is identical to the case
of scanning laser spectroscopy, but now we spectrally resolve the emission using a spectrometer
(resolution 0.1 nm) with high gain (see Section 2.3.5) instead of an APD. At resonance
(∆ωexc. = 0), we observe a strong optical response which corresponds to emission into the
vibronic zero-phonon lines 0XZPL and their phonon sidebands. These spectral features are
seen more clearly in the resonant emission spectrum in Fig.6.5a. Here, we also compare the
spectrum of a single DBT molecule in a nanocrystal to that of DBT hosted in co-sublimated
bulk Ac crystals from literature301, recorded with a spectrometer of similar resolution. The
vibronic spectrum acts as a fingerprint of the molecule’s geometry in the host matrix insertion
site191. In our case, we find good agreement of the vibronic peak positions but broader peaks,
which may be attributed to stronger coupling of these vibronic modes to host matrix phonons
in the nanocrystal. Overall, these measurements show that while the 00ZPL linewidth is
similar, vibronic sidebands may reveal distinct properties for DBT in bulk and nanoscale host
crystals.

6.2.3. Linewidth statistics and emission stability
To obtain more statistics on the linewidth distribution within nanocrystals, we perform mea-
surements as in Fig. 6.6a and extract the linewidths of 150 single molecules in different

Thus, reducing the host volume could lead to an increased excited state lifetime. In the present work, we
have not systematically studied this behaviour.
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Fig. 6.5.: Photoluminescence excitation spectroscopy of a single DBT molecule. a
Low-temperature emission spectra of a single DBT molecule as the laser excitation energy is
scanned across a single molecular resonance. Here, a low-pass filter cuts the excitation laser
at 785 nm in the spectra. b Emission spectrum on resonance (∆ωexc./2π = 0 GHz) (red).
For comparison, the emission spectrum of bulk DBT under off-resonant excitation (extracted
from Trebbia et al. 301) is also shown (green).

nanocrystals. We use the resulting distribution of linewidths (Fig. 6.6b) to quantify the most
probably linewidth in our nanocrystals using a Smirnov model108,313. This model assumes
coupling of the molecule to an ensemble of two-level fluctuators in its environment, which
cause a random shift of the molecule’s transition frequency. It is given as108:

P (W ) = W0√
πΓ̃(1 + 1/β)W 2

exp(−W0/W )β (6.2)

Here, W is the linewidth and Γ̃ the Gamma function. β and W0 are fit parameters from
which we extract the most probable linewidth of the ensemble ΓMP = W0

(
β
2

)β
. Fitting the

distribution in Fig. 6.6b, we find ΓMP /2π ∼ 60 MHz for our nanocrystals, which is on the
order of the bulk lifetime-limited linewidth of Γbulk/2π = 37 MHz. Although ΓMP > Γbulk,
we note that the distribution is quite broad and shows some molecules with linewidths equal
to Γbulk. This observation implies that is it possible to observe lifetime-limited bulk emission
properties in a nanocrystal. The larger value of ΓMP compared to Γbulk suggests non-radiative
decay channels or dephasing281 which lead to a slight linewidth broadening.

We verify that DBT emission is stable in time by repeatedly taking spectra of the same
molecule as shown in Fig. 6.6d. We observe stable emission in frequency (deviation over time
is below Γ) and only few emission blinking events.
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6.2.4. Temperature dependence and saturation behaviour
To verify that our experimental setup and probe laser do not induce additional broadening of
the molecule, we investigate the emission dependence on cryostat temperature and excitation
power. First, we measure the same single molecule’s linewidth at different temperatures
starting from our croystat’s base temperature of 2.8 K (Fig. 6.7a) using a low excitation
power of 10 nW. With increasing temperature, we find broadening of the molecule’s linewidth
Γ which is ascribed to temperature-activated dephasing by local phonons139,158 and follows
an Arrhenius-type of behaviour224:

Γ(T ) = Γ0 +A exp
(
−Ea
kBT

)
(6.3)

Here, Γ0 is the homogeneous (lifetime-limited) linewidth at 0 K, A a constant related to
electron-phonon coupling, Ea the activation energy and kB is the Boltzmann constant. Fitting
our data, we find Γ(T → 0K)/2π = 90 MHz ± 40 MHz, which implies that this particular
molecule may have a distinct temperature dependence or is broadened by a process not related
to temperature, as we observe narrower linewidths for other molecules at 2.8 K. We find an
activation energy Ea = 2.5 meV, comparable to similar host-guest systems139,315 and for DBT
hosted in bulk224. This energy corresponds to that of a local phonon mode which induces
linewidth broadening by dephasing110. Eq. 6.3 shows that thermal broadening sets in rapidly
with increasing temperature - for instance, Γ(3.7K) is already twice Γ(0K). Therefore, it is
essential to cool molecules to access their intrinsic linewidth. In our system, we reach a base
temperature of 2.8 K such that the lowest obserable linewidth is Γ(2.8K) ∼ 1.1Γ0. This
suggests that the lowest linewidths we observe may be slightly limited (error ∼ 10 %) by the
base temperature of our cryostat.
Next, we determine the dependence of emission strength and linewidth on the resonant

excitation power used for a molecule at 2.8 K as shown in Fig. 6.7b. With increasing power, we
observe increasing linewidth and a saturation of emission strength characteristic of a quantum
emitter such as a single molecule. The dependence of both the linewidth Γ(I) and emission
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rate R(I) on the excitation intensity I = Plaser
σspot

, defined by the laser power Plaser and focused
spot size σspot, is found from the steady state solution of optical Bloch equations209:

Γ(I) = Γ(0)
√

1 + I/Isat.R(I) = Rsat.
I/Isat.

1 + I/Isat.
(6.4)

where Isat. = Psat.
σspot

and Rsat. are the saturation intensity and emission rate, respectively.
We use these equations to fit the power dependence as shown in Fig. 6.7b and extract the
saturation power Psat. ∼ 20 nW (corresponding saturation intensity Isat. ∼ 10 W cm−2) and
and emission saturation Rsat. ∼ 70 kcts/s. For this molecule, we find Γ(0)/2π ∼ 140 MHz
> ΓMP which suggests spectral broadening mechanisms not related to excitation power. We
remark that Psat. can vary slightly for different molecules but is always above 15 nW, so we
use typical excitation powers of 5-10 nW to avoid saturation.

Low-temperature spectroscopy of DBT-doped organic nanocrystals

• Single molecule spectroscopy reveals that DBT-doped nanocrystals are bright, sta-
ble single photon sources.

• Our measurements show that nanocrystals are a highly ordered environment for
DBT molecules where they can exhibit lifetime-limited emission linewidths of 40-
50 MHz, with the typical linewidth being 60 MHz.

• To observe these properties, we cryogenically cool our devices to 2.8 K and address
single molecules with nW resonant excitation powers to avoid saturation.

• Photon anti-bunching experiments demonstrate high-purity single photon emission
with g(2)(0) = 0.04.

• These properties make organic nanocrystals ideal for integrating high-quality single
photon sources in nanophotonic structures.

6.3. Nanoscale host environments for single DBT
molecules

In this section, we discuss the three techniques we investigated for making a nanoscale Ac
host environment for single DBT molecules which is compatible with 2D material manipulation
techniques. The first approach was state of the art at the time of performing this thesis, while
the second was developed based on techniques developed in the Toninelli group at LENS. The
third technique was developed at ICFO as part of this work.

6.3.1. Technique 1: Ultra-thin spin-cast organic crystals hosting single
molecules

One approach to scale down organic host crystal size is by spin-casting solutions of organic
crystals and the guest molecule to make large, thin crystal layers. This technique reduces the
crystal’s out-of-plane dimensions compared to bulk, and was first demonstrated by Toninelli
et al.299 to make ultra-thin (> 20 nm) organic crystals doped with single molecules. The
process involves spin-coating a mixture of host and guest materials dissolved in a volatile
solvent, resulting in large, thin, doped organic crystals as shown in Fig. 6.8a with a random
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Fig. 6.8.: Spin-cast anthracene crystals doped with DBT aMicrograph of spin-cast crystals
on a SiO2/Si chip. b AFM topography of an small area within the one shown in a. Inset:
line section through spin-cast crystals (dashed line). c DBT fluorescence under wide-field off-
resonant excitation in crystals as shown in a at 300 K. d DBT emission spectrum measured
by scanning laser spectroscopy. Most peaks show a linewidth of ∼ 100 MHz.

height distribution (Fig. 6.8b). At room temperature, these crystals show strong emission
under wide-field off-resonant illumination (see Section 2.4.3) over a large area in Fig. 6.8c,
indicating a dense doping with optically active molecules. To verify that molecules in these
crystals still show narrow linewidth emission at cryogenic temperatures, we performed low-
temperature scanning laser spectroscopy on spin-cast films as shown in Fig. 6.8d. At 2.8 K,
single peaks measured by scanning laser spectroscopy (see Section 2.4) have relatively narrow
linewidths of ∼ 100 MHz compared to the bulk value (∼ 40 MHz)

In terms of hybrid systems, this means that spin-cast crystals are advantageous due to close
surface proximity and parallel alignment of dipole moments to the substrate surface which
ensures efficient interaction with nanophotonic structures181,247 and coupling to normally
incident excitation on the substrate. In a collaboration with the Toninelli group, such crystals
were spin-cast onto graphene (Fig. 6.9a) and separation-dependent emission quenching due to
non-radiative energy transfer (nRET)199 was observed in fluorescence (Fig. 6.9b) and excited
state lifetime measurements (Fig. 6.9c).
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Fig. 6.9.: nRET of DBT molecules to graphene. a Sketch of the device: a thin anthracene
film hosts DBT molecules which couple to graphene by nRET. b Emission map showing DBT
fluorescence on graphene. The difference in emission intensity is due to nRET, which quenches
emission for molecules close to graphene. b Fluorescence decay measurements for two different
DBT molecules reveal a strong lifetime reduction of the darker molecule indicated in a. Figure
reworked from Mazzamuto et al. 199.

Overall, these measurements show that molecules hosted within spin-cast crystals are not
strongly perturbed by sub-wavelength separation to the crystal’s surface, and that near-field
coupling in a hybrid systems can in principle be achieved. However, their sparse, intrinsically
random substrate coverage and thickness fluctuations complicate deterministic nanofabrication
of hybrid devices with this technique, in particular for near-field interaction where structures
are fabricated at controlled separation over the crystal layer.

6.3.2. Technique 2: Self-assembled organic nanocrystals doped with
single molecules

Having observed that single molecules in ultra-thin films still show outstanding emission prop-
erties, the next step towards full 3D nano-confinement is to laterally restrict the dimensions of
the host environment. Ideally, we seek for nanocrystals with embedded single molecules where
a large surface to volume ratio would enable efficient near-field interactions and integration
with other nanoscale components. Such nanoparticles did not exist prior to starting this work,
so we developed a technique for making Ac nanocrystals which host DBT molecules in close
collaboration with the Toninelli group at LENS. Our approach combines the advantages of
reliably producing small nanocrystals in a simple suspension-based technique using inert so-
lutions without the need for elevated process temperatures - this makes it compatible with
other sensitive elements in a hybrid architecture.

Importantly, we find that these nanocrystals host large ensembles of single molecules with
optical properties comparable to those of molecules hosted in bulk crystals as is discussed
in Section 6.2. In the following, we describe the process of fabricating suspensions of these
nanocrystals based on water or polyvinyl alcohol to make polymer films "doped" with single
quantum emitters.

