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1 Introduction

1.1 Aim of this thesis

The interaction between single quantum mechanical emitters (QME), i. e.
atoms, ions or molecules, and the electromagnetic field is of fundamental in-
terest in quantum- and nano-optics. Deep insight into the interaction mech-
anisms was gained in the field of cavity-QED by investigating single atoms
strongly coupled to single cavity modes of optical resonators, see e. g. [1] and
references herein. In the simplest case, such a resonator consists of two plane
parallel mirrors offering high reflectivity, i. e. the well-known Fabry-Perot-
resonator [2]. If the mirror spacing of a planar resonator is reduced to one
half emission wavelength of embedded QME, it is called λ/2-microresonator.

It turned out that λ/2-microresonators are of particular interest for study-
ing the radiative properties of embedded QME: The presence of resonator
mirrors or, in other words, boundary conditions for the electromagnetic field
drastically alter the photonic mode structure surrounding QME with respect
to free space. As a result, even weak coupling of QME to the photonic
mode structure or, in other words, to on- and off-axis cavity resonances of
a λ/2-microresonator results in a significant temporal, spectral and angular
redistribution of the radiation emitted by embedded QME, e. g. [3–5].

In the field of single molecule spectroscopy, single fluorescent dopant
molecules immobilized in condensed or solid host matrices were investigated
by means of laser spectroscopy and recognized as proper candidates for quan-
tum optical experiments, e. g. [6–8]. Single molecule fluorescence microscopy
and spectroscopy, see for example [9,10], are tightly connected with confocal
microscopy [11]: This method incorporates focussing optics with high nu-
merical apertures and delivers extremely small observation volumes which
are needed to achieve a sufficient signal to noise ratio for single molecule de-
tection. Hence, by eliminating the ensemble-averaging with the help of single
molecule microscopy and spectroscopy, the coupling mechanism between sin-
gle molecular dipole emitters and a single photonic mode of a microresonator
could be studied experimentally for the first time under well-defined condi-
tions.

The experimental basis of this work was the development of a microre-
sonator that allows for studying the radiative properties of embedded and
spatially immobilized fluorescent molecules for varying emitter concentra-
tions by means of scanning confocal optical microscopy and spectroscopy.
Ultimately, the microresonator should allow observation of spatially isolated
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and immobilized single molecules for different mirror spacings within the
same microresonator sample at both ambient and cryogenic temperatures.

The scientific goal was to study the modification of the Spontaneous Emis-
sion rate of molecules embedded in a planar optical λ/2-microresonator down
to the single molecule level. The experimental results were aimed to be com-
pared with calculations based on the various theoretical approaches already
presented in the literature, e.g. [3, 12].

Finally, the findings were aimed to impact at least two technological fields
of increasing interest:

1. Design of advanced light emitting devices. Utilizing planar mi-
croresonators turned out to be of greatest importance for the improve-
ment of advanced light emitting structures like, e. g. all-polymer opto-
electronic devices [13], random microcavity lasers [14] and single photon
sources [15].

2. Design of advanced light sensing devices. λ/2-microresonators can
improve the performance of advanced applications for ultra sensitive
analytics like, for example, integrated lab-on-microchips.
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1.2 Scope of this thesis

In this thesis, we investigate the influence of a planar optical λ/2-microre-
sonator on the Spontaneous Emission rate of embedded molecules and the
implications on the microresonator-controlled emission by means of scanning
confocal optical microscopy and spectroscopy. The chapters of this work
can be studied almost independently based on chapter 2 providing the fun-
damental knowledge for the research described in this work. The order of
the chapters, however, refers all optical phenomena investigated here to the
microresonator-controlled Spontaneous emission rate of single molecules dis-
cussed in chapter 3. Each chapter starts with an introduction of the main
objective and refers to the specific instrumentation briefly presented in chap-
ter 1.3. Theoretical discussion is provided and referenced as far as it is needed
for understanding and modeling the experimental results.

In chapter 2, we introduce a new microresonator design and discuss the
preparation and characterization of the resonator mirrors. The manufactur-
ing of the microresonator doped with molecules as well as the experimental
determination of the relevant system parameters are described. Using scan-
ning confocal microscopy and spectroscopy, we demonstrate single molecule
sensitivity and basic performance of the microresonator-molecule system.

In chapter 3, we discuss microresonator-controlled fluorescence decay of
single dye molecules interacting with photonic modes of the microresona-
tor in the λ/2-regime. From measured single molecule fluorescence decay
curves, we derive the microresonator-controlled Spontaneous Emission rates
and compare the results with predictions from rate calculations based on first
order perturbation theory.

In chapter 4, we investigate the spectral shape of microresonator-controlled
fluorescence emission of molecular ensembles as well as single molecules for
varying mirror spacings. The spectral shape of the outcoupled emission is
modeled by accounting the complex interplay between focussed pump field,
free-space fluorescence properties of embedded molecules, optical properties
of the microresonator and detection conditions. The results are compared
with the measured and calculated on-axis transmission spectra of the micro-
resonator for the corresponding mirror spacings.

In chapter 5, we investigate the fluorescence dynamics of dye molecules
immobilized in the λ/2-microresonator for varying emitter concentrations.
The influence of the microresonator-controlled Spontaneous Emission rate of
embedded molecules on both output and Stimulated Emission efficiency is
clarified.

