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Summary
This thesis takes the first steps to develop coherent spectroscopy and microscopy of single
quantum emitters in the near-field of plasmonic nanoantennas. At cryogenic temperatures,
molecules can possess a lifetime-limited linewidth and serve as a general model for a quantum-
mechanical two-level system. We discuss the spectral and spatial behaviour of coherent
extinction spectra recorded from the composite molecule-nanoantenna system, leading to
Fano profiles in the far-field signal. We further observe excited state lifetime shortening,
attributed to a plasmonic enhancement. We also report on a group of molecules in the vicinity
of nanoantennas, which show unusual spectral behaviour, indicating possible dislocations in
the host.
In this work, the experimental and theoretical principles of single molecules spectroscopy
at low temperatures are discussed. In addition, general experimental and theoretical con-
siderations for designing the experiment are given. We combine cryogenic high-resolution
spectroscopy with localization microscopy to identify and study narrow resonances of single
molecules coupled to nanofabricated plasmonic gold spheres. First results show the need to
confine the doped crystal to nanoscopic volumes around the nanoantennas.
Therefore, we investigate the spectral-spatial behaviour of single molecules confined to
nanoscopic dimensions in one direction. We discuss the fabrication details resulting in a
sample with molecules, confined inside nanoscopic hosts. Optical data on thousands of
molecules in different channel depths between 700 and 60nm show a clear trend from narrow
stable lines in deep channels to broader linewidths in ultrathin organic matrices. In addition,
we observe a steady blue shift of the center of the inhomogeneous band as the channels be-
come thinner as a result of the strained host crystal. We employ super-resolution localization
microscopy to correlate the positions and orientations of the individual dye molecules with
the lateral landscape of the organic matrix, including cracks and strain-induced dislocations.

We apply our findings to the fabrication of an advanced sample geometry, where nanoplas-
monic antennas are incorporated inside a 250nm thin, doped crystal to enhance the relative
number of molecules located in the near-field of nanoantennas. We observe clear signals on
coherent coupling of single molecules and plasmonic nanoantennas. However, studies with
this sample geometry indicate the limits of the stability of molecule near nanostructures. We
anticipate that dislocations in the host are introduced during the crystallization process as a
result of the nanoantennas.
We close the discussion with an outlook on interesting further directions for the enhancement
of the coherent coupling between single molecules and nanoplasmonic antennas.
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Zusammenfassung
Diese Arbeit stellt die ersten Schritte zur kohärenten Spektroskopie und Mikroskopie einzel-
ner Quantenstrahler im Nahfeld von plasmonischen Nanoantennen dar. Bei kryogenen
Temperaturen können Moleküle eine Lebenszeit begrenzte Linienbreite aufweisen und als
allgemeines Modell für ein quantenmechanisches Zweiniveau-System dienen. Wir disku-
tieren das spektrale und räumliche Verhalten kohärenter Extinktionsspektren, die von dem
zusammengesetzten Molekül-Nanoantennen-System aufgezeichnet wurden, was zu Fano-
Profilen im Fernfeldsignal führt. Ferner beobachten wir eine Lebensdauerverkürzung des
angeregten Zustandes, welche einer plasmonischen Verstärkung zugeschrieben wird. Wir
berichten auch über eine Gruppe von Molekülen in unmittelbarer Nähe von Nanoantennen,
die ein ungewöhnliches Spektralverhalten zeigen und auf mögliche Defekte in der Matrix
hindeuten.
In dieser Arbeit werden die experimentellen und theoretischen Prinzipien der Einzelmolekül-
spektroskopie bei niedrigen Temperaturen diskutiert. Darüber hinaus werden allgemeine
experimentelle und theoretische Überlegungen zur Konzeption des Experiments gegeben.
Wir kombinieren kryogene hochauflösende Spektroskopie mit Lokalisierungsmikroskopie um
schmale Resonanzen einzelner Moleküle, die an nanostrukturierte plasmonische Goldkugeln
gekoppelt sind, zu identifizieren und studieren. Erste Ergebnisse zeigen die Notwendigkeit,
den dotierten Kristall auf nanoskopische Volumina um die Nanoantennen zu beschränken.

Daher untersuchen wir das spektrale und räumliche Verhalten einzelner Moleküle, die auf
nanoskopische Dimensionen in einer Richtung limitiert sind. Wir diskutieren die Her-
stellungsdetails, welche zu einer Probe mit Molekülen führt, die in nanoskopischen Ma-
trizen eingeschlossen sind. Optische Daten über Tausende von Molekülen in verschiedenen
Kanaltiefen zwischen 700 und 60 nm zeigen einen deutlichen Trend von schmalen, stabilen
Linien in tiefen Kanälen hin zu breiteren Linien in ultra-dünnen organischen Matrizen. Zu-
dem wird eine stetige Blau-Verschiebung des Zentrums des inhomogenen Bandes beobachtet,
da der Kristall durch dünneren Kanäle verspannt wird. Wir verwenden superauflösende
Lokalisierungsmikroskopie, um die Positionen und Orientierungen der einzelnen Farbstoff-
moleküle mit der lateralen Landschaft der organischen Matrix zu korrelieren. Dies beinhaltet
Risse und Versetzungen als Resultat von Verspannungen.
Wir nutzen unsere Erkenntnisse für das Design einer fortgeschrittenen Probengeometrie, in
welcher plasmonische Nanoantennen in einem 250 nm dünnen, dotierten Kristall eingebettet
sind, um die relative Anzahl an Molekülen, die sich im Nahfeld der Nanoantennen befinden,
zu erhöhen. Wir beobachten klare Signale einer kohärenten Kopplung zwischen einzelnen
Molekülen und plasmonischen Nanoantennen. Allerdings zeigen Untersuchungen mit dieser
Probengeometrie die Grenzen der Stabilität der Moleküle in der Nähe von Nanostrukturen auf.
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Wir vermuten, dass Defekte in der Matrix während des Kristallisationsprozesses als Resultat
der Nanoantennen entstehen.
Wir schließen die Diskussion mit einem Ausblick auf interessante, weitere Richtungen um
stärkere kohärente Kopplungen zwischen einzelnen Molekülen und nanoplasmonischen
Antennen zu untersuchen.
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1 Introduction

At the interface between a metal and dielectric so-called surface plasmon polaritons (SPPs) can
be launched and guided. These are electro-magnetic waves, coupled to collective oscillations
of the electron plasma in the metal. Two papers published in 1997 demonstrated that SPPs
enable sub-wavelength light guiding and nano-focussing [1, 2]. Although the existence of
SPPs has been known for decades [3], they experienced a "second birth" in the community
of nano-optics because of their potential for subwavelenth guiding and enhancement of
light [4]. Since then, various plasmonic waveguides, along with active and passive elements
have been proposed and realized. These elements span a wide range including resonators,
directional couplers, various logic gates, diodes for launching and detectors for converting
single plasmons to electric signal (see Fig. 1.1a,b) [5, 6, 7, 8, 9, 7, 10, 11].

Besides the potential use in classical information processing, plasmonics could find applica-
tion in quantum information processing, quantum computing, quantum cryptography, and
metrology and sensing [13, 14]. This direction is fueled by the prospect of a giant nonlinear-
ity to achieve quantum gates based on single emitters, integrated in plasmonic structures
[15, 13]. The main challenge to be overcome is the intrinsic losses of plasmonic structures,
arising from absorption in the metal, that limits the propagation length of SPPs to a few tens
of micrometers [16]. A recent proposal offers a possible strategy to suppress these losses by
combining dielectrics with plasmonics to generate hybrid structures [12]. This design concept
holds promise for accomplishing quantum gates using single molecules coupled to an on-chip
plasmonic waveguide (see Fig. 1.1c).

Confining plasmon oscillations inside metallic nanoparticles results in localized surface plas-
mons (LSPs), which establish an important component of nanooptical antennas. These are
the analogue of antennas, long used in microwave and radiowave frequencies. Antennas allow
the conversion of freely propagating electro-magnetic fields into localized energy and vice
versa (see Fig. 1.2a) [17]. In the optical regime, antennas offer the potential to control and
manipulate optical fields at the nanometer scale. As their geometric dimensions are subwave-
length, fabrication has posed severe challenges on the development of optical nanoantennas.
However, due to novel developments of advanced nanofabrication tools in the last recent
decades, such as electron beam lithography [18, 19], focussed ion beam milling [20, 21], and,
soft lithography, these difficulties can now be overcome.
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Chapter 1. Introduction

a

b

c

Figure 1.1 – a, Realization of a plasmonic, logical NOR gate by cascaded OR and NOT gates.
b, Schematic of an integrated plasmonic nanocircuit composed of plasmonic slot waveguides,
including splitter, a directional coupler and slot antennas. The SPPs are launched by an
integrated light-emitting diode with a sub-wavelength footprint of 0.008λ2. c, Schematics of
a single photon transistor. Photons from the far-field are coupled via Bragg gratings to the
silicon nitride, dielectric waveguide and converted to SPPs. After interaction with a single
molecule, the SPPs are converted back to photons. Reprinted with permission from References
[9, 7, 12].

Extraordinary signal enhancements are provided by nanoantennas since they efficiently con-
fine optical fields to nanometer sized hotspots, making it possible to observe, e.g., Raman
signals even from single molecules [22, 23, 24]. Furthermore, antennas can be used for imaging
purposes where they are operated in a scanning probe configuration. In contrast to conven-
tional aperture scanning nearfield optical microscopes (SNOMs), the low transmission and
large physical size can be overcome to routinely achieve resolutions on the 10-50 nm scale
[25].

Placing single quantum systems inside the hotspot of a nanoantenna allows for strong control
over their emission properties. For example, the strong field modification can lead to breaking
dipole selection rules [26]. Furthermore, the density of states can be manipulated and con-
trolled by a plasmonic antenna to shorten the excited state lifetime of a nearby emitter and
enhance the quantum efficiency of quenched emission channels (see Fig. 1.2b). With this,
one can gain strong emission enhancement leading to bright single- and multiphoton sources
[28]. Further combination with sophisticated antenna geometries can redirect the photonic
emission [29, 21, 27] (see Fig. 1.2c).

Extensive research into optical nanoantennas has been directed mostly towards incoherent
effects. However, if a single quantum system is coupled to a plasmonic structure, fascinating
and abundant, coherent properties arise. Theoretical efforts from our group extensively
studied the scattering and absorption by a plasmonic particle placed next to a single emitter
[30]. This proposal showed that both cross sections can be greatly controlled by a single emitter
(see Fig. 1.3a). Ridolfo and colleagues further showed that the coherently scattered photons
from this system possess interesting photon statistics, depending on the frequency (see Fig.
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Receiver/
Transmitter

Antenna

Radiation

E(r)

Figure 1.2 – a, Principle of an optical antenna converting freely propagating radiation into
localized energy. b, Yagi Uda antanna array assisting a single quantum dot for unidirectional
emission. c, Illustration of a single emitter on a nearfield probe, scanned over the hotspot of a
nanoplasmonic cone antenna. Reprinted with permission from References [26, 27, 28].

a b

Figure 1.3 – a, Single emitter strongly modifies the absorption (red) and scattering (blue)
crosssection of a nearby nanoantenna. b, Photon statistics, controlled by a single emitter.
Antibunching (red) and strong bunching (black) can be observed, depending on the excitation
frequency. Reprinted with permission from References [30, 31].
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Chapter 1. Introduction

1.3b)[31]. Within less than the linewidth of the single emitter (which, for single molecules at
low temperatures is ≈ 20MHz), the photon statistics is modified from antibunching to strong
bunching. Another interesting proposal by Cano and Haakh showed that nanoantennas can
enhance the squeezing of resonance fluorescence [32, 33]. This strongly squeezed light could,
for instance, be used for microscopy and spectroscopy [34].

However, the key to success for these works is to precisely position and control the orientation
of a single quantum system inside the hotspot of a plasmonic antenna and still conserve
its coherent properties. One approach is using scanning probe techniques, where either
the particle or quantum system is positioned on a nano-tip and can then be scanned and
positioned [35, 28]. In addition, the quantum system itself needs to be extremely small since
the distance between the plasmonic particle and the quantum system has to be nanometers.
Possible solid-state quantum systems are quantum dots (QDs), color vacancy centers (such as
NV or SiV in diamond crystals) or molecules. However, to preserve coherent properties of the
systems, they need to be embedded inside a host, like quantum dots need to be embedded in
a semiconductor matrix of a minimal thickness, a diamond crystal for NV/SiV and an organic
matrix for molecules. Unfortunately, all these systems tend to show spectral instabilities, when
the host confines tightly.

An alternative approach has been to work with a random distribution of emitters on an array
of nanoantennas and identify those emitters that happen to sit at a suitable spot. An example
of this approach was demonstrated by Khinabwala, where dye molecules were spread over
bowtie antennas at room temperature [19]. The limitation of this approach is that single
molecule work becomes only possible at very low surface coverage since the identification of
the single molecules has to take place via microscopy. To get around this severe limitation, we
will embed nanoantennas in organic matrices that are doped at much higher concentrations
so that each antenna can be surrounded by several molecules. By performing measurements
at liquid helium temperature, we can identify and select individual molecules via their narrow
resonances. We then exploit localization microscopy to determine the relative position of
each molecule with respect to the neighboring antennas. We note that this strategy can, in
principle, be also applied to other media such as color centers, semiconductor quantum dots
or rare earth ions. However, the combination of metals and these host media is nontrivial.

Within this thesis, the theoretical and experimental principles of single molecule spectroscopy
and microscopy are discussed. A description on plasmonic nanoantennas is given and the co-
herent interaction of a hybrid system, composed of a single molecule placed in the nearfield of
a plasmonic nanoantenna is outlined. We discuss general considerations for an experimental
approach including the fabrication details of the proposed sample design. First results advice
to decrease the number of molecules, far away from the nanoantennas. We, thus, decided to
confine the organic host to enhance relative number of molecules around the nanoparticles.

A spectral study on molecules under geometric confinement is presented to determine a
maximal confinement without inducing spectral instabilities of the molecules. Subsequently,
we apply our results to an improved sample design and investigate incoherent and coherent
properties of single molecules, inside the hotspots of plasmonic nanoantennas.

In the conclusion, an outlook is given on experimental improvements and further potential
directions.
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2 Interaction of light with molecules
and nanoantennas

In this chapter we discuss the theoretical framework for the interaction of light with a single
molecule. The description is followed by the basic principles of a plasmonic nanoantenna and
we outline the coherent response of the hybrid structure, consisting of a single molecule in
the near-field of the plasmonic particle.

2.1 Interaction of light with a molecule

We describe the interaction between a molecule and a monochromatic light field in a semi-
classical theory within the dipole approximation. Here, the electromagnetic field is treated
classically and the molecule is approximated by a quantum mechanical two-level system
(TLS).

2.1.1 Density matrix

A TLS can be described by a ground state
∣∣g〉 =

(
0
1

)
and excited state |e〉 =

(
1
0

)
. They are

eigenstates of the unperturbed Hamiltonian and separated by an energy difference ħω0,
shown in Fig. 2.1. This system can be described in these states as a basis and be found in a

ħω0

Ie>

Ig>
ħω

Figure 2.1 – Interaction of light with a TLS.
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Chapter 2. Interaction of light with molecules and nanoantennas

coherent superposition:

|Ψ〉 = cg (t )
∣∣g〉+ ce (t ) |e〉 , (2.1)

with ∣∣cg
∣∣2 +|ce |2 = 1 (2.2)

The density matrix for a TLS is then given by

ρ̂ = |Ψ〉〈Ψ| = ρg g
∣∣g〉〈

g
∣∣+ρee |e〉〈e|+ρg e

∣∣g〉〈e|+ρeg |e〉
〈

g
∣∣= (

ρee ρeg

ρg e ρg g

)
, (2.3)

with

ρg g = cg c∗g , ρee = ce c∗e , ρg e = cg c∗e ; ρeg = ρ∗
g e ; ρg g +ρee = 1. (2.4)

The diagonal elements ρg g and ρee are referred to as populations and give the measurement
probability of the system to be in the ground or excited state, respectively. The off-diagonal
elements ρg e and ρeg are referred to as coherences, since they give information about the
relative phase of the different components of the superposition.

2.1.2 Hamiltonian

The complete Hamiltonian of the system is given by

Ĥ = ĤA − ĤD =ħω0 |e〉〈e|− d̂ ·~E(r0, t ) (2.5)

Here, ĤA is the Hamiltonian of the unperturbed TLS. The energy axis is offset such that
ĤA

∣∣g〉= 0 and ĤA |e〉 = ħω0 |e〉. It has only diagonal elements since
∣∣g〉

and |e〉 are eigenstates.
The interaction Hamiltonian ĤD is the electric dipole Hamiltonian in the long-wavelength
approximation with the dipole operator d̂ =−er̂ . The quantity ~E(r0, t ) describes the incident
electric field at the position of the molecule. As the wavelength, λ, of the light is very large
compared to the molecular dimensions the amplitude of the external field can be approxi-
mated to be constant over the spatial extent of the molecule (i.e. E (r ) = E (r0)). The interaction
Hamiltonian has only off-diagonal elements for inversion symmetric systems since the dipole
operator has odd parity.
We introduce the atomic lowering and raising operators σ̂ and σ̂†, which can be expressed in
the basis of the TLS eigenstates as

σ̂= ∣∣g〉〈e| , σ̂† = |e〉〈g
∣∣ . (2.6)

The atomic dipole operator d̂ can be written as

d̂ = ~d(σ̂+ σ̂†). (2.7)

6



2.1. Interaction of light with a molecule

We further rewrite the laser field in negative and positive frequency parts

~E =
~E0

2
(e iωt +e−iωt ). (2.8)

Using these equations, the full Hamiltonian can be rewritten as

Ĥ =ħω0σ̂
†σ̂+ ħΩ

2
(σ̂e iωt + σ̂e−iωt + σ̂†e iωt + σ̂†e−iωt ), (2.9)

where we introduced the Rabi frequency Ω = − ~d~E
ħ . By transforming to a reference frame

rotating at the electric field frequency ω, the Hamiltonian reads

ˆ̃H =−ħ∆σ̂†σ̂+ ħΩ
2

(σ̂+ σ̂† + σ̂e−i 2ωt + σ̂†e i 2ωt ), (2.10)

with ∆=ω−ω0 being the detuning between the electric field and transition frequency of the

TLS. Using the rotating wave approximation (RWA), we neglect the fast oscillating terms of ˆ̃H
with frequencies of 2ω because these terms have only a minor influence on the interaction
[36]. After the RWA, the Hamiltonian in the reference frame reads

ˆ̃HRW A =−ħ∆σ̂†σ̂+ ħΩ
2

(σ̂+ σ̂†). (2.11)

2.1.3 Time evolution of the density matrix

The equations of motion of the density matrix ρ̂ is given by the Schrödinger-von Neumann
equation:

∂ρ̂

∂t
= i

ħ
[
ρ̂, Ĥ

]
. (2.12)

Using a semi-classical theory, the spontaneous decay, which is a result of the coupling to the
vacuum field, has not been taken into account. However, the density matrix formalism allows
one to include this process phenomenologically. If the system in the excited state |e〉 decays at
a rate of Γ1, then the evolution of the excited state population ρee obeys

dρee

d t
=−dρg g

d t
=−Γ1ρee . (2.13)

Similarly, the spontaneous decay Γ2 of the dipole moment can be included [36, 37]:

dρeg

d t
=−Γ2ρeg , and − dρg e

d t
=−Γ2ρg e (2.14)

With this, we can write the full equation of motion for the density matrix as

∂ρ̂

∂t
= i

ħ
[
ρ̂, Ĥ

]−(
Γ1ρee Γ2ρeg

Γ2ρg e −Γ1ρee

)
. (2.15)

7



Chapter 2. Interaction of light with molecules and nanoantennas

2.1.4 Optical Bloch equations

Using equation 2.15 and the RWA Hamiltonian

ˆ̃HRW A = ħ
2

(−2∆ Ω

Ω 0

)
, (2.16)

it is straightforward to write down the equations of motion for the density matrix elements in
the laser frame:

ρ̇g g = iΩ

2
(ρg e −ρeg )+Γ1ρee (2.17)

ρ̇ee = − iΩ

2
(ρg e −ρeg )−Γ1ρee (2.18)

ρ̇g e = − iΩ

2
(ρee −ρg g )− (i∆+Γ2)ρg e (2.19)

ρ̇eg = iΩ

2
(ρee −ρg g )+ (i∆−Γ2)ρeg (2.20)

These equations are known as the optical Bloch equations. Since in this set of coupled
differential equations, there are only three independent components, it is convenient to
introduce the Bloch vector,

x =
u

v
w

 (2.21)

with

u = 1

2
(ρg e +ρeg ) , v = 1

2i
(ρg e −ρeg ) , w = 1

2
(ρee −ρg g ) (2.22)

The component w is proportional to the difference in the population of excited and ground
states. The components u and v are related to the in-phase and in-quadrature components of
the dipole moment, respectively [36].

Steady-state solution

Using equations 2.17-2.20 and 2.22, one yields

u̇ = ∆v −Γ2u (2.23)

v̇ = −∆u −Ωω−Γ2v (2.24)

ẇ = Ωv −Γ1w − Γ1

2
(2.25)

8



2.1. Interaction of light with a molecule

The steady-state solution of the Bloch vector, i.e. u̇ = v̇ = ẇ = 0, are very insightful and given
by

uss = ∆Ω

2(∆2 +Ω2Γ2/Γ1 +Γ2
2)

= ∆Γ1

2ΩΓ2

S

S +1
(2.26)

vss = Γ2Ω

2(∆2 +Ω2Γ2/Γ1 +Γ2
2)

= Γ1

2Ω

S

S +1
(2.27)

wss = Γ2Ω
2

2Γ1(∆2 +Ω2Γ2/Γ1 +Γ2
2)

− 1

2
= 1

2

S

S +1
− 1

2
, (2.28)

with the saturation parameter

S = Ω2

∆2 +Γ2
2

· Γ2

Γ1
. (2.29)

The saturation parameter is a measure for the driving strength of the system and scales
quadratically with the Rabi frequency and thus, linearly with excitation intensity. For a res-
onant excitation (i.e. ∆ = 0), and the case of a lifetime-limited system (i.e. Γ2 = Γ1/2), it is
simplified to

S = 2
Ω2

Γ2
1

. (2.30)

Fluorescence

The fluorescence rate of a two level system is proportional to its excited state population ρee

and given by

R f luo = Γ1ρee = Γ1

2

S

S +1
. (2.31)

One immediately sees that the stationary maximal fluorescence rate of a TLS is given by Γ1/2.
In other words, the exited state needs on average 1/Γ1 time to emit one photon. The factor
1/2 arises from the intrinsic property of the TLS, since the maximum excited state population
cannot exceed 1/2 due to the process of stimulated emission.

To enhance the fluorescence rate, one can make use of a multi-level scheme, allowing pop-
ulation inversion and thus enhancing the excited state population by a factor of 2. Another
possibility is to decrease the lifetime of the system by changing the local density of states
(LDOS) [38]. The most prominent methods make use of plasmonic antennas or cavities
[17, 39, 40, 41].
For a fixed Rabi frequency Ω, the emission rate as a function of the detuning ∆ is proportional
to

R f luo(∆) ∝ 1

2(∆2 +Ω2Γ2/Γ1 +Γ2
2)

(2.32)
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Figure 2.2 – a, Evolution of the excited state population as a function of the excitation power,
indirectly measured via the red-shifted fluorescence. b, Broadening of the linewidth as a
function of the excitation power. Red lines are fit to the measurement, shown as blue dots.

and has, thus, a Lorentzian shape with a full width at half-maximum (FWHM) of

ΓFW H M = 2

√
Ω2Γ2

Γ1
+Γ2

2, (2.33)

which for resonant excitation (i.e.∆= 0) becomes

ΓFW H M ,∆=0 = 2Γ2
p

S +1. (2.34)

For weak excitations, the linewidth reaches a minimum value of 2Γ2, which equals Γ1 in case of
no pure dephasing. In case of stronger excitation, power broadening leads to the broadening
of the, otherwise, lifetime-limited line. Experimentally, one can observe this broadening,
as well as the saturation of the fluorescence, as shown in Fig. 2.2. By fitting the data, one
can deduce the relation between the incident laser power and the Rabi frequency. Thus, the
coupling efficiency between light and the emitter can be measured. For comparing different
systems, we define the saturation power PS as the laser power needed to resonantly drive a
TLS with a saturation parameter of S = 1.

