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Introduction
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Competition for miniaturizing electronic circuits and pushing their extent to the size of atoms
and molecules has intensified significantly. Concurrently, quantum integrated photonics
circuits are considered as a reliable platform to build quantum computers. The key to
nanoelectronics, quantum technology, and the fabrication of quantum integrated devices is a
correct understanding of the rules governing the nanoworld. Gaining knowledge in the field of
nanotechnology demands developing and advancing our observation tools. Different types of
electron microscopes, atomic force microscopes (AFM), optical imaging systems, and many
other techniques were developed to enable insights into nanoscience. In many of these
techniques, the observation is limited to the surface of the sample, whereas its inner parts
remain unexplored. Moreover, the act of measuring by itself may alter the measurement
circumstances or even damage the sample. For instance, bombarding the sample with high-
energy electrons during scanning electron microscopy can change the sample’s structure
dramatically (a well-known effect is carbonaceous film formation on the surface of the sample).
12 Another example is atomic force microscopy (AFM), where a direct contact of the tip may
damage both sample and AFM’s tip. > Among nanoscience methods, the optical methods are
exceptional because of their ability to observe and probe a sample without disturbing it.
However, the advantage of contactless monitoring by optical methods comes at the cost of a
severe diffraction limit in spatial resolution, which appears as a major obstacle to their use at
nanometer scales. The invention of single-molecule spectroscopy ® and super-resolution
microscopy ’ broke through this limit and made the optical detection of individual molecules
possible.

The light emitted and absorbed by molecules contains information not only about the molecule
itself but also about its local environment. Single-molecule spectroscopy (SMS) translates this
information into a detectable signal. In a single-molecule experiment, the molecule acts as an
extremely sensitive immediate probe of its local environment. The local information can be
received and read out as changes in the spectral response of the probe molecule. 82 Many
different molecular systems have been developed to screen changes in nano-environment, from
temperature, 17 electric fields, 1~%° to mechanical stress 2628 and pressure in a crystal. 2 In
addition, a single fluorescent molecule is an excellent single-photon light source capable of
producing millions of photons per second *°-2 that is comparable with other single-photon
emitters such as impurity vacancy centers and quantum dots. All these applications depend on
accurate knowledge of the optical properties of molecular systems that can be performed using
spectroscopy.

1.1. Single-molecule fluorescence spectroscopy and microscopy

Abbe’s optical diffraction limit states that the smallest resolvable distance between the features
in an optical system is about half the illumination light wavelength. This limits the resolution
of optical microscopes to about 200 nm for visible light. However, optical detection of single
atoms in the gas phase exists for almost 50 years. 333 In many applications such as remote
sensing in biology and solid-state physics or as coherent single-photon sources in quantum
physics, the molecule needs to be immersed inside its natural medium, i.e., it is surrounded by
many other molecules. Such an environment is completely different from the ultrahigh vacuum
needed for single-atom detection. In 1990, Orrit and Bernard have shown that it is possible to
resolve one molecule of pentacene embedded inside a crystal of p-terphenyl. ® Considering the
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size of a fluorescent molecule (of the order of 1 nm) and the crowded environments of the
molecule, this detection is far beyond all mentioned limits and shows the fantastic capability
of single-molecule spectroscopy (SMS). SMS is based on high-resolution fluorescence
excitation spectroscopy driven by a tunable narrow-band laser. The emission and absorption
energy of a molecule is randomly shifted by defects in its environment, and this energy is used
to spatially address each molecule in a crystal lattice "*¢-3 and to spectrally resolve it in low-
temperature measurements. &°

The invention of SMS was an outstanding step toward visualizing the nanoscale phenomena.
It brought the ability to study nature on its simplest level, avoiding the complexities of an
ensemble measurement. As fluorescent molecules are small, they can be easily placed in the
vicinity of the desired phenomenon in a crystal or attached to proteins inside a cell. They are
flexible and can be designed and synthesized for a specific application. Thanks to the methods
of synthetic chemistry, probe molecules in a molecular system are replicated with identical
chemical structures, making single-molecule data as reproducible as theoretically possible. All
these phenomenal features made molecules and SMS a popular tool in biology, chemistry,
solid-state physics, and quantum physics. In our experiments, we took advantage of high-
resolution single-molecule spectroscopy at liquid-helium temperatures to spectrally select
fluorescent molecules and study their optical properties in different host molecular systems.
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Figure 1.1: Energy diagram of a molecule presenting singlet ground So and first excited state S; and the triplet
state T1, each with their vibrational or vibronic bands. The blue solid arrow shows absorption, the green dashed
arrows show fluorescence emission, and the red dotted arrow shows intersystem crossing to the triplet state.