In this section, we present the fabrication process for making anthracene nanocrystals
doped with DBT molecules suspended in deionised water, developed in collaboration with
the Toninelli group at LENS who pioneered this technique240. The technique is based on a
reprecipitation process70 whereby a compound of interest is first dissolved in a water-soluble
solvent and the resulting solution is then injected into vigorously stirred water. This results
in the formation of nanocrystals of the original compound as the solvent is immediately dis-
persed in the water upon injection, resulting in supersaturation and subsequent precipitation
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Fig. 6.10.: DBT-doped anthracene nanocrystal suspension a De-ionised (DI) water or
PVA is sonicated in a vial held by a beaker in a bath sonicator. b A solution of anthracene
(Ac) and DBT dissolved in acetone (Ace) is injected into the vial. c Acetone dissolves in the
aqueous solution in the vial, resulting in reprecipitation of the anthracene and DBT in the
form of anthracene nanocrystals hosting DBT molecules. d A vial of DBT-doped anthracene
nanocrystal suspension in DI water.

of the compound into small particles due to the vigorous stirring, which inhibits the formation
of larger precipitates. To make anthracene nanocrystals doped with DBT, we use the tech-
nique shown schematically in Fig. 6.10a-c: a 10 µM solution of DBT and anthracene (Ac)
dissolved in acetone (Ace) is made7. Then, 1 mL of ultra-pure deionised water is filled into a
cleaned glass vial (using glass is important as plastic vials tend to leave residues in the final
suspension). The open, water-filled vial is set to sonicate in a bath sonicator at full power
in such a way that the vial opening is easily accessible. Using a micropipette, 50 µL of the
(DBT:Ac:Ace) solution is then injected into the sonicating water as rapidly and as close to
the surface as possible. We find that this mixing ratio of 1:20 between the (DBT:Ac:Ace)
solution and water yields the best results in terms of nanocrystal density without clustering on
the substrate after deposition. A typical suspension appears as a translucent liquid as shown
in Fig. 6.10d.
Once made, the density and size distribution of the nanocrystals in suspension can be

characterised by depositing a small drop of the suspension on a substrate. We find that the
most efficient approach to removing the suspension water on the substrate is to evaporate it
in low vacuum (e.g. 1 mbar for approx. 2 minutes). Care must be taken not to leave the
nanocrystals in vacuum for too long to avoid sublimation, which increases with decreasing
crystal size. Fig. 6.11a shows a dark-field micrograph of a vacuum-dried suspension on a
SiO2/Si chip with an even distribution of crystals over a large area, which is more apparent
in the inset. To gain more insight into the nanocrystal shape, we perform an AFM scan of
the same sample, shown in Fig. 6.11b. Here, smaller crystals not resolved in the dark-field
image are also apparent. Using the AFM data, we extract the height distribution (Fig. 6.11c)
and aspect ratio (Fig. 6.11d) of the nanocrystals. Here, the nanocrystal diameter dNC is
evaluated as dNC = 2

√
A/π, where A is the nanocrystal area in plane, extracted from AFM

data. We find typical heights h ∼ 200-300 nm but note that some of the smallest particles
observed may also be due to contamination in the suspension. A linear fit of the aspect ratio
yields h = 0.24dNC + 175 nm, indicating that these nanocrystals have a plate-like shape.
The inset of Fig. 6.11d shows a 3D rendering of a small ensemble of nanocrystals in the area
highlighted in Fig. 6.11b.

7We obtain this solution from our collaborators in the group of Costanza Toninelli at LENS in Florence.
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Fig. 6.11.: Size distribution of DBT-doped anthracene nanocrystals a Dark-field reflection
image of a dried drop of DBT-doped anthracene nanocrystals suspended in water. The inset
shows an overview micrograph of the dried drop, scale bar is 100 µm. b AFM scan of
nanocrystals within an area as shown in a. c Distribution of nanocrystal mean heights,
extracted from b. d Relation of height to idealised circular diameter of nanocrystals shown in
b. Inset: 3D rendering of crystals in the area highlighted in b.
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Fig. 6.12.: Emission from DBT-doped anthracene nanocrystals suspended in water a
White light reflection image of nanocrystals on a glass slide, taken with a monochromatic
camera (greyscale indicates reflectivity). b Emission from nanocrystals in the same area as
in a, excited off-resonantly by a defocused 767 nm laser at 300 K. The dashed line encircles
the approximate illumination area. c Emission from nanocrystals cooled to 3 K under pseudo-
broadband illumination around 785 nm. d Single molecule emission spectra from nanocrystals
as shown in a at 2.8 K. The narrowest observed linewidth is ∼ 0.8 GHz.

Next, we characterise the optical properties of the nanocrystals at room temperature. We
use wide-field off-resonant imaging (see Section 2.4.3) to illuminate ensembles of nanocrystals
and image their fluorescence as shown in Fig. 6.12. This measurement shows that most of
the nanocrystals visible in the white light image also fluoresce, implying a relatively high yield
of emitters per nanocrystal.
To fully characterize nanocrystals suspended in water, we measure single molecule emission

spectra by scanning laser spectroscopy (see Section 2.4) on vacuum-dried nanocrystals as
shown in Fig. 6.12c at 2.8 K. A typical confocal emission map, obtained by broadband laser
excitation of single molecules as described in Section 2.4.2 is shown in Fig. 6.12c. Emission
from nanocrystals is visible over a large area, which confirms that there are emitters in many
of the nanocrystals, but there is also a strong fluorescence background, possibly from con-
tamination in the suspension. An emission spectrum taken from one of the nanocrystals is
shown in Fig. 6.12d, taken at 50 nW excitation power. Distinct peaks from single molecules
are visible on a relatively high background, but we find that the observed linewidth is never
below 500-600 MHz, and peak emission intensities are typically below 5000 cps at saturation.
These values do not compare well to single DBT molecules in bulk anthracene crystals, where
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the lifetime-limited linewidth is roughly an order of magnitude lower and the emission an order
of magnitude higher.
Overall, these results show that it is possible to make small organic nanocrystals doped

with single emitters. However, molecules in these nanocrystals do not fulfil the requirement
of retaining their bulk emission properties. The observed linewidth broadening and weak
emission could arise due to coupling to surface states, crystal defects and contamination in
the nanocrystal’s environment as has been observed for nanodiamonds211. This could be an
example of the undesired coupling to the emitter’s environment as described initially, and the
task at hand is to find means of reducing it. A different reason might be that DBT is not
well inserted in the Ant host matrix in these nanocrystals, which leads to linewith broadening.
As part of this work, we explored different avenues such as reducing contamination in the
suspension by using ultra-pure water and only glass vessels in suspension fabrication, but we
did not find that this led to an observable improvement in the emission properties. In the
next section, we describe how changing the suspension carrier from water to a polymer greatly
improved the results.

6.3.3. Technique 3: Polymer thin films doped with single molecules
One approach to improving the emission properties of DBT-doped anthracene nanocrystals in
water-based suspensions is to encapsulate them with a clean material to reduce their exposure
to contamination from the environment. We chose to use polyvinyl alcohol (PVA), a water-
based polymer as a protective layer for two main reasons: i) dissolved in water, it can be
easily coated onto the nanocrystal surface by spin-coating, after which it can be dried by
mild heating and ii) PVA is not soluble in common organic solvents such as acetone and
IPA and thus encapsulates the nanocrystals during nanofabrication processes8. Spin-coating
a thin film onto the nanocrystals has the additional advantage of smoothing the surface,
which is important if one intends to transfer 2D materials onto it. However, we did not
observe an improvement in the emission properties of nanocrystals encapsulated by PVA. This
is most probably due to the fact that an additional layer on the nanocrystal does not isolate
the molecules within them from contamination and surface states which are initially on the
nanocrystal surface.
Instead of additional steps to protect existing nanocrystals, we propose to directly fabricate

them in a protective environment. Specifically, we propose to make suspensions of DBT-doped
nanocrystals in water-based PVA solutions, termed "doped PVA" in the following. We make
PVA by dissolving 5 % wt. PVA in ultra-pure water and stirring this mixture for approximately
one hour at 65◦ C. This solution can then be used to replace water in the recipe described
in Section 6.3.2 and makes dense films of nanocrystals when spin-cast (Fig. 6.13a). In this
work, we use SIGMA-ALDRICHTM PVA powder with an average molecular weight of 85,000-
124,000, hydrolysed to 87-89 %. To spin-cast a layer of 300 nm thickness, two drops of the
doped PVA suspension are spin-cast to the target chip, which is cleaned in oxygen plasma for
two minutes beforehand9. Spin-casting is done in two stages, first ramping to 1000 rpm for
10 seconds, after which the speed is held at 3000 rpm for 60 seconds. After spin-casting, the
chip is post-baked at 60◦ C for 90 seconds, which fixes the PVA and does not damage the
nanocrystals embedded within it.

8We note that the process of protecting organic crystals with PVA is also used by Polisseni et al. 247 to protect
co-sublimated anthracene crystals from sublimation at room temperature.

9We note that the molecular weight (polymer chain length) of the PVA influences its spin-casting properties:
larger values make thicker solutions, which is important if one wants to obtain smooth PVA layers without
protruding nanocrystals (as observed in Fig. 6.13b).
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Fig. 6.13.: PVA containing DBT-doped nanocrystals a Dark-field reflection image of a 150
nm thick PVA film interspersed with DBT-doped anthracene nanocrystals. b AFM scan of
PVA film surface within an arbitrary area of that shown in a. c 3D rendering of the topology
shown in b. d Height distribution of the topology shown in b.
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6.4. Nanosculpting of PVA films doped with single emitters

Thinner PVA films can be made by spin-casting at faster speeds in the second stage.
However, we find that thinner films lead to a smaller fraction of nanocrystals which show
fluorescence. Almost all visible crystals fluoresce for 300 nm thickness, while for 150 nm
thickness, only approximately half of them show emission when excited using wide-field off-
resonant excitation at room temperature. This might be due to a thinner film providing less
protection, such that the nanocrystals are more similar to the uncovered ones discussed in the
previous section, which show weaker fluorescence. For the fabrication of hybrid devices with
2D materials, slightly thicker films are favourable to make a smooth surface to which the 2D
material adheres.

We also explored large-scale deposition of DBT-doped nanocrystals and shaping of PVA
films with a sacrificial mask, similar to the technique for nanodiamonds as discussed in Sec-
tion 3.4. While the results as summarised in Appendix D are promising, we find that a
different approach to nanostructuring as presented in Section 6.4 provides a much higher
degree of control.

Single emitters embedded in nanocrystals

• Single quantum emitters hosted in a nanoscale environment are desirable for inte-
gration with nanophotonic elements.

• Scaling down the host size leads to enhanced coupling of the emitter to its envi-
ronment, which is important for near-field interactions but can be detrimental to
the emission properties.

• For fluorescent organic molecules such as DBT, spin-cast organic crystal thin films
provide out of plane confinement of the host environment down to ∼ 20 nm.
However, deposition is not well controlled and there is no lateral confinement of
the host volume.

• We demonstrate a novel liquid-based technique for making DBT-doped organic
nanocrystals with a sub-wavelength volume of typically < (500 nm)3.

• By direct fabrication of these doped organic nanocrystals in a polymer, we make
solution-processed thin films containing nanoscale single photon emitters in a pro-
tected environment which is ideal for integration in nanophotonic systems.

6.4. Nanosculpting of PVA films doped with single
emitters

Shaped polymer environments for single emitters provide a flexible yet low-cost approach
to making nanophotonic structures on chip267,288 which guide light and enhance coupling
to nanoscale emitters279,304. In this section, we present a nanostructuring technique for
shaping of PVA with embedded, DBT-doped nanocrystals developed in collaboration with
Carlotta Ciancico, PhD student in our group. By providing a direct approach to sculpting the
nanoscale environment of ultra-narrow linewidth emitters, it greatly enhances the versatility
of our polymer platform for making arbitrary nanostructures containing high-quality quantum
emitters.
Our nanosculpting technique is based on controlled cross-linking of PVA using a focus

electron beam, which enables high precision due to the small focal spot size (typically 0.1 nm).
In the cross-linking process, polymer chains are linked, making it chemically and mechanically
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more robust. PVA crosslinking is achieved by chemical means245 and by irradiation with
electron beams and gamma rays284. In the case of doped PVA, the cross-linked polymer
protects the embedded emitters and can also be shaped into an engineered nanophotonic
environment. Fig. 6.14a shows an optical micrograph of an array of test structures written
into pristine PVA on an SiO2 coated silicon chip using different EBL doses.
Here, the in-plane shape is defined by the EBL raster design, while the structure thickness is

controlled by the dose. The difference in height modifies the colour of the disk arrays on the left
side of the array due to optical interference effects under white-light illumination. The uniform
colour over the disks is a first indicator that their surface is homogeneously flat. Discs with
diameters down to ∼ 1µm are still visible, indicating that lateral structuring is possible on the
scale of DBT’s emission wavelength at 785 nm. The top right part of the test structure consists
of an array of PVA mesas with shallow holes, written into the surface by locally varying the dose
within the structure. Fig. 6.14b shows the topology of a mesa structure where the holes are
clearly visible in the flat surface. By writing such structures around an embedded nanocrystal
and transferring a 2D flake onto the mesa, a 2D mechanical resonator could be suspended
above emitters to make a hybrid optomechanical device (see Section 5). Structures similar to
ring-resonators and waveguides (outlined in white in Fig. 6.14a) can also be made with this
technique, which highlights its potential for polymer nanophotonic circuits288 with embedded
emitters as shown using NV-centres in diamond waveguides118. Such structures may however
require techniques, such as additives230, for increasing the nominally low refractive index of
PVA (nPV A ∼ 1.5) to enhance light confinement on substrates of similar refractive index.
The thickness control by EBL dose is more apparent in a structure of concentric circles

of radially decreasing dose in the bottom right of the array in Fig. 6.14a. A line section of
this structure obtained from an AFM topology (Fig. 6.14c) reveals step-like, radially reducing
thickness. Such structures might be used as Fresnel-type lenses to enhance the collection
efficiency for an emitter embedded in its centre, similar to the enhancement observed for
NV-centres implanted in a nanostructured diamond lens135. With our technique, it is feasible
to envision the fabrication of other structures to enhance single photon emission out of plane,
such as engineered planar antennae169, grating couplers and microcavity structures271.