2.1.5 Extinction

A quantum optical emitter can attenuate an excitation beam of light. This phenomenon
is called extinction and has two underlying mechanisms, namely absorption and elastic
scattering. In the weak excitation limit, a resonantly excited TLS will only scatter light that is
purely coherent. For the theoretical description, we will follow [42, 43, 44] and take a single
molecule as TLS. After the light is focused onto a single molecule, the transmitted field Etr ans

consists of the incident field Ei nc and the coherently scattered field Escat :

Etr ans(r, t ) = Ei nc (r, t )+Escat (r, t ) (2.35)

10



2.1. Interaction of light with a molecule

Thus, the transmitted intensity Itr ans(r ) at the position r in the detection plane is given by

Itr ans(r, t )/2ε0c = 〈E (−)
tr ans(r, t )E (+)

tr ans(r, t )〉 (2.36)

= 〈(E (−)
i nc (r, t )+E (−)

scat (r, t ))(E (+)
i nc (r, t )+E (+)

scat (r, t ))〉 (2.37)

= 〈E (−)
i nc (r, t )E (+)

i nc (r, t )〉+〈E (−)
scat (r, t )E (+)

scat (r, t )〉 (2.38)

+〈2Re[E (−)
i nc (r, t )E (+)

sca(r, t )]〉,

where we split the fields into positive and negative frequency parts as

E(r, t ) = E (−)(r, t )+E (+)(r, t ) (2.39)

with E (±)(r, t ) = E(r )

2
e∓iωt (2.40)

The angled brackets denote the quantum mechanical expectation value and time average.
The first two terms of Eq.(2.38) refer to the excitation and scattered intensities, respectively.
The last term in Eq.(2.38) stems from the interference of the two light fields. Integrating the
intensity Itr ans over the detected solid angle A results in the power Ptr ans at the detector:

Ptr ans =
∫

Adet

Itr ans(r )d A (2.41)

For performing the integral, the spatial distributions of the incident and scattered fields is
required. For the incident field, a mode function g (r ) is introduced, describing the amplitude
and polarization of the incident field at any position r :

E (−)
i nc (r, t ) = g (r )Ei nc e iωt (2.42)

The scattered field of a TLS in free space and in the far-field approximation is given by [37]:

E (−)
scat (r, t ) = k2|d |

4πε0

(
r

|r | ×
d

|d |
)
× r

|r |
e−i k|r |

|r | σ̂†(t ), (2.43)

with the wavenumber k =ω/c . We now introduce the Deybe-Waller αDW and Franck-Condon
αFC factors as loss channels for the scattered field, as only the coherently scattered light can
interfere with the incident light. In other words, the dipole moment of the TLS is reduced
by

p
α =p

αDWαFC . By using the decay rate Γ1 and the Rabi frequency Ω for the case of a
matched polarization of the incident field to the dipole of the TLS (i.e. Ri nc ∥ d), Eq.(2.43) can
be formulated as

E (−)
scat (r, t ) =− f (r )

(
α

Ei ncΓ1

Ω
σ̂†(t )

)
. (2.44)

Analogue to the incident field, we introduced the mode factor f (r ) to describe the spatial
distribution and polarization of the scattered field at any position r . For a TLS in free-space,

11



Chapter 2. Interaction of light with molecules and nanoantennas

f (r ) reads

f (r ) = 3

4

(
r

|r | ×
d

|d |
)
× r

|r |
e−i kr

k|r | . (2.45)

Using Eqs.(2.41), (2.42), and (2.44), we can write the transmitted power Ptr ans , normalized to
detected excitation power P0 as

T = Ptr ans

P0
= 1+ηmol

Γ2
1

Ω2 〈σ̂†(t )σ̂(t )〉−2
Γ1

Ω
Re(−iηe iφ〈σ̂†(t )e−iωt 〉). (2.46)

The factors ηmol and η describe the collection efficiency of the scattered light and the mode
overlap of the incident and scattered light, respectively:

ηmol =α2

∫
Adet

∣∣ f (r )
∣∣2d A∫

Adet

∣∣g (r )
∣∣2d A

(2.47)

η= i e−iφα

∫
Adet

f (r )g?(r )d A∫
Adet

∣∣g (r )
∣∣2d A

(2.48)

Both factors are normalized to the collection efficiency of the incident light and include the
influence of the branching ratio. If the molecule perfectly sits in the focus, a Gouy phase shift of
π/2 is accumulated in the far field between the scattered field and the focused excitation light
[45]. An additional phase offset ofφ is included to account for experimental imperfections. For
a molecule in the steady state, we can replace the expectation values with the corresponding
density matrix elements. In addition, we take the excitation field to have the mode of a
directional dipole wave (i.e. ηmol = η2) [43]. In the experiment, we use a focused Gaussian
beam, the approximation is justified as the difference between a directional dipole mode and
a focused beam only becomes important for focusing angles larger than 55◦ [46]. With this, we
can write equation 2.46 as [44]:

T = 1+η2 Γ
2
1

Ω2ρee −2η
Γ1

Ω
Im(ρg e e iφ). (2.49)

For the case of exciting the molecule with a directional dipole wave incident from an opening
angle of 90◦, η=α and ηmol =α2 reach their maximum. Thus, for weak excitation, an ideal
molecule (i.e. with αFC =αDW = 1) can perfectly reflect all incident light [46].

The complex geometry of our setup prevents us from knowing g (r ) and f (r ). From fitting
experimental data, we can estimate η to be around 0.05, corresponding to an extinction dip
of 10%. If, however we calculate η following [46] by assuming a focused plane wave with its
polarization matched to the molecular’s dipole and a branching ration of α= 0.5 we would
expect a value of η= 0.11 and 0.18 for the opening angle of our focusing optics (depending on
the used aspheric lenses throughout the theses it was 33◦ and 43◦).
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2.2. Plasmonic nanoantennas
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Figure 2.3 – Illustration of surface plasmon polaritons (SPPs) and localized surface plasmons
(LSPs). Collective oscillation of the electron density with the incident electric field at a, a flat
gold-air interface (SPP) and b, in a gold nanosphere (LSP). Reproduced with permission from
Reference [47].

2.2 Plasmonic nanoantennas

Plasmonic nanoantennas in analogy to microwave and radiowave antennas, are used to con-
vert freely propagating radiation into localized energy and vice versa [21, 26, 17]. They enable
one to control, manipulate and visualize optical fields at the nanometre scale. The challenge
in fabricating antennas for the optical domain is that their geometries are subwavelength.
However, over the last two decades novel developments in nanofabrication tools, such as
focused ion beam milling [20, 21] and electron-beam lithography [18, 19], enabled the access
to nanoantennas for the optical wavelength and triggered an avalanche of exciting research
lines in the field of nanoplasmonics.

2.2.1 Surface plasmon polaritons

Surface plasmons are collective oscillations of the electron density at the surface of a metal,
schematically illustrated in Fig. 2.3a. As these oscillations are naturally coupled to electromag-
netic waves, they are designated as surface plasmon polaritons (SPPs). This wave is evanescent
in the direction normal to the plane of propagation. SPPs are very attractive since they allow
confinement of the electric field and channel light with subwavelength structures [16, 48].
This could lead to photonic circuits with length scales much smaller than currently achieved.
On the other hand, the concentration of light in subwavelength structures leads to an electric
field enhancement used to manipulate light-matter and non-linear interactions. With this,
extreme signal enhancement can be achieved e.g. in surface-enhance Raman spectroscopy to
detect a single molecule [22, 49, 24].

Solving Maxwell’s equations under appropriate boundary conditions yields the SPP dispersion
relation [50]

kSPP = k0

√
εmεd

εm +εd
, (2.50)
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ω=ck

ω

k
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Figure 2.4 – The dispersion curve of a SPP mode (blue) is always beyond the light line (red).
Thus, the SPP mode cannot directly be excited via free space as its momentum ħkSPP is higher
than the momentum of photons in free space ħk0.

with εm,d being the permittivity of the metal and dielectric, respectively and the free-space
wavevector k0 =ω/c.

The dispersion curve for the SPP at a silver/air interface is shown in Fig. 2.4. It always lies
outside the light cone, shown in red. This means, that the momentum of the SPP mode ħkSPP

is higher than the momentum of a photon in free space ħk0 of the same frequency. Hence, the
SPP cannot directly be excited via free space illumination. To provide the missing momentum
to launch a SPP, phase-matching techniques such as prism coupling, grating coupling or
near-field excitation can be employed [51].

The major challenge for using plasmonic waveguides is to overcome the intrinsic losses.
Due to the imaginary part of the dielectric function of metals, surface plasmon propagation
is accompanied with ohmic losses, which limits the propagation length to a few tens of
micrometer up to 1mm, when using silver at a wavelength of 1.55µm [16].

2.2.2 Localized surface plasmons

In the case of SPPs, the electromagnetic field is confined in one direction, i.e normal to the
dielectric interface. If the surface plasmon is confined in all three dimensions, on the other
hand, it results in localized surface plasmons (LSPs). Here, the collective oscillation of the
electron density is confined by the metal nanostructure yielding a non-propagating excitation,
illustrated in Fig. 2.3b. Because of their subwavelength nature, the LSPs can be excited via
free-space illumination.
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Figure 2.5 – Schematics of a homogeneous sphere with dielectric function εp placed into an
electrostatic field E0.

Light scattering by spherical particles in the quasi-static approximation

The interaction of a particle with size d with an electromagnetic field at the wavelength λ can
be treated using the quasi-static (Rayleigh) approximation for the case d ¿λ [52]. Here, the
phase of the excitation field is approximated to be constant over the particle volume. Thus,
one can calculate the spatial field distribution under the assumption of the particle in a static
field. Harmonic time dependence can be added later. This approximation holds well for
particle sizes smaller than 100nm for most purposes [51].

To this end, we take a homogeneous, isotropic sphere with radius a, shown in Fig. 2.5, sitting at
the origin inside a uniform, static electric field E = E0 ẑ . The dielectric response of the sphere
is described by the dielectric function εp (ω) and the surrounding isotropic medium is non
absorbing with the dielectric constant εm .

Within this electrostatic approach we calculate the solution of the Laplace equation ∇2Φ= 0
to obtain the electric field

E =−∇Φ. (2.51)

In spherical coordinates (r,θ,φ), the Laplace equation reads

1

r

∂2

∂r 2 (rΦ)+ 1

r 2 sinθ

∂

∂θ

(
sinθ

∂Φ

∂θ

)
+ 1

r 2 sin2θ

∂2Φ

∂φ2 = 0. (2.52)

The solution for this problem with azimuthal symmetry will have the following general form
[53]:

Φ(r,θ) =
∞∑

l=0

[
Al r l +Bl r−(l+1)

]
Pl (cosθ), (2.53)

where Pl (cosθ) is the Legendre Polynomials of order l , and θ denotes the angle between the
position vector r at point P and the z-axis (see Fig. 2.5). Because the potentials need to remain
finite at the origin in the absence of external charges, the solutions for the potentialsΦi n,out ,
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inside and outside the sphere, can be written as

Φi n(r,θ) =
∞∑

l=0
Al r l Pl (cosθ) (2.54)

Φout (r,θ) =
∞∑

l=0

[
Bl r l +Cl r−(l+1)

]
Pl (cosθ). (2.55)

The coefficients Al ,Bl and Cl can be determined by possessing the following boundary con-
ditions for r → ∞ and r = a, i.e. at the sphere surface. For the case of r → ∞ it requires
Φout →−E0z = −E0r cosθ. Thus, B1 = −E0 and Bl = 0 for l 6= 1. At the boundary condition
r = a, equality of the tangential components of the electric field demands that

− 1

a

∂Φi n

∂θ

∣∣∣∣
r=a

=− 1

a

∂Φout

∂θ

∣∣∣∣
r=a

. (2.56)

Likewise equality of the normal components of the displacement field requires

−εp
∂Φi n

∂r

∣∣∣∣
r=a

=−εm
∂Φout

∂r

∣∣∣∣
r=a

. (2.57)

These boundaries demand that Al =Cl = 0 for l 6= 1. The remaining coefficients A1 and C1 can
then be calculated and the potentials read [53]

Φi n = − 3εm

εp +2εm
E0r cosθ (2.58)

Φout = −E0r cosθ+ εp −εm

εp +2εm
E0a3 cosθ

r 2 . (2.59)

By looking atΦout one realizes that it describes the superposition of the applied field and that
of a dipole located at the center of the particle. Thus, we can rewrite Φout as

Φout =−E0r cosθ+ p ··· r

4πε0εmr 3 , (2.60)

where we have introduced the dipole moment p given by

p = 4πεoεm a3 εp −εm

εp +2εm
E0 = ε0εmαE0, (2.61)

where α denotes the polarizability

α= 4πa3 εp −εm

εp +2εm
. (2.62)

Hence, the applied field induces a dipole moment inside the sphere with a magnitude propor-
tional to |E0|. We remark, that the polarizability of a subwavelength sphere shows the same
functional form as the Clausius-Mosotti relation [54, 55].
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2.2. Plasmonic nanoantennas

Figure 2.6 – Absolute value of the polarizability for a small silver sphere. The dielectric function
is taken from Reference [56].

In Fig. 2.6, we plot the absolute value of the polarizability |α| as a function of energy for a silver
sphere in air. The dielectric function ε(ω) is taken from [56]. When at εp =−2εm the so-called
Fröhlich condition is met, a strong enhancement of the polarizability occurs. This apparent
resonance is associated with the dipole surface plasmon mode of the metal nanoparticle. For a
sphere located in air and using the Drude model of the dielectric function [57], the resonance
frequency ω0 is given by ω0 =ωp /

p
3, where ωp denotes the plasma frequency.

The electric field distribution E =−∇Φ can be deduced from equations 2.58 and 2.59 to

Ei n = 3εm

εp +2εm
E0 (2.63)

Eout = E0 + 3r̂ (r̂ ·p)−p

4πε0εm

1

r 3 , (2.64)

where r̂ is the unit vector in the direction of r . Instead of the static field, we now look at a
small sphere, illuminated by a plane-wave E (r , t) = E0e−iωt , still under the assumption a ¿λ

and neglecting spatial retardation effects over the particle volume. In contrast to the static
case, the plane wave induces an oscillating dipole moment

p(t ) = ε0εmαE0e−iωt , (2.65)

whose radiation leads to the scattering of the plane wave. Thus, the scattered wave can be
represented as radiation by a point dipole. The associated fields of an oscillating electric dipole
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can be written as [53]

H = ck2

4π
(r̂×p)

e i kr

r

(
1− 1

i kr

)
(2.66)

E = 1

4πε0εm

{
k2(r̂×p)× r̂

e i kr

r
+ [3r̂(r̂ ·p)−p]

(
1

r 3 − i k

r 2

)
e i kr

}
, (2.67)

with k = 2π/λ and r̂ is the unit vector in the direction of the point P . For a more details, we
refer to standard textbooks on electromagnetism, such as [53]. The corresponding scattering
cross section Csca , absorption cross section Cabs and extinction cross section Cext can be
calculated via the Poynting-vector yield [58, 59]

Csca = k4

6π
|α|2 = 8π

3
k4a6

∣∣∣∣ εp −εm

εp +2εm

∣∣∣∣2

(2.68)

Cabs = kIm[α] = 4πka3Im

[
εp −εm

εp +2εm

]
(2.69)

Cext = Csca +Cabs . (2.70)

One important fact is that the scattering cross section scales with a6, whereas the absorption
cross section scales with a3. Hence, the efficiency of the absorption will dominate over the
scattering cross section as the particle size decreases.

Mie Theory

The above theory is only justified for small spheres, with dimensions well below 100nm. For
larger particles, retardation effects result in the breakdown of the quasi-static approximation.
Here, a rigorous electrodynamic approach is required, as developed in 1908 by Gustav Mie
for the case of scattering and absorption of electromagnetic radiation by a sphere [60]. The
so-called Mie Theory expands the scattered and internal fields into a set of normal modes
described by vector spherical harmonics Mn and Nn . For every n, there are two types of
modes, called transverse magnetic modes and transverse electric modes. For the magnetic
modes, there is no radial magnetic field. For the transverse electric modes, no radial electric
field components are present. Thus, the scattered field is a superposition of those modes,
each weighted by appropriate coefficients an and bn . Figure 2.7 shows the electric field lines
corresponding to the transverse component of the first four normal modes from Mie’s original
paper. The scattering cross section C Mi e

sca as well as the extinction cross section C Mi e
ext and

absorption cross section C Mi e
abs are given by [58, 59]:

C Mi e
sca = 2π

k2

∞∑
n=1

(2n +1)(|an |2 +|bn |2) (2.71)

C Mi e
ext = 2π

k2

∞∑
n=1

(2n +1)Re(an +bn) (2.72)

C Mi e
abs = C Mi e

ext −C Mi e
sca . (2.73)
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a b c d

e f g h

Figure 2.7 – Electric field lines corresponding to the first four normal modes. a-d, transverse
electric modes and e-h, transverse magnetic modes. Reprint with permission from Reference
[60].

The coefficients an and bn are related to the Bessel and Neumann functions and can be found
in the literature [58]. Figure 2.8 shows in blue and black the scattering and absorption cross
sections for gold spheres in air as a function of the particle radius, respectively. In red, the
shift of the dipolar plasmon resonance is shown. As the particle size increases, the resonance
shifts towards longer wavelength. This can be understood as the result of weaker restoring
forces as the distance between charges on the opposite sides of the particle increases with size.
Thus, their interaction decreases, leading to a red shift. Mie’s theory was later extended to by
structures with other shapes, such as ellipsoids and cylinders [45].

2.2.3 Radiative decay rate enhancement

Plasmonic antennas can change the emission properties of quantum emitters and have been
used to enhance fluorescence emission [17] to realize, for example, a very bright single-photon
source. The enhancement is due to the increase of radiative decay rate of the emitter γr and is
often deduced from the reduction of the fluorescence lifetime. However, we want to emphasize
here, that the lifetime reduction not only results from the radiative enhancement, but also from
enhancement of the nonradiative decay rate γnr . This process, often referred to as quenching,
is due to the ohmic loss in the antenna. However, it is far from trivial to tell the radiative and
nonradiative decay rates apart, as it would require to measure the quantum efficiency, i.e.,
both the number of absorbed photons, and the number of emitted photons [61]. Figure 2.9
shows a theoretical calculation of the radiative and nonradiative decay rates for a point-dipole
brought close to a plasmonic nanosphere with a diameter of 80nm. The simulations were
performed at a wavelength of 580nm. The rates are normalized to an unperturbed dipole
emitter at vacuum. The dipole moment of the emitter was chosen to be radial to the gold
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Figure 2.8 – Scattering (blue) and absorption (black) cross section of a gold sphere in air, shown
for different radii. The red dashed line indicates the center of the spectral shift of the plasmon
resonance.
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Figure 2.9 – Radiative and nonradiative decay rates of a point-dipole at different distances to a
gold nanosphere, in blue and red, respectively. The dipole moment orientation of the dipole
is set radially to the gold particle. The rates are normalized to that of an unperturbed dipole
emitter in vacuum. In green, the quantum efficiency is shown. Courtesy of Hsuan-Wei Liu.
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Figure 2.10 – Fano lineshape for linear increasing Fano parameter F from 0 to 2.

sphere. The green curve shows the resulting quantum efficiency η of the system, defined as

η= γr +γnr

γr
. (2.74)

2.3 Coherent interaction of light with a molecule in the near-field
of a nanoantenna

In 1961, Ugo Fano discovered a new type of resonance in a quantum mechanical study of the
autoionizing states of atoms [62]. In contrast to a Lorentzian lineshape, the so-called Fano
lineshape exhibits a distinct asymmetry with the following functional form:

I ∝ (Fγ+∆)2

∆2 +γ2 . (2.75)

Here, γ and ∆=ω−ω0 denote the width of the resonance and the detuning from the resonance
frequency ω0, respectively. The origin of this spectrum arises from the constructive and
destructive interference of a narrow discrete resonance with a broad resonance or continuum.
In our case, the molecule serves the discrete, narrow transition, whereas the nanoantenna
relates to the broad resonance. The so-called Fano parameter F describes the degree of
asymmetry and, therefore, the ratio of resonant scattering amplitude to the non-resonant
background. Figure 2.10 illustrates the lineshape for different Fano parameters. For the case
of F � 1, the scattering will assume a conventional symmetric Lorentzian line shape, whereas
for the case F ≈ 1, the resonant and non-resonant scattering amplitudes are comparable,
resulting in a more prominent interference and asymmetric shape. The Fano resonance was
originally regarded as a feature specific to quantum systems. However, it can also be observed
in classical systems and has been measured in various plasmonic systems [63, 64, 65, 66]. To
date, coherent coupling between a plasmonic structure and a single quantum emitter still
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remains elusive.
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3 Sample design and experimental con-
siderations

3.1 Photophysical properties of dye molecules in organic crystals

We decided on using single molecules as our quantum system due to their extraordinary
photophysical properties, small size and potential for high densities.

3.1.1 Level structure

A simplified level structure of a single dye molecule is shown in Fig. 3.1a. The electronic
ground state S0 is a singlet state with a total spin of zero. Via an optical transition, usually
lying in the visible to near-infrared, the molecule can be transferred to an electronic excited
singlet state Sn>0. In this work, we will only be concerned with the first two electronic states

Each electronic state includes a set of discrete vibrational states ν with frequencies of the
order of 10THz. We will label the transitions between S0 and S1 via the vibrational quantum
numbers νn of the initial and final state, e.g. a transition from the state S1,ν=0 to S0,ν=2 is called
the 0-2 transition.

By embedding a molecule into an organic matrix, all molecular states are additionally coupled
to phononic modes, supported by the host crystal lattice. As the crystal is macroscopic, it
supports bands of continuous phononic modes with frequencies usually spanning a range of
10−500GHz. Transitions, where no lattice phonon is involved are calles zero-phonon lines
(ZPL). As depicted in Fig. 3.1b, each ZPL is accompanied by a so-called phonon wing (PW),
due to the aforementioned linear electron-phonon coupling to matrix phonons [67].

Figure 3.1b shows a schematic emission spectrum of a molecule, excited via the transition to
the state S1,ν=3 (green), shown in Fig. 3.1a. According to Kasha’s rule the system relaxes first
non-radiatively to the state S1,ν=0 (wavy arrow) [68]. This state has a lifetime of the order of
10ns and decays radiatively into the state S0,i , shown exemplarily in Fig. 3.1a for i = 0,1,2,
leading to several ZPLs, with corresponding PWs. For all molecules, studied throughout this
thesis, the 0-0 is the most prominent transition. Its strength compared to all other transitions
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Figure 3.1 – a, Simplified Jablonsky diagram of a dye molecule including the electronic ground
and first excited singlet state S0 and S1, as well as the lowest triplet state T1, each including
vibrational levels ν. Main transitions are indicated by color coded arrows. See text for details.
b, Schematic emission spectrum from the state S1,ν=0 into S0,ν=1,2,3, shown in black, blue and
red respectively and color coded in a. Each transition consists of a sharp zero phonon line
(ZPL), accompanied by a broad phonon wing (PW).

is defined as the Franck-Condon factor αFC , given by

αFC = I0−0

Ial l
, (3.1)

where I0−0 is the integrated intensity of the 0-0 transition and Ial l is the total intensity. The
Franck-Condon factor is, thus, a measure for the coupling to intra-molecular vibrations.

The strength of the coupling to the matrix phonons is described by the Debye-Waller factor
αDW as

αDW = IZ PL

IZ PL + IPW
, (3.2)

with IZ PL and IPW being the integrated intensities of the ZPL and PW, respectively. This factor
is a measure of how well the studied dye molecules are decoupled from their environment.
For using molecules as an isolated quantum system, it is desirable to have a high Debye-Waller
factor. The product of Franck-Condon and Debye-Waller factor defines how strong the 0-0ZPL
is. For the most used molecular systems, αFCαDW ≈ 40%.