The basic principle of SMS can be described by the energy diagram of a single organic
molecule showed in Figure 1.1. The diagram presents the molecule’s ground electronic state
So, excited state S;, and the lowest triplet state T1. For each energy level several vibrational
levels are also shown. In a typical SMS measurement, the molecule is pumped by a laser from
the lowest vibrational ground-state energy level to the lowest vibrational level of the first
excited state, commonly denoted as (0-0) transition. This transition is purely electronic, i.e., it
does not involve any creation or destruction of vibrational quanta and is therefore called the
zero-phonon line (ZPL). The excited molecule relaxes back to its ground state by either
releasing the energy as heat or emitting a photon (green dashed arrows in Figure 1.1). The
emitted light is called fluorescence and has equal energy to, or lower energy than, the excitation
light. Therefore, the red-shifted part of the fluorescence emission is easily distinguished from
scattered light by means of a long-pass filter.
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The ZPL linewidth is described by equation 1.1, where T, is the total coherence lifetime that
is a function of the excited state lifetime T;, and pure decoherence lifetime T,, determined by
phonons and other bath fluctuations. At liquid helium temperature (below 5 K) phonon
population is weak or negligible so the homogeneous Lorentzian width of ZPL can reach its
lifetime limit of a few nanosecond. Compared with the optical frequency, the ZPL transition
linewidth is about 107 times narrower. The tiny ZPL linewidth makes the line extremely
sensitive to the smallest changes in the nano-environment of the molecule. Any variation of
electric or strain field leads to a detectable shift in the ZPL energy. Therefore, with a careful
selection of probe (guest) molecule and transparent matrix (host molecule), the ZPL can be
precisely addressed and the desired perturbation (electric field in our case) can be read out.

11 N 1
nT, 2nT, =T,

YzpL = (1.1)

In addition to the ground and excited singlet states, organic molecules generally exhibit a third
state in between, known as the triplet state. Transitions between singlet and triplet states are
known as intersystem crossing (ISC) transitions. ISC transitions are spin-forbidden and the
transition rate for the systems studied in this thesis is very low. The branching ratio from the
excited singlet to the triplet is typically below 107°. 340 As the molecule stops interacting with
the laser when it is in its triplet state, ISC transitions switch the fluorescence emission off and
on. The triplet state is also known as the dark state. Although intersystem crossing has
interesting applications such as making optical transistors, this topic is not directly relevant to
the questions developed in this thesis.
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Figure 1.2: a) Gaussian lineshape of inhomogeneous broadening produced by superposition of individual ZPL of
many inserted molecules in the crystal. b) Schematics of different insertion geometries in a host matrix.

In case of many embedded guest molecules in a host matrix, molecules insert in (slightly)
different geometries (Figure 1.2b). Each of the insertion sites is affected by different random
defects in the crystal and different local strain and electric fields. In consequence, the
homogenous ZPL of each individual molecule is slightly shifted away from the average
position. The superposition of all the energies forms a more-or-less Gaussian distribution,
centered at the average resonance frequency. This Gaussian distribution is known as an
inhomogeneous profile and its width as the inhomogeneous broadening. The inhomogeneous
line is sketched in Figure 1.2 beside schematics of different insertion geometries in a crystal.
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The other important parameter in SMS measurements is the concentration of guest molecules.
The optimum contrast against background in a single-molecule measurement is reached when,
in a small frequency interval, only one molecule in the focal volume of the exciting laser is
excited resonantly. Other molecules in this focal volume will be too far detuned from the laser
to significantly contribute to the fluorescence signal. In other words, the collected fluorescence
light from the focal volume will be emitted by one molecule only. The inhomogeneous
broadening causes molecules in the focal volume to have different ZPL energies. If the energy
difference is more than the ZPL linewidth, the molecules are spectrally selectable. Assuming a
focal volume of 1 um?, the concentration needs to be a few micromolar at most to excite one
molecule per excitation volume and per width of the frequency scan.

1.2. SMS experimental setup

Various set-ups have been developed for use in SMS. Exciting molecules by focusing light
with a long-focal-length lens and collecting the fluorescence light with a parabolic mirror,
focusing and collecting by a parabolic mirror, exciting the molecule through an optical fiber
for a crystal attached to its tip and collecting with a parabolic mirror, and even exciting through
atiny pinhole (5 um) and collecting on the other side of the pinhole are some examples of SMS
experimental set-ups. In all these methods the major focus has been on increasing the collecting
efficiency.
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Figure 1.3: The schematics of the optical setup for single-molecule spectroscopy.