For structures requiring that a nanocrystal be fully embedded in the polymer, it is important
that our 3D shaping technique also enables structuring thicker doped PVA films. We find that
varying the initial thickness of the PVA film with subsequent electron beam radiation results
in a proportional change of the cross-linked PVA thickness. This is shown in Fig. 6.14d, where
cross-linked structures written into films of different initial height show the same dependence
of the fractional remaining height with EBL dose. This type of resist contrast curve indicates
that the optimum dose range for structuring the PVA height lies in the range of 0-3 C/cm2,
beyond which the cross-linking process saturates.
To verify that the process of structuring PVA using EBL does not damage crystals embedded

in the polymer, we pattern disc arrays into a doped PVA film of ∼ 300 nm thickness at random
locations, resulting in arrays of discs where some discs contain a nanocrystal as shown in
Fig. 6.15a,b. Then, we perform scanning laser spectroscopy at 2.8 K as in Section 6.2.3
to verify whether they contain active emitters with narrow emission linewidth. An emission
excitation spectrum from the nanocrystal in the disc highlighted in Fig. 6.15a is shown in
Fig. 6.15c and displays a multitude of narrow peaks, as observed for pristine nanocrystals. A
fit of the distribution of peak linewidths using a Smirnov distribution (see Section 6.2.3), as
shown in Fig. 6.15d, reveals the most likely linewidth to be ∼ 170 MHz. This value is roughly
three times larger than the value of 60 MHz observed in pristine nanocrystals.
However, some emitters do still display narrow lines around 40-60 MHz despite having been

exposed to intense electron beams, which demonstrates that it is possible to perform EBL
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Fig. 6.14.: 3D structuring of PVA using EBL cross-linking. a Optical micrograph under
white-light illumination. b 3D AFM topology of a mesa with holes. c AFM line section of
concentric structure (dashed line in a). d Remaining PVA thickness as a function of EBL dose
for two different initial layer heights.

on doped PVA without destroying emission properties. We envision shaping thicker, doped
PVA layers with fully embedded emitters into structures such as waveguides170 and photonic
crystals338, which represents a novel and versatile approach for constructing nanophotonic
structures with embedded quantum light sources.

Given that the electron beam does not appear to destroy the emitters, we also remark that
our PVA nanostructuring technique is suitable to fabricate nanophotonic or support structures
for 2D mechanical resonators onto spin-cast anthracene films doped with DBT, which is a
promising structure for devices that allow nanoscale separation control between a single emitter
and a 2D interface. Here, a thin film of spin-cast anthracene crystals doped with DBT (as
shown in Fig. 6.8) could be coated with a second, spin-cast layer of PVA, which could then
be structured by EBL into devices similar to those shown in Fig. 6.14.
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in c. The solid line is a fit using a Smirnov distribution model (details in Section 6.2.3).

Nanosculpting of PVA films with electron beam lithography

• Harnessing the accuracy of electron beam lithography (EBL), we find that a poly-
mer (PVA) layer can be locally cross-linked to nanostructure it in the chip plane.
The cross-linking height depends on the electron beam dose which we use to control
structure thickness with high precision. Therefore, we achieve full 3D nanostruc-
turing control.

• Once cross-linked, excess PVA is removed by water without requiring aggressive
solvents, which makes our technique compatible with sensitive nanostructures

• By using PVA containing DBT-doped nanocrystals, this technique enables high-
precision structuring of a single emitter’s environment.

• We verify that single DBT molecules still emit after electron beam irradiation,
which results in linewidth broadening by a factor three (average value 170 MHz)
at low temperatures.

• Therefore, this technique is promising for in situ fabrication of nanophotonic struc-
tures hosting ultra-narrow single photon sources on chip and provides a means for
deterministically selecting a nanocrystal from within a randomly positioned ensem-
ble.
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6.5. Conclusion

6.5. Conclusion
In this chapter, I demonstrated novel techniques for scaling down the host size of single
emitters from bulk to a sub-wavelength volume while retaining the bulk emission properties.
This is important for integration and efficient interaction with nanophotonic structures, and
particularly relevant for hybrid systems taking advantage of near-field interactions of an emitter
at sub-wavelength separation to a target structure.
Specifically, I focused on single DBT molecules hosted in anthracene, which are known

to be bright, lifetime-limited single photon sources in bulk crystals. Using a simple liquid-
based technique, I demonstrated the fabrication of self-assembled anthracene nanocrystals
hosting optically active DBT molecules with sub-wavelength volume suspended in water. By
replacing water as the suspension carrier with PVA, I showed direct fabrication of DBT-doped
nanocrystals suspended in PVA which are used to make thin polymer films hosting quantum
emitters.

At 2.8 K, the optical quality of these emitters was found to be comparable to bulk, showing
a typical linewidth of 60 MHz and a sizeable fraction of emitters with a lifetime-limited
linewidth of 40-50 MHz. In particular, DBT in polymer-based suspensions shows a reduction
of linewidth and increase of emission strength by an order of magnitude in each case compared
to water-based suspensions.

This result shows that it is possible to retain bulk emission properties in the high qual-
ity environment provided by these nanocrystals and makes our polymer-based approach a
novel platform for nanoscale hybrid systems with near-field coupling to 2D materials and
nanophotonics in general. We further extend the versatility of this platform by introducing a
nanosculpting technique which uses electron beam lithography as a high-precision tool to pat-
tern arbitrary structures hosting DBT molecules. Importantly, irradiated molecules embedded
in these structures only show small linewidth broadening by a factor three, which makes this
technique promising for nanophotonic structures with embedded single photon sources.
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7. Electrical control of lifetime-limited
quantum emitters using 2D materials

In this chapter, I will present a hybrid system which integrates 2D materials with the ultra-
narrow DBT molecules in nanocrystals presented in the previous chapter. This system provides
fast, non-perturbative electrical tuning of the molecule’s transition energy over an unprece-
dented large range. Conversely, the molecules are optical nano-probes of the 2D materials’
properties. Together, these two functionalities demonstrate the potential of our hybrid ap-
proach for single photon source control and optical nano-probing in a novel architecture.

7.1. Introduction

Hybrid nanophotonic systems blend the strengths of distinct photonic elements to scale down
and enhance light-matter interactions27. Quantum light emitters integrated in such sys-
tems act as optical nano-probes133,293 of the hybrid interaction, while tailoring this inter-
action provides versatile single photon source tuning243,265 required for coupling quantum
resources172,231,280. In this sense, the current advance of hybrid quantum devices integrating
nanoscale light emitters with two-dimensional (2D) materials is motivated by the rich physics
of near-field interactions106 and new hybrid light-matter states143,154. This approach unites
integrated solid-state single photon sources (SPS) as nitrogen vacancy centres290, quantum
dots274 and single molecules235 with the diverse optoelectronic properties of 2D materials
that facilitate emitting237,289, controlling57,179,259 and detecting151 light at the nanoscale. In
such hybrid devices, quantum emitters can be integrated at sub-wavelength separation to the
2D interface to achieve efficient near-field coupling121, which modifies the emitter’s radiative
decay rate100,254,297 or transition energy63,219. Recent experimental studies integrated 2D
materials with ensembles of broadband emitters to demonstrate electrical168,168,295 and elec-
tromechanical257 tuning of the decay rate by controlling non-radiative energy transfer (nRET)
or the energy flow to confined electromagnetic modes such as 2D polaritons184. These hybrid
systems demonstrate the potential for in situ light control at the single photon level and the
use of nanoscale emitters as probes of the 2D material and their nanomotion, but have been
limited to the study of emitter ensembles.
Here, we demonstrate a hybrid system which explores near-field interactions between a sin-

gle, ultra-narrow linewidth quantum emitter and a 2D material (graphene, MoS2). We choose
single dibenzoterrylene (DBT) molecules as bright, photostable single photon sources302 emit-
ting at 785 nm (1.58 eV) with lifetime-limited linewidth at 2.8 K224 as discussed in the previ-
ous chapter. Their sharp optical resonance is sensitive to local strain294, charges86, electrical
fields235 and proximity to interfaces121. Experimentally, we perform scanning laser spec-
troscopy to address individual DBT molecules at sub-wavelength separation to a 2D metallic
or semiconducting interface. Using the 2D materials as transparent electrodes, we show broad-
band Stark tuning of the DBT emission energy and conversely use the emitter as transducer
of the 2D materials’ electronic properties.
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Fig. 7.1.: Hybrid device sketch. Atomically thin layers of graphene and MoS2 cover flu-
orescent molecules embedded in a PVA film (hPVA = 300 nm) on SiO2 (hSiO2 = 285 nm).
Single molecules are resonantly excited (inset) and their fluorescence detected with a single
photon counting module (SPCM). Electric fields are controlled by applying DC (Vg ) and AC
(δVg (fAC )) potentials to the Si++ back-gate.

7.2. 2D materials and single molecules integrated in a
hybrid device

The device comprises DBT molecules embedded in anthracene nanocrystals, interspersed in
a thin polyvinyl alcohol (PVA) film on a Si++/SiO2 substrate (Fig. 7.1). MoS2 or graphene
flakes are placed on top of the polymer film and electrically contacted (Fig. 7.2) using a dry
transfer technique (see Appendix E.1).
Spatial maps of DBT ensemble fluorescence (see Section 2.4.2) at 2.8 K show bright,

localised emission spots beneath both 2D materials. The monolayer area of the MoS2 flake
covering DBT molecules is clearly visible in a photoluminescence map at 2.8 K under 532 nm
excitation. As detailed in Section 6.2, we optically address single molecules in nanocrystals
by scanning laser spectroscopy and find narrow emission lines with linewidths at or close to
the lifetime-limited value of Γ0/2π = 40 MHz for molecules in uncovered nanocrystals.

7.3. Near-field interaction and stability of single emitters
in proximity to 2D materials

In our device, 2D materials are placed in the near-field of a single emitter. In this regime, near-
field interactions such as non-radiative energy transfer (nRET) from the molecule to the 2D
material109 and Casimir-Polder (CP) energy level shifts121 are expected to occur, both of which
scale divergently with separation d−4. The nRET process leads to a linewidth broadening while
the CP energy level shift is a purely quantum effect related to the modification of vacuum
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7. Electrical control of lifetime-limited quantum emitters using 2D materials

fluctuations by the 2D interface. At fixed emitter-2D material separations, we can quantify
the nRET contribution due to the 2D material by its impact on the emission linewidth while
CP contributions are masked by inhomogeneous broadening. nRET efficiency also depends on
the density of optical excitations in the 2D material resonant with DBT’s transition energy
~ωDBT .
By measuring the emission linewidths of over 500 molecules (Fig. 7.3a) in three different

configurations (uncovered, covered by graphene/MoS2), we quantify the most probable value
Γ̃ in each case by fitting the linewidth histogram with a Smirnov distribution108 as described
in Section 6.2.3. For uncovered molecules, we obtain Γ̃uncov./2π = 62 MHz, comparable to
DBT hosted in bulk anthracene (40 MHz224). This implies that the anthracene nanocrystal
is a highly stable and crystalline environment30 and molecules within it do not experience
significant spectral diffusion due to defects or proximity to the surface. While emitters covered
by MoS2 experience extremely weak spectral broadening (Γ̃MoS2/2π = 65 MHz), they are
significantly broadened when covered by BLG (Γ̃BLG/2π = 108 MHz). We attribute this to
higher nRET efficiency to a gapless material as electronic transitions can be optically excited
over a large range of energies and in particular at ~ωZPL. In contrast, MoS2 has a bandgap
and excitonic resonances at energies > ~ωZPL, resulting in weak nRET which preserves the
narrow linewidth.
A comparison of emission strength and linewidth for each case (Fig. 7.3b) shows no clear

correlation between these two parameters, but it is clear that MoS2-covered DBT shows a
similar distribution to that of uncovered molecules. In contrast, BLG-covered molecules show
the lowest emission strengths and the largest linewidths, which supports the picture that nRET
leads to emission quenching and linewidth broadening.
To demonstrate transient emission stability, we measure DBT spectra over time for the

three configurations (uncovered, covered by graphene/MoS2). In all cases, we observe stable
emission intensity and energy without spectral wandering (Fig. 7.3c). Weak fluctuations of
ωZPL - possibly induced by charge fluctuations - are resolved in the case of MoS2. This
behaviour is more apparent in histograms of linewidth fluctuation over time (Fig. 7.3d), which
shows that fluctuations are larger for MoS2-covered DBT, but still below ΓDBT . Overall, these
results show that 2D semiconductors are particularly suitable for integration with sensitive
quantum emitters at nanoscale proximity without perturbing their emission.