Besides the singlet electronic states, dye molecules also have manifolds of triplet states Tn

with a total spin of one. The transition from a singlet to a triplet state is dipole forbidden
because it involves a spin flip. Thus, the intersystem crossing (ISC) rate is usually extremely
small. As the transition back to the singlet state is again dipole-forbidden, the triplet state
has a relatively long lifetime, of the order of a few tens of milliseconds. During this time, the
population is trapped in the triplet state and hence will not fluoresce. The usually low triplet
yield can be dramatically enhanced by the host matrix via an intermolecular ISC mechanism
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Figure 3.2 – a, Schematic illustration of a host matrix and embedded molecules. Due to a non
perfect crystal, every molecule experiences a different nanoenvironment. b, Distributed ZPLs
of individual molecules over an inhomogeneously broadened band.

[69]. As single molecule spectroscopy usually requires molecules with low triplet yield and
short triplet lifetimes, the surrounding matrix has to be carefully chosen.

3.1.2 Fluorescence excitation spectroscopy and inhomogeneous broadening

One may ask, how it is possible to isolate a single molecule and study its spectral response.
One simple possibility is to use a highly diluted sample, and spatially address only a single
molecule. However, because we have a limited number of nanoantennas in our field of view
and no control over positioning the molecules inside the host crystal, it is highly improbable
to find and spatially address a single molecule that is coupled to a gold particle.

An alternative, clever approach is a spectral selection via the excitation frequency. On the first
view, this might seem a bit strange, since all molecules are chemically identical and, thus, one
would expect them to have the same transition frequency. However, at low temperatures, the
spectral line of the 0-0ZPL can get close to or even lifetime-limited. Having a width as narrow
as a few tens of MHz at a transition frequency of a few hundred THz, the transition has an
extremely high quality factor of the order of Q ≈ 107. Thus, their resonance frequencies are
extremely sensitive to external influences, e.g. their nanoenvironment. Because the molecules
are embedded inside a crystal, strain, stress and different crystal domains lead to different
local fields for the individual molecules, as schematically illustrated in Fig. 3.2a. This leads to
a spectral distribution of the individual 0-0ZPLs over a so-called inhomogeneous broadening,
having a width of up to one terahertz (see Fig. 3.2b). Using a narrowband and tunable laser,
that is narrower than the linewidth of a single 0-0ZPL, one can then spectrally isolate and
address a single molecule.

3.1.3 Photostability

Organic dye molecules are commonly prone to blinking and bleaching. Blinking is the effect,
where the molecule undergoes a temporary transition into a dark state, where it does not
fluoresce. In a bleaching process, the molecule is irreversibly altered into a compound that
does not fluoresce at any time after. The quantum efficiency for photobleaching φb is used
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Figure 3.3 – Photostability of a single organic molecule at low temperature. a, Fluorescence
excitation spectra of two molecule over several minutes. b, Fluorescence time trace of a single,
resonantly driven, molecule.

as a measure for the photostability, where it is defined as the probability of generating a
nonfluorescent photoproduct per optical absorption of a photon [70]. At room temperature,
dyes in aqueous solution span a wide range between φb = 10−3 −10−8 [71]. Besides the fluo-
rophore itself, the solvent has a huge impact on photophysical and photochemical properties
of the dyes. Steven Soper and coworkers for example measured the quantum efficiency for
photobleaching φb for some rhodamine dyes in ethanol as well as water. Their results showed
that the bleaching probability is increased by 1-2 orders of magnitude in water compared to
ethanol [72].

There are different mechanisms leading to the bleaching of molecules although they are not
well understood. However, the main photobleaching progress is oxygen-induced (under inert
atmosphere, φb is usually about 1 to 2 orders of magnitudes smaller) [73]. Here, oxygen is
believed to get excited in its singlet state via quenching the dye’s triplet state [74]. It then
chemically reacts and oxidizes the fluorophore. The oxidation process as well the products are
poorly understood.

In contrast, molecules used for single molecule spectroscopy at low temperatures, can be
extremely photostable. They usually donnot bleach and rarely blink inside a well prepared
bulk crystal. Thus, it is possible to work with the very same molecule over months. The
main reasons for this are the extremely small triplet yield (e.g. the often used molecule
dibenzanthanthrene (DBATT), embedded inside a naphthalene crystal has a triplet yield
of < 10−5, being two orders of magnitudes smaller than the triplet yield of rhodamine dyes
[75, 76]), working at low temperature and the absence of oxygen. In Fig. 3.3a, we subsequently
recorded fluorescence excitation spectra on two nearby molecules over several minutes to
show its spectral stability. In panel b, the fluorescence of a single molecule was recorded for
several minutes.

3.1.4 Molecular system of choice: Dibenzanthanthrene (DBATT) in naphthalene

Figure 3.4 shows a short summary of the molecule dibenzanthanthrene (DBATT) embedded
into a naphthalene matrix. Figure 3.4a shows a Jablonski diagram of the used energy levels
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Figure 3.4 – a, Jablonski diagram indicating the most important energy levels and transition
wavelengths of dibenzanthanthrene (DBATT) in naphthalene. b Structural formula of DBATT
and naphthalene. c, Fluorescence emission spectrum of a single DBATT molecule, embedded
in naphthalene.

together with their transition wavelengths for a molecule in the center of the inhomogeneous
broadening. A fluorescence emission spectrum of a single DBATT molecule can be seen in Fig.
3.4c. Embedded in naphthalene, DBATT shows extremely good spectral stability. The lifetime-
limited 0-0ZPL is 22MHz and we deduced from the emission spectrum a Debye-Waller and
Franck-Condon factor of each 0.7. Thus, roughly 50% of the photons are emitted into the
0-0ZPL.

Throughout this thesis, the following three molecules were studied more extensively:

Name Molecule Matrix Frequency 00-ZPL (THz) Chapter
Tantalus DBATT Naphthalene 484.349 3.5
Heinrich I DBT pDCB 393.149 5.4.1
Niobe DBT pDCB 404.959 5.7

3.2 Antenna geometries

In order to get strong light-matter interaction, one usually seeks a structure supporting a
hotspot with maximal field enhancement. However, this enhancement only occurs within
nanoscopic volumes in the near-field of the structure. Thus, exact positioning and orientation
of the quantum system becomes more crucial if one wants to exploit the full potential of a
complex plasmonic structure.

The simplest form of a nanoantenna is given by a sphere, discussed in chapter 2.2. Besides
this geometry, there is a variety of possible antenna designs, such as ellipsoids, cones, bow-tie
structures, gap antennas or Yagi Una antennas [17]. In Fig. 3.5, we show different designs,
including a plasmonic nanosphere, an ellipsoid and a bow-tie structure.

In the following we want to estimate how many randomly distributed molecules will experi-
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Figure 3.5 – Illustration of various plasmonic nanoantennas: a-d, nanosphere, ellipsoid, nano
cone, bow-tie and Yagi Una antenna.

ence a certain field enhancement. Using finite-difference time-domain (FTDT) simulations,
we optimized a sphere, rod and bow-tie antenna to coincide in their plasmon resonance.
The electric field enhancement distribution was then calculated using a voxel size of 1nm3.
Figure 3.6 shows exemplarily a 2D cut of this distribution for the bow-tie structure, which
is shaded in blue. The white arrows represent randomly distributed molecules. Taking a
standard concentration of 10−6M of guest molecules inside a naphthalene host with a density
of 1.14 g /cm3 and molar mass of 128 g /mol we expect to have 5.4×10−6 guest molecules in a
volume of 1nm3.

Figure 3.7a shows the expected number of molecules that feel a certain field enhancement for
a sphere (red), rod (green) and bow-tie (blue) structure. The field enhancement was binned to
a value of 0.05. In Fig. 3.7b, we plot the cumulative number of molecules that experience a
minimum electric field enhancement.

Whereas the maximal field enhancement can be obtained with a bow-tie antenna, the resulting
probability of finding a molecule inside this hotspot is rather small. As for our approach, we
rely on the statistical distribution of the molecules, we decided to first start with a sphere.
Although, the maximum field enhancement is lower compared to other structures, the total
number of molecules gaining a moderate enhancement is considerably higher.
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Figure 3.6 – 2D Cut of the electric field enhancement distribution for a bow-tie antenna, shaded
in blue. The white arrows illustrate randomly distributed molecules. Scale bar indicates 25nm.
Courtesy of Hsuan-Wei Liu.
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Figure 3.7 – a, Estimated number of randomly distributed molecules that will experience a
certain electric field enhancement for a sphere (red), rod (green) and bow-tie (blue) structure.
b, Number of molecules as a function of minimum electric field enhancement they will feel.
Courtesy of Hsuan-Wei Liu.
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a b c d

Figure 3.8 – Fischer pattern scheme: a, Polystyrene beads are drop casted onto the flat side of
a SIL and self assemble to a monolayer. b, A 30nm gold layer is deposited and c the beads are
removed. This results in triangular gold islands. d, The sample is annealed at 980◦C for 40min
in a muffle kiln, converting the triangular islands to spheres.

3.3 Sample design and fabrication

In order to bring molecules in close vicinity of plasmonic nanoantennas, we patterned the
antennas directly onto the flat surface of a solid immersion lens (SIL) and then grew a naph-
thalene crystal, containing DBATT molecules around them.

3.3.1 Fischer pattern

To obtain gold nanospheres, we used a bottom up approach, first proposed by Fischer[77] and
Deckman[78] in 1981 and 1982, and expanded by the group of Van Duyne[79] in the 1990s, to
produce an array of well ordered gold nanospheres onto the flat SIL surface. The so-called
Fischer pattern uses a monolayer of self-organized polymer nanospheres as an evaporation
mask.

The procedure is schematically illustrated in Fig. 3.8. The SIL is first cleaned by subsequently
flushing it with deionized (DI) water and isopropanol and dry-blown with nitrogen gas. Finally
organic residues are removed inside an oxygen plasma. We then drop cast 2.0µl of a 3.5%
suspension of 1.4µm polystyrene beads (MW 280000, Sigma Aldrich) in water onto the flat
SIL surface and let it dry under ambient conditions. This forms a monolayer of polystyrene
beads, acting as a evaporation mask (see Fig. 3.8 a). Next, a 30nm gold layer is evaporated (see
Fig. 3.8b). Removing the beads results in an ordered array of triangular gold islands, shown in
Fig. 3.8 c. As we did not use an adhesion layer underneath the gold to not disturb the later
annealing process, this step is sensitive. Thus, it is tricky to remove all polystyrene beads,
without accidentally removing the gold islands as well. Flushing the SIL with DI-water removes
some of the beads. Short, one second long dips into an ultrasonic bath assists removing most
of the residual ones. After each ultrasonic treatment, the SIL is inspected with a microscope.
As soon as only a few percent of the polystyrene beads are left, the procedure is stopped. The
sample is then annealed at 980◦C for 40min in a muffle furnace under atmosphere, which
melts the triangular gold flakes to spheres (see Fig. 3.8 d).

Figure 3.9 shows scanning electron micrographs of the triangular gold islands and the annealed
gold spheres. To enhance the wetting properties of the gold sphere, i.e. to ensure that the
naphthalene crystal directly grows on the nanoantennas, we used atomic layer deposition
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Figure 3.9 – Scanning electron micrographs a,b, before and c,d, after annealing. Scale bars
indicate 5µm.

31



Chapter 3. Sample design and experimental considerations

500 600 700 800
Wavelength (nm)

0

0.2

0.4

0.6

0.8

1

Sc
at

te
rin

g 
cr

os
s 

se
ct

io
n 

(a
rb

. u
ni

ts
)

a
b

Figure 3.10 – a, Dark field microscope image of annealed gold particles. Scale bar indicates
2µm. b, Plasmon spectrum of a single gold sphere together with a fit to Mie theory.

Particle 1 2 3 4 5 6 7 8 mean
Radius (nm) 33.8 39.3 41.9 40.2 43.4 36.1 38.8 33.5 38.4
Peak wavelength (nm) 646 657 667 664 654 664 661 649 658

Table 3.1 – Fit results for different nanoantennas

(ALD) to cover the gold particles with a 4nm thin layer of aluminium oxide.

For achieving a good coupling, the plasmon spectrum needs to overlap with the molecular
resonance. To measure the plasmon spectrum, we set up a dark field microscope by illuminat-
ing the sample with a white-light source under a large angle of incidence which could not be
captured by the NA of the microscope objective. Figure 3.10a shows an example of the imaged
gold particles under dark field illumination. We then select single nanoantennas via a confocal
pinhole and recorded their spectra. An example of a recorded plasmon spectrum (corrected
for background and referenced), fitted with Mie theory is shown in Fig. 3.10b. From the fit, we
extracted the peak wavelength as well as the radius for eight different particles. The fit results
are summerized in table 3.1.

3.3.2 Assembly

The DBATT/naphthalene mixture is prepared, by weighing a small grain of DBATT into the
crystalline naphthalene to obtain a concentration of 1000 ppm (mass). To melt the naphtha-
lene, this mixture is then heated to about 80◦ and shaken to ensure a homogeneous mixture.
From this so-called stock solution, further dilutions are prepared using the same procedure.
For most experiments, a concentration between 1−50 ppm was used.

To grow a DBATT-doped naphthalene crystal around the gold particles, a small grain of the
mixture was placed between the nanostructured SIL and a cleaned fused silica coverslip (see
Fig. 3.11a). A thin metal band with screws fixes the SIL to the coverslip (see Fig. 3.12). The
whole assembly is then heated by a hotplate to roughly 80◦, the naphthalene melts and flows
around the gold particles. The sample is taken off the hotplate and the doped naphthalene
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a b

Figure 3.11 – Sample preparation: a, A small grain of doped naphthalene is sandwiched
between a fused silica substrate and the structured SIL. b, The assembly is heated until the
naphthalene melts and subsequently cooled to form a crystal between SIL and substrate.

Figure 3.12 – a, Prepared sample: The SIL is fixed to a coverslip by a metallic band. b, SIL on
top of a 2 euro coin.

crystallizes (see Fig. 3.11b). Figure 3.13 shows darkfield and brightfield microscope images
after adding the naphthalene crystal, recorded through the SIL. The sample is then transferred
into the pre-cooled cryostat.

3.4 Cryogenic microscope for single molecule spectroscopy and mi-
croscopy

3.4.1 Cryogenic setup

The experiment is split over two labs, including two floating optical tables as well as a helium
bath cryostat operating at a temperature below 2K. Depending on the studied molecule and
thus the needed wavelength range, we used either a dye laser for excitation in the visible or a
Ti:Sapphire laser in the near-infrared. The used dye laser is a Coherent 899-29 ring laser with
an autoscan unit operated with Sulforhodamine B (when working with DBATT molecules) or
Rhodamine 6G (for excitation of terrylene molecules). The laser is optically pumped with a
CW diode-pumped solid-state laser (Finesse, Laser Quantum) using a power of 6W. It is locked
to a reference cavity, which allows a continuous frequency fine scan range of 30GHz within
250ms. Using the built-in wavelength meter, and changing frequency selective elements
within the laser cavity, the autoscan unit can stitch various fine scan ranges to scans up to
several terahertz. With a specified linewidth of 1MHz, the dye laser is narrow enough for
performing single molecule spectroscopy, as the lifetime-limited zero phonon line of the
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a b

Figure 3.13 – a, Darkfield and b, brightfield microscope images of the sample, recorded through
the SIL. Scale bars indicate 50µm.

studied molecules is roughly 20MHz. For the work with the molecule DBT, which has its zero
phonon line in the near-infrared range (it varies for different matrices and is roughly between
740nm and 790nm), we used a M-Squared SolsTiS scannable Ti:Sapphire laser. The linewidth
here is below 50kHz and the wavelength is monitored with a HighFinesse WS6-200 wavelength
meter.

A sketch of the optical setup is illustrated in Fig. 3.14. The laser is sent through an acousto
optic modulator (AOM) and the first diffraction order is coupled into a panda polarization
maintaining single mode fiber (Thorlabs PM630-HP). We use a polarizer with a following half-
wave plate to match the polarization to the fast or slow axis of the optical fiber. The fiber then
transfers the light to the measurement table. An achromatic doublet (Thorlabs AC254-030B) is
used to collimate the beam, which results in a transverse electromagnetic TEM00 Gaussian
profile with a 1/e2 beam diameter of 5mm, matching the clear aperture of the aspheric lens
inside the cryostat. The light is sent through a polarizer to maintain a defined polarization
horizontal to the table. Using a wedge, roughtly 3% is collected by a photodiode measuring
the light intensity on the measurement table. This signal is used in combination with the AOM
for a feedback loop to stabilize the laser intensity. The light intensity, diffracted by the AOM
into the first order is proportional to the radio frequency (rf) power, driving the AOM. Thus, by
changing the rf-power, the laser intensity that is coupled into the fiber can be controlled. To
this end, the signal from the reference photodiode is fed back into an analog Stanford Research
SIM960 PID controller. The output signal is then used to control the rf-power sent to the AOM.
With this, we reach an intensity stability with a standard deviation < 0.05%.

The laser beam is then sent through variable neutral density filters to attenuate the laser power
by up to 6 orders of magnitude. We use a quarter and half-wave plate to control the light
polarization. In most measurements the waveplates are adjusted such that maximal coupling
to the molecule is reached. The laser beam is then send onto a wedge, where 3% of the
reflected light is directed onto a pair of galvanometric scanning (galvo) mirrors. A telecentric
lens pair creates a conjugated back focal plane of the focusing asphere inside the cryostat onto
the galvo mirrors. Thus, by tilting the galvo mirrors and changing the angle of the beam, we can
laterally displace the laser focus spot on the sample. The light transmitted through the sample
is recollimated by a second aspheric lens inside the cryostat. We placed a second telecentric
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Figure 3.14 – Sketch of the experimental arrangement. Pol: Polarizer; BS: Beam splitter; ND:
Neutral density filter; L2: half-wave plate; L4: quarter-wave plate; WF: widefield; SPCM:
single photon counting mdule; CCD: charge coupled device camera; sCMOS: scientific CMOS
camera.

lens system to create another image plane after the cryostat with an optional confocal pinhole.
The light is finally recorded by either a CCD camera (Andor Luca) or a photon counting module
(SPCM Perkin Elmer). In front of the SPCM, we introduced a quarter- and half-wave plate,
followed by a polarizer. This allows for a cross-polarized detection.

Light scattered backwards, containing excitation light as well as light scattered or emitted by
the molecule is recollimated by the focusing asphere and sent to the detection path. After
passing another telecentric lens pair with an optional confocal pinhole, 10% of the light is
reflected by a non-polarizing beam splitter, sent through a band pass filter to isolate the
coherently scattered light and recorded with a SPCM. The transmitted 90% of the light passes
an optical long pass filter to isolate the red-shifted fluorescence and is either recorded by a
SPCM, sent to a fiber coupled spectrometer, or imaged with a sCMOS camera (Andor Zyla 4.2).

Cryostat

The sample as well as the focusing and recollimation optics are mounted inside a liquid helium
(LHe) bath cryostat (CryoVac). The cryostat contains two LHe tanks. The upper tank (UT)
is connected to a dewar, containing LHe for automatic refilling. Via a cold needle valve, the
upper tank is connected to the lower tank (LT) to refill it. As the cryostat has no nitrogen
shielding, the consumption is with about 250l per week relatively high. Pumping the LT to a
pressure below 20mbar results in a phase transition of the LHe in the LT to the superfluid state.
With this, the temperature is further reduced to a value of about 1.4K. The tanks and sample
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Figure 3.15 – a, Sample chamber. b, Removable Insert.

chamber are surrounded by an isolation vacuum, equipped with four thermal shields and
pumped down to a pressure below 1×10−7 using a turbomolecular pump (Pfeiffer Vacuum).
The sample chamber consists of a copper baseplate, which stays inside the cryostat and an
insert, which can be removed using a load lock (see Fig. 3.15). The two aspheric lenses are
mounted on the baseplate of the sample chamber on home-built slip-stick piezo sliders for
focusing and recollimation. As the sliders share the same rail, their axes coincide. The lateral
alignment of the two aspheres is done at room temperature. The insert has a landing platform,
allowing a reproducible position orientation of the sample. The repeatability of the position is
of the order of a few micrometers. Throughout this thesis, we designed and built a new insert,
shown in Fig. 3.15 b). The sample hangs on three piezo sliders (two Attocube ANPx101 and
one ANPz101), allowing its alignment with respect to the aspheric lenses as well as changing
the focus. The sample is in a 1cm x 1cm cutout and fixed with an aluminium band, fixed by
screws.

Focusing optics and laser scanning microscope

Placing the focusing optics inside the cryostat prohibits the use of most commercially available
objectives, as they are designed for room temperature. For this reason, we use lenses out of
single pieces (i.e. aspheric lenses and solid immersion lens), as they mainly preserve their
optical properties at low temperatures. This comes with the drawback of introducing severe
aberrations. We used aspheric lenses (A.W.I. Industries E15456-24) with a numerical aperture
(NA) of 0.55, an effective focal length of 3.0mm and long working distance of 1.60mm (to
enable the use of a solid immersion lens) at a design wavelength of 590nm. To further increase
the NA, we combined the aspheric lens with a high-refractive index solid immersion lens
(SIL), directly attached to the sample. The used hemispherical SIL (A.W.I. Industries, Grade-10,
diameter 3mm) are made of cubic zirconia, which has a refractive index of nSI L = 2.14 at a
wavelength of 700nm. In order to have a good performance, the SILs are required to have
an ideal hemispherical shape, i.e. the right thickness and a very good sphericity. As the SILs
are usually 30µm too thick, we polish their flat side to 1.5mm within a few micrometer. The
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Figure 3.16 – Interferometry measurements of SILs showing the deviation from hemisphericity
from a, A.W.I. Industries and c, KnightOptical. b and d are fits to the measurements, shown in
a and c, respectively. The SIL from KnightOptical shows a strong deviation from an optimal
sphericity. Courtesy of Klaus Mantel.

sphericity is specified to < 0.25µm, which we confirmed by interferometric measurements
(see Fig. 3.16a,b). In Fig. 3.16c,d, we compare it to the sphericity of a SIL, delivered by
KnightOptical.

A SIL magnifies the image, in first approximation, by a factor of the refractive index nSI L and
enhances the NA by the same factor. The drawback is the induced aberrations for objects not
lying on the optical axis. In Fig. 3.17, raytracing shows the aberrations of an out of axis focus.
However, the focusing quality is for most applications within ±15µm from the center.

Figure 3.18 shows the point spread function (PSF) of a single molecule recorded with our
focusing optics at T = 1.5K. A 2D Gaussian fit determines the FWHM to 320nm. The slight
ellipticity is most likely caused by the linear polarization [80]. One should also note that
by using an aspheric lens, chromatic aberrations are introduced. Switching e.g. from a
wavelength of 619nm to 628nm, being the transition wavelength of the first two ZPLs, results
in a considerable focus shift of 1µm. Thus, one needs to change the focus slightly if one
changes from 0-0 to 0-1 excitation.

The transmission through the cryostat is reduced by losses, given by the eight cryostat windows
having a total transmission of ≈ 71%, losses due to overfilling the first aspheric lens and thus a
resulting transmission of T f ocusi ng aspher e = 0.84 and the transmission of the second asphere
Tr ecol l i mati onaspher e = 0.995. So, we were left with a total transmission (without a sample and
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a b

Figure 3.17 – Raytracing of the optics inside the cryostat including the focusing and recolli-
mation aspheric lenses, as well as the SIL and fused silica cover glass. a, The incident rays
are parallel to the optical axis resulting in a perfect focus in the middle of the sample. b, In
addition to the on axis rays in black, rays under two angles, in red and blue illustrate the effect
of galvo tilt and thus laterally displaced focus. This clearly induces aberrations resulting in a
worse focus.
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Figure 3.18 – Raster scan of a single molecule yielding a point spread function (PSF) of 320nm.
Scale bar indicates 500nm.
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3.4. Cryogenic microscope for single molecule spectroscopy and microscopy

SIL) of ≈ 59.3%. This coincides nicely with the measured value of Tal l ,exper i ment ≈ 58%., when
the cryostat was operating at a temperature of 1.5K. In addition, introducing a SIL leads to
strong refraction of light at the high index contrast SIL/Sample, which leads to the fact, that
only 33% of the light that is within the clear aperture of the first aspheric lens is collected by
the second aspheric lens.