The development of single-photon detectors has brought the ability to use simpler microscopy
methods such as confocal microscopy. In the studies presented in this thesis confocal
microscopy (Figure 1.3) was used to detect single molecules and do spectroscopy on them. The
excitation light produced by precisely tuneable lasers was sent to the set-up. The excitation
light was focused on the sample by a low-temperature objective (NA = 0.7). A galvanometric
mirror placed in the focal point of an optical 4f system moves the beam in order to scan the
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sample and search for molecules. The fluorescence light was collected via the same objective.
The collected light was filtered spatially by a pinhole and spectrally by a long-pass filter. The
fluorescence light was sent to either an avalanche photodiode (APD) for absorption
measurements or to a spectrometer for emission spectroscopy.

1.3. Molecule sensitivity to electric field

The spectral lines of atoms and molecules shift in the presence of an external electric field.
This phenomenon is known as Stark effect, named after Johannes Stark, who discovered it in
1913. From the classical point of view, the Stark effect originates from the polarization of
charge carriers in the molecules or atoms under the influence of an electric-field perturbation.
The new charge distribution introduces changes of energy levels. Figure 1.3 shows schematics
of energy levels in a two-level system such as a molecule. The energy levels are different before
and after applying the electric field. The different changes in the energy of ground state So and
excited state Si lead to a shift in absorption energy.
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Figure 1.4: The schematics of energy level of a two-level system. Changes in the energy level after applying an
external electric field lead to a shift in absorption energy v; = v, + Av.

In the presence of an external electric field Eext, the energy of a level can be approximated by
a Taylor series:

W(E) =Wy + Wy + -

L= 1 (1.2)

= —UfiEext — Eafleezxt + -

where i is the dipole moment of the molecule, f; is a local electric field correction factor, and
a is the molecule’s polarizability. Using equation (1.2) the Stark shift of a molecule ZPL is
given by the equation 1.3:

hAV = AW51 - AWSO

. 1.3
= —Alf;cosOE.,; — %Aafleezxt + - (1:3)
where 8 is the angle between the external electric field and the molecule dipole moment. The
first part of the equation (1.3) defines the linear Stark shift, and the second element represents
the quadratic Stark shift. The linear Stark effect is the result of existence of a dipole moment
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in molecules with broken inversion symmetry while the quadratic Stark shift arises from the
molecule’s polarizability and occurs in centro-symmetric molecules.

The Stark effect is the source of a molecule’s sensitivity to the electric field. Small
perturbations of the electric field in the environment of a molecule are detectable by measuring
the Stark shift of the molecule ZPL. Besides monitoring the electric field in the nano-
environment, the Stark effect can be used to tune molecular absorption and emission. ?? Single-
molecule spectroscopy provides the ability to measure shifts in the other of 1 MHz for the
resonance frequency of a molecule. "2 Such a high resolution enables many applications such
as learning information about the dipole moment and polarizability of a chromophore and
optical tracking quasi-static charges or even single-charge detection.

1.4. Outline

In this research, we studied molecular systems with an emphasis on improving their sensitivity
to electric fields. We also investigated the operation and realization of a photonic device using
an organic single molecule as an interface between elementary charges in an electronic circuit
and the laboratory. This device could be used as a quantum coherent information exchange
platform between electrons and flying photons.

In Chapter 2, an ultra-sensitive molecular system based on the large aromatic polycyclic
hydrocarbon DBT embedded in a 2,3-dibromo-naphthalene crystal was developed. We
monitored its response to an external electric field and found it to surpass that of earlier-studied
systems, while presenting reliable signals for every single guest DBT molecule in the crystal.
In Chapter 3, we report our discovery of a new phenomenon: laser-induced charge generation
in three different matrixes and its effect on the excitation spectra of DBT guest molecules. This
effect was used to achieve long-lived shifts of the spectral lines of single DBT emitters and to
tune them to a frequency of interest. In chapter 4 the working principle of single-electron
transistors (SET) is described from a theoretical viewpoint. Then our approach towards optical
detection of a single electron by using SETSs to control single charge movement is presented.
We report our progress in fabrication methods to make SET suitable for the optical study of
charge movement and localization in Chapter 5. Finally, the efforts, challenges, and
experimental data towards single-charge detection is described in chapter 6.
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