7.4. Stark tuning of ZPL energy with a transparent 2D
electrode

We now turn to electrical manipulation of single emitters. To achieve Stark235 tuning of
DBT emission energy, we apply an electric potential Vg over the capacitor formed by the 2D
electrode and the Si++ back-gate, separated by a PVA/SiO2 layer (see Fig. 1a). We reach
comparatively large42,235 field strengths above 200 MV.m−1 before dielectric breakdown takes
place. DBT ensemble spectra below BLG at different Vg (Fig. 7.4a) show a large, dominantly
quadratic shift of the emitters in the whole ensemble on the order of hundreds of GHz (∼
104Γ0/2π), comparable to the ensemble’s inhomogeneous broadening. For a centrosymmetric
molecule such as DBT, we expect a quadratic Stark shift with linear contributions arising from
dipole moments induced by distortion of the molecule’s insertion site42.
The Stark shift is modelled simply as ∆ωZPL = a| ~E| + b| ~E|2, where a and b are the

linear and quadratic Stark coefficients, and functions of the dipole moment and polarizability
change, respectively. Here, ~E = ~Eext.− ~E0 is the net electric field experienced by the molecule
upon application of an external field ~Eext. = Vg

htot.
, (htot. = hPV A + hSiO2 ∼ 600nm) with a
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7. Electrical control of lifetime-limited quantum emitters using 2D materials

correction factor ~E0 that accounts for trapped charges and work function differences94. Fitting
our data, we extract Stark coefficients of a ∼ 500 MHz/(kV cm−1) and b ∼ -0.5 MHz/(kV
cm−1)2 (inset of Fig. 7.4b), comparable to reported results224. The observed quadratic stark
shift shows that ~Eext. is linear in Vg, as is expected for a metallic electrode such as BLG
(Fig. 7.4b).
This is in stark contrast to the emitters below MoS2. As the charge carrier density in

a semiconductor changes more abruptly25 with Vg, we expect a sub-linear dependence of
Eext(Vg) as excess charge carriers are depleted in MoS2. Emitters under MoS2 show parabolic
detuning above Vg,0 ∼ -30 V (Fig. 7.4) but deviate from this behaviour below V(g, 0) where the
detuning flattens and ∆~ωZPL is almost independent of Vg. We attribute this deviation to a
transition from metallic to insulating behaviour253. Electrostatic doping of the MoS2 electrode
is independently confirmed by gate-dependent photoluminescence (Fig. 7.5a,b). The ratio of
charged (X−) to neutral (X0) exciton PL intensities increases with Vg due to n-doping of
the MoS2 electrode. We also observe a broad emission peak at lower energy for negative Vg
- associated to emission from defects in MoS2

187 - which overlaps with ~ωZPL. With the
appearance of this defect band, we also observe a linewidth broadening ΓDBT below Vg,0
for some emitters, which is absent in the case of a metallic BLG electrode (Fig. 7.5c). This
suggests that defects could act as nRET acceptors, leading to emission linewidth broadening.

7.5. Dynamical emission control of quantum emitter.
Our system combines large Stark tuning with lifetime-limited emitters which enables adia-
batic control up to a frequency set by their natural linewidth Γ0. We investigate the range of
this dynamical control by applying oscillating potentials Vtot. = Vg + δVg(fAC) to monolayer
graphene and MoS2 electrodes. For fAC � t−1

int. ∼ 100 Hz, where tint. is the APD integra-
tion time, DBT emission peaks show a splitting σ (Fig. 7.6) proportional to the modulation
amplitude δVg and the local Stark slope ∂ωZPL

∂Vg
:

σ = ∂ωZPL
∂Vg

δVgT (fAC) (7.1)

Here, T (fAC) is the transmission of the RC-low-pass filter governed by the electrode sheet
resistivity ρ2D and backgate capacitance C (see Appendix E.2). At fixed Vg and fAC , the DBT
emission spectra reflect the oscillation turning points of the modulating waveform (Fig. 7.6a).
Under square modulation with a fixed amplitude δVg, the splitting vanishes with increasing
fAC for both MoS2 and graphene electrodes (Fig. 7.6b), albeit at a lower frequency for MoS2.
From this measurement, we extract T (fAC) (Eq. 7.1) and confirm low-pass behaviour with a
characteristic cut-off frequency f−3dB (Fig. 7.6c). Interestingly, T (fAC) shows a strong gate
voltage Vg dependence for MoS2 electrode, which is not observed for graphene.

This dependence is quantified by f−3dB , which increases with Vg and saturates at ∼ 5
kHz � Γ0 for Vg > 0 V (Fig. 7.6d). We attribute this behaviour to a change of sheet
resistivity ρ2D due to gate-induced electrostatic n-doping25 of the MoS2, consistent with PL
measurements (Fig. 7.5c,e). As a result, f−3dB ∝ (ρ2DC)−1 increases as we sweep Vg from
negative to positive values.
To capture the gating efficiency of our 2D electrodes, we extract transmission T at fixed

fAC = 10 kHz varying Vg (Fig. 7.6e and Appendix E.4). While the strong reduction of T
for Vg < 0 V is consistent with a metal-insulator transition of MoS2, graphene’s metallicity
maintains T ∼ 1 over the full Vg range. Therefore, graphene enables Stark tuning of emitters
over a large energy range and at high-frequency.

140



7.5. Dynamical emission control of quantum emitter.

400

300

200

100

0

∆
ω

ZP
L/2

π 
 (G

H
z)

500-50-100
Vg (V)

400

300

200

100

0

∆
ω

ex
c.
 /2

π 
(G

H
z)

Em
is

si
on

 (c
ts

/s
)

105

103

a

b

 BLG

 BLG
MoS2

-1

0

b 
[M

H
z 

/(
kV

/c
m

)2 ]

10
a [GHz /(kV/cm)]

Fig. 7.4.: Stark tuning of a single molecule with a 2D electrode. a Spectral map showing
the Stark shift of an ensemble of single molecules under BLG with back-gate voltage Vg . b
Gate-induced line shift of a single molecule under BLG (grey circles) and monolayer MoS2

(red circles). Solid lines are parabolic fits (see main text).

141



7. Electrical control of lifetime-limited quantum emitters using 2D materials

b

a

c

500-50-100
Vg (V)

103

105

104

En
er

gy
 (e

V)
2.0

1.8

1.6

1.4

PL
 in

te
ns

ity
 (c

ts
)

105

103

PL
 in

te
ns

ity
 (c

ts
)

Defect states

X-

X0

150

100

Γ D
BT

 /2
π 

(M
H

z)
 

50

MoS2

MoS2  BLG

Fig. 7.5.: MoS2 photoluminescence as an electrostatic doping probe. a Back-gate (Vg )
dependence of MoS2 photoluminescence (PL) spectra at 532 nm (2.33 eV) excitation. b PL
intensity of exciton X 0 (1.96 eV, blue), negatively charged trion X−(1.93 eV, green) and defect
band (1.7 eV, red) with Vg . c Emission linewidth for a single DBT molecule under BLG (grey
dots) and monolayer MoS2 (red dots).

142



7.6. Conclusion

Em
is

si
on

 (c
ts

/s
)

150

 δ
V g (m

V
)

104

102

∆ωexc./2π (GHz)

σ

0
0 3

a b

c d

Fig. 7.6.: Arbitrary emission modulation of quantum emitter. Single molecule emission
as a function of AC amplitude δVg for (left to right, top to bottom) sinusoidal, square and
pulsed modulation (fAC = 1 kHz), and for pink noise (100 kHz bandwidth).

To extend this modulation bandwidth, we reduce gate capacitance C using a thicker PVA
dielectric (hPV A = 800 nm). Then, we modulate ~ωZPL around a fixed excitation energy by
applying δVg at fAC = 100 MHz ∼ Γ0/2π to a graphene electrode. Using a time-correlated
single photon counter synchronised to δVg (see Section 2.5.3), we observe a periodic oscilla-
tion of emission intensity (Fig. 7.9) with a modulation depth ∼ 50 %. This oscillation is a
signature of the excitation laser periodically exploring a fraction of the emitter’s absorption
lineshape. These measurements show that the dynamical modulation bandwidth of our de-
vices - determined by the 2D electrode material and device geometry - approaches Γ0/2π.
Conversely, single emitters act as local nano-probes of the 2D material’s electronic properties,
as discussed in more detail in Appendix E.3.

7.6. Conclusion

In conclusion, I presented a novel hybrid device which integrates single fluorescent DBT
molecules with 2D layers of semi-metallic graphene and semiconducting MoS2. Hosted in
nanocrystals, these molecules are bright, stable single photon sources (SPS) with lifetime-
limited linewidth. Single emitter spectroscopy reveals significant nRET linewidth broadening to
graphene compared to MoS2, which shows integration with semiconducting 2D materials does
not perturb narrow emission linewidth. We use the 2D materials as electrodes to demonstrate
ultra-broadband Stark emission energy tuning of single emitter ensembles. The molecules’ de-
tuning response reveals distinct electrostatic doping behaviour between graphene and MoS2
and nRET coupling to MoS2 defect states at low charge carrier density. At high frequencies,
Stark modulation reveals low-pass transmission behaviour related to the 2D materials’ sheet
resistivity. Using a graphene electrode, we show SPS modulation at frequencies approaching
the emitters’ linewidth. Our device thus provides resonant tuning and high-frequency modula-
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Fig. 7.8: Back-gate dependence of
cut-off and transmission. a Back-
gate dependence of MoS2 cut-off
frequency f−3dB . b Transmission
T (10kHz) as a function of Vg for
MoS2 (red) and BLG (grey).
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7.6. Conclusion
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tion of SPS on chip, required for obtaining indistinguishable and synchronised single photons.
Finally, our device is a platform for studying novel forms of light-matter interaction with
plasmon-polaritons in graphene154 and exciton-polaritons in TMDs143 at the single excitation
level. Conversely, strong coupling to such excitations could allow the observation of normally
forbidden higher-order transitions of the emitter258.
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8. Conclusion and Outlook

Quantum nanophotonics requires nanoscale light control at the single photon level, which is
promising but challenging because it requires controlling and integrating nanoscale quantum
emitters. A promising approach to achieving control of such emitters is to integrate them in
hybrid systems which take advantage of the versatile properties and strong nanoscale light-
matter interactions of 2D materials at the nanoscale.

Summary A: Electromechanical control of an optical emitter using
graphene

First, I presented a hybrid optomechanical system which couples the nano-motion of a nanome-
chanical 2D resonator to the emission strength of an emitter by near-field non-radiative en-
ergy transfer with d−4 separation scaling. The motivation for this system is twofold: first,
the ultra-low mass of the 2D resonators results in high zero-point motion (xZPM ∼ 1 pm)
and mechanical frequency (Ω ∼ 10-100 MHz) compared to top-down fabricated resonators,
which makes them sensitive force sensors and facilitates the observation of mechanical quan-
tum behaviour. Second, 2D mechanical resonators can be controlled electrostatically, thus
enabling electromechanical control of the emitter emission strength. However, the fabrication
of this type of device is challenging because of the nanoscale (< 50 nm) separation required
for efficient nRET interaction.

Integration of NVCs and suspended graphene at nanometer scale separation. The
hybrid optomechanical was fabricated by integrating NVCs as emitters in nanodiamond with
a mechanical graphene resonators using a large-scale deterministic nanodiamond placement
method combined with a stamp transfer technique, both described in Chapter 3. In this way, I
obtained arrays of devices on chip with a graphene-nanodiamond separation of typically < 30
nm. To characterise the mechanical properties of graphene resonators, I presented an inter-
ferometric technique which enables detection of static deflection and high-frequency resonant
nanomotion of the graphene resonators by reflection measurement. Using this technique, I
could confirm electrostatic deflection of the graphene resonators by > 40 nm to the point of
contact with the nanodiamond and also observed mechanical resonance (Chapter 4).