When using a SIL, the alignment of the sample (including the SIL) to the focusing aspheric
lens is very crucial for reaching a high focus quality. The coarse lateral alignment of the sample
inside the cryostat is done by eye, i.e. looking into the cryostat through the retracted focusing
aspheric lens and positioning the SIL symmetrically with respect to the asphere. We then
send the laser beam onto the asphere and look at the back reflected light, while slowly moving
the focusing aspheric lens towards the sample. As soon as the focus of the asphere hits the
round surface of the SIL, one sees a reflected spot. We then defocus this back reflection a bit
by moving the asphere further and use the lateral displacement of the sample and the SIL to
ensure a symmetric reflection. The aspheric lens is then moved further towards the sample,
until two different reflections appear. Those are the reflection of the focus on the flat SIL side,
and the back reflection of the round side. They can be told apart, since the reflection of the
round side moves as one laterally displaces the sample. The reflection of the focus on the flat
side, on the other hand, stays at the same position. Again, the sample is laterally moved until
the back reflection of the curved SIL side is symmetric. In practice, one might not manage to
put the two reflections on top of each other (as it should be in the ideal case). This is due to a
small tilt between the sample and the aspheric lens. This can be compensated for by tilting
the galvo mirror into a position such that both reflections are on top of each other. Now, the
recollimation aspheric lens can be moved towards the sample until the transmitted laser beam
is collimated.

3.4.2 Characterization measurement techniques: Confocal/Widefield

Figure 3.19a shows an image of our sample, taken inside the cryostat at T = 1.4K using
incoherent white light illumination. One can clearly see the cracks of the naphthalene crystal
as well as the patterned gold nanoparticles. In Fig. 3.19b, we raster-scanned our laser beam
across the sample and recorded the transmitted intensity. Here, the hexagonal pattern of the
positioned nanoantennas can be seen more clearly, as e.g. marked inside the red rectangle.

Inserting a wiedefield lens (WF) in the excitation path (see Fig. 3.14) allows us to switch
between widefield and confocal illumination. A widefield excitation in combination with de-
tection by cameras, allows fast collection of spectral as well as spatial information of molecules
distributed over an area of roughly 15×15µm2. The drawback is that usually the post process-
ing of the recorded data is more evolved. Confocal excitation has the main advantage of a
high efficiency coupling of the incident laser light and a molecule [44]. Thus, the widefield
technique is certainly the scheme of choice for collecting statistics or to screen for molecules,
that fulfil certain criteria (either spectrally and/or spatially). Confocal excitation is, however,
usually the best choice if one wants to study a single specific molecule.
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a b

Crack

AuNP

Figure 3.19 – a, White light image of the sample inside the cryostat at 1.5K. One can identify
cracks in the crystal, as well as the structured nanoparticles. b, Recorded transmitted intensity
through the sample, obtained by a laser raster-scan. The hexagonal pattern (shown in Fig. 3.8)
of the particles can be seen more clearly, as e.g. inside the marked red area. Scale bars indicate
2µm.

Widefield

To identify molecules that sit close to the structured nanoparticles, we excite the sample
in widefield configuration. Here, the WF lens is used to focus the excitation light onto a
conjugated back-focal plane of the focusing lens. Thus, in theory, the whole sample should be
homogeneously illuminated. However, due to the severe aberrations of our focusing system
and using a SIL, we need to laterally offset our WF lens a little bit, to reach a more homogeneous
illumination.

The light coming from the sample is sent through a longpass filter to isolate the red-shifted
fluorescence and is imaged with the sCMOS camera. To correlate the acquired images to the
excitation frequency, the readout of the wavemeter is triggered and synchronized as well. For a
typical measurement, the excitation power is set to a value that does not saturate and broaden
the molecules, and we use integration times between 50−100ms to gain a fairly good SNR. We
scan the laser frequency to record one image per 10MHz on the camera. A scan over 1THz
thus results in a video with 105 frames at known excitation frequencies.

The evaluation is performed using a homemade Matlab code and is schematically shown in
Fig. 3.20. In the first step, we subtract the background, for which we take the median of the first
100frames from each frame. Then, the script loads every single frame from the fluorescence
data and uses a FastPeakFinding algorithm to recognize the pixel position and frame number
of every molecule, with a SNR higher than a certain threshold. This threshold is usually set
to a value between 3 and 10. With this, we get a list of positions as well as frequencies for the
detected molecules.

In the next step, we integrate an area of ±5σ around the center for each molecule for 50
frames before and after the molecules location. With this, we obtain a 1GHz wide fluorescence
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Figure 3.20 – Localization of a single molecule via widefield illumination.
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Figure 3.21 – Distribution of the localization precision for 350molecules, having a mean value
of 12nm.

excitation spectrum for each molecule.

Next, this spectrum is fitted by a Lorentzian to obtain its spectral center and width Γ. The
frames lying within Γ are further summed up and fitted by a 2d Gaussian function to determine
the spatial position of every molecule. Using the covariance matrix of the fit, we can calculate
the standard deviation on the position of the molecules. Figure 3.21 shows the distribution
of the localization precision for 350 molecules. It spans a range up to 45nm with a mean
localization error of 12nm.

Confocal

For a confocal excitation, the full NA of the aspheric lens is used, in order to focus the light
as tightly as possible. In addition, in the detection path, a confocal pinhole can be added to
reduce out of focus background. As point detectors, we use SPCMs. Using this scheme, a high
signal-to-noise (SNR) ratio is achieved. A more practical advantage is the fast evaluation of the
measurement. In contrast to widefield measurements, the obtained data in confocal mode
are usually 1D.

3.4.3 Fluorescence decay rate measurements

The excited state lifetime of a single emitter can be deduced from the second-order correlation
function g (2)(τ) of the emitted photons under continuous-wave excitation. The normalized
second-order correlation function g (2)(τ) is the probability for measuring a photon with
a time delay of τ to another photon. Thus g (2)(0) = 0 for a TLS. Due to imperfections in
experimental setups and systems, background and electronics usually reduce the visibility
of the antibunching. However, g (2)(0) < 0.5 is usually accepted as an experimental proof of
measuring the emission of a single TLS.

The normalized second-order correlation function for a TLS emitter at resonant excitation,
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Fluorescence SPCM 1

SPCM 2

50/50 BS

TCSPC

stop

start

PDG
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Figure 3.22 – a, Schematics of the Hanbury Brown Twiss setup: The collected fluorescence
is split by a 50:50 beamsplitter cube and sent to two SPCMs. The output pulses of the first
SPCM is fed into a Time-Correlated Single Photon Counting (TCSPC) system as a start signal.
The output pulses of the second SPCM is delayed via a pulse delay generator (PDG) and then
connected to the stop port of the TCSPC. b, Autocorrelation function of a single molecule. The
red line shows the fit to the data, resulting a lifetime of 8.9ns.

i.e., ∆= 0, is given by [81]

g (2)(τ) = 1−
(
cos(ΩΓτ)+ Γ1 +Γ2

2ΩΓ
sin(ΩΓτ)

)
e−

Γ1+Γ2
2 τ, (3.3)

with the damped Rabi frequency

ΩΓ =
√
Ω2 − (Γ1 −Γ2)2/4. (3.4)

We used a Hanbury Brown-Twiss configuration to measure the autocorrelation function,
schematically illustrated in Fig.3.22a. The collected fluorescence is split via a 50:50 non-
polarizing beam splitter and recorded by two APDs. The TTL output pulses of the two APDs
are attenuated and inverted using a passive PicoQuant circuit to match the input requirements
of the used time correlation card. The signal of one of the APDs is delayed using a pulse delay
generator (StanfordResearch DG645). The output of the delay generator as well as the output
pulses of the second APD are fed into a time-correlated single photon counting module (Pico-
Quant HydraHarp 400). The time difference between the pulses from the individual SPCMs,
originated by detected photons, is repeatedly measured. Figure 3.22b shows the outcome of
such a measurement, performed on a single DBT molecule. Besides the antibunching, the
onset of Rabi oscillation can be seen. The red line indicates the fit to the measurement to
determine the lifetime, which in this case is 8.9ns.

3.4.4 Colocalization

To determine the positions of our nanoantennas, we need to image and localize those as well
on the same camera to avoid a possible offset between the position of the localized molecules
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a b

c d

Figure 3.23 – Images of the sample using widefield illumination with a, dye laser, b, white light
laser and c, dye laser with rotating diffusor to reduce speckle. d, Area marked in c with the
localized gold particles, marked by the red arrows. Scale bars indicate 2µm.
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and nanoparticles. Due to the strong chromatic aberrations of our setup, it is desirable to
image the nanoparticles with the same wavelength that is used to detect the molecules, i.e. the
wavelength of the red-shifted fluorescence, which is around 628nm for DBATT in naphthalene.
Figure 3.23a shows and example of such an image. Due to the coherence of the illumination,
the image is strongly distorted by speckles. To minimize the spectral coherence, we tried
an illumination with a white light laser and set a spectrally broader range (i.e. emission at
628− 631nm) (see Fig. 3.23b). Although, the speckles are reduced, the quality is still far
from a state, where one could localize the gold particles. Considering to the aforementioned
chromatic aberrations, using a spectrally even broader source is not an option. Thus, we again
switched back to illuminating the sample with the dye laser at 618nm and inserted a rotating
diffusor into our excitation path. With this, we could obtain a good quality image, as shown in
Fig. 3.23c. The gold antennas can now be identified, and localized. In Fig. 3.23d, we show a
zoom of panel c, together with the centers of the gold nanospheres, obtained by a 2D Gaussian
fits.

In this manner, we could determine the spatial coordinates of the plasmonic antennas as
well as the spatial-spectral data of localized molecules. We then calculated the distance for
each molecule to its next neighbouring gold particle and made a list of the most promising
molecules, i.e. with a center-to-center distance being smaller than 180nm to the next nanopar-
ticle. The spatial position of these molecules can be translated into LSM coordinates. Further
investigations on the specific molecules was performed by using confocal excitation.

3.5 A first try: Tantalus

After investigating about 60 promising molecules that fulfilled the criterion of being laterally
closer than 180nm to a plasmonic antenna, we finally found one molecule that showed
interesting behaviour. This molecule was named Tantalus.

Figure 3.24 shows in blue the fluorescence excitation scan as the excitation laser is scanned
across the resonance, together with the coherent transmission signal, plotted in red. The
data shown results from averaging several subsequent scans because Tantalus showed a
high degree of spectral diffusion. Fitting a Lorentzian function to the fluorescence signal
of Fig.3.24 determined a linewidth with a FWHM of 50MHz, which is about twice higher
than the linewidth of a lifetime-limited DBATT molecule embedded in naphthalene. We
attribute this broadening to a fast spectral diffusion process. The observed transmission signal
shows a strongly dispersive nature and thus, substantially differs from the expected symmetric
extinction signal. We fitted this signal in Fig.3.24 with a Fano lineshape.

We then localized the lateral position of Tantalus and the neighbouring gold nanoantenna,
shown in Fig.3.25 by using an LSM scan and fitting its fluorescence and extinction with a 2D
Gaussian function, respectively. The center of Tantalus has a lateral distance of 40nm to the
center of the gold particle, which has a radius of about 40nm. We want to emphasize that the
molecule could be displaced in axial direction with respect to the nanoantenna. The inplane
projection of the dipole orientation of Tantalus was determined to be radial to the gold particle
via measuring the polarization of the emitted fluorescence.

In general, the axial position of the molecule can result in a slightly asymmetric transmission
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Figure 3.24 – Fluorescence excitation measurement of Tantalus, together with the transmitted
intensity, fitted with a Lorentzian and Fano lineshape, shown in blue and red, respectively.
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Figure 3.25 – Colocalization of Tantalus with the neighbouring gold nanoantenna. a,b, LSM
scans of the molecule and gold particle, respectively with the 2D gaussian fits, shown in c,d.
The extracted centers are marked with red lines. The lateral center-to-center distance between
Tantalus and the gold particle is 40nm. The plasmonic antenna has a radius of about 40nm.
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Figure 3.26 – Focus measurements: a, Transmission measurements of Tantalus for different
asphere positions. The individual scans are offset for clarity. b, Normalized maximum fluores-
cence and Fano parameter for the respective scans shown in a in red and blue, respectively.

scan. If a molecule is placed in the focus, the Gouy phase shift of the incident laser beam
with respect to the light scattered by the molecule leads to a phase shift of −π/2. In addition,
another π/2 phase shift occurs as the molecule is driven on resonance. They then add up
to a π phase shift on resonance and hence, result in a symmetric line shape. In case of the
molecule being not exactly in the focus plane, the Gouy phase shift changes, resulting in a
dispersive line shape. However, as the Rayleigh range of our focussing optics is rather large (in
the order of 1µm), it has a minor effect, as on the same time, the scattered amplitude and thus
the detected contrast decrease.

To nonetheless exclude this possibility, we performed transmission scans for different asphere
positions. To this end, we first retracted the focussing aspheric lens from the sample. We
positioned the excitation laser laterally on the center of Tantalus and performed a transmission
and fluorescence scan. The aspheric lens was then moved towards the sample, and again
we positioned the excitation spot on the molecule and measured the transmitted lineshape
together with the fluorescence. We repeated this procedure a few times to capture the cases,
where the molecule is out of focus (on both sides), and the molecule is in focus.

The results are plotted in Fig.3.26a. The individual scans are vertically offset for clarity. For
each scan, we fitted the Fano lineshape to the transmission signal as well as a Lorentzian to
the fluorescence signal. In Fig.3.26b, we show the fluorescence and Fano parameter in red
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Figure 3.27 – Focus measurements: a, Transmission measurements of a molecule, placed
between the gold nanospheres, for different asphere positions. The individual scans are offset
for clarity. b, Normalized maximum fluorescence and Fano parameter for the respective scans
shown in a in red and blue, respectively.

and blue, respectively. The maximal fluorescence should be collected when the molecule is
in focus. This coincides with the maximal contrast in the transmission signal. Here, the light
scattered by the molecule is strongest, yielding the best contrast. One clearly sees that the
transmission signal is strongly dispersive as the molecule is in focus.

For reference, we took another molecule, isolated from gold particles and performed the
same measurement procedure. The results are shown in Fig.3.27. Here, the transmission
measurement shows a clear symmetric extinction shape, if it is in focus. As expected, a slight
asymmetry can be seen, as the molecule moves out of focus, which can be attributed to the
Gouy phase.

We further performed a saturation measurement on Tantalus, shown in Fig.3.28 to check
for possible enhancement of the fluorescence. We measured a fluorescence count rate of
about 800kcps at saturation. This value fits very well to other molecules, sitting isolated
from gold nano antennas. We conclude from this, that we don’t see significant fluorescence
enhancement. However, the extracted saturation power was with 12nW higher than that of
other molecules. We attribute this anomaly to the spectral diffusion of Tantalus.

In Fig.3.29a, we plot the evolution of the transmission signal for different excitation powers.
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Figure 3.28 – Saturation scan of Tantalus showing the evolution of a, fluorescence and b,
linewidth for different excitation power. Red lines are fits to the data.
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Figure 3.29 – Power dependent transmission scans. a, Transmission scans for different ex-
citation powers. The individual scans are vertically offset for clarity. b, Fano contrast of
measurements in a as function of excitation power.
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a b

Figure 3.30 – Polarization dependent transmission scans. a, Transmission measurements
for different linear excitation polarizations, vertically offset for clarity. b, Fluorescence and
contrast of the fano signal as a function of excitation polarization.

The individual scans are offset for clarity. The contrast of the signal decreases with increasing
excitation power, shown in Fig.3.29b. This behaviour is well understood as the loss of coherent
with increasing excitation power [46].

To investigate, if the excitation polarization has an influence on the shape of the transmission
signal, we performed transmission scans with different linear excitation polarizations. Figure
3.30a shows the measurements, vertically offset for clarity. For a polarization of 50◦ with
respect to the optical table, the maximum excitation efficiency is achieved, yielding a maximal
contrast of the transmission signal. The contrast is plotted in Fig.3.30b for the different
polarizations in blue. This is in line with the red plot, where the fluorescence signal is shown.
We want to emphasize, that the lineshape is not influenced by the excitation polarization.

3.6 Resume: Too many molecules at wrong depth

Although we found one molecule, showing an interaction with the plasmonic nanoantenna,
the major part of molecules did not. The main problem we have to face in the current sample
structure is the large thickness of the crystal of a few micrometers and thus too many molecules
in the wrong depth. In such a crystal, only a few percent of the molecules are located in the
right depth. Thus, it would take too long to study all molecules with a suitable lateral distance
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from the next gold particle. To overcome this problem, we need to confine the crystal in its
thickness.
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4 Single molecules in nanoscopic chan-
nels

In our previous sample design we faced the major issue that most molecules were located
in the wrong depth, i.e. they were not sitting at the same depth as the patterned plasmonic
antennas on the SIL surface. To overcome this limitation, we decided to confine the molecules
inside nanochannel such that the majority of the molecules are in the same plane as the
nanoantennas. As crystalline organic guest matrices usually obey a high vapour pressure and
evaporate very fast at ambient conditions, spin coating is not an option for preparing a thin
doped crystal. As a result, we resorted to flowing the organic matrix in the molten state via
capillary effects. Since confinement perturbs the crystallization process and hence, can induce
many defects into the crystal, we were worried about how such disordered crystals would
affect the spectral stability of the guest molecules. To characterize the spectral properties of
the molecules embedded inside crystals and confined to different thicknesses, we perform
spatio-spectral studies on samples without nanoantennas. studied molecules under such
conditions to this point without nanoantennas 1.

4.1 Sample design and fabrication

We prepared doped crystals of various thickness geometrically confined by submicrometer
deep channels. Figure 4.1a shows such a nanochannel, consisting of a trench, structured
inside a fused silica cover glass closed with a small lid.

We employ grayscale photolithography and a subsequent CF4/O2 reactive ion etching step to
create an array of 100µm×100µm fields with varying depths, ranging from 60 nm to 730 nm
into a fused silica cover glass. In contrast to standard photolithography, which is binary,
grayscale lithography can transfer gradients into the substrate (see Fig. 4.2a-c). First, a
photoresist is spin-coated on the substrate and exposed with different doses for the individual
fields using a laser writing system. After developing the resist, a reactive ion etching step
transfers the patterned fields into the coverslip (see fig. 4.2b). The residual resist is then
removed with an acetone bath, yielding the final structured cover glass, shown in Fig. 4.2c. For
measuring the precise depth of each field, we use a white light interferometer (see Fig. 4.2d).

1Content of this chapter has been partly published as [82]. Passages of the present text might show similarity to
the text in the published manuscript.
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Structured cover glass

Fused silica lid

Figure 4.1 – Schematic of a nanochannel, consisting of a structured fused silica substrate
closed with a small lid, resulting in channels varying in depth.

a b c

Photoresist
Fused silica

d 607 464 335 203 61
631 487 352 218 79
682 522 381 245 102
698 551 406 273 135
730 586 442 310 173

Figure 4.2 – a-c, Fabrication of the structured coverglass by grayscale lithography in combi-
nation with reactive ion etching. See text for details. d, Topography of the structured trench,
imaged with whitelight interferometry. The individual fields are labeled with their measured
depths in nanometer.

Figure 4.3a, b illustrates the procedure for fabricating the nanochannel. The structured
cover glass and a small fused silica substrate are cleaned with acetone, isopropanol and a
subsequent oxygen plasma. We then pre-bond the structured substrate and a glass lid at room
temperature by bringing them into optical contact, where they are held by van der Waals
forces [83]. Subsequent annealing of the assembly at 950 ◦C for several hours in a muffle
kiln operating at atmospheric pressure converts the pre-bond into a strong fusion bond [84].
Figure 4.3c shows a white-light microscope image of a bonded nanochannel with 5×5 fields.
The individual domains can be distinguished by thin film interference. The dark regions at the
left and right corners are the bonded areas. Between the individual fields, we patterned small
posts with sizes of 1µm×1µm to support the channel. Furthermore, we structured letters
next to the channel to later orient ourselves in the cryostat.

To fill the channel, we placed a small naphthalene crystal doped with dibenzanthanthrene
(DBATT) molecules (concentration roughly 10−6 M) at one entrance of the channel (see Fig.
4.3d). Next, the whole sample was heated by a Peltier element until the naphthalene melted
and was drawn into the nanochannel by capillary forces [85]. We then switched off the Peltier
element, and the sample crystallized (see Fig. 4.3e). In this manner, we could form doped
naphthalene crystals with thicknesses between 60 nm and 730 nm in a single crystallization
process and on the same substrate. Figure 4.3f displays a bright-field microscope image of the
final sample. Cracks formed during the crystallization process cover the whole sample.

The sample was then transferred into the pre-cooled cryostat. In Fig. 4.4, we show examples
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a
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950°C
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doped 
naphthalene

Figure 4.3 – Sample preparation: a, A cover glass with a structured trench and a small lid
are pre-bonded at room temperature. The assembly forms a nanochannel with an array of
different depths. b, The sample is annealed at 950 ◦C in a muffle kiln, producing a fusion
bond. c, White-light image of a bonded nanochannel. d, A small doped naphthalene crystal is
placed at the channel exit, and the whole configuration is heated by a Peltier element. The
molten naphthalene is sucked by capillary forces into the nanochannel. e, Cooling the sample
crystallizes the naphthalene. f, Bright-field microscope image of the naphthalene crystal
inside the nanochannel. Scale bars indicate 100µm.
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Figure 4.4 – Cross polarized white light images of the naphthalene crystal in the cryostat. As
the thickness is reduced from a to f, fewer cracks and periodic strain-induced dislocations
are visible. The thickness for each crystal is written in the left corner. The scale bar indicates
10µm. See text for details.
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Figure 4.5 – a, Fluorescence excitation spectrum of single-molecule ZPLs in a channel with a
depth of 730nm. b, Distribution of the molecules in a, fitted with a gaussian function, shown
in red. The data are binned for better visibility.

of six cross-polarized white-light images of naphthalene crystals with different thicknesses
recorded at 1.5 K. The different grey values of crystal domains are caused by the birefringence
of naphthalene. The interaction of naphthalene molecules with the silica surface and the
subsequent change of temperature strain the crystal, resulting in further cracks (see Fig. 4.4b,
c). These cracks usually arise between crystal domains, where the strain can be released most
easily.

Upon closer scrutiny, one also notes periodic parallel structures for thicker regions. We
attribute this effect to a slip phenomenon, where the naphthalene crystal releases its strain
during the cool down process [86, 87]. Dislocations move under strain, add up, and lead to
periodic plastic deformation along crystallographic planes [88, 89]. As the crystal thickness is
decreased, fewer cracks are visible and the periodic dislocations seem to vanish. In general,
the crystal releases its strain by the formation of cracks, however, here it also sticks to both
sides of the glass. If the channel is only tens of nanometers, the closeby interfaces counteract
the formation of cracks.

4.2 Strain-induced shift of the inhomogeneous band

Figure 4.5a shows a fluorescence excitation spectrum recorded as the laser frequency was
scanned across the inhomogeneous absorption band of the DBATT-naphthalene sample.
The measurement was performed in a confocal configuration on a 730 nm thick crystal. The
distribution of the resonances over more than two nanometers is much larger than what is
known from sublimated crystals [90]. This behavior was also observed in nanocapillaries [85]
and points to the heterogeneity of the crystal environment. The large spectral breadth can
be advantageous for experiments in hybrid quantum optics, e.g. coupling molecules to alkali
atoms [91].

To examine the behavior of the inhomogeneous band in various channel depths, we recorded
fluorescence excitation spectra of single molecules in small regions using wide-field illumina-
tion and SPCM detection. To determine the spectral centers for the individual distributions,
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Figure 4.6 – The center of the inhomogeneous broadening as a function of the crystal thickness.

we identify the spectral position of each molecule by a peak finding algorithm and fit those
distributions for each field with a gaussian function (see Fig. 4.5b). The centers are plotted as
a function of crystal thickness in Fig.4.6. We find that the maximum of the inhomogeneous
distribution tends towards higher energies as the crystals become thinner, whereby at the
maximum thickness of 730 nm, almost the literature bulk value of 618.65 nm is reached [90].

Early single-molecule spectroscopy experiments showed that the resonance frequencies of
molecules are very sensitive to mechanical stress and strain. In particular, it was demonstrated
that stress in the host crystal induced by hydrostatic pressure causes a strong red shift [92, 93,
94] in line with the established knowledge of the solvent shift model [95]. It has been shown
experimentally that a linear approximation for the resonance frequency shift as a function of
pressure is justified for pressures up to 3.5 GPa [96]. We, thus, use this observation to classify
and compare the internal strain of the various crystal thicknesses in our sample. This provides
us with further information on the crystallization process of naphthalene under confinement.