In chapter 6, we investigate spatial modes formed by the λ/2-microresona-
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tor using widefield imaging microscopy. The spatial mode diameter as derived
from the experimental results is compared with theoretical predictions based
on the optical properties of the microresonator.

In chapter 7, we study the coupling of molecular vibrations to photonic
modes of the λ/2-microresonator in fluorescence and Raman scattering exper-
iments. Experimental results are supported by rate calculations revealing se-
lective enhancement and suppression of distinct radiative electronic-vibronic
transitions. Moreover, we demonstrate that the microresonator acts as an
ultra sensitive micro-spectrometer.

In chapter 8, we investigate the fluorescence emission of single molecules
embedded in the λ/2-microresonator at cryogenic temperatures by means of
Fourier spectroscopy. In particular, we study the influence of typical single
molecule features like intensity blinking and spectral diffusion on the visibility
of two-beam interference fringes.
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1.3 Instrumentation

Optical measurements at room temperature were performed with an
home-built inverted confocal microscope (based on an Axiovert 135 TV,
Zeiss) which has already been described in detail [16]. As sketched in Fig. 1, a
parallel laser beam provided by a single line argon-ion-laser (60X-200, Amer-
ican Laser Corporation) operating at λexc = 488 nm was divided by a beam
splitter and focussed on the microresonator sample with an immersion ob-
jective offering a high numerical aperture (Planeoflex 100x / NA=1.3, Zeiss).
Raster scanning the microresonator in x and y direction with respect to the
diffraction-limited spot of the fixed microscope objective was done using a
feedback-controlled sample stage (P-517.K008, Physik Instrumente). The
collected fluorescence signal was separated from the reflected laser light by
a holographic notch filter (λcenter = 488 nm, Kaiser). Successively, the light
transmitted through the notch filter was spatially filtered using a pinhole
and focused on the detector. For confocal imaging as well as for acquisi-
tion of fluorescence time traces, a single photon counting avalanche photo
diode (SPCM-AQR-14, Perkin Elmer) was used. Fluorescence spectra were
acquired with a grating spectrograph (SpectraPro 300i, Acton Research) in
combination with a liquid nitrogen cooled CCD camera (LNCCD-1340/100-
EB/1, Princeton Instruments).

For time-resolved spectroscopy, i. e. measurement of fluorescence
decay curves as discussed in chapters 3 and 5, the experimental setup was
equipped with a time correlated single photon counting board (timeharp 100,
Picoquant) together with a start/stop diode (DET 210, Thorlabs) and a sin-
gle photon counting avalanche photo diode (SPCM-AQR-14, Perkin Elmer).
Pulsed excitation light was delivered by an ultrafast laser system (Verdi V10,
REGA 9000, OPA, Coherent) operating at λexc = 488 nm providing a repe-
tition rate of 250 kHz.

For widefield imaging of emission pattern as shown in chapter 6, we
mounted a peltier cooled CCD camera (Newton DU971-UVB, Andor) with
a pixel size of 16 µm by 16 µm to the upper tube side port of the Axiovert
microscope body providing a 100 fold magnification of the object plane. In
this case, no pinhole in the detection path was used and the diameter of the
field of view was limited by the back aperture of the microscope objective.

For confocal microscopy and spectroscopy on single-walled car-

bon nanotubes embedded in the microresonator as reported in chapter 7,
a He-Ne-laser (1137P, Uniphase) was used as excitation light source and the
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Figure 1: Schematic diagram of the experimental setup for optical experi-
ments on the microresonator sample as discussed in the text. The microre-
sonator is formed by two silver mirrors M1,2 enclosing a thin polymer film
doped with quantum mechanical emitters (dots).
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laser light was separated from both Raman-scattered and photoluminescence
light using a holographic notch filter (λcenter = 633 nm, Kaiser).

Determination of the local mirror spacing L(x, y) of the micro-
resonator was done illuminating the microresonator from the top using a
polychromatic light source (KL 1500 LCD, Leica) and collecting the trans-
mitted light by point wise detection as indicated in Fig. 1 and discussed in
detail in chapter 2.

Optical measurements at low temperature were performed using a
home-built confocal microscope head as shown in Fig. 2. During experiments,
the microscope head was inserted in a liquid-helium bath cryostat (SVT-200
Model 10 CNDT, Janis) and optically connected to the external experimental
setup by glass windows at the sides of the cryostat. The setup in combination
with a parabolic mirror as a focussing element has already been described
carefully [17].

In contrast to the cited work, we equipped the microscope head with a
microscope objective which was mounted on a piezo-driven position unit as
shown schematically in Fig. 2(a). This enabled coarse adjustment of the
microscope objective in x and y direction with respect to the piezo scan-
ning tube as indicated by grey arrows. The piezo scanning tube allowed for
scanning the microresonator sample with respect to the microscope objective
within a maximum scanning range of roughly 30 µm by 30 µm, depending
on the temperature. It was mounted on a piezo-driven position unit for
adjusting the microresonator in z direction with respect to the microscope
objective, i. e. focussing. An optical multimode fiber was guided through
the sample holder and provided polychromatic and laser light, respectively,
allowing both sample alignment and transmission measurements as discussed
in chapter 