Electromechanical emission control and nanomotion transduction. By controlling the
graphene-NVC separation, I could observe separation-dependent NVC emission quenching as a
signature of byrid nRET coupling. In the dynamic regime, I demonstrated readout of the high-
frequency resonant nanomotion of the graphene by time-resolved single photon-counting. The
number of photons required in this for this type of displacement detection is strongly reduced
(9 orders of magnitude) compared to an interferometric measurement, which is promising for
non-invasive detection of nano-motion.
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8. Conclusion and Outlook

Perspective A: Casimir-Polder coupling of DBT emission energy 2D
resonator nanomotion
An interesting perspective for this type of hybrid optomechanical system is the measurement
of the Casimir-Polder interaction between a single, lifetime-limited linewidth emitter such as
DBT and a 2D mechanical resonator. This system is attractive because it combines the pre-
cision of an single emitter spectroscopy with the high degree of nanoscale deflection control
achieved with a 2D electromechanical system - as such, it represents a unification of atomic
experiments with AFM and MEMS-based mechanical approaches to measure the CP inter-
action. Furthermore, efficient coupling could enable the observation of mechanical quantum
behaviour of a 2D resonator, as well as the back-action of an emitter on the mechanical res-
onator in the ultra-strong optomechanical coupling regime, where the emission of one photon
gives rise to a displacement ∆x > xZPM

16,336.
To estimate the magnitude of the CP interaction in this type of system, we use a model

kindly provided by Christine Muschik (formerly at ICFO) to simulate the CP energy level shift
of a DBT molecule at nanoscale proximity to graphene. We model the emitter as a single DBT
molecule with transition energy ~ωDBT = 1.58 eV and linewidth Γ0 = 50 MHz at nanoscale
separation d to an infinitely large sheet of graphene. In this configuration, a frequency shift
∆ω(d) = ω(d) − ω0 and emission quenching due to nRET are observed with decreasing
separation (Fig. 8.1a). nRET emission quenching can be reduced by replacing graphene with
monolayer MoS2 (band gap Eg > ~ωemitter) due to the lack of electronic states at ~ωemitter.
Importantly, a non-zero CP shift is retained in proximity to MoS2 due to the integration over
many modes with energies above or below Eg.
I adapted the model by Muschik et al.219 to simulate this shift by replacing graphene’s

optical conductivity σ with that of MoS2 (see in Appendix F.1). The simulation results
(Fig. 8.1b) show a comparably large energy shift to that of graphene visible up small d due to
the lower non-radiative decay rate (Fig. 8.1c) rate for MoS2. Although the magnitude of the
CP shift is higher for graphene compared to MoS2, the latter is favourable as nRET quenching
is inhibited. From the shift magnitude, I extract the vacuum optomechanical coupling strength
g0 = ∂ω

∂d xZPM , which enables a comparison with other optomechanical systems such as the
strain-coupled epitaxial quantum dot336 presented in Section 1.2.1, which exhibits g0/2π =
450 kHz and could be reached in a CP hybrid optomechanical system at a small separations
d < 10 nm. However, the mechanical resonance frequency of a 2D resonator is roughly three
orders of magnitude higher than that of the strained quantum dot system, which advantageous
for ground state cooling.
I propose to implement this kind of hybrid system by using the PVA nanosculpting technique

described in Chapter 6 to create a suitable geometry for suspending 2D resonators at nanoscale
separation to DBT. Measuring and controlling the CP interaction with a solid state quantum
emitter at this separation scale would open a novel coupling optomechanical mechanism based
on a purely quantum effect with far-reaching consequences for quantum optomechanics and
nanoscale single emitter control
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8. Conclusion and Outlook

Summary B: Hybrid optoelectronic system
In the second part of this thesis, I demonstrated a hybrid optoelectronic system where 2D
electrodes are used to control the Stark shift of single DBT molecules hosted in a nanoscale
volume. Here, the motivation was to use 2D materials as truly nanoscale electrodes which
can be integrated with quantum emitters at close proximity to make a compact, tunable
single photon source. Conversely, single molecules are sensitive to charges and fields in the
2D material, which enables the detection of electronic properties of 2D materials using single
molecules as a transducer.

Nanocrystals hosting single DBT molecules. As a first step in fabricating this type of
system, I compared different techniques for scaling down the single molecule host volume and
found that a novel technique based on the self-assembly of anthracene nanocrystals hosting
DBT in PVA gave the best results (Chapter D).
I could confirm that DBT molecules hosted in these nanocrystals (volume typically < (500
nm)3) routinely display bright single photon emission (saturation typically 60-100 kcts/s) with
typical linewidths of 62 MHz and a substantial fraction display lifetime-limited linewidths ∼
40 MHz. These results show that single molecules in nanocrystals are favourable as stable
nanoscale emitters compared to other systems such as nanodiamonds hosting NVCs and
colloidal quantum dots.

Near-field interaction of single DBT molecules and 2D materials. Next, I investigated
the impact of nanoscale proximity to different types of 2D materials on the emission properties
of DBT hosted in nanocrystals. Experimentally, I compared the linewidth distribution of DBT
molecules in nanocrystals covered by graphene and MoS2 and found that proximity to MoS2
has negligible impact on the emission linewidth (typical linewidth 65 MHz), while proximity
to graphene results in considerable linewidth broadening due to nRET (typical linewidth 108
MHz). Stable emission (fluctuation amplitude < 17 MHz) was observed for uncovered and
covered emitters, which suggests that 2D materials - in particular MoS2 - can be integrated
with lifetime-limited quantum emitters without perturbing emission.

Broadband Stark tuning of emission energy. Using the 2D materials as electrodes (Chap-
ter 7), I could demonstrate broadband Stark tuning of the DBT ZPL emission energy over
a relative range of 104 linewidths (comparable to the inhomogeneous broadening of ∼ 500
GHz), which was only limited by the laser tuning range and is among the largest Stark tuning
ranges reported, to the best of my knowledge. Interestingly, these measurements revealed
a difference in Stark shift behaviour between the two 2D materials, ascribed to electrostatic
doping effects which result in a transition from metallic to insulating behaviour in MoS2 which
was not observed with graphene electrodes. Furthermore, linewidth broadening ascribed to
nRET coupling to defect states was observed for MoS2 approaching the doping neutrality
point. The doping behaviour of MoS2 was independently confirmed by photoluminescence
measurements, which demonstrates that single nanoprobes of their electrical environment.

Dynamic Stark modulation at frequencies approaching the lifetime-limited linewidth
Finally, I explored the limits of high-frequency Stark modulation of DBT molecules using the
2D electrodes to apply oscillating potentials. Here, I found that the molecules follow arbitrary
modulation waveforms up to a characteristic, material-specific cut-off frequency, above which
the modulation efficiency diminishes. This frequency was found to be higher for graphene
(typically 100 MHz), while it is lower (typically 10 kHz) and strongly gate-tunable in the
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case of MoS2. Again, this behaviour could be related to the doping-dependent behaviour
of MoS2 and graphene, now understood in the context of RC low-pass behaviour, where
larger and strongly doping-dependent MoS2 resistivity results in a lower cut-off frequency.
The RC nature of the low-pass behaviour was confirmed in measurements at a larger device
thickness, which increased the cut-off frequency such that high-frequency Stark modulation at
frequencies approaching DBT’s linewidth could be observed in time-resolved measurements.

Perspective B: single molecules as nanoprobes of charge and current
in 2D materials
These results of this thesis highlight the suitability of 2D electrodes for integration with
lifetime-limited emitters, but also the use of such emitters as optical embedded nanoprobes
of electronic processes in 2D materials. For instance, emitters integrated in a field-effect
transistor (FET) geometry have shown to be non-invasive probes of electronic transport in
semiconductors51. This approach could also be used to spatially resolve local fluctuations
of charges and currents in 2D materials (Fig. 8.2), which is challenging in transport mea-
surements. Such measurements could yield insights into electronic transport and scattering
mechanisms as well as the physical origin of low-frequency "1/f" electronic noise in 2D ma-
terials, which is still not fully understood17,144.
Furthermore, single molecules could act as optical probes of the charge state of quantum

dots due via the Stark shift. This could enable fast optical readout of charge qubits to speed up
quantum information processing78 and would also provide insight into the charge fluctuations
of such systems at single electron level321. Based on our extracted Stark coefficients, an
electron at a separation of 100 nm to a DBT molecule would lead to an energy level shift on
the order of 500 MHz (corresponding to > 10 linewidths), which highlights the sensitivity of
this technique. Remarkably, a single molecule is sensitive to the presence of an electron at
separations up to ∼ 400 nm (corresponding to a Stark shift of one linewidth), which could also
be used to trace the motion of charges through a FET device as has been recently suggested86.

Vg 

Vds

Laser spectroscopy
Signal analyser

Single 
molecule

PVA

Drain Source

Back-gate

SiO2

2D material

Fig. 8.2.: Field-effect transistor with 2D material channel and embedded single DBT
molecules. Transport measurements of drain-source current provide a measurement of total
noise over the channel, while single molecule spectroscopy on embedded molecules yields a
localised measurement of charge and current fluctuations.
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A. Measurement

A.1. 785 nm laser tuning and stability

For scanning laser spectroscopy of DFB molecules, we use a tunable 785 nm DFB laser (Top-
tica DL 100 DFB) of < 1 MHz linewidth with a mode-hop free tuning range of up to 1 THz1.
Laser frequency tuning is achieved by controlling the laser diode current and the temperature
of the DFB cavity within the diode housing, which modifies the DFB cavity length and thus
its optical resonance. Both diode current and temperature are computer-controlled by a DAC,
enabling automatised scans of frequency. The laser’s wavelength dependence on diode current
and temperature is shown in Fig. A.1a, measured with a wavelength meter (HighFinesse WS
6). By combining thermal and current detuning, a spectral range of 2 nm ≡ 1 THz around
784.5 nm can be addressed. From this data, we extract the wavelength dependence on diode
current and temperature, which enables calibration of computer-controlled laser detuning. A
measurement of the laser’s wavelength stability in time (Fig. A.1b) shows deviations < 10
MHz over a period of 500 s, which is well below ΓDBT . However, we note that these devia-
tions are in fact below the wavemeter’s resolution of 50 MHz = ΓDBT /2π, thus the laser is
stable to at least a linewidth. The laser power at the objective deviates below ±2 % over the
same period of time. These measurements demonstrate the broadband tunability and stability
of the 785 laser, which is essential for scanning laser spectroscopy and measurements with
long integration times.

1www.toptica.com
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Fig. A.1.: 785 nm DFB laser tuning and stability. a Laser excitation wavelength (λ) tuning
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deviation in time for fixed (ID , TD) setpoint over a period of 500 s. c Histogram showing laser
power fluctuation measured at the objective over a period of 500 s. A small shoulder to the
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A.2. Alignment procedures

A.2.1. Confocal microscope

In the following, I present the procedure for aligning the confocal setup for a given laser source.
Alignment positions (AP) mentioned in the text are shown in Fig. 2.4.
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A.2. Alignment procedures

Prerequisites

• If the device is to be cooled, this alignment is best done once base temperature
has been reached, as cooling causes slight sample movement.

• The laser source is set to a moderate power (≤ mW) such that reflected light can
be seen on a paper screen or NIR detector card (for 785 nm excitation).

• The piezo positioner is set to its central position.

• The setup is coarsely aligned such that the excitation laser enters the objective and
strikes the chip at a position close to but off the device of interest and not on an
electrode (this is verified using white light imaging/CMOS camera).

• All long-pass filters and superfluous optional elements are removed out of the beam
path.

• All fibre couplers should be set correctly. This can be verified using a (visible) laser
source attached to the fibre: light from the coupler should be collimated, i.e. it
should display a constant spot size should even at separations from the coupler on
the order of the entire setup size (2-3 m).

• Any dichroic mirrors / beam splitters should be set such that incident light strikes
them at a 45◦ angle of incidence for optimal splitting performance.

Procedure:

1. Check whether Airy ring patterns are visible on a paper screen or NIR detector card
AP1. If not, adjust pairwise tip and tilt of M11,M21 and M12,M22 until Airy rings are
visible and concentric when the manual z focus is moved. Place a powermeter head at
AP1 and adjust z focus to maximise the reflected power, then rotate the QWP to find
a maximum again2. Then, increase the reflected power further by adjusting tip and tilt
of M11,M21 and M12,M22 in a pairwise fashion. Perform a reflection focus scan and
check that it shows a symmetrical, Gaussian shape.

2. Connect the powermeter head such that the reflected light coupled into the fibre at
AP2 is measured. Adjust tip/tilt of M31,M32 to maximise coupling into the fibre. Use
reflection focus scans to correct for possible variations of focus - they should have a
much lower FWHM than at AP1 (typically ∼ 10 µm).

3. Small tweaks of M21,M22 tip/tilt also improve the coupling. After some time, coupling
ratios of > 80% should reached for both single- and multimode fibres (single mode
fibres require more patience).

4. To align the emission channel, check that some reflected light is still visible at AP3 at
the same focus as obtained previously (likely much less than at AP1 due to attenuation
by the DM). If not, coarse align with M41,M42 until it enters the APD coupler. Now,
place a powermeter head on the fibre at AP4 and optimise the coupling as before, using
M41,M42. Again, a reflection focus scan corrects for focus variations. However, for
good collimation, the foci at AP2 and AP4 should be identical.

2This is necessary because most optical elements show some degree polarisation dependence - in particular,
the DM.
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A. Measurement

5. Once aligned, an emission map of a device with suitable emitters can be made and
emission channel alignment can be furthered improved by tweaking M41,M42 (and also
M21,M22 if the reflection channel coupler was not aligned before).