Considering the volume expansion of ε(300K) = 0.06, which relates the volume V at a certain
temperature to the volume V0 at 0 K via the relation V (T ) = (1+ε(T ))V0, [97, 98] naphthalene
contracts by about 6% when it is cooled down to 1.5 K. If this contraction is prohibited due to a
rigid confinement, the crystal is strained. Taking the compressibility of K = 7.2×10−11 Pa−1 for
naphthalene,[99] this strain corresponds to an external pressure of −830 MPa. Former studies
with similar systems (i.e. pentacene in p-terphenyl and terrylene in p-terphenyl) showed
resonance shifts of about 1MHz/hPa. Using these values and assuming no relaxation, we would
expect the maximal shift to be in the range of about 7 THz. If we extrapolate our observed
shifts for the crystal thickness approaching 0 nm, we expect a shift of about 2 THz. The general
good agreement of this estimate with the value of 7 THz discussed above is consistent with the
assumption that a one-dimensional confinement prohibits the relaxation of naphthalene and,
thus, strains the crystal. This hypothesis is also in line with the observation that fewer cracks
and slip dislocations take place in thinner fields (see Fig.4.4).
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Figure 4.7 – a, Cross-polarized white-light image of a 730nm thick naphthalene crystal inside
the cryostat. b, The center of the inhomogeneous broadening plotted for each pixel in a, using
the color code shown on the right. Scale bar indicates 5µm.

To gain further insight into the subdomains of each crystal field, we recorded a wide-field
fluorescence excitation spectrum with a CCD camera. We then extracted the center of the
inhomogeneous broadening for every pixel, using the same analysis as before. Figure 4.7a
shows a cross-polarized white-light image of a region of the 730 nm thick crystal. In Fig. 4.7b,
we display the center of the inhomogeneous broadening at each pixel, revealing a clear corre-
lation with the sub-micrometer crystal domains. Assuming a resonance shift of 1 MHzhPa−1

and a fitting accuracy of 4 GHz given by the covariance matrix of the Gaussian fit to obtain
the result (see Fig.4.7b), we can estimate our stress resolution to be better than 500 kPa. This
sensitivity is about two orders of magnitude higher than the state-of-the-art stress resolution
of 25MPa obtained in Raman spectroscopy reported in silicon [100], which has about 100
times higher elasticity module. With this, our relative stress resolution is comparable to the
best values achieved with Raman spectroscopy. In addition, our ultrahigh stress sensitivity
is accompanied by a very fine spatial resolution of about 600 nm. While one could enhance
this spatial resolution further, by localizing all individual molecules to approximately 20nm.
However, this might lead to a worse stress resolution, as the inhomogeneous broadenings for
each point will then have fewer molecules and thus yield less accurate fits.

4.3 Crystal behaviour and embedded molecules

A great advantage of high-resolution cryogenic spectroscopy is that it provides a straightfor-
ward means to tag each molecule through its resonance frequency. If the doping level is chosen
right, individual molecules can be excited one at a time by tuning the laser frequency. As a
result, one can localize the center of the molecule’s point-spread function (PSF) to within a few
nanometers [101]. In this fashion, the spectral behavior of single molecules can be correlated
with their orientation and location within a specific environment [102, 103]. A cross-polarized
white-light image of a 730 nm thick naphthalene crystal is shown in Fig. 4.8a together with
the locations of over 16000 DBATT molecules. The correlation of the two images reveals
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Figure 4.8 – a, Cross-polarized white-light image at the position of a 730 nm thick naphthalene
crystal superposed with localized DBATT molecules. b, Dipole orientations of localized single
molecules are depicted by arrows. c, Localized molecules in a 63 nm thick naphthalene crystal.
Scale bars indicate 10µm. Inset d shows the distribution of molecules in the marked area of
a after binning and adding the signals along the long side. The periodicity of the molecular
population is quite evident.

that DBATT molecules are often embedded at cracks and dislocations. This is consistent
with the assumption that the impurity DBATT molecules are pushed out of the naphthalene
matrix during the cool-down process [104]. We remark that we expect the influence of a crack
on the localization precision to be negligible. Such an effect would result in an asymmetry
(elongation) of the PSF, but the PSFs recorded for the data shown did not suffer from this effect.

To learn about the orientation of the individual molecules, we employed circularly polarized
light and placed orthogonal polarizers in front of the camera in two successive scans. In Fig.
4.8b, the dipole orientations of localized molecules are depicted by arrows. We find that the
in-plane projection of the individual dipoles are predominately aligned parallel to each other
within a single crystal domain. Furthermore, most are oriented parallel to the observed slip
lines. As the slip plane of naphthalene is usually (001), we assume that the molecules are
oriented parallel to this crystal plane [87, 86].

Figure 4.8c shows a 63 nm thin crystal with localized molecules. Here, no dislocations can be
seen and the molecules seem to be distributed homogeneously. As in the case of the 730 nm
thick crystal, the in-plane projection of the individual dipoles were predominately aligned
parallel to each other.
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Figure 4.9 – Various a, molecules used for single molecule spectroscopy and b-d, matrices,
they are embedded in. For details, see text.

4.4 Spectral dynamics

To learn, how strongly the molecules are influence by the different confined host crystals,
we studied their spectral behaviour. There is a variety of different types of matrices that can
embed guest molecules. One might expect that these matrices will also be effected differently
by the confinement. Therefore, a short discussion on different molecule-matrix systems will
be given first.

4.4.1 Molecules embedded in matrices

There is a number of guest molecules that are suitable for single molecule spectroscopy
because of their formidable photo physical properties, i.e. molecules, showing high Franck
Condon factors, having the 0-0-ZPL in the visible or near-infrared and showing an excellent
photostability. The most prominent molecules are shown in Fig. 4.9a and belong to the group
of polycyclic aromatic hydrocarbon (PAH) compounds. As surrounding host systems, three
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a b

Figure 4.10 – Spectral jumps in the resonance frequency of single pentacene molecules. a,
Subsequently recorded fluorescence excitation spectra on the same molecule. Each scan
takes one second. b, Time dependence of the center frequency. Reprint with permission from
Reference [114]

different classes have extensively been studied and used: single crystalline matrices, Shpol’skii
matrices and polymers.

The best guest-host combinations often obey the lock and key rule, where the guest
molecule has a similar structure as the host and thus fits very well into the lattice (see Fig.
4.9b)[105, 106, 107]. The second category of host systems, the so-called Shpol’skii matrices,
are shock-frozen n-alkanes (see Fig. 4.9c). In contrast to the first group, they form a strongly
polycrystalline matrix, characterized by short range order. Guest molecules can also show
excellent properties here [105, 108, 109, 110, 111]. The third group of studied matrices are
polymers (examples are shown in Fig. 4.9d). Although, they have advantageous properties
for nanofabrication, molecules usually show spectral diffusion and have broadened lines.
One exception is polyethylene (PE), where close to lifetime-limited lines have been observed
[112, 113].

4.4.2 Tunneling two-level model

Comparing the lifetime-limited narrow linewidth of a single molecule with its transition
frequency, one sees that they exhibit an extremely high quality factor. Due to this factor, being
of the order of Q ≈ 107, the molecular’s resonance is very sensitive to electromagnetic changes
in its direct environment. A single positive or negative charge, for example, being displaced
by 0.1nm at a distance of 10nm will result in a shift of the molecular transition frequency
of 50MHz [67]. Thus, molecules are extraordinary sensors for their environment and single
molecule spectroscopy opens the doors for studying the dynamics of the host crystal.
W.E. Moerner and W.P. Ambrose observed this property by recording surprising, sudden jumps

in the absorption frequency of single molecules, shown in Fig. 4.10 [114]. This phenomenon,
the absorption frequency of a molecule changing with time, is called spectral diffusion. At
low temperatures, acoustic phonons in the crystal are the only excitation and their density of
states is given by the Debye-Model [115]. However, with their low frequencies and low density
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Figure 4.11 – Tunneling two-level mode. a, Single molecule is surrounded by individual TLSs,
each having a distance r j . b, Single TLS with two internal states |L〉 and |R〉 with an asymmetry
A.

of states, they have negligible direct influence on the molecules. Thus, one concludes that the
spectral diffusion process is caused by defects in the host crystal. The existence of defects is
also reassembled by the inhomogeneously distributed molecular’s resonances.

Philip D. Reilly and J. L. Skinner developed a theoretical model to explain spectral diffusion
[116]. It is based on the tunneling two-level model, independently proposed by Anderson
and Phillips [117, 118]. Here, the probe molecule is surrounded by randomly distributed
two-level systems (TLS), shown in Fig. 4.11a. Each system has the two internal states |L〉 and
|R〉, described by the asymmetry A and barrier width v , which vary for the individual TLSs
(see Fig. 4.11). Tunnelling between these states is described by the tunnelling matrix element
J , which connects the two states and leads to a splitting with new energy levels, given by

E =
√

A2 + J 2. (4.1)

Each TLS can switch its state, assisted by the acoustic phonon bath of the host crystal. The
switching process of the j th TLS gives rise to a strain field, which induces a frequency shift ν j

of the probe molecule. The strain field falls with 1/r 3 and thus, the TLS-molecule interaction
is of dipolar nature [119, 120, 121]. The detailed mechanism of the above-mentioned strain-
mediated TLS-molecule coupling is usually avoided. Instead, the stochastic sudden jump
model of Klauder and Anderson is applied [119]. Here, the switch of a TLS instantaneously
induces a shift of the molecular transition frequency. This frequency shift ν j is assumed to
have the following form [122]:

ν j = 2πa
A j

E j

ε j

r 3
j

. (4.2)

Here, a is the coupling constant between the TLS and molecule, and A j , E j , ε j , r j are asym-
metry, energy splitting, orientation parameter, and distance relative to the molecule, of the
j th TLS, respectively.
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The transition frequency of the guest molecule is given by

ω(t ) =ω0 +
∑

j
ξ j (t )ν j . (4.3)

Here, ω0 is the static frequency of the molecule. The occupancy ξ j can be either 0 or 1,
depending on the j th TLS being in the ground or excited state. Due to the low concentration
of molecules (usually of the order of 10−6M), the molecule-molecule coupling is neglected.
The TLSs have the up and down transition rates Ku and Kd , respectively. Furthermore, it is
assumed that they are in thermal equilibrium at temperature T . The excited state population
probability of a TLS is given by [122, 116]

p = Ku

Ku +Kd
= 1

1+eE/kb T
, (4.4)

The detailed distribution of TLS properties, such as asymmetry A j , tunneling matrix element
J j , position r j and orientation ε j of the individual TLSs can be found in reference [122]. The
lineshape of the molecules ISM in the weak excitation limit is given by the Fourier-Laplace
transform of the dipole autocorrelation function as [123]

ISM (ω) = Re

(
1

π

∫ ∞

0
d te iωt e−t/2T1ΦSM (t )

)
, (4.5)

where T1 is the lifetime of the molecule’s excited state lifetime, and the relaxation function
ΦSM (t ) of the molecule due to interaction with the TLSs is given by [124]

ΦSM (t ) = 〈exp

(
−i

∫ t

0
dτω(τ)

)
〉 . (4.6)

Here, ω(t ) is the frequency fluctuation induced by the TLSs and is given by equation 4.3 with
ω0 = 0. The average is taken over all stochastic realizations of the trajectory ω(τ) within the
time interval (0,t). As the flipping dynamics of the TLSs are decoupled, one can rewrite the
equation as the product of the single TLS averages:

ΦSM (t ) =∏
j
Φ j (t ). (4.7)

Within the slow modulation limit, where the transition rate K j of the j th TLS is much smaller
than the induced frequency shift ν j , it is given by [124, 125]

Φ j (t ) = 1−p j +p j e−iν j t , (4.8)

with the population probability p j of the excited state of the j th TLS. Thus, the line shape will
show 2N peaks, when interacting with N slow TLSs. In contrast, in the fast modulation limit
(K j >> ν j ), the relaxation function reads [125]

Φ j (t ) ≈ exp
(−i p jν j t

)
exp

(−Γ j t
)
, (4.9)

with Γ j = (p j −p2
j )ν2

j /K j . With this, the line shape of a single molecule, coupled to a fast TLS
will be Lorentzian with half width Γ j . For a molecule, interacting with many TLSs the line
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Figure 4.12 – Modified Smirnov distribution. a, Here, we set β= 2 to obtain the normal Smirnov
distribution for different mean values W0, equally distributed over the range 0.25−1.45 from
blue to red. b, The mean value W0 is set to 0.5, while β is linearly increased from 2−20 from
blue to red. The vertical lines in a and b indicate the positions of WMP .

shape will also result in a Lorentzian with linewidth

Γ=
N∑

j=1
p j (1−p j )ν2

j /K j . (4.10)

Linewidth Distributions

Every lineshape can be described by its cumulants κi . The most known cumulants are the first
two, κ1 and κ2, the mean value and variance, respectively. It was shown that the probability
distribution of the second cumulant κ2 can by described by a Lévy stable law in the slow
modulation limit [126] and is given by

P (κ2) = L 1
2 ,1(κ2) =

√
3

2

κ0

π

1

κ3/2
2

exp

(
−2κ0

2κ2

)
(4.11)

where L 1
2 ,1 is a one-sided Lévy stable density distribution, also known as Smirnov density.

Furthermore, this distribution holds for both, fast and slow dynamics [125, 126]. As for the
slow decay of the distribution tail, the mean value is not a good value for the characteristic
quantity of the width. To find a better measure, Walser and co-workers proposed the modified
Smirnov distribution [127]:

P (W ) = W0�
πΓ̃(1+1/β)

1

W 2 e−(W0/W )β . (4.12)

Here, Γ̃ is the Gamma function and β an additional fitting factor. The most probable value
(WMP ) of W is given by

WMP =
(
β

2

)1/β

W0. (4.13)
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Figure 4.13 – Various fluorescence excitation line shapes of single DBATT molecules.
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Figure 4.14 – Spatial distribution of the single molecule linewidth over the crystal field shown
in Fig.4.8a. Scale bar indicates 5µm.

In Fig. 4.12a, modified Smirnov distributions for different values of W0 are plotted for β= 2,
for which the modified Smirnov distribution is then equal to the normal one. The vertical lines
indicate the position of the most probable value WMP which is equal to the mean value W0 in
this case, as β is set to be 2. The impact of the additional fitting parameter β is shown in Fig.
4.12b for W0 = 0.5 and β= 2−20.

4.4.3 Experimental investigation of spectral behaviour in thin crystals

We now examine the high-resolution spectra of single molecules under different conditions.
Figure 4.13a shows a Lorentzian spectrum with a FWHM of approximately 20 MHz as expected
for DBATT in bulk naphthalene [90]. Roughly 60% of the molecules in the channel field
with a depth of 730 nm show this line shape and FWHM. However, a considerable portion of
the molecules undergo spectral broadening or fluctuations. Figure 4.13b-d presents three
typical examples. The spectrum in Fig. 4.13b displays a spectral jump out of the scan range
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Figure 4.15 – Linewidth distribution of single molecules for different naphthalene crystal
thicknesses labeled in each panel. The red curves display fits based on a modified Smirnov
distibution.

while Fig. 4.13c presents a molecule that undergoes fast spectral diffusion. In Fig. 4.13d, the
molecule appears to jump twice, possibly through a photoinduced process. In Fig. 4.14 we
plot the spatial distribution of the single-molecule linewidths over the crystal area shown in
Fig.4.8a. We do not find a notable correlation between the positions of the molecules and their
linewidths.

In Fig.4.15, we present the distributions of the FWHM values obtained from Lorentzian fits
to the single-molecules spectra recorded for various crystal thicknesses. We see that as the
channel becomes thinner, the spread in the observed linewidths increases. This behavior
hints towards an increasing fraction of defects in thinner crystals.

The red curves in Fig.4.15 are fits according to the modified Smirnov distribution. We find
that this distribution describes the observed linewidth variations very well for thin samples
but lesser for thicker crystals. In Fig.4.16a, we plot the maximum probability WMP against the
thickness of the crystals. In red, we show the probability of finding a narrow molecule, i.e, with
a linewidth below 30 MHz.

To examine the generality of our findings, we also investigated a second system, consisting of
terrylene molecules doped in tetradecane, which is known to form a polycrystalline Shpolskii
matrix [67]. The green symbols in Fig.4.16b display the variation of the normalized WMP

values for these measurements, compared to the normalized WMP of DBATT in the crystalline
naphthalene matrix, shown in blue (same data as in Fig.4.16a). While the same trend is
also observed in this case, the deviation of the linewidths from their bulk value is much less
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Figure 4.16 – a, The blue symbols show the variation of WMP for DBATT in naphthalene.
The red symbols plot the probability of finding a lifetime-limited molecule. b, The blue and
green symbols show the variation of WMP normalized to the bulk linewidth (Γ0) for DBATT in
naphthalene and terrylene in tetradecane, respectively. All lines in a and b are guides to the
eye.

pronounced. We anticipate that the degree of spectral modifications in nanoscopic media
is strongly dependent on the material properties of both the host matrix and the physical
boundaries.
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5 Molecules confined in the vicinity of
nanoantennas

In this chapter, we combine the developed channel technology, discussed in chapter 4, with
nano-patterned gold particles. In this fashion, we reduce the active volume and thus, enhance
the probability of any detected molecules to be located in the hotspot of a nanoantennas.

5.1 Considerations

5.1.1 Sample design and fabrication

Our previous study on molecules embedded in geometrically confined crystals showed that a
confinement below 200nm results in spectrally unstable molecules. Therefore, we prepared a
250nm thin channel.

The sample design is schematically shown in Fig.5.1a. We structured an array of nanoparticles
inside the 250nm deep trench etched into a fused silica substrate. Since molecules near
interfaces are expected to be more unstable than the ones in the middle of the crystal, we
patterned the nanoantennas on little glass pedestals of 50nm height (see Fig.5.1b). The
individual particles are laterally spaced by 1µm to, on one hand, prevent collective plasmon
resonances and, on the other hand, allow for some intermediate space to perform reference
measurements. We close the trench with a SIL and fill it with the doped crystal. This results in
a 250nm thin doped crystal, with an array of gold particles in the middle of the crystal depth.

Structuring of the gold particles and assembly of the sample is schematically illustrated in
Fig.5.2. A 250nm deep trench is first etched into the fused silica cover glass using standard
photolithography in combination with an argon etching process (see Fig.5.2a). A 60nm layer
of gold is evaporated without any adhesion layer (see Fig.5.2b).

We use EBL with a negative resist to pattern the gold particles. An argon reactive ion etching
process (4min, 5mTorr, 35WRF , 300WIC P ) then removes the unprotected gold film. A subse-
quent SiO2-RIE process (90s, 15mTorr, CF4/H2: 45/15 sccm, 150WRF , 0WIC P UDC = 710mV)
further etches 50nm into the fused silica to produce the pedestals (see Fig.5.2c).

An oxygen plasma cleaning step for 20minutes was applied to remove the residual resist.
The sample is then annealed for 2hours at 900◦C to melt the gold discs to spheres with a
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a bSIL

structured 
cover glass

Figure 5.1 – Sample design: a, a 250nm deep nanochannel is formed between a structured
coverslip and the SIL. b, Zoom onto an array of gold nanospheres patterned inside the shallow
channel.

a b c

d e f

Figure 5.2 – Sample fabrication: a, A shallow trench is etched into a fused silica cover glass. b,
A thin gold layer is deposited, structured via EBL and c, etched with an RIE process yielding
gold nano discs on glass pedestals. d, The sample is annealed to convert the gold discs to
spheres. e, The channel is sealed with a SIL and f, filled with a doped crystal.
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Figure 5.3 – False colored SEM micrographs of the annealed nanoparticles, sitting on glass
pedestals. Courtesy of Jan Renger.

diameter of 160nm (see Fig.5.2d). To enhance the wetting properties of the nanoantennas for
organic crystals we use atomic layer deposition (ALD) to cover the surface with a 4nm thin
layer of Al2O3. Figure 5.3 shows SEM micrographs of the annealed gold spheres on fused silica
pedestals before the ALD layer was applied.

We carefully cleaned the structured cover slip by rinsing it with acetone and isopropanol and
subsequently dried it with nitrogen gas. The SIL is cleaned using a piranha solution (mixture
of H2SO4 and H2O2) and subsequent rinsing with deionized water, aceton and isopropanol.
The SIL is positioned on top of the patterend nanochannel using a vacuum tweezer and
micrometer stages. The whole process is monitored with an inverted microscope. We use
the back reflection of the round surface, to center the SIL on top of the nanoantenna array. A
droplet of water is put in between the SIL and the substrate and the SIL is carefully lowered,
until we see thin film interference. From the vanishing color at the edge of the channel, we
monitor the SIL as it touches the coverslip (see Fig.5.2e). The SIL is fixed by a small metal band,
carefully screwed into the sample holder. We then retract the vacuum tweezer. The whole
sample is heated by a peltier element until the water evaporates and cooled down again.

A small crystal grain of the doped matrix is put at the entrance of the channel and the system is
heated a second time, until the crystal melts and is drawn into the channel by capillary forces.
We finally remove the sample and the matrix crystallizes (see Fig.5.2f).

5.1.2 Plasmonic characterization

Figure 5.4a shows in blue the extinction spectrum of a plasmonic antenna ensamble in the
middle of the channel, measured in air. The Mie fit, shown in red, yields a sphere diameter of
120nm embedded inside a medium with an refractive index of 1.5. The maximal extinction
cross section is at 630nm. The extracted diameter from the fit slightly deviates from the
diameter, measured via the SEM, being 159nm. This might stem from a minor ellipticity of
the annealed gold particles one could suspect, when looking at Fig. 5.3. The offset of the
refractive index can be attributed to the glass pedestal under the nano spheres as well as
the surrounding aluminum oxide layer, which shifts the effective refractive index seen by the
particles. Embedding the nanoantennas into the doped crystal, with a refractive index of about
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Figure 5.4 – a, Extinction spectrum of a patterned plasmonic antenna ensamble inside the
nanochannel in blue, together with a fit based on Mie theory, shown in red. b, Plasmon
resonance for different particle radii measured at air (black) and immersed in oil (red), having
a refractive index of 1.6. A shift to longer wavelength of about 150nm is observed. Courtesy of
Jan Renger.

1.6 will further shift the plasmon resonance to the red. To simulate this shift, we measured
nanoparticles with different diameters in air as well as in immersion oil, with a refractive index
of 1.6. The results are shown in Fig. 5.4b. Thus embedding the particles in a medium with a
refractive index of the crystal will result in a red shift of about 150nm. With this, the plasmon
resonance of the patterned nanospheres is expected to peak around 780nm.

Compared to the particles produced by the Fischer pattern technique, the plasmon resonance
of the EBL structured nanoantennas is considerably more shifted to the red. This has two
immediate consequences. Firstly, the particles have a larger scattering cross section, do absorb
less and ,hence, they are more efficient [128]. The second is, that our former molecule/host
combination of DBATT in naphthalene has only a small spectral overlap of its ZPL with the
plasmon resonance. To overcome this issue and still benefit from the larger scattering cross
section, we decided to change our molecular system to dibenzoterrylene, having its ZPL in the
near-infrared (depending on the used matrix between 740 −790nm) [75, 129, 130].

5.1.3 Changes in molecular system and cryogenic setup

Recent studies from the group of Michel Orrit have shown that DBT embedded into the
crystalline matrix para-dichlorobenzene (pDCB) shows excellent photophysical properties
[130]. In addition, the guest molecule terrylene turned out to be stable, even in polycrystalline
pDCB [131]. With this, we anticipate pDCB will serve as a good host under confined conditions.
Figures 5.5a,b show a Jablonski diagram with the most important transition wavelengths of
DBT in pDCB, measured in bulk [130] together with the skeletal formula of DBT and pDCB.
The ZPL of the normal side is at a wavelength of 743nm, and it has a branching ration of
αDW ·αFC ≈ 0.44 [130].

Changing from the visible to the near-infrared regime requires some changes in the optical
setup. We therefore exchanged all optical elements to those with an anti-reflection coating in
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Figure 5.5 – a, Jablonski diagram with the most important transitions of the guest molecule
dibenzoterrylene (DBT) in the host 1,4-dichlorobenzene (pDCB). b, Skeletal formula of DBT
and pDCB.
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Figure 5.6 – a, Microscope image of the sample inside the cryostat at 1.4K. The sample is
back-illuminated via a whitelight source. b, LSM scan showing the transmitted intensity
through the sample. In both panels, the structured gold particles can be clearly identified via
their extinction. Scale bars indicate 2µm.

the near-infrared. Furthermore, we changed the aspheric lenses inside the cryostat to different
ones (Thorlabs C330TMD-B) with a numerical aperture (NA) of 0.68, an effective focal length
of 3.1mm and long working distance of 1.76mm (to enable the use of a solid immersion lens)
at a design wavelength of 830nm. The main difference is the increased NA of 0.68 (instead of
0.55), and the antireflection coating for near-infrared wavelength.

In addition, we took this opportunity to change all optical windows of the cryostat to ones,
having a higher antireflection coating. With this, the transmission of the windows changed
from ≈ 71% to ≈ 96%. After those changes, we expect to reach a total transmission (without
sample) of ≈ 95%. Our measurements confirmed this value.
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Figure 5.7 – a, LSM scan recording the red-shifted fluorescence. An increased count rate is ob-
served around the gold particles. Scale bar indicates 1µm. b, Fluorescence spectra, recorded
on top and between gold nanoparticles shown in red and blue, respectively. Excitation wave-
length in a and b is 742nm.

5.2 Initial characterization

In Fig. 5.6a, we show a camera image of the sample inside the cryostat at low temperature,
while illuminating it with whitelight from the back. Figure 5.6b plots a LSM scan, measured in
transmission. The well structured array of the individual nanoparticles can be clearly identified
via their extinction in both cases. We repeated the LSM scan, but measured the red-shifted
fluorescence, while exciting at a wavelength of 742nm (see Fig. 5.7a). Here, we observed an
enhanced fluorescence count rate, as the laser was laterally scanned over the particles. A
spectrum of this fluorescence, recorded on top of a particle together with a spectrum between
the particles can be seen in Fig. 5.7b in red and blue, respectively. Two characteristic features
can be identified: First, an increased broad background up to a wavelength of 800nm (likely
limited by the achromatic aberrations of the aspheric lens), as well as individual sharp peaks
on top of it. In the following two chapters, we will study and discuss these in more detail.

5.3 Broad background fluorescence

The enhanced, spectrally broad fluorescence right next to the gold particles is most likely
created by molecules, sitting in close vicinity of the nanoantennas. The first hypothesis is that
the molecules, during the crystallization process, are pushed out of the crystal and accumulate
at the gold/crystal interface. Another possibility is, that the crystallization process is strongly
disturbed at the position of the gold nanoparticles. This would result in more defects and thus
broadened molecules.

5.4 Shifted molecular resonances

To study the sharp peaks observed in the emission spectra, we first investigated their spectral
as well as spatial distribution. To this end, we confocally excited the sample at the wavelength
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Figure 5.8 – a, LSM scan recording the red-shifted fluorescence. An increased count rate
is observed on the gold particles. Scale bar indicates 1µm. b, Normalized distribution of
summated detected peak amplitude as a function of the distance to the nearest nanoantenna.
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Figure 5.9 – a, Time evolution of individual sharp peaks. b, Exemplary spectrum taken from a,
marked via the dashed line.

of 742nm. At this wavelength, we previously measured the center of the inhomogeneously
broadened 0-0-transition. The collected fluorescence was sent to a spectrometer. We then
performed a LSM scan and recorded for each excitation position an emission spectrum.
Integrating the individual spectra for every pixel results in the map, shown in Fig. 5.8a.
The positions of the individual nanoparticles were determined by 2D Gaussian fits and are
indicated by white crosses. Every emission spectrum was analyzed for the occurrence of sharp,
bright peaks and their spectral positions. To correlate the lateral position of the peaks to
the nanoantennas, we calculated the lateral distance to the nearest plasmonic particle. The
histogram in Fig. 5.8b shows the distribution of the summated amplitudes of the detected
peaks, normalized to a unit area as a function of the distance to the next antenna. An extensive
bunching near the gold particles is observed.

Unfortunately, most of the observed lines were extremely unstable and showed a strong
blinking behaviour. In Fig. 5.9a we show the time evolution of the emission spectrum, recorded
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a b

Figure 5.10 – LSM scan recording the red shifted fluorescence a, off and b, on resonance with
Heinrich I. Scale bar indicates 1µm.

at a fixed lateral position close to a nanoantenna over more than half an hour.

However, the quest came to an end as we found one spectral line, positioned at a wavelength
of 762nm that appeared sufficiently stable over many minutes. Studying this line more in
detail revealed that it was the 0-0-ZPL of a single molecule, Heinrich I. Surprisingly, its spectral
position had a red shift of about 20nm from the center of the inhomogeneous broadening.

5.4.1 Heinrich I

We colocalized Heinrich I and his neighbouring gold particle using the two LSM scans, shown
in Fig. 5.10. The scan in panel (a) was performed 10G H z off resonance and thus, we only
recorded the signal of the gold particles. From this measurement, we extracted the relative
position of the gold particles with respect to each other. In a following LSM scan, shown in
panel b, we excited Heinrich I. We then localized his position as well as the upper gold particle.
From the results of the first scan, we determined the position of the gold particle in direct
vicinity of Heinrich I and calculated their lateral center-to-center distance to 85nm. The axial
distance (z-direction) between Heinrich I and the gold particle is limited by the confined
crystal to 125nm. With this, we can estimate the total distance to the gold surface between 5
and 70nm (see Fig. 5.11a).

In Fig. 5.12 a fluorescence excitation scan, performed in the low excitation regime on its 0-0-
ZPL, shows the spectral diffusion of Heinrich I. This prevents us from performing saturation
measurements on the 0-0-ZPL, which could provide information on the radiative emission
properties. However, the spectral diffusion of about hundred MHz is negligible compared to
the linewidth of the 0-1-ZPL, which amounts to 20GHz. We therefore performed a saturation
measurement on this transition, shown in Fig. 5.13. The saturation power was fitted to be
26.1µW. With this value, we can estimate the saturation power of the 0-0-ZPL to be about
25nW. This increased power (23 other molecules showed values between 150pW and 3.4nW
with a median at 400pW) can, on the one hand, be attributed to a fast spectral diffusion
process and, on the other hand, might partly stem from a shortening of the excited lifetime
due to the nearby nanoantenna.
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Figure 5.11 – a, Schematic illustration of the position of Heinrich I with respect to the neigh-
bouring nanoantenna. The lateral distance of 85nm is determined by a colocalization scan.
The axial position, i.e. z-position, is limited by the channel to ±125nm with respect to the
center of the gold nanosphere. b, Calculated, normalized decay rate of a point-dipole in
the configuration shown in a as a function of its z-position. The dashed lines correspond to
the measured value of Heinrich I, i.e. a fluorescence decay rate enhancement factor of 2.9.
Courtesy of Hsuan-Wei Liu.
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Figure 5.12 – Fluorescence excitation scan on the 0-0-ZPL of Heinrich I, performed below
saturation.
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Figure 5.13 – Saturation scan performed on Heinrich I using 0-1 excitation. The fit yields a
saturation power of 26.1µW.
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Figure 5.14 – a, Fluorescence lifetime measurements obtained by Heinrich I at different
excitation intensities. The extrapolated lifetime at low excitation is determined by a linear fit
to be 3.0ns. b, Histogram of fluorescence decay rates of reference molecules, far away from
plasmonic antennas on the same sample. The red vertical line indicates the decay rate from
Heinrich I.
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5.5. Confocal quest for fluorescence enhancement

To separate these processes, we performed lifetime measurements on Heinrich I. Figure 5.14a
shows the resulting lifetimes obtained from Heinrich I excited via the 0-1-ZPL at different
powers. Extrapolation to an excitation intensity of 0 yields a fluorescence lifetime of 3ns,
resulting in a fluorescence decay rate of 333MHz. To compare this value, we performed lifetime
measurements on 23 other molecules, positioned between gold nanoparticles, as a reference.
We didn’t take any selection criteria for choosing these molecules. The corresponding decay
rates are shown in the histogram 5.14b, yielding a mean decay rate of 115±28MHz. The red
vertical line indicates the fluorescence decay rate of Heinrich I, which is approximately three
times higher. We attribute this decay rate modification to a plasmonic enhancement.

To compare this result, we calculated the decay rates of a point-dipole with a lateral distance of
85nm to the gold nanosphere (diameter 160nm) for different z-positions (see 5.11a). The three-
dimensional numerical simulations were performed with fitinite-difference time-domain
method (FDTD). The results show a decay rate enhancement up to a factor of 30 for z → 0 (see
Fig. 5.11b). Our measured decay rate enhancement factor of 2.9 corresponds to a position
of z = 73nm, illustrated by the dashed lines in Fig. 5.11b. The grey shaded area indicates the
uncertainty, given by the measured lifetime spread from the reference molecules.

However, we couldn’t measure an enhancement of the fluorescence rate. This, ccould be
caused by an increased enhancement of the nonradiative decay rate due to a quenching
process, or an intrinsically lower internal quantum efficiency due to the disordered crystal
around the gold particles. The second hypothesis would be in line with the dramatically
increased spectral diffusion.

5.5 Confocal quest for fluorescence enhancement

The vast majority of the molecules with a shifted ZPL showed strong spectral diffusion and
jumps. However, it is not clear that molecules positioned inside the hotspot of a nanoan-
tenna will show shifted ZPL. Thus, also molecules with ZPLs located inside the "normal"
inhomogeneous broadening might be located inside hotspots. The hope is, that these poten-
tial molecules might be more stable. As a criterion for finding those molecules, we selected a
shortened fluorescence lifetime and, thus, an increased fluorescence rate at saturation.

Figure 5.15a shows a LSM scan, recording the red-shifted fluorescence. We identified four
nanoantennas (marked i-iv) and took fluorescence excitation spectra on top of each one in a
confocal setup, shown in Fig. 5.15b-e. The excitation power was set to a high value of 1µW in
order to saturate all nearby molecules. The maximal recorded fluorescence count rate was
observed with about 1Mcps, which we also observed from molecules without nanoantennas.
Still, there might be suitable molecules in the vicinity of the nanoantennas, that cannot be
recognized as they are partly quenched.

5.6 Widefield measurements

We decided to colocalize molecules with the nanoantennas in a widefield configuration to
again create a list of suitable molecule close to nanoantennas.
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Figure 5.15 – a, LSM scan recording the red shifted fluorescence. Scale bar indicates 1µm.
b-e, Fluorescence excitation spectra, taken on top of the gold nanoantennas (i)-(iv) in a. The
excitation power was chosen such that most molecules are saturated.
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Figure 5.16 – Schematic arrangement for measuring the coherent response of a single molecule:
Recording the transmitted intensity as the laser frequency is scanned across the resonance of
the molecule results in a symmetric extinction dip. The back-scattered coherent light is mixed
with laser light, reflected at an arbitrary interface and results in different lineshapes. See text
for details.

5.6.1 Reflection geometry

Besides observing the extinction of light by a single molecule in the transmitted light intensity,
studying its coherent response in a reflection geometry can be very insightful (see Fig. 5.16).
In theory, in reflection, one would only record the scattered field of the molecule Emol with

Emol =
√

Rm
Γ0

∆+ iΓ0
. (5.1)

Here ∆= (ω−ω0) denotes the detuning of the laser frequency ω with respect to the molecular
resonance ω0, Γ0 the transition linewidth and

�
Rm the amplitude of the scattered field. Hence

the recorded intensity should reveal a Lorentzian lineshape.

However, under experimental conditions the scattered field Emol interferes with the laser
field El aser , partly reflected from the sample. This field has the amplitude

√
Rl and phase

difference φl to the field Emol . As the reflection occurs at an interface with arbitrary distance
to the molecule, the phase relation is different from the phase observed in a transmission
measurement.

The field Emol together with the the reflected laser Field El aser result in the total field

Etot =
√

Rl eiφl +
√

Rm
Γ0

∆+ iΓ0
. (5.2)

The intensity measured at the detector is then given by

Itot = |Etot |2 = Rl (1+ A2Γ0L (ω)−2AL (ω)(Γ0 sinφl −∆cosφl )), (5.3)

with

L (ω) = Γ0

∆2 +Γ2
0

(5.4)
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Figure 5.17 – Different lineshapes observed in experiment together with fits, shown in blue
and red, respectively. The individual scans are offset for clarity. The phases φl are deduced
from the fits.

and A =√
Rm/Rl .

Depending on the phase difference φl of the fields, the resulting lineshape can be either a
peak, a dip or a dispersive signal [132]. Figure 5.17 shows different lineshapes, recorded for
individual molecules in reflection.

5.6.2 Transmission vs. reflection geometry

The main advantage of performing an extinction measurement in the transmission configura-
tion is the well-defined phase difference between the transmitted field and the field scattered
by the molecule. On the other hand, the observed contrast in a reflection geometry is usually
five to ten times higher.

The contrast of the signal is determined by the ratio between the amplitudes of the scattered
field |Escat | and the laser field

∣∣Er e f
∣∣ (|Etr ans | and

∣∣Er e f l
∣∣ for the transmission and reflec-

tion configuration, respectively) as well as the phase difference between the fields φl . The
maximum contrast is reached for |Escat | =

∣∣Er e f
∣∣ and φl =±π.

The phase difference for a transmission measurement is usually φtr ans =π (π/2 stems from
the Gouy phase and another π/2 is given by the molecule, driven on resonance) [46]. As in this
configuration the reference light and the scattered light are common path, no further phase
offset occurs [42]. However, the transmitted laser field amplitude is usually larger than the
scattered field, i.e. |Etr ans | > |Escat |, and hence reduces the contrast.

In a reflection arrangement, the reflected field amplitude is smaller than the transmitted one
and thus enhances the contrast compared to a transmission measurement. Even though the
phase relation is arbitrary, it can be adjusted by the focusing position, i.e. by shifting the Gouy
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Figure 5.18 – Angular emission pattern of a molecule, placed at a distance of 125nm to the
SIL/pDCB interface. The dipole orientation is parallel to the interface. The major part of the
light (88%) is emitted and thus also scattered to the high index material, i.e. into the reflection
path.

phase to the regime φl →±π to increase the contrast.

In our focussing geometry, we use a high refractive index solid immersion lens (SIL) to enhance
the focus (for details see chapter 3.4.1). The high index contrast of 1.4 between the SIL and
the organic matrix strongly modifies the angular emission pattern [133, 134, 135, 136]. Figure
5.18 shows the angular emission pattern of a molecule, placed at a distance of 125nm to the
SIL/matrix interface in our sample geometry. The transition dipole is oriented parallel to
the interface. Due to the high index contrast, 88% of the light is emitted towards the high
refractive index material, i.e. into SIL and on the reflection path. Because of the 500µm thick
cover glass, strong oscillations are visible.

The emitted, and thus also scattered, power density as a function of collection angle for the
reflection and transmission direction is shown in Fig. 5.19a in blue and red, respectively. In
panel b, we calculated the expected collection efficiency as a function of collection angle for
the reflection as well as transmission direction. For the used aspheric lenses in our experiment
we expect to detect 69% of the scattered light in reflection and 8% in transmission. This is in
line with the measured fluorescence rate for a saturated molecule, which with about 1Mcps
it yielded ten times higher signal compared to a configuration without SIL [137]. However,
we want to note that the emitted mode is strongly modified in reflection and differs from a
dipolar mode. This decreases the mode overlap with the reflected laser light and decreases the
observed contrast. A quantitative study would require further calculations and goes beyond
the scope of this thesis.

Experimentally, we routinely observe contrasts of 10−20% in reflection, whereas the extinction
contrast in transmission is usually of the order of a few percent (see Fig. 5.20).

5.6.3 Coherent measurements in widefield configuration

Widefield imaging opens up the possibility to measure and collect statistic of the coherent
response of a large number of molecules together with their spatial position within one
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Figure 5.19 – a, Emitted power density as a function of collection angle for the reflection and
transmission directions in blue and red, respectively. b, Collection efficiency for different
angles for the reflection and transmission directions in blue and red, respectively. The black
dashed line indicates our experimental collection angle, given by the NA of 0.68 of the aspheric
lenses. In reflection (transmission), 69% (8%) of the total scattered intensity can be collected.
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Figure 5.20 – Coherent response of a single molecules measured in transmission and reflection
geometry in red and blue, respectively.
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Figure 5.21 – Modified detection path. BS: beam splitter, LP: optical long pass filter, SPCM:
single photon counting module.

measurement. To achieve this, we modified our detection path, illustrated in Fig. 5.21. After
passing another telecentric lens pair with an optional confocal pinhole, the light is split using
a 90:10 beamsplitter cube for measuring the redshifted as well as the coherently scattered
lights. The transmitted part (90% of the light) passes an optical longpass filter to isolate the
redshifted fluorescence, whereas in the reflected part the redshifted fluorescence is blocked
via a bandpass filter. Both parts can be sent to either two different sCMOS cameras (Andor
Zyla 4.2 for the coherent light and Andor Zyla 4.2P for the redshifted fluorescence), to APDs
or a fiber coupled grating spectrometer. For the redshifted fluorescence, we split the light
again by using either a nopolarizing 50:50 beamsplitter cube or a polarizing beamsplitter cube
onto two APDs. This allows for measuring second-order correlation functions or measuring
the in-plane dipole orientation of the molecules by using the nonpolarizing or polarizing
beamsplitter, respectively.

To isolate the coherent signal from a widefield measurement, we first perform a frequency
scan of the excitation laser and simultaneously record the red-shifted fluorescence as well as
the coherent signal with the two sCMOS cameras. By analyzing the video of the red-shifted
fluorescence, we locate the spatial and spectral centers of the individual molecules (see chapter
3.4.2). With this information, we know where to look for the coherent signals: As the cameras
are synchronized, the respective frames for both videos correspond to the same excitation
frequency. In addition, both cameras have the same pixel size, number and imaging optics.
Thus, besides a fixed offset, the relative lateral positions for the molecules are the same in
both videos. To obtain the offset, we removed the optical band pass filter and placed the
long pass filter directly after the telecentric lens pair in the detection path. We then recorded
images with both cameras, now receiving the same signal, and calculated the cross correlation
function of the two images to receive the lateral offset between the cameras.

We integrate the pixels of the camera, recording the coherent signal, for every molecule
localized in fluorescence to obtain the coherent spectra. Figure 5.22 shows exemplarily
fluorescence as well as reflection traces from six different molecules recorded in the same
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Figure 5.22 – Exemplary fluorescence and reflection signals of different single molecules in
blue and red, respectively, recorded via widefield measurements. The lines are fits to the data.
For details, see text.
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a b

Figure 5.23 – a, Fluorescence image, showing the gold nanoparticles together with their
localized positions, marked by blue crosses. b, Localized molecules and gold nanoantennas
shown in blue and red. Scale bars indicate 2µm.

ba

AuNP AuNP

Figure 5.24 – a, Phases of the localized molecules as a function of the distance (center to
center) to the next gold particle. b, Normalized linewidth of the molecules as a function of the
distance to the next gold particle. Red lines indicate the extend of the particles.

measurement. As discussed, the phase relation between the reference light and the molecule’s
scattered light can be different for every molecule, resulting in different shapes in the reflection
signal.

5.6.4 Fast characterization

Figure 5.23a shows a fluorescence image, obtained using widefield illumination and imaging
the red-shifted fluorescence with the camera. We determined the lateral position of the gold
particles by fitting 2D Gaussian functions, marked as blue crosses. We performed a widefield
excitation scan over 1THz. and localized all molecules. In Fig. 5.23b, the localized positions of
the molecules and gold nanospheres are illustrated as red and blue crosses, respectively. From
the widefield measurements, we further deduced the linewidths of the molecules as well as
the phases from the coherent signal.
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Figure 5.25 – Fluorescence excitation spectra of the six molecules close to plasmonic nanoan-
tennas. The red curve are lorentzian fits to the data (blue). The numbers in the corner denote
the molecule names.

Figure 5.24a shows the normalized linewidth distribution as a function of the distance to the
next gold particle. In Fig. 5.24b, we plot the phases obtained by fitting the coherent signal
as a function of the distance to the next plasmonic antenna. The red lines in both panels
indicate the extend of the particles. However, no clear dependence can be identified. For the
phase measurement, the problem is that in a reflection geometry, the phase difference of the
light scattered by the molecule and the reference light is different for all molecules. Thus an
influence by a plasmonic nanoparticle on the shape of the coherent signal cannot be noticed
in this configuration.

From all localized molecules, we studied those that had a lateral distance below 230nm to the
neighbouring plasmonic particle (i.e. a lateral distance of 150nm to the gold surface) in more
detail. We could identify 6 molecules from the list in a confocal setup. We first colocalized
each molecule and its neighbouring nanoantenna more precisely with two successive LSM
scans. The first one was taken on resonance with the molecule to localized it and the second
with an offset of 20GHz to localize the nanoantenna. We then took fluorescence excitation
spectra of the individual molecules to study their spectral behaviour. The measurements are
shown in Fig. 5.25, together with lorentzian fits in red. In addition, we performed saturation as
well as fluorescence lifetime measurements on all six molecules. The results are summarized
in table 5.1.
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Molecule # 1 2 3 4 5 6
Lateral distance to nanoparticle (widefield) (nm) 225 108 193 172 165 112
Lateral distance to nanoparticle (confocal) (nm) 300 200 200 350 110 65
Linewidth (MHz) 37 143 26 25 65 21
Saturation power (nW) 1.5 6.4 2.7 0.6 3.2 0.9
Maximal fluorescence (kcps) 440 500 400 600 600 1000
Excited state lifetime (ns) 8.8 8.3 10.7 11.2 7.5 7.8

Table 5.1 – Summary of the studied molecules

One immediately notices the difference between the distance obtained by the widefield and
confocal measurement. This might be caused by possible drifts of the sample over the wide-
field measurement, which lasted ≈ 4hours. Thus, the localization of the gold particles, which
was done immediately before the measurement might be shifted with respect to molecules,
recorded towards the end of the widefield measurement. Molecules #1,2 and #5 showed
(strong) spectral diffusion and, hence, their fits result deduced a broadened linewidth. The
diffusive behaviour is also reflected in the enhanced saturation power of these molecules.
Interestingly, except of molecule #6, which showed a narrow line, all molecules seem to have a
decreased quantum efficiency, as their maximal count rates are rather low (we usually observe
≈ 1Mcps). However, none of the molecules showed a significant lifetime reduction.

5.7 Coherent interaction of light with the molecule Niobe coupled
to a nanoantenna

We identified a system, consisting of a single gold nanoantenna and a molecule, named Niobe,
sitting in close vicinity. The spectral stability of Niobe allowed us to perform extensive coherent
studies on her and the neighbouring nanoplasmonic antenna.

5.7.1 Measurements

The lateral distance between Niobe and the nanoantenna was determined by a colocalization
in two successive LSM scans, shown in Fig. 5.26. In the first scan, we excited on resonance
with Niobe (see Fig. 5.26a). The gold particle was indirectly imaged in a following LSM scan via
the increased background fluorescence, with an 20GHz excitation frequency offset, relative
to the molecular transition (see Fig. 5.26b). By fitting both measurements with 2D Gaussian
functions, we determined their lateral distance (center of the gold particle to center of Niobe)
to 158nm. (see Fig. 5.26c).

Unfortunately, the slider for positioning the aspheric recollimation lens inside the cryostat was
broken. Thus, we could not perform measurements in a transmission configuration anymore
and were left with studies in reflection direction, only.

In chapter 5.6.1, we discussed the case of detecting the scattered field of the molecule Emol

together with the back reflected laser light El aser . Now, an additional, third field E AuN P is
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a

b

c

Figure 5.26 – Colocalization of the molecule Niobe and neighbouring gold particle. Individual
fitting of a, the Niobe and b, the gold particle allows determining their lateral center-to-center
distance of 158nm. c, shows the combined signal, with schematically illustrated position
of the nanoantenna and Niobe as yellow and blue spheres, respectively. Scale bar indicates
200nm.