6. For single molecule spectroscopy, the spectral overlap between the LLF and LPF should
be minimised to avoid excitation light passing into the APDs which increases background
counts. Spectral overlap is reduced by slight rotation of each filter against the optical
axis. To set the LLF(LPF) angle correctly, the laser is detuned to its longest(shortest)
wavelength - experimentally, best results are achieved when the transmission reduction
by rotation is approx. 60% in each case.

A.2.2. Wide-field off-resonant LED / EMCCD imaging
In the following, I present the procedure for aligning the wide-field illumination and EMCCD
imaging as shown in Fig. 2.4.

Prerequisites

• EMCCD on, cooled to ∼ -80◦ C and EM gain off.

• LPF in front of EMCCD removed.

• Mirror MWF2 and beam splitter BSWF inserted.

Procedure:

1. Lenses in the path from the LED to the objective should be set such that the LED
light is focused on the back-focal plane (BFP,∼ 3 mm away from the objective). For
a standard LED with a Lambertian emission pattern, some of the emitted light cannot
be collected by a standard lens on the LED coupler (even with short focal length / high
NA) - stray light shielding around the LED is required. Best results are achieved when
a bright,sharp image of the LED chip is visible at AF5 on a paper screen. Then, the
second lens is adjusted to focus the light onto the BFP together with the tip/tilt of
MWF1 and BSWF .

2. Manually focus the z position of the objective until a coarse reflection image of the
device can be seen at AP6. Optimise image clarity and sharpness with the tip/tilt of
MWF1 and BSWF .

3. Ensure that the reflection image is projected onto the EMCCD focusing lens with a
paper screen.

4. Using the EMCCD in video mode, optimise the image on screen by adjusting tip/tilt of
MWF2, MWF3 and the lens z position.

5. Now, emission from DBT in nanocrystals should also be visible with the LPF is inserted
and an integration time of ∼ 0.3 s with an EM gain ∼ 200-300. A slight rotation of
the LPF can enhance the image signal-to-noise ratio.
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B. Device fabrication

B.1. Spin-coating parameters

Table B.1.: Spin-coating parameters. Abbreviations: pre pre-spin, main main spin, Evapo.
evaporation. Typically, two drops of each liquid are deposited on a chip for spin-coating.

Recipe Resist Spin-coat (pre / main) Postbake
Evapo. mask 1 PMMA 495 A4 5 s, 3 krpm / 30 s, 4 krpm 120 s, 150◦ C
Evapo. mask 2 PMMA 950 A2 5 s, 3 krpm / 30 s, 4 krpm 120 s, 150◦ C
RIE etch mask 1 PMMA 950 A2 none / 60 s, 6 krpm 120 s, 150◦ C
RIE etch mask 2 PMMA 950 A2 none / 60 s, 6 krpm 120 s, 150◦ C
PVA (300 nm ) (DBT-doped) PVA 10 s, 500 rpm / 60 s 3 krpm 90 s, 60◦ C

B.2. Electron beam lithography parameters

Table B.2.: EBL parameters. Abbreviations: Vacc. acceleration voltage, SS spot size, DF
dose factor

Recipe Vacc. (kV) SS DF Step size (µm) Dose
Electrodes 30 6 1.8 0.108 350
RIE etch 30 2 1.8 0.027 350
PVA shaping 30 6 1-10 0.108 350
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C. Graphene-NVC hybrid
optomechanical system

C.1. NVC emission as the predominant component in the
measured signal

To measure NVC emission, we use spectral filters to suppress the excitation laser component
in the reflected signal as described in Section 2.3.4. We read out the filtered optical signal
IAPD with an avalanche photodiode (APD) as shown in Section 2.3.4. This signal depends
on the position ~r on the device as well as the excitation laser power P . For a position ~r where
an NVC is excited, IAPD consists of NVC emission INV C with an added background signal
Ib:

IAPD(~r,P ) = INV C(~r,P ) + Ib(~r,P ) (C.1)
Here, Ib includes emission from the substrate, graphene and processing residues as well as a
parasitic reflection component and detector noise.

A line trace of emission in Fig. C.1a shows the strong and localised increase in IAPD at a
nano-diamond site due to NVC emission. Replacing the dichroic filter of optical density (OD)
3 with a mirror causes a net increase of IAPD by only 16 % at each position along the trace,
indicating that reflection leaks do not contribute significantly to the measured signal. Indeed,
in the case of a dominant contribution of reflection in IAPD, one could expect a discrepancy
between the signal at the nano-diamond position and away from it as the reflected intensity
should be different in each case, e.g. due to Rayleigh scattering from the nano-particle. This
confirms that residual excitation light is efficiently rejected in our emission measurements.
By measurement of IAPD at a position on the membrane away from an NVC, we have

access to the background signal Ib. From an excitation laser power dependence of both, we
extract NVC emission INV C = IAPD − Ib as in Fig. C.1b and observe emission saturation
at ∼ 30 kcts/s for an saturation power ∼ 7 nW. As this is a measurement of NVC ensemble
emission, the saturation power observed approximates that for a single NVC.
For a given laser power, the respective contributions of the NVC signal and background

noise to the total APD signal are then given as:

∆INV C = INV C
IAPD

; ∆Ib = Ib
IAPD

(C.2)

These relative contributions are presented in Fig. C.1c and show that there exists an op-
timum laser power P0 = 1 mW at which INV C has the greatest relative contribution to
IAPD.

C.2. NVC emission spectrum
At 3 K, we obtain the emission spectrum shown in Fig. C.2 from nano-diamonds containing
multiple NVCs excited at 532 nm. Here, the NV0 and NV− transition peaks are discernible
over the background of the strong phonon sideband.
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C.3. NVC emission modulation sources
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C.3. NVC emission modulation sources

In the previous section, we find the governing component of our measured signal to be NVC
emission. However, multiple mechanisms may cause a modulation of this signal when the
graphene membrane is deflected towards the NVC or driven at radio frequencies.
For instance, the motion of the graphene membrane may change the power absorbed in

the graphene (Fig. 4.3), hereby varying the power incident on the NVC and thus its emission.
However, this effect can be ruled out as the measured NVC emission decreases (red curve in
Fig. C.3-a) with decreasing graphene-emitter separation dG−NV C , while the incident power
on the NVC increases (green curve in Fig. C.3a).
The measurements presented in Fig. C.3a are also well described by models of the reflection

signal Ir (see Section 4.3.2) and emission IAPD against dG−NV C (see Section C.4) as is
shown in Fig. C.3b. While Ir shows increasing and linear behaviour in the region explored by
deflection of the graphene membrane (inside dashed area), IAPD is non-linear and diminishes
for small dG−NV C .
Interferometric modulation of the NVC emission itself can be neglected as the emission

source is an ensemble of spatially incoherent point dipole sources with random emission direc-
tion and a broad emission spectrum (see Fig. C.2). As such, any interference pattern produced
by this source is badly defined and thus will not be modulated by the motion of the graphene
membrane.

NVC emission can be modulated by electric fields due to the Stark effect if the ZPL energy
is shifted out of resonance with the excitation, resulting in reduced emission. Lifetime-limited
linewidth NVCs (linewidth typically 10’s of MHz) display dominantly linear Stark shifts on the
order of GHz/(MV m−1)23,290. In our case, NVC’s have a random orientation with respect to
electric field between the graphene membrane and the back gate, where the field strength is
on the order of 300 MV m−1. Therefore, one can expect the Stark shift to be between zero
(NVC dipole oriented perpendicular to field) and some THz for a dipole oriented parallel to
the field. However, as we employ off-resonant excitation at 532 nm (linewidth 30 GHz), the
excitation efficiency will not be affected by energy level shifts of this magnitude.
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C. Graphene-NVC hybrid optomechanical system

We now discuss why INV C dominates the measured signal IAPD when we record time-
resolved emission traces. For a generic, time-varying emission signal, we determine the contri-
bution of the emission variance σ2

NV C to the total variance σ2
APD of the signal, and compare

it to the background variance σ2
b :

σ2
APD = 〈I2

APD〉 − 〈IAPD〉2
= 〈(INV C + Ib)2〉 − 〈(INV C + Ib)〉2
= 〈I2

NV C〉+ 〈I2
b 〉+ 2〈INV CIb〉 − 〈INV C〉2 − 〈Ib〉2 − 2〈INV C〉〈Ib〉

= σ2
NV C + σ2

b + 2cov (INV C , Ib)

(C.3)

As INV C and Ib arise from independent processes, cov (INV C , Ib) = 0 and thus σ2
APD =

σ2
NV C + σ2

b .
Similarly to what has been introduced before, we now define α and β as the relative

contributions of the NVC emission and background signal to the total measured variance:

α = σ2
NV C

σ2
NV C + σ2

b

= a2

a2 + b2
; β = σ2

b

σ2
NV C + σ2

b

= b2

a2 + b2
(C.4)

We recall that σ2(kX) = k2σ(X), where k is a constant, and σ2(X) the variance of the
ensemble X.

In Fig. C.3c, we compare the values of α and β. This comparison shows that NVC emission
is the dominant contribution to the periodically modulated emission signal which we attribute
to the NVC acting as a transducer of graphene motion by n-RET.

C.4. Emission in the presence of graphene
Energy transfer from an emitting dipole to graphene at a separation dG−NV C leads to a
modified total decay rate ΓG(dG−NV C) due to an additional divergent non-radiative decay
channel provided by n-RET:

ΓG(dG−NV C)
Γ0

= 1 + 9να
256π3(εr + 1)2

(
λ

dG−NV C

)4
(C.5)

where Γ0 is the decay rate in the absence of graphene, ν ∈ [1, 2] takes into account the
emitting dipole orientation, α is the fine structure constant, εr is the equivalent relative
permittivity of the separating medium (see Section C.8) and λ is the emission wavelength
(e.g. 638 nm for NV − zero phonon line). This causes emission quenching with decreasing
dG−NV C :

ΦG
Φ0
∝ Γ0

ΓG(dG−NV C) (C.6)

where Φ0 is the emission in the absence of graphene.

C.5. NVC ensemble emission in the presence of graphene
To model NVC ensemble emission, we consider a nano-diamond containing N ∈ [1, 4] NVCs
emitting simultaneously. We assume an average separation of 15 nm between each NVC,
located at positions zi ∈ 1, ..,N within a nano-diamond with an average diameter of 40-60
nm. The separation of each NVC to graphene is given as di = zG − zi, where zG is the
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C.6. NVC lifetime with graphene deflection
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Fig. C.4.: Model of emission quenching behaviour of NVC ensembles. We model an
ensemble of 1-4 NVCs, spaced by 15 nm within a nano-diamond. The distance dG−NV C

describes the distance of graphene to the closest NVC (see inset). As the number of emitting
NVCs increases, the overall quenching effect is reduced as the relative proportion of NVCs
interacting with graphene is reduced.

position of the graphene. The ensemble emission is then given by the sum of the individual
NVC emission:

Φensemble(zG) = Φensemble,0
∑
N

ΦG(di) (C.7)

where Φensemble,0 =
∑
N Φ0. Qualitatively, the quenching effect of an ensemble of emitters

is thus strongly reduced when compared to a single NVC as is shown in Fig. C.4.

C.6. NVC lifetime with graphene deflection

To verify whether nRET is visible in measurements of NVC excited state lifetime, we compare
the lifetime of NVCs in a nanodiamond below a graphene resonator in a hybrid device as
shown at minimum and maximum electrostatic resonator deflection as shown in Fig. C.5.
Measurements are performed as detailed in Section 2.5.1. In the absence of NVCs, we measure
a residual background (shown in grey in Fig. C.5) with a fast decay on the order of 0.1 ns.
As a result, data show bi-exponential behavior (τ1, τ2), as previously reported100 for NVC in
nanodiamonds. The time scale related to NVC emission is τ2, which shows a reduction of ∼ 0.5
ns between the undeflected and deflected resonator states. This reduction can be attributed
to enhanced nRET for smaller dG−NV C when the resonator is fully deflected. However, we
note that this measurement constitutes an ensemble measurement, where we simultaneously
record a decaying signal from multiple NVCs. Of these, only the NVCs closest to the graphene
should show significant nRET-induced lifetime reduction. A subsequent lifetime reduction is
thus easily masked within the background of emission from NVCs far from the graphene.
Therefore, we find that lifetime measurements do show a signature of nRET but would ideally
require measurement of a single NVC for reliable results. A direct measurement of emission
intensity as shown in Fig. 5.5 yields a stronger signature of the quenching effect.
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C. Graphene-NVC hybrid optomechanical system
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Fig. C.5.: NVC lifetime measurements in a hybrid optomechanical device. Emission life-
time is measured for an initially undeflected (pale red) and for a fully deflected (pale blue)
resonator. Data are normalised to the initial peak value. Solid lines are bi-exponential fits
yielding two decay time τ1, τ2. The background response on graphene away from the NVC
(grey line) is also shown.