NiobeSIL

pDCB

Fused silica

Elaser

Emol

EAuNP

Figure 5.27 – Schematic of the reflection geometry. In total, three fields are coherently scat-
tered, namely by the molecule Niobe Emol , the gold nanoantenna E AuN P and on an arbitrary
interface El aser .
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Figure 5.28 – Frequency scans at different excitation positions. The reflected intensity as well
as redshifted fluorescence are shown in blue and red, respectively. The black lines show the
results of a simultaneous fit to the reflected signal. The yellow circle illustrates the position of
the gold nanoantenna. The distance between neighbouring measurements is 83nm.

present, which is coherently scattered by the nanoantenna (see Fig. 5.27). Its associated phase
φa , as well as the phase of the reflected field φl , we do not know. Thus, we cannot determine
the contributions of the individual fields Emol ,El aser and E AuN P in one measurements. To
establish a relationship among some of the unknown parameters, we performed frequency
scans for 13×13 different excitation spots positions, equally spaced within a field of 1µm×1µm.
This way, the fields can be weighted differently for every single scan. Figure 5.28 shows the
central 9×9 scans.

5.7.2 More elaborate analysis

We expand the description of capter 5.6.1 by introducing an additional field, E AuN P , scattered
by the gold particle (see Fig. 5.27). This field has an amplitude of

p
Ra and a fixed phase φa .

As the plasmon resonance width is orders of magnitudes broader compared to the molecular
one, we assume that neither the phase φa nor the amplitude

p
Ra of the scattered field are
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frequency dependent. The three fields are described as

Emol =
√

Rm
Γ0

∆+ iΓ0
(5.5)

El aser =
√

Rl e iφl (5.6)

E AuN P =
√

Rae iφa . (5.7)

Thus the detected intensity is given by

Itot = |Emol +El aser +E AuN P |2 (5.8)

Itot = Ra +Rl +2
√

RaRl cos(φa −φl )+RmΓ0L (ω)+ (5.9)

2
√

RmRaL (ω)(∆cosφa −Γ0 sinφa)+
2
√

RmRl L (ω)(∆cosφl −Γ0 sinφl )

with

L (ω) = Γ0

∆2 +Γ2
0

. (5.10)

Equation 5.9 describes the signal we expect from the coherent interaction of light with a single
molecule and a nanoantenna, in the low excitation regime and measured in the reflection
arrangement.

Fitting all measured N curves simultaneously allows us to determine the common phases φl ,a

as well as the individual field amplitudes
∣∣E AuN P,n

∣∣, ∣∣El aser,n
∣∣ and

∣∣Emol ,n
∣∣. Here n denotes the

individual scans. We are left with a simultaneous fit to N datasets with in total (4N +4) fitting
parameters:

Use Rm,n Ra,m Rl ,n ω0,n Γ0 φl φa Offset Total
Number of parameters N N N N 1 1 1 1 (4N+4)

However, from the fluorescence signals, we can extract the field amplitudes
∣∣Emol ,n

∣∣, besides a
shared scaling factor c . Furthermore, we extracted the valuesω0,n andΓ0 from the fluorescence
data and set them as fixed parameters. Thus, our resulting fitting parameters are reduced to a
number of (2N +4):

Use Ra,m Rl ,n φl φa c Offset Total
Number of parameters N N 1 1 1 1 (2N+4)

The ratio of the electric field amplitudes |E AuN P /ELaser |, deduced by this fit is shown in Fig.
5.29. It is clearly increased as the excitation spot is close to the gold particle. Figure 5.30 plots
the ratio as a function of the lateral distance to the gold particle. Although a trend can be
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Figure 5.29 – |E AuN P /El aser | for different excitation spots. Scale bar indicates 100nm.
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Figure 5.30 – Electric field amplitude ratio |E AuN P /El aser | as a function of the excitation spot
distance to the gold particle.
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Figure 5.31 – Normalized fluorescence of the individual excitation positions. Red dashed lines
indicate the used thresholds. For details see text.

seen, the fit results can be improved by selecting the scans with strong fluorescence signal.
As shown in Fig. 5.31, we employed two different thresholds of 0.1 and 0.25, indicated as red
dashed lines. We then fitted all data simultaneously.

Figures 5.32a and 5.32b present the results for the lower and higher thresholds, respectively.
The amplitude of the field E AuN P depends on the position of the excitation spot and is pro-
portional to its field distribution, i.e. a Gaussian profile. The red line in Fig. 5.32b indicates
this profile and agrees well with the data. The FWHM of 339nm was deduced by fitting a
2D-Gaussian function to a LSM scan Niobe, subsequently after the main measurements. The
height-scaling was done via fitting to the presented data. The maximum amplitude ratio of
1.27, determined by the fit is in line with the contrast we observe when performing a lateral
scan across the gold particles. In Fig. 5.33a, the measured intensity of the reflected light is
recorded in reflection, as the laser spot was scanned over an array of nanoantennas. In panel
b, we show the square root of the intensity for the line, marked by the dashed line in a. The red
lines indicate the contrast of 1.27 and is in good agreement with the contrast, we observe in
an LSM scan with the same focussing position.

These measurements, thus, show the coherent interaction of light with a single molecule,
coupled to a plasmonic nanoantenna.

5.8 Summary

The observed and studied molecules in this sample geometry can be categorized in two main
classes. The first group of molecules are predominantly located around the nanoantennas.
Their 00-ZPL is strongly shifted to the red-side (we observed spectral shifts up to 30nm from
the center of the inhomogeneous broadening) and suffer from strong spectral jumps and
diffusion. Out of the order of 100 such molecules, we identified one that was stable enough to
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Figure 5.32 – Fit results for fluorescence thresholds set to 0.1 and 0.25 in a and b, respectively.
Electric field amplitude ratio |E AuN P /El aser | increases as the spot distance to the gold particle
is decreased. The red line in b indicates the expected distribution, deduced from the measured
PSF.

a b

Figure 5.33 – a, Intensity of the backscattered light, as the laserspot is laterally scanned across
an array of gold nanoparticles. b Square root of the measured intensity in a along the white
dashed line. The observed contrast is in good agreement with the expected contrast of 1.27,
illustrated by the dashed, red lines.
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allow for lifetime and saturation measurements. This molecule showed a lifetime shortening
of ≈ 3times. However, the spectral diffusion of this molecule was too strong to study coherent
effects. The second class of molecules are situated within the "normal" inhomogeneous
distribution. Although several molecules were found in the near-field of nanoantennas, we
could not measure significant enhancements of the emission properties. However, we could
study the modification in their coherent response and clearly identify contributions from a
neighbouring nanoantenna.

We anticipate two main challenges to be overcome to observe a stronger (coherent) interaction
between single molecules and nanoantennas. The first one is to reduce the disorder and
defects of the crystal induced by the nanoparticles within their neighbourhood. The other
challenges is to fast screen and identify potential molecules with a high throughput.

96



6 Outlook

To study a strong coherent interaction between single molecules and nanoantennas, the
severe challenge is to preserve the spectral stability of a molecule inside the hotspot of a
nanoplasmonic antenna. The problem is the defects and dislocations in the surrounding
host matrix, which is induced by the particles. These imperfections lead to dephasing of the
molecules. We suggest two different routes to approach this problem. Firstly to serve the
molecules with a host matrix of enhanced quality around the nanoantennas. Secondly, we
propose to strongly enhance the resonance of the molecule, which broadens the linewidth to
a value that the spectral diffusion becomes negligible.

Following the first approach requires that one removes the induced defects in the host to
minimize the dephasing of the molecules. Unfortunately, the crystallization process out
of the melt is difficult to control during the sample preparation. However, one can take
measures to later heal the distorted crystal around the nanoparticles. One possible approach
would be a local annealing step, which can even be performed at low temperature. Here,
the nanoantenna by itself would serve as the heat source, controlled by irradiation with a
laser. Due to the absorption, the particles will heat up and dissipate the needed energy for the
annealing process to the surrounding crystal. Suitable experimental parameters, especially
irradiation power and duration, should be chosen such that enough energy is deposited to
fuel the annealing process, but not too much to not completely melt the crystal or even the
nanoantenna. For finding the right set of parameters, one can monitor the spectral behaviour
of nearby molecules in-situ.

Another strategy is to exchange the crystalline matrix with a more tolerate one. A possible
candidate could be the polymer polyethylene (PE). Although molecules inside this host tend to
be a little more unstable, the matrix itself might be less affected by nano objects, as polymers
usually do not have a long-range order. Another advantage of this system is the preparation:
The PE film can be first prepared before the molecules are incorporated [112, 113]. Plasmonic
nanoparticles, such as rods, spheres or triangles can be commercially purchased with nearly
every desired plasmon resonance. Furthermore, a PE shell (up to ≈ 10nm) around them can
be custom fabricated. One can in principle order these undoped particles (see Fig. 6.1a), let
the desired molecules diffuse inside the PE layer (see Fig. 6.1b) and spin coat or drop cast them
on top of a substrate (see Fig. 6.1c). With this, all molecules will directly be positioned within
10nm of the gold surface. To avoid quenching processes, one could put another, 2−5nm thin
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Nanoantenna

a b

c d

Molecule

Fused silica

Gold

Fused silica

Polyethylene

Figure 6.1 – a, Gold nanoantenna surrounded with a thin film of polyethylene. b, Molecules,
solved in chloroform, diffuse into the polyethylene shell. c, A nanoantenna with a doped
polyethylene shell is deposited on a fused silica substrate. d, Plasmonic goldparticle with a
doped polyethylene film is deposited on a flat gold mirror to create plasmonic cavities with
ultra-small mode volume.

fused silica layer between the gold and PE as a spacer.

For the second approach, one needs to achieve a strong field hotspot, the molecule is posi-
tioned in to obtain the needed enhancement. Following the pioneering work of the group
of Jeremy Baumberg, one could place a nanoparticle with a doped PE shell on top of a gold
coated cover glass. This will result in a plasmonic cavities with ultra small mode volume (see
Fig. 6.1d) [138]. This geometry could serve as a basis for more elaborate coherent studies on
the hybrid system and for controlled low-temperature single molecule Raman investigations.
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Few-photon coherent nonlinear optics with
a single molecule
Andreas Maser1,2†, Benjamin Gmeiner1†, Tobias Utikal1,3, Stephan Götzinger1,2,3

and Vahid Sandoghdar1,3*

The pioneering experiments in linear spectroscopy were per-
formed using flames in the 1800s, but nonlinear optical measure-
ments had to wait until lasers became available in the twentieth
century. Because the nonlinear cross-section of materials is very
small1,2, macroscopic bulk samples and pulsed lasers are usually
used. Numerous efforts have explored coherent nonlinear signal
generation from individual nanoparticles3–5 or small atomic
ensembles6–8 with millions of atoms. Experiments on a single
semiconductor quantum dot have also been reported, albeit
with a very small yield9. Here, we report the coherent nonlinear
spectroscopy of a single molecule under continuous-wave
single-pass illumination and the switching of a laser beam
by on the order of ten pump photons. The sharp molecular
transitions and efficient photon–molecule coupling at a tight
focus10 allow for optical switching with less than a handful
of pump photons and are thus promising for applications in
quantum engineering11.

The schematic of our experiment, which was performed in a
helium bath cryostat, is depicted in Fig. 1a and described further
in the Methods. Two laser beams at frequencies νprb (probe) and
νpmp (pump) were incident on a thin naphthalene sample that con-
tained a very small concentration of dibenzanthanthrene (DBATT)
molecules. A solid immersion lens (SIL) combined with a simple
aspheric lens provided a tight focus for the probe beam with a
full-width at half-maximum (FWHM) of ∼320 nm12. The probe
beam left the SIL with a larger divergence than that of the incident
beam, and a part of it was thus collimated by the second aspherical
lens. The pump beam, which was offset from the lens axis (see
Fig. 1a), was spatially filtered out by the collecting aspheric lens.
In addition, we used cross-polarized detection to reduce the contri-
bution of the pump to the transmitted probe beam12.

Figure 1b shows the energy level scheme for DBATT. The so-called
0-0 zero-phonon line (00ZPL) with a lifetime-limited linewidth of
Γ ∼ 20MHz at the wavelength of λ ∼ 619 nm connects the
vibrational ground states of the electronic ground (S0) and excited
(S1) states13. An important advantage of our system is the large extinc-
tion cross-section of about 0.5(3λ2/2π) associated with its 00ZPL,
where the factor 0.5 signifies that about 50% of the population
from the excited state decays via redshifted fluorescence channels.

The interaction of a two-level atomwith two optical fields of ampli-
tudes Epmp and Eprb at frequencies νpmp and νprb has been described in
several works8,13–16. The bichromatic excitation can be expressed as an
amplitude-modulated field, resulting in a time-dependent Rabi fre-
quency Ω(t) modulated at frequency δ = νprb − νpmp (ref. 8). Using a
Fourier ansatz for the Bloch vector gives:

ρ01(t) =
∑+∞

n=−∞
(un + inn)e

2πinδte2πinpmpt (1)

where ρ01 denotes the off-diagonal element of the density matrix
decomposed in the nth harmonic orders of the Bloch vector com-
ponents un and vn. The appearance of the harmonics of δ in equation
(1) indicates a nonlinear process and exchange of energy between the
two beams. In an alternative picture (Fig. 2g,h), the pump field
‘dresses’ the molecular levels, giving rise to new transitions at
nprb = npmp ± Ω′

pmp with the pump-generalized Rabi frequency
defined as Ω′

pmp = √(Ω2
pmp + Δ2). Here Ωpmp is the Rabi frequency

caused by the pump and Δ = νpmp − νmol denotes the detuning
between the pump frequency and the molecular resonance2.

We start by examining the transmission spectra of the probe laser
beam under different pump intensities and frequency detunings.
Comparison of the spectra in Fig. 2a,b recorded in the absence of
the pump beam with the data in Fig. 2c,d measured at Ωpmp < Γ
reveals that even at such low intensities, there is a clear redistribution
of energy between the pump and the probe. These features become
more pronounced for more intense pump beams. Figure 2e, f illus-
trates an example for a value of Ωpmp just under 2Γ. The solid red
lines in Fig. 2 display numerical fits (see Methods).

To provide an intuitive understanding of the multiphoton pro-
cesses involved, in Fig. 2g,h we plot the dressed energy levels for
the data recorded at pump detunings of 0 MHz (left column) and
5 MHz (right column), respectively. We note, however, that con-
trary to the usual usage of the dressed-state picture under strong
illumination, Ωpmp in our measurements remains of the order of Γ.
Consequently, the observed features are less obviously attributable to
well-defined transitions among the dressed states but result from the
coherent addition of contributions from various channels.

The symmetric sidebands in Fig. 2e are the precursors of the
Mollow triplet, where a strong driving field creates sidebands in the
atomic fluorescence spectrum spaced by the Rabi frequency17. In an
extinction measurement such as that taken here, the sidebands
become dispersive and are spaced by ±Ω′

pmp
9,12,14. A comparison of

the data in the left and right columns shows that a frequency detuning
of the pump beam (here from Δ = 0 to 5 MHz) results in an asymme-
try between the blue- and red-detuned spectral features. We have
introduced a colour coding to relate the spectral features of Fig. 2e,f
to the different pump and probe scattering processes denoted in
Fig. 2g,h. Each colour group consists of different channels involving
the pump (solid line) and probe (dashed line). The grey and black
arrows indicate the strength of the transition based on the popu-
lations of the states involved, which in turn depend on Δ.

In the region of nprb ≃ npmp + Ω′
pmp, highlighted in blue, a three-

photon process occurs where two pump photons are absorbed and
one probe photon is emitted in a stimulated process. In this case, the
molecule ends up in the excited state S1 and returns to the ground
state after a spontaneous decay. The resulting fluorescence signal
was used to detect this hyper-Raman phenomenon on a single

1Max Planck Institute for the Science of Light, 91058 Erlangen, Germany. 2Graduate School in Advanced Optical Technologies (SAOT), Friedrich Alexander
University (FAU) Erlangen-Nürnberg, 91052 Erlangen, Germany. 3Department of Physics, Friedrich Alexander University (FAU) Erlangen-Nürnberg,
91058 Erlangen, Germany; †These authors contributed equally. *e-mail: vahid.sandoghdar@mpl.mpg.de
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DBATT molecule for a large Δ (ref. 18). Here, we have provided
direct evidence for the coherent amplification of the probe beam
by a single molecule and for a very small Δ. The red region in
Fig. 2f can be interpreted as the a.c. Stark shift of the extinction
dip (see Fig. 2b) detuned by about Ω′

pmp. In this case, the weight
of the corresponding three-photon process is negligible. The disper-
sive feature marked in green represents stimulated Rayleigh

scattering around nprb ∼ npmp, a coherent process that involves
energy transfer between the pump and the probe7,19.

The interaction of themolecule and the pump photons can not only
modify the transmitted probe beam, but can also produce light at other
frequencies2. To investigate this effect, we used a time-correlated single-
photon counting system in a start–stop configuration (see Methods)
and searched for the beating of the probe beam with any other

ba

00ZPL
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Redshifted
fluorescenceProbe
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ν ≠ 0
Lens
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with channel

ν = 0

ν ≠ 0
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Figure 1 | Experimental set-up. a, Schematics of the optical arrangement in the cryostat operating at 1.5 K. b, The energy level scheme of a DBATT molecule
(see text and Methods for details).
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Figure 2 | Resonant and near-resonant pump–probe spectroscopy. a,b, Transmitted power of a weak probe beam as its frequency is scanned across the
resonance of a single molecule in the absence of a pump beam. c,e, Same as in a but in the presence of a resonant pump beam at two different strengths.
d,f, Same as in b but in the presence of a pump beam at Δ = 5 MHz at two different strengths. The Rabi frequency noted on the lower right corner of each
figure gives a measure of the pump intensity. The zeros on the horizontal axes indicate the pump frequency (denoted by the vertical dashed lines). The
vertical blue lines show the resonance frequency of the unperturbed molecule in each case. The solid red lines are numerical fits using the orders n = −10 to
+10 in equation (1). g,h, The dressed states of the molecule and the different excitation paths for Δ=0 (g) and Δ = 5 MHz (h). The dashed and solid arrows
depict the probe and pump photons, respectively. The thicker and thinner levels in h signify the asymmetric distribution of populations. Similarly, the black
and grey arrows represent more and less probable transitions, respectively, in each case.
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signal. We then calculated the Fourier transform of the recorded
time-dependent signal for each pump–probe detuning δ. Figure 3a
shows the outcome for ameasurement at Δ = 18MHz. Themost domi-
nant feature in this figure appearing at frequency δ is marked (i) and
stems from the interference of the probe beam with the residual
amount of pump light. In addition, however, the data points labelled
(ii) reveal the existence of a beating signal at 2δ. Figure 3b sketches
the four-wave mixing process involving a degenerate pump beam and
a new signal νFWM at frequency νprb − 2δ (ref. 16). The strength of
this signal is about 3% of that at δ, and it disappears when the pump
and probe lasers are detuned away from the molecular resonance.

So far we have addressed the steady-state interaction between the
pump and probe beams as mediated by the molecule in frequency
space. To visualize the dynamic temporal behavior described in
equation (1) directly, we used the time-dependent measurement
described above to monitor the population of the excited state by
recording the fluorescence signal. To achieve a strong modulation
of the excited state population and a large beating visibility, we set
Ωprb =Ωpmp = 140 MHz. As illustrated in Fig. 4a, we expect the flu-
orescence to drop when destructive interference reduces the total
electric field to zero. When the field builds up again, the molecular
emission undergoes Rabi oscillations that are damped by the spon-
taneous emission to a steady-state level20.

Figure 4b–d displays three time-resolved fluorescence signals,
where Δ was kept at zero and δ was varied. In Fig. 4b,c the Rabi fre-
quency quickly reaches significant values within a time frame much
shorter than the fluorescence lifetime τ = 1/2πΓ, allowing for Rabi
oscillations to be observed. In both cases, the variation of Ω(t)
with time causes a chirp in the temporal oscillations equivalent to
subharmonic Rabi resonances in the frequency domain8,13. In
Fig. 4d, the excited-state population is not changed for most of
the beating period because the driving field saturates the molecule
within a time comparable to τ, reducing the visibility of Rabi oscil-
lations. We remark in passing that due to the extremely low power
involved and the very high quantum efficiency of the molecules, one
need not worry about heating artefacts in our system.

Our measurements show that the sharp Fourier-limited ZPL of a
single molecule can efficiently couple photons at two or more fre-
quencies. Such nonlinear interactions are of great interest in the
context of quantum information processing, where single quanta of
light and matter would be used to transport or mediate information11.
A key step in many of these endeavours is to switch an optical field
with only a few photons, or ideally one. We now show that our
system readily enters this regime. Let us start with the green trans-
mission spectrum in Fig. 5a, where a single molecule attenuates a
detected light signal by 30% (see Methods for details). The blue spec-
trum in Fig. 5a shows that we can recover the transmitted signal at νmol

if we turn on a pump field withΩpmp = 50 MHz and Δ = 18MHz. To

assess the switching quality, we define Ton/Toff as the switching con-
trast, where Ton and Toff denote the transmitted probe power with
the pump on and off, respectively. As displayed by the red curve in
Fig. 5a, we reach a switching contrast of about 1.8 dB.

In our current sample, the molecules required 6–30 incident
photons within an excited-state lifetime to scatter one photon (see
Methods). However, theory predicts that this coupling can reach
100% in the case of perfect mode matching and a unity fluorescence
branching ratio10,21. Figure 5b displays an example of high switching
performance if we consider a probe beam with Ωprb = Γ/4, choose
Δ = Γ/2 and setΩpmp = 1.5Γ. This regime corresponds to a saturation
parameter Spmp = Ω2

pmp/2(Δ
2 + Γ2 /4) ∼ 2, implying that a pump

field with less than a handful of photons per τ can efficiently
switch a beam of light (see Methods).

Following the advent of single-molecule spectroscopy22,23, several
groups have also reported on nonlinear studies of single
molecules18,24–28. However, these efforts have mostly detected the
incoherent fluorescence signal and have not been concerned with
optimizing the nonlinear yield. In this work, we have demonstrated
the coherent nonlinear interaction of a single organic molecule with
a very weak nearly-resonant narrow-band field. Given the simplicity
of our approach, it can also be readily applied to other quantum
systems that have a high degree of coherence such as atoms in
vacuum29,30, rare-earth ions in crystals31,32 or semiconductor
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quantum dots9,33,34. The intrinsically efficient nonlinear cross-sections
of such two-level-like quantum systems can be further improved by
combining a tight focusing arrangement with broadband sub-λ3

microcavities35, paving the way for single-photon switching11.

Methods
Methods and any associated references are available in the online
version of the paper.

Received 1 September 2015; accepted 7 March 2016;
published online 11 April 2016
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Methods
Sample preparation. To reduce the effect of background fluorescence and optimize
the focusing ability of the SIL, we fabricated our sample in a shallow channel etched
into a fused silica cover glass (220 nm deep and 500 μm wide) that is sealed by the
SIL (cubic zirconia). This is done by bringing the SIL and the cover glass into optical
contact, where they are drawn together by van der Waals forces36. Subsequently, a
small piece of solid naphthalene doped with DBATT was placed on the cover glass,
next to the SIL and the whole sample was heated by a Peltier element until the
naphthalene melted. The liquid naphthalene was drawn into the channel37 through
an opening by capillary forces. The sample crystallized after cooling. The
concentration of DBATT molecules corresponded to the observation of one
molecule every 20 GHz within one focal spot.

Optical set-up. The two laser beams were generated from the same dye laser with a
linewidth of about 2 MHz by using two acousto-optical modulators in a double-pass
configuration with variable detuning of –80 to +130 MHz. By tuning the laser
frequency to the resonances of the molecules in the inhomogeneously broadened
absorption band of DBATT inside a naphthalene crystal, we could address each
individual molecule separately22,23. The transmitted laser intensity as well as the
backscattered redshifted fluorescence were measured with single-photon counting
modules. The pump and probe Rabi frequencies were determined by measuring the
broadening of the 00ZPL in a power-dependent saturation study.

Theoretical model. The interaction of the pump and a two-level system is treated
exactly within the usual approximations (only dipole interaction, rotating wave
approximation). The probe beam, on the other hand, is treated perturbatively so that
higher orders of n are required ifΩprb is large (as in Fig. 4). However, in the other parts
of our work where the probe is weak, the dominant term is n = 1 and the contribution
of the n = 2 term can be as small as 1%. We emphasize that even the n = 1 term
corresponds to a nonlinear response of the system. In other words, this is not to be
associated with a χ(1) process.

Spectral drift compensation. The investigated nonlinear effects are very sensitive to
small frequency variations of only a few MHz. Although DBATT in naphthalene is a
very stable system, small spectral drifts remain. To counter these residual slow drifts
the transmission signal was measured during a fast sweep of the probe frequency. The
spectral position of the molecule was measured and the frequency of the pump beam
was adjusted to maintain the desired relative detuning. This procedure was repeated
several 100 times until a typical integration time of 1 s per data point was reached.

Time-resolved measurements. To register the temporal development of the signal,
we measured the delay between the arrival of a transmitted photon and a reference
signal. The latter was extracted from the beating of the pump and probe beams on an
avalanche photodiode in front of the cryostat38. This was done by using a time-
correlated single-photon counting system (HydraHarp, PicoQuant) in a start–stop
configuration. To record more than one beating period every fifth stop pulse was
taken. The rest of the pulses were sorted out by setting an artificial dead time using a
pulse delay generator (Stanford Research DG645).

Spatially filtered detection. For the switching experiment, we spatially selected the
transmitted light by a single mode fibre to improve the efficiency of the destructive
interference that leads to the extinction signal. In this fashion, we could reach an
extinction value of about 30%, and the relative suppression of the pump beam was
improved to more than 200. We note that we did not implement this filtering process
in other measurements to ensure that the degree of photon–molecule coupling was
not masked further.

Coupling efficiency. It is instructive to see what incident photon rate Rinc is required
to achieve a photon scattering rate Rsca. Combining equations (1) and (3) of ref. 10.
for steady-state monochromatic excitation, it can be shown that in the case of perfect
mode matching,

Rsca

Rinc
=
2σ
σ0

(2)

where σ = (Γ2/(Γ2 + 4Δ2))(1/(1 + S))σ0 is the scattering cross-section at a given finite
incident power and S =Ω2/2(Δ2 + Γ2/4) denotes the saturation parameter in the
general case of detuned excitation10,39. Using these results and the textbook relation
Rsca = Γρee = ΓS/2(S + 1) from ref. 39, with ρee as the excited state population, we
arrive at

Rinc =
SΓ
2

1 +
4Δ2

Γ2

( )
(3)

Following this derivation, we find that an average of 2 incident photons per lifetime
is sufficient to reach S = 2 at Δ = Γ/2 in the ideal case of perfect coupling.

In the sample used in this study, we determined that 6–30 photons per
excited-state lifetime (corresponding to an incident power of 240 pW–1.2 nW)
can suffice as the average rate of Rinc at the location of a molecule for reaching
S = 2 on resonance. Here, we carefully calibrated the optical losses through the
cryostat windows and lenses on the way to the sample to provide tight focusing.
The spread in the measurement stems from the variation in the molecular dipole
orientation, fluorescence branching ratio and focusing quality. We note, however,
that the measurements presented here were all performed on the same
single molecule.
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Spectroscopy and microscopy of single molecules
in nanoscopic channels: spectral behavior vs.
confinement depth

Benjamin Gmeiner,a Andreas Maser,ab Tobias Utikal,a Stephan Götzingerabc and
Vahid Sandoghdar*ab

We perform high-resolution spectroscopy and localization microscopy to study single dye molecules

confined to nanoscopic dimensions in one direction. We provide the fabrication details of our nanoscopic

glass channels and the procedure for filling them with organic matrices. Optical data on hundreds of

molecules in different channel depths show a clear trend from narrow stable lines in deep channels to

broader linewidths in ultrathin matrices. In addition, we observe a steady blue shift of the center of the

inhomogeneous band as the channels become thinner. Furthermore, we use super-resolution localization

microscopy to correlate the positions and orientations of the individual dye molecules with the lateral

landscape of the organic matrix, including cracks and strain-induced dislocations. Our results and

methodology are useful for a number of studies in various fields such as physical chemistry, solid-state

spectroscopy, and quantum nano-optics.

1 Introduction

Cryogenic spectroscopy of single molecules1–3 opened the
way to high-resolution spectral and spatial investigations of
quantum emitters such as semiconductor quantum dots,4,5

color centers6 and rare earth ions7 in solid matrices. In the
pioneering efforts of the late 1980s and early 1990s, it was
shown that at temperatures below about 2 K the zero-phonon
lines (ZPL) of aromatic molecules such as pentacene or terrylene
can become as narrow as a few tens of MHz, corresponding to
Fourier-transform-limited values expected from the excited-state
lifetimes of a few nanoseconds. Shortly after the advent of this
methodology, a number of experiments studied the response of
the ZPLs to external influences such as pressure and electric
field as well as internal conditions like the nature of the host
material, e.g., whether it is crystalline or amorphous.3 In
particular, spectral jumps and fluctuations could be directly
observed.8 Spectral instabilities had been known in solid-
state spectroscopy for several decades and are understood
to be caused by changes in the environment that lead to
variations of the local fields at the position of the guest emitter.

However, their direct visualization became only possible through
single molecule spectroscopy.

Spectral diffusion, fluctuations and jumps are ubiquitous
phenomena in systems such as molecules, rare earth ions,
semiconductor quantum dots or color centers, but the details
of their microscopic origins can vary.9 The jump events
are often discussed in the context of quantum mechanical
tunneling between two states of a so-called two-level system.3

In some cases, such a tunneling can be influenced by an
external electric field,10–12 mechanical stimulus,13 or light
fields.14 In the case of slow spectral jumps of terrylene in
para-terphenyl, it was shown theoretically that the rotation of
bonds in the matrix molecules can cause spectral jumps.15

In general, spectral instabilities are produced by defects
and dynamics in the host matrix, e.g., caused by imperfect
crystallization at interfaces. Indeed, self-assembled quantum
dots are known to need about 50 nanometer of a capping
layer to yield a stable luminescence.16 Similarly, broad lines
and unstable resonances have been reported for nanocrystal
hosts.17 In this article, we report on measurements that
provide new insight into the behavior of the molecular
spectra in crystalline matrices formed under geometric con-
finement in one dimension. Our strategy is to prepare
samples of various thickness in submicrometer deep channels
and collect statistics about their spatio-spectral behavior.
In addition to their fundamental interest, thin crystalline
samples are also desirable for a number of quantum optical
experiments.

a Max Planck Institute for the Science of Light, 91058 Erlangen, Germany.

E-mail: vahid.sandoghdar@mpl.mpg.de
b Department of Physics, Friedrich Alexander University (FAU) Erlangen-Nürnberg,

91058 Erlangen, Germany
c School of Advanced Optical Technologies (SAOT), Friedrich Alexander University

(FAU) Erlangen-Nürnberg, 91058 Erlangen, Germany

Received 12th March 2016,
Accepted 9th June 2016

DOI: 10.1039/c6cp01698g

www.rsc.org/pccp

PCCP

PAPER

Pu
bl

is
he

d 
on

 1
0 

Ju
ne

 2
01

6.
 D

ow
nl

oa
de

d 
on

 1
9/

04
/2

01
7 

15
:1

2:
43

. 

View Article Online
View Journal  | View Issue



This journal is© the Owner Societies 2016 Phys. Chem. Chem. Phys., 2016, 18, 19588--19594 | 19589

2 Experimental
2.1 Sample preparation

Fig. 1a and b illustrate the procedure for preparing a nano-
channel. We employ standard grayscale photolithography and a
subsequent reactive ion etching step in a fused silica cover
glass to create an array of 100 mm � 100 mm fields with varying
depths, ranging from 60 nm to 730 nm. This structured cover
glass and a small fused silica substrate are then cleaned
and pre-bonded at room temperature by bringing them into
optical contact, where they are drawn together by van der Waals
forces.18 Subsequent annealing of the assembly at 950 1C
for several hours in a muffle kiln operating at atmospheric
pressure converts the pre-bond into a strong fusion bond.19

Fig. 1c shows a white-light microscope image of a bonded
nanochannel with 5 � 5 fields. The individual domains in the
middle can be distinguished by thin film interference. The dark
regions at the left and right corners are the bonded areas.

To fill the channel, we placed a small naphthalene crystal doped
with dibenzanthanthrene (DBATT) molecules (concentration about
10�6 M) at one entrance of the channel (see Fig. 1d). Next, the whole
sample was heated by a Peltier element until the naphthalene
melted and was drawn into the nanochannel by capillary forces.20

We then switched off the Peltier element, and the sample
crystallized (see Fig. 1e). In this manner, we could form doped
naphthalene crystals with thicknesses between 60 nm and
730 nm in a single crystallization process and on the same
substrate. Fig. 1f displays a cross-polarized microscope image
of the final sample. Cracks which are produced during the
crystallization process run through the whole sample.

The sample was transferred into a cryostat (CryoVac) operating
at superfluid helium temperature. In Fig. 2, we show examples of
six cross-polarized white-light images of naphthalene crystals

with different thicknesses recorded at 1.5 K. The different grey
values of crystal domains are caused by the birefringence of
naphthalene. The interaction of naphthalene molecules with
the silica surface and the subsequent change of temperature

Fig. 1 Sample preparation: (a) a cover glass with a structured trench and a small lid are pre-bonded at room temperature. The assembly forms a
nanochannel with an array of different depths. (b) The sample is annealed at 950 1C in a muffle kiln, producing a fusion bond. (c) White-light image of a
bonded nanochannel. (d) A small doped naphthalene crystal is placed at the channel exit, and the whole configuration is heated by a Peltier element.
The molten naphthalene is sucked into the nanochannel. (e) Cooling the sample crystallizes the naphthalene. (f) Cross-polarized microscope image of
the naphthalene crystal inside the nanochannel. Scale bars indicate 100 mm.

Fig. 2 Cross-polarized white light images of the naphthalene crystal in
the cryostat. As the thickness is reduced from (a) to (f), fewer cracks and
periodic strain-induced dislocations are visible. The thickness for each
crystal is written in the left corner. The scale bar indicates 10 mm. See text
for details.
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strain the crystal, resulting in further cracks (see Fig. 2b and c).
These cracks usually arise between crystal domains, where the
strain can be released most easily.

Upon closer scrutiny, one also notes periodic parallel struc-
tures for thicker regions. We attribute this effect to a slip
phenomenon, where the naphthalene crystal releases its strain
during the cool-down process.21,22 Dislocations move under
strain, add up, and lead to periodic plastic deformation along
crystallographic planes.23,24 As the crystal thickness is decreased,
fewer cracks are visible and the periodic dislocations seem to
vanish. In general, the crystal releases its strain by the formation
of cracks, however, here it also sticks to both sides of the glass. If
the channel is only tens of nanometers, the closeby interfaces
counteract the formation of cracks.

2.2 Optical setup

Fig. 3 sketches our experimental setup. We used a tunable,
cw, single-mode dye laser (Coherent 899-29 Auto Scan) with a
linewidth of about 2 MHz to excite the narrow transitions of
DBATT molecules. The laser intensity was stabilized by using a
feedbacked acousto-optical modulator. Insertion of a lens in
the excitation path allowed for switching between wide-field
and confocal illumination. A single aspheric lens (0.55 NA)
focussed the light down to a spot with full width at half-
maximum (FWHM) of 630 nm. The sample and the lens were
moved in three dimensions with a piezo slider system for
focusing and addressing the individual crystal domains. Within
a single field, we could also laterally scan the laser spot with a
galvanometric mirror system placed in a conjugated back focal
plane of the aspheric lens.

By scanning the laser frequency through the inhomogeneous
absorption band of DBATT, we probed individual molecules as
they became resonant with the laser and fluoresced.2 The
emitted red-shifted fluorescence was measured with either a
single-photon counting module (SPCM) (PerkinElmer), or a
charged-coupled device (CCD) camera (Hamamatsu, Orca-R2).
Here, the laser frequency was scanned in 10 MHz steps, where
each new frequency triggered the exposure of a frame at the CCD
camera. The measurements recorded at different excitation
frequencies yielded a stack of image frames, which were then

analyzed to extract the spectral line shape, transition frequency
and position of the examined molecules.

3 Localization of single molecules

A great advantage of high-resolution cryogenic spectroscopy is
that it provides a straightforward means to tag each molecule
through its resonance frequency. If the doping level is not too
high, individual molecules can be excited one at a time by
tuning the laser frequency. As a result, one can localize the
center of the molecule’s point-spread function (PSF) to within
a few nanometers.25 In this fashion, the spectral behavior of
single molecules can be correlated with their orientation and
location within a specific environment.26,27

In our setup, we reached a localization precision of about
20 nm without taking any measures against mechanical vibra-
tion or drift. A cross-polarized white-light image of a 730 nm
thick naphthalene crystal is shown in Fig. 4a together with the
locations of over 16 000 DBATT molecules. The correlation of
the two images reveal that DBATT molecules are often
embedded at cracks and dislocations. This is consistent with
the point of view that the impurity DBATT molecules are
pushed out of the naphthalene matrix during the cool-down
process.28 We remark that we expect the influence of a crack on
the localization precision to be negligible. Such an effect would
result in an asymmetry (elongation) of the PSF, but the PSFs
recorded for the data shown did not suffer from this effect
(see, e.g., inset (e) in Fig. 4).

To learn about the orientation of the individual molecules,
we employed circularly polarized light and placed orthogonal
polarizers in front of the camera in two successive scans. In
Fig. 4b, the dipole orientations of localized molecules are depicted
by arrows. We find that the in-plane projection of the individual
dipoles are predominately aligned parallel to each other within
a single crystal domain. Furthermore, most are oriented parallel
to the observed slip lines. As the slip plane of naphthalene
is usually (001), we assume that the molecules are oriented
parallel to this crystal plane.21,22

Fig. 4c shows a 63 nm thin crystal with localized molecules.
Here, no dislocations can be seen and the molecules seem to be
distributed homogeneously. As in the case of the 730 nm thick
crystal, the in-plane projection of the individual dipoles were
predominately aligned parallel to each other.

4 Strain-induced shift of the
inhomogeneous band

Fig. 5a shows a fluorescence excitation spectrum recorded as
the laser frequency was scanned across the inhomogeneous
absorption band of the DBATT-naphthalene sample. The measure-
ment was performed in a confocal configuration on a 730 nm thick
crystal. The distribution of the resonances over more than two
nanometers is much larger than what is known from sublimated
crystals.29 This behavior was also observed in nanocapillaries20

and points to the heterogeneity of the crystal environment.

Fig. 3 Schematic of the experimental setup. A tunable single-mode
dye laser is focused onto the naphthalene crystal inside a cryostat.
Fluorescence is detected by either a CCD camera or a single-photon
counting module (SPCM). AOM: acousto-optical modulator; PD: photo-
diode; WF: wide-field lens; Pol: polarizer; FM: flip mirror; BS: beam splitter;
LP: longpass filter.
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The large spectral breadth can be advantageous for experiments in
hybrid quantum optics, e.g. coupling molecules to alkali atoms.30

To examine the behavior of the inhomogeneous band in
various channel depths, we recorded fluorescence excitation
spectra of single molecules in small regions using wide-field
illumination and SPCM detection. The centers of these distri-
butions are plotted as a function of crystal thickness in Fig. 5b.
We find that the maximum of the inhomogeneous distribution
tends towards higher energies as the crystals become thinner,
whereby at the maximum thickness of 730 nm, almost the
literature bulk value29 of 618.65 nm is reached.

To gain further insight into the subdomains of each
crystal field, we recorded a wide-field fluorescence excitation
spectrum with a CCD camera. We then extracted the center of
the inhomogeneous broadening for every pixel, using the same

analysis as before. Fig. 6a shows a cross-polarized white-light
image of a region of the 730 nm thick crystal. In Fig. 6b, we
display the center of the inhomogeneous broadening at each
pixel, revealing a clear correlation with the sub-micrometer
crystal domains.

Early single-molecule spectroscopy experiments showed that
the resonance frequencies of molecules are very sensitive to
mechanical stress and strain. In particular, it was demon-
strated that stress in the host crystal induced by hydrostatic
pressure causes a strong red shift31–33 in line with the established
knowledge of the solvent shift model.34 It has been shown
experimentally that a linear approximation for the resonance
frequency shift as function of pressure is justified for pressures
up to 3.5 GPa.35 We now compare the internal strain of the various

Fig. 4 (a) Cross-polarized white-light image of a 730 nm thick naphthalene crystal superposed with localized DBATT molecules. (b) Dipole orientations
of localized single molecules are depicted by arrows. (c) Localized molecules in a 63 nm thick naphthalene crystal. Scale bars indicate 10 mm. Inset (d)
shows the distribution of molecules in the marked area of (a) after binning and adding the signals along the long side. The periodicity of the molecular
population is now quite evident. Inset (e) shows exemplarily a recorded PSF with a FWHM of 630 nm.

Fig. 5 (a) Fluorescence excitation spectrum of single-molecule ZPLs in a
channel with a depth of 730 nm. (b) The center of the absorption bands as
a function of the channel thickness.

Fig. 6 (a) Cross-polarized white-light image of a 730 nm thick naphtha-
lene crystal inside the cryostat. (b) The center of the inhomogeneous
broadening plotted for each pixel in (a), using the color code shown on the
right. Scale bar indicates 5 mm.
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crystal thicknesses in our sample to gain further information on
the crystallization process of naphthalene under confinement.

Using the volume expansion of e(300 K) = 0.06, which relates
the volume V at a certain temperature to the volume V0 at 0 K
via the relation V(T) = (1 + e(T))V0,36,37 naphthalene contracts by
about 6% when it is cooled down to 1.5 K. If this contraction is
prohibited due to a rigid confinement, the crystal is strained.
Taking the compressibility of K = 7.2 � 10�11 Pa�1 for
naphthalene,38 this strain corresponds to an external pressure
of �830 MPa. Former studies with similar systems (i.e. penta-
cene in p-terphenyl and terrylene in p-terphenyl) showed reso-
nance shifts of about 1 MHz hPa�1.31–33 Using these values and
assuming no relaxation, we would expect the maximal shift to be
in the range of about 7 THz. If we extrapolate our observed shifts
for the crystal thickness approaching 0 nm, we expect a shift
of about 2 THz. The general good agreement of this estimate
with the value of 7 THz discussed above is consistent with the
assumption that a one-dimensional confinement prohibits the
relaxation of naphthalene and, thus, strains the crystal. This
hypothesis is also in line with the observation that fewer cracks
and slip dislocations take place in thinner fields (see Fig. 2).

Assuming a resonance shift of 1 MHz hPa�1 and a fitting
accuracy of 4 GHz given by the covariance matrix of the Gaussian
fit to obtain the result, shown in Fig. 6, we can estimate our stress
resolution to be better than 500 kPa. This sensitivity is about two
orders of magnitude higher than the state-of-the-art stress resolu-
tion of 25 MPa obtained in Raman spectroscopy reported in
silicon,39 which has an about 100 times higher elasticity module.
With this, our relative stress resolution is comparable to the
best values achieved with Raman spectroscopy. In addition, our
ultrahigh stress sensitivity is accompanied by a very fine spatial
resolution of about 600 nm.

5 Spectral dynamics

We now examine the high-resolution spectra of single molecules
under different conditions. Fig. 7a plots a Lorentzian spectrum
with a FWHM of approximately 20 MHz as expected for DBATT
in bulk naphthalene.29 Roughly 60% of the molecules in the
channel field with a depth of 730 nm show this line shape and
FWHM. However, a considerable portion of the molecules
undergo spectral broadening or fluctuations. Fig. 7b–d present
three typical examples. The spectrum in Fig. 7b displays a

spectral jump out of the scan range while Fig. 7c presents a
molecule that undergoes fast spectral diffusion. In Fig. 7d, the
molecule appears to jump twice, possibly through a photo-
induced process. In Fig. 7e we plot the lateral distribution of
the single-molecule linewidths over the crystal field shown
in Fig. 4a. We do not find a notable correlation between the
positions of the molecules and their linewidths.

In Fig. 8a–h, we present the distributions of the FWHM
values obtained from Lorentzian fits to the single-molecules
spectra recorded for various crystal thicknesses. We see that as
the channel becomes thinner, the spread in the observed
linewidths increases. This behavior hints towards an increasing
fraction of defects in thinner crystals.

To model the observed behavior, we employ the approach
that is commonly applied to the line shapes of single molecules
observed in amorphous media such as polymers. The central
hypothesis is based on the existence of spatially distributed
two-level systems (TLS) with internal tunneling dynamics,
which induce fluctuations due to long-range interactions with
the dye molecule.40 Every TLS switches independently between

Fig. 7 (a–d) Various fluorescence excitation line shapes of single DBATT
molecules. (e) Lateral distribution of the single-molecule linewidths over
the crystal field shown in Fig. 4a.

Fig. 8 (a–h) Linewidth distribution of single molecules for different
naphthalene thicknesses labeled in each panel. The red curves display fits
based on a modified Smirnov distribution. The black vertical lines mark the
most probable width WMP. (i) The blue and green symbols show the variation
of WMP normalized to the bulk linewidth (G0) for DBATT in naphthalene and
terrylene in tetradecane, respectively. The red symbols plot the probability
of finding a lifetime-limited molecule in the former system.
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two internal states, leading to a frequency shift of the probe
molecule given by

E(n) = o1 + o2 + � � � + on (1)

after n steps, where oi denotes the i-th energy shift after the
initial state shift of a randomly chosen TLS. Within this model,
the frequency fluctuation can be described as a one-dimensional
random walk process that obeys Lévy statistics41 and can be
described by a modified Smirnov distribution,

PðWÞ ¼ 2W0ffiffiffi
p
p

W2
exp � W0=Wð Þ2 : (2)

Here, W0 is the maximum probability value of the linewidth W.
We remark that because of the slow decay of the distribution tail,
the mean width is not an appropriate quantity for the character-
ization of the linewidth. In a slightly modified distribution42

PðWÞ ¼ W0ffiffiffi
p
p

~Gð1þ 1=bÞ
1

W2
exp � W0=Wð Þb ; (3)

the most probable value of W can be given by

WMP ¼
b
2

� �1=b

W0; (4)

where b is a fit parameter and ~G represents the Gamma function.
The red curves in Fig. 8 are fits according to the modified

Smirnov distribution. We find that this distribution describes
the observed linewidth variations very well for thin samples but
less so for thicker crystals. In Fig. 8i, we plot the maximum
probability WMP normalized to the bulk linewidth (G0) against
the thickness of the crystals. In red, we show the probability of
finding a narrow molecule, i.e., with a linewidth below 30 MHz.

To examine the applicability of our findings to other guest–
host matrices, we also investigated a second system, consisting
of terrylene molecules doped in tetradecane, which is known to
form a polycrystalline Shpolskii matrix.3 The green symbols in
Fig. 8i display the variation of the normalized WMP values for
these measurements. While the same trend is also observed
in this case, the deviation of the linewidths from their bulk
value is much less pronounced. We anticipate that the degree
of spectral modifications in nanoscopic media is strongly
dependent on the material properties of both the host matrix
and the physical boundaries.

6 Conclusions

We have performed a microscopic and spectroscopic study
on dye molecules embedded in organic crystals under one-
dimensional nanoscopic confinement. By changing the size of
the confinement, we have revealed a systematic transition from
stable molecular transitions to spectral jump and broadening
accompanied by a shift of the inhomogeneous absorption
band. We have discussed these observations in the context of
the strain induced in the crystal and the effect of boundaries on
the crystal quality. In future work, it should also be possible to
influence the interaction of the boundaries with organic crys-
tals by treating the channel surfaces. Furthermore, one might

be able to identify an optimal host matrix molecule that reduces
spectral broadenings and instabilities in very narrow channels.

We have shown that a minute concentration of dye molecules
such as DBATT in molecular crystals confined to nanoscopic
geometries can report on the quality of the sample. The proper-
ties of thin organic films and the degree of their crystallinity43

are of current interest in molecular electronics and related
fields since the intrinsic charge transport properties in organic
crystals are strongly determined by the crystal structure.44,45

Crystallization under nanosized confinement has also drawn
much attention in areas of pharmaceutical science, where it has
been shown that geometrical confinement can strongly influ-
ence the crystallization process.46

Our findings and methodology provide interesting possibi-
lities for new experiments that require stable single molecules
in the vicinity of nanoscopic boundaries such as plasmonic
antennas47,48 and subwavelength waveguides20 and for quantum
nano-optical measurements that benefit from tight focusing.49

Furthermore, we believe that the agglomeration of dye molecules
at crystal domain boundaries in microscopic and nanoscopic
samples facilitates finding dipole-coupled molecules.50
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