C.7. Calibration of graphene-emitter separation from
emission measurement

For a single NVC near a mobile graphene membrane, Eq. C.5 enables the calibration of the
absolute value of the static separation dG−NV C by measurement of the decay rate enhance-
ment, e.g. by making excited state lifetime measurements by recording time-resolved emission
as described in Section C.6.
However, such direct decay rate measurements cannot be used to calibrate di for an emitting

ensemble as each NVC experiences an individual and indistinguishable decay rate enhance-
ment. Similarly, broad-band emission measurements of an NVC ensemble using an APD cannot
be used to extract information about the NVC distribution within a given nano-diamond, nor
about the exact number of emitting NVCs as this information is hidden in the total emission
signal.
Experimentally, we have access to the NVC emission intensity, which is related to the decay

rate by Eq. C.6. We measure the emission rate from the NVC at different applied back gate
voltages Vg. This data is then fitted using Eq. C.6, where we substitute dG−NV C = κ(Vg)2

(cf. Eq. 4.8) and κ is the calibration constant. In addition, we fit our data taking into
account an emission background originating from NVCs deeper within the nano-diamond and
thus further away from the graphene membrane. We assume that these NVCs are not affected
by the graphene and thus contribute a constant background emission signal.
Based on these assumptions, we fit our measured emission data Φem(Vg) with a simple

model described by Eq. C.6 which takes into account coupling by n-RET to the topmost NVC
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C.8. Derivation of calibration uncertainty

in the nano-diamond and a constant background emission signal Φbg:

Φem(Vg) = ΦG(Vg) + Φbg (C.8)

We use this model to fit the measured emission for increasing Vg in the main text, which
also yields a calibration of the graphene membrane’s deflection.
While our model shows good agreement to the measured data, it neglects n-RET cou-

pling to other NVCs which induces a systematic error in the position detection by emission
measurement. This error is enhanced by spectral broadening at 300 K, where NVC emission
is broadband and thus the main emission wavelength λ is badly defined. For an optimum
displacement measurement by emission, one should therefore use a system where single NVC
with a narrow emission linewidth is located close to the top of the nano-diamond.

C.8. Derivation of calibration uncertainty
We now evaluate the sources of uncertainty in the distance dependence of emission, as de-
scribed by Eq. C.8. This model implies an equivalent permittivity εeq(h, d, εd), where d is
the separation between graphene and the top surface of nano-diamond, and εd is the relative
permittivity of diamond. For this serial configuration, we show that:

εeq = (d+ h)εd
εdd+ h

(C.9)

The uncertainty on this expression is given by:

∆εeq =
∣∣∣∣−hεd(εd − 1)

(dεd + h)2

∣∣∣∣∆d+
∣∣∣∣ h(d+ h)
(dεd + h)2

∣∣∣∣∆εd +
∣∣∣∣ dε2d
(dεd + h)2

∣∣∣∣∆h (C.10)

For d = 65±10 nm, εd = 7±2 and h = 5±5 nm, we obtain εeq = 1.07±0.06, corresponding
to an relative uncertainty of 5.6% on εeq. We now consider the equation governing the
emission, taking into account the precedent hypothesis:

ΦG = Φ0

1 + 9να
256π3(εeq+1)2

(
λ
z

)4 + Φbg (C.11)

where z = d + h is the separation between the graphene and the NVC. The parameter
dependence on this expression is given by:

dΦG = ∂ΦG
∂Φ0

dΦ0 + ∂ΦG
∂εeq

dεeq + ∂ΦG
∂λ

dλ+ ∂ΦG
∂z

dz + ∂ΦG
∂Φbg

dΦbg (C.12)

∆ΦG =
∣∣∣∣(1 + 9να

256π3(εeq+1)2

(
λ
z

)4)−1
∣∣∣∣∆Φ0

+
∣∣∣∣−Φ0

(
1 + 9να

256π3(εeq+1)2

(
λ
z

)4)−2 [
−9να

128π3(εeq+1)3

(
λ
z

)4]∣∣∣∣∆εeq
+
∣∣∣∣−Φ0

(
1 + 9να

256π3(εeq+1)2

(
λ
z

)4)−2 [
9ναλ3

64π3(εeq+1)2z4

]∣∣∣∣∆λ
+
∣∣∣∣−Φ0

(
1 + 9να

256π3(εeq+1)2

(
λ
z

)4)−2 [
−9ναλ4

64π3(εeq+1)2z5

]∣∣∣∣∆z
+∆Φbg

(C.13)
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C. Graphene-NVC hybrid optomechanical system

As we do not have direct access to z, we introduce a transduction factor ζ such as z =
d− ζ (Vg)2. We show that :

∆z = ∆d+ |−2ζVg|∆ζ +
∣∣∣(Vg)2

∣∣∣∆Vg (C.14)

Note that the uncertainty depends on the membrane position, and should be calculated at
every z. Interestingly, the calculation leads to the extraction of the two dominant factors
for ∆ΦG : the uncertainty on the emission wavelength and on the background from deeply
implanted NVCs. It is worth noting that the emission wavelength is intrinsically poorly defined
at high temperature as the NVC spectrum is rather broad, while it becomes narrower at
cryogenic temperatures.

Similarly, the differential emission is given by:

∂ΦG
∂z

=
4Φ0

9να
256π3(εeq+1)2

λ4

z5[
1 + 9να

256π3(εeq+1)2

(
λ
z

)4]2 (C.15)

The parameter dependence on this expression is given by:

d

(
∂ΦG
∂z

)
= ∂Φ2

G

∂z∂Φ0
dΦ0 + ∂Φ2

G

∂z∂εeq
dεeq + ∂Φ2

G

∂z∂λ
dλ+ ∂Φ2

G

∂2z
dz + ∂Φ2

G

∂z∂Φbg
dΦbg (C.16)

The calculation of each partial derivative is simple if we use the Schwartz theorem, with which
one can compute a numerical value for each error.

C.9. Extraction of dissipative optomechanical coupling
strength

In the following, we extract a dissipative optomechanical coupling rate ∂ΓG
∂z , and use it to

calculate the dimensionless coupling strength B̃ used in the formalism83, which enables a
comparison between different types of optomechanical systems:

B̃ = dΓG
dz

zZPMΓ−1
0 (C.17)

First, we define the following variables:

• Γ0 = 1
2πτ2 ∼ 16 MHz, the intrinsic decay rate of NVCs in our nano-diamonds, estimated

from the measured NVC lifetime1 τ2 ∼ 9.5 ns as described in Section C.6.

• zZPM =
√

~
2MΩm ∼ 65fm, the zero-point point motion7 of a graphene resonator with

dimensions as used in this work.

We approximate the ∂ΓG
∂z from the measured change in NVC ensemble lifetime from an

initially undeflected graphene drum (dG−NV C ∼ 30 nm, τUD ∼ 9.5 ns) to the case of
maximum deflection (dG−NV C ∼ 10 nm, τD ∼ 8.9 ns):

∂ΓG
∂z
≈ ∆ΓG

∆z = 1
2π

τ−1
UD − τ

−1
D

∆z ≈ 1.2MHz

20nm = 60 kHz nm−1 (C.18)

1This is an estimate as the lifetime measurement yields the lifetime over an NVC ensemble.
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C.10. Resonator mode profile distortion in contact with a nano-diamond

We note that this estimate does not include uncertainties in dG−NV C and τ2. As we
measure the lifetime of an NVC ensemble, this measurement underestimates ∂ΓG

∂z which is
larger in the case of nRET from a single emitter100,199,297.
For a value of ∂ΓG

∂z = 60 kHz nm−1, we obtain a dimensionless optomechanical coupling
strength of:

B̃ = dΓG
dz

zZPMΓ−1
0 ≈ 2.5 10−7 (C.19)

Given this value of B̃ � 1, it is clear that our system operates far from the ultra-strong
coupling regime where B̃ > 1, γM/Γ0. Nonetheless, the value of B̃ ∼ 2.5 10−7 achieved
by our system is comparable to other optomechanical systems such as a microdisk coupled
to an optical waveguide? (B̃ = 3 10−7), a graphene resonator coupled to a microsphere
optical resonator71 (B̃ = 8.3 10−7) or a photonic crystal nanocavity? (B̃ = 9.7 10−6). The
potential of dissipative optomechanical coupling for the manipulation of a mechanical degree
of freedom is promising327 as it may allow optomechanical cooling to the mechanical ground
state while alleviating the ’good cavity’ limit Γ0 � Ωm, which remains a major hurdle for
nanoscale optomechanics

C.10. Resonator mode profile distortion in contact with a
nano-diamond

The graphene resonator in our hybrid optomechanical device can be electrostatically deflected
to a point where it is in contact with the nano-diamond. This case corresponds to a minimum
graphene-NVC separation dG−NV C . By monitoring a driven resonator’s mode shape as it is
deflected, we can experimentally observe the value of Vg for which contact with the nano-
diamond occurs. Experimentally, we make spatial maps of both the amplitude and phase
of a driven resonator in a hybrid device and find that the phase lag of the resonator (see
Section 4.4) is particularly sensitive to contact with the nano-diamond. This measurement is a
complimentary approach to interferometry and emission quenching for quantifying electrostatic
deflection and dG−NV C .

To observe the point of contact, we proceed as follows: First, the position of the nano-
diamond is determined by AFM scans of the device before graphene transfer, as shown in
Fig. C.6a. We drive the resonator at its mechanical resonance frequency fm with a waveform
generator and detect the reflection component at this frequency with a radio-frequency lock-
in amplifier. We electostatically deflect the vibrating resonator towards the nano-diamond in
small steps, making maps of the lock-in phase at each step. At a certain static back-gate
voltage Vg, we find that the phase maps show a strong modification localised around the known
nano-diamond position. For instance, Fig. C.6b shows homogeneous phase over the membrane
surface in its initially undeflected state at Vg = 0 V. By applying an electrostatic potential Vg =
5 V, we deflect the membrane to an extent where it touches the nano-diamond and φlockin is
severely distorted around the nano-diamond location as shown in Fig. C.6c. Interestingly, we
find that graphene can detach after contact with the nano-diamond and brought back to its
initial, undeflected state by setting Vg = 0 V again, as is shown in Fig. C.6d. This indicates
that adhesion of a small area of the drum to the nano-diamond due to van der Waals forces
can be overcome. The detachment of the membrane occurs on a time scale of a few hours
after setting Vg = 0 V.
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Fig. C.6.: Contact and detachment of graphene membrane with a nano-diamond. a
Optical micrograph of a suspended four-layer graphene drum showing slight ripples along its
horizontal axis. b AFM map of sample depth before graphene transfer. A nano-diamond (ND)
deposited in the hole (dashed circle) lies flat enough not to touch the initially undeflected
graphene drum. c,d,e and e,f,g show maps of lock-in amplifier amplitude ALI A(x , y) and
phase φLI A(x , y), respectively, over the area of a resonantly driven graphene drum at different
electrostatic deflections. Initially in its undeflected state at Vg = 0 V, the drum shows a
symmetric fundamental mode profile. Once deflected to be in partial contact with the nano-
diamond at Vg = -5 V, a strong distortion of the mode profile is visible. After contact, the
drum can be detached from the nano-diamond and brought back to its initial state at Vg =
0 V again (d). Scale bars are 1 µm.

168



D. Organic nanocrystal deposition and
PVA encapsulation

Just as for the case of nanodiamonds hosting NV centres, a technique for large-scale deter-
ministic deposition of organic nanocrystals hosting single molecules would be of interest for
fabricating nanoscale hybrid systems where emitters can be placed accurately. However,the
technique described in Section 3.4 is not compatible directly with organic nanocrystals such
as those described in Section 6.3.2 because their anthracene host material is soluble in or-
ganic solvents such as acetone and IPA. Therefore, the process as described for nanodiamonds
destroys the organic nanocrystals.

To overcome this problem, a protective layer of PVA can be spin-cast onto organic nanocrys-
tals deposited into a sacrificial PMMA mask as shown in Fig. 3.13. Before the the sacrificial
mask is dissolved in the final step, a thin layer of PVA is spin-cast onto the holes (Fig. D.1),
covering the nanocrystals and protecting them from the organic solvents used. Now, dissolving
the sacrificial mask also lifts off the excess PVA outside the nanocrystal area, leaving behind
a block of PVA covering the nanocrystals. The PVA height is defined roughly by the height
of the sacrificial PMMA mask. Importantly, this lift-off technique can also be used to shape
PVA by using the PMMA as a mould.

As discussed previously, emission from nanocrystals suspended in water is rather broadband
and weak compared to organic nanocrystals fabricated directly in PVA. However, we note
that the above technique is equally useful for shaping doped PVA in a PMMA mould, as
shown in Fig. D.2. Here, a 300 nm thick PMMA mask made by EBL was coated with doped
PVA and baked at 60◦ for 90 s. By subsequently dissolving the PMMA mask, the structure
as shown in the micrograph in Fig. D.2a. This demonstrates that this technique enables
the fabrication of small structures of ∼ 2 µm diameter, while larger structures also contain
some visible nanocrystals. However, the difference in colour indicates that the surface of this
structures varies considerably over the array area. This is confirmed by an AFM scan of the

a b c

Fig. D.1.: PVA shaping by PMMA liftoff: nanocrystal protection. a Anthracene nanocrys-
tals in water suspension are deposited onto a sacrificial PMMA mask made as described in
Section 3.4. b A layer of PVA is spin-cast onto the PMMA mask, thereby also covering
nanocrystals in holes and conforming to the PMMA mask. Alternatively, a layer of doped
PVA can also be spin-cast onto the PMMA mask instead of using covered nanocrystals. c By
dissolving the PMMA layer in organic solvents, the PVA outside the mask is also lifted away
and only the nanocrystals covered by PVA remain.
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Fig. D.2.: Shaping DBT-doped PVA by PMMA liftoff a Micrograph of a disc array made
by lifting off excess doped PVA on a sacrificial PMMA mask. b 3D AFM topology of a large
disc outlined in a. The disc surface is uneven, and a nanocrystal protruding it is visible.

disc highlighted in the micrograph, a 3D rendering of which is shown in Fig. D.2b. While the
disc appears to contain nanocrystals, its surface is uneven. Subsequent optical measurements
of this device at low temperature did not show any emission from nanocrystals in the disc
array. Here, the lower density of nanocrystals in suspended in PVA may be an issue as the
deposition is now a "one-shot": multiple depositions of doped PVA onto a sacrificial mask
would overfill the holes. Ideally, we seek a solution where a polymer structure can be fabricated
around a single quantum emitter in a precisely controlled manner.

Large-scale deterministic nanocrystal deposition and protection

• Using a sacrificial PMMA mask, we demonstrate large-scale deterministic deposi-
tion of nanodiamonds into hole arrays on chip with an accuracy of ∼ 2 µm.

• This deposition technique can also be used for organic nanocrystals protected by
a PVA thin film.

• The PMMA mask also serves as a mask for shaping pristine PVA and nanocrystals
in a PVA suspension, which could be used to fabricate nanophotonic elements
containing single photon sources.
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E. Electrical control of lifetime-limited
quantum emitters using 2D materials

E.1. Dry transfer of 2D materials transferred onto a PVA
film hosting DBT-doped nanocrystals

Before transferring 2D materials onto Ac nanocrystals, we use wide-field LED illumination 730
nm and EMCCD imaging (Section 2.4.3)to find suitable areas where we observe a high density
of active molecules near electrodes. Different types of 2D TMD flakes can be transferred onto
the identified areas by dry stamp technique (Fig. E.1a,b). Both DBT and the monolayer part
of the TMD flakes shows emission at 300 K (Fig. E.1c). At 2.8 K, we identify monolayer
TMD areas under 532 nm confocal excitation by their strong emission (Fig. E.1d).

E.2. RC lowpass model
The simplest form of an electric low-pass element consists of a resistor R and capacitor C
arranged in a circuit as shown in Fig. E.4. Its frequency-dependent complex transmission
function T̃ (ω) relates the input and output voltage at angular frequency ω and is readily
calculated treating the circuit as a voltage divider:

T̃ (ω) = Vout(ω)
Vin(ω) = 1/jωC

R+ 1/jωC = 1
1 + jωRC

(E.1)

For what follows, we use frequency fAC = ω/2π to describe the experimentally applied AC
drive frequency. The amplitude of transmission T (fAC) is thus given as:

T (fAC) = |T̃ (fAC)| = 1√
1 + ( fACfcut

)2
(E.2)

and shows low-pass behaviour with a characteristic cut-off frequency fcut = (2πRC)−1

which corresponds to the frequency at which transmission is reduced by 3 dB (f−3dB in
the main text). Fig. E.4 shows a simplified sketch of our device where a single molecule
(SM) is embedded in a PVA layer and lies below a sheet of 2D material at a separation r
to a gold electrode. The PVA film lies on SiO2 thermally grown on p-doped silicon (Si++),
which acts as a highly conductive back-gate electrode. The top electrode of the device is
formed by a 2D material of square resistivity ρ2D. Given a width w, the 2D electrode at the
SM location has an effective length of r, resulting in a resistance R2D = rwρ2D. The 2D
electrode also forms a plane plate capacitor with the silicon electrode, with a total capacitance
Ctot. =

(
C−1
PV A + C−1

SiO2

)−1 given by the series capacitance of the dielectric PVA and SiO2
layers. Together, R2D and Ctot. form a low-pass filter circuit as indicated in Fig. E.4, with a
cut-off frequency

fcut(ρ2D, r) = 1
2πR2D

= 1
2πC̃ρ2Dr2

(E.3)
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Fig. E.1.: 2D TMDs transferred onto DBT-doped AC nanocrystals in PVA. Columns
left to right show measurements on MoSe2, WSe2 and MoS2, respectively. a Micrograph of
2D materials transferred onto 300 nm thick PVA hosting DBT-doped Ac nanocrystals. b
Reflection image of the same devices as in a under 730 nm wide-field LED illumination at
300 K. Upon insertion of a 785 nm long-pass filter, DBT fluorescence (red circles) and TMD
photoluminescence is visible from monolayer areas of the flakes (c). DBT fluorescence images
of the PVA film are used to choose the area to transfer TMDs to before transfer (d). At
3 K, confocal maps of the devices excited at 532 nm show strong emission signals from the
monolayer areas of the flakes (emission data shown here are normalised to the peak signal in
the map). Scale bars are 20 µm.
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E.3. Embedded emitters as local nanoprobes of 2D materials
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Fig. E.2.: RC lowpass model of the hybrid device. a First-order RC low-pass circuit. b
Device schematic.

where C̃ = ε0
εPVAεSiO2

hSiO2 εPVA+hPVAεSiO2
∼ 5 nF cm−2 is the back-gate capacitance, given by

the dielectric constants εPV A ∼ 10307 and εSiO2 ∼ 3.9, and thicknesses hPV A = 300 nm
and hSiO2 = 285 nm of the PVA and SiO2 layers, respectively. In this circuit, the resistance
of the bulk silicon back-gate is negligible compared to R2D.

E.3. Embedded emitters as local nanoprobes of 2D
materials

Via the Stark effect, the SM probes the electric field strength E(fAC ,~r) = Vout(fAC ,~r)
htot

at its location ~r. This renders it a local probe of the device’s transmission function as
Vout(fAC ,~r) = T (fAC ,~rVin(fAC). Therefore, frequency-dependent measurements of the
Stark shift behaviour of SM at different locations yield a local measurement of the trans-
mission function T (fAC ,~r, which is directly related to ρ2D by fcut. In this way, resonantly
excited embedded emitters could act as non-perturb optical probes of the local properties of
2D materials.
To gain more insight into the transmission behaviour of this type of complex structure, we

simulate the case of linear (Fig. E.3a) and 2D (Fig. E.3b-e) RC networks with homogeneous
and inhomogeneous resistor configurations (R ∈ [10, 106]Ω) but constant capacitance C = 1
µF. Here, the transmission defined as T (fAC = Vnode(fAC)

Vin(fAC) ) extracted from PSPICE simula-
tions of the RC networks is shown in the insets using commercial OrCAD Capture software.
For each network type, we extract the transmission at different nodes within the network and
find non-trivial frequency dependence. This effect is a result of impedance loading of one RC
element by adjacent elements in the network. In inhomogeneous networks, large differences
in cut-off behaviour can occur for adjacent nodes (Fig. E.3d), while a network of parallel
interlinked paths (Fig. E.3e) shows that nodes far from the source (in terms of number of
nodes) can display high cut-off frequencies compared to closer nodes, contrary to intuition.
While the values used for R and C in this model differ from actual values in our device, the
transmission behaviour is universal and is the result of complex interplay between all paths to
a given node.
In principle, the transmission behaviour over a device can thus be mapped out using single

emitters distributed over the area of the device. So far, we the emitter density in our device
was not high enough to perform such studies.
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E.4. Back-gate dependent transmission
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E.4. Back-gate dependent transmission
A measurement of ZPL energy shift against Vg with simultaneous modulation at fixed AC
frequency fAC = 10 kHz and amplitude δVg = 0.5 V yields a direct measurement of the
splitting σ with DC voltage Vg for BLG and MoS2, as shown in Fig. E.4. For BLG, a
minimum of the splitting is observed at the inflection point where ∂ωZPL

∂Vg
∼ 0. In the case

of MoS2, we observe the same minimum at splitting at the inflection point as for BLG and
metallic behaviour for positive Vg. However, the splitting diminishes at large negative Vg due
to a gate-induced increase of resistivity (the curve of interest is highlighted blue).
We do not observe this second reduction in BLG under the same experimental conditions

because fAC � fcut,graphene and the gate-induced change of transmission concomitant with a
change of ρ2D is much smaller than for MoS2. From this data, we extract the gate-dependent
transmission T (Vg)) from σ for both materials as shown in the main text by normalising to
the derivative ∂ωZPL

∂Vg
.
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F. Casimir-Polder shift for 2D materials

F.1. Casimir-Polder shift of an emitter at nanoscale
proximity to 2D materials

We are very grateful to Christine Muschik for providing us with her model used to calculate the
Casimir-Polder (CP) shift of an emitter at nanoscale separation to an infinite 2D sheet such
as graphene, which we have extended to calculate the CP shift for an emitter in the vicinity
of a TMD. The formalism used in the model is described in the supplementary information of
Muschik et al.218, we present the main expressions in the following.

The total CP shift is given as:

∆ω(~r) = δωe(~r)− δωg(~r) (F.1)

Here, we have introduced the shift of the emitter’s ground (δωg(~r)) and excited (δωe(~r))
state:

δωg(~r) = 3cΓ0

ω2
eg

∫ ∞
0

du
u2

ω2
eg + u2TrG(~r,~r, iu) (F.2)

δωe(~r) = −δωg(~r)−
Γ0πc

ωeg
TrRe [G(~r,~r,ωeg)] (F.3)

Here, ωeg is the transition energy and G(~r,~r,ωeg) is the reflected component of the Green’s
function and u = iω is an imaginary frequency.
For separations z > 0, the trace of G(~r,~r,ωeg) reads:

TrG(z, z,ω) = ic2

4πω2

∫ ∞
0

dk‖
k‖

k⊥
exp2ik⊥z

(
ω2

c2
rs(ω) + (k2

‖ − k
2
⊥)rp(ω)

)
(F.4)

Here, k⊥ =
√

(ωc )2 − k2
‖ is the wave vector component perpendicular to the sheet. The 2D

material properties are encoded into the the CP shift expression via the optical conductivity
σ(ω) in the Fresnel coefficients rs, rp for s and p polarisation, respectively:

rp(ω) = k⊥σ(ω)
k⊥σ(ω) + 2ε0ω

(F.5)

rs(ω) = − µ0σ(ω)ω
2k⊥ + µ0σ(ω)ω (F.6)

F.2. Optical conductivity of graphene and MoS2

The optical conductivity of graphene is taken to be its sheet conductivity189,221 σG(ω) = e2

4~ .
Calculating the CP shift in the case of MoS2 requires a similar analytical expression for
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Fig. F.1.: Complex dielectric function of MoS2. Real (red) and imaginary (blue) part of
complex dielectric function ε measured by Li et al. 175. In each case, solid lines are fits with a
superposition of six Lorentzian functions.

σMoS2 which replaces σG(ω). To obtain a realistic estimate of σMoS2 over a large range of
energies, we calculate it from the complex dielectric function ε(E) = ε1(E) + iε2(E) using
experimentally measured values. The optical sheet conductivity is given as176:

σMoS2 = −i ε0E
~

(ε(E)− 1)t (F.7)

where t = 0.65 nm is the thickness of monolayer MoS2.
Published data for ε(E) is available from ellipsometry by Li et al.175, which we extract as

shown in Fig. F.1. This data is fitted with a superposition of six Lorentzian oscillators176
to obtain an analytical expression for ε1, ε2 from which we derive an expression for σMoS2 .
This expression is inserted into the CP model for graphene to produce the results shown in
Section 1.3.2. A more detailed derivation of these expression and concepts can be found in
textbooks such as Novotny and Hecht229, Vogel and Welsch311 and articles by Buhmann and
Welsch45 and Scheel and Buhmann266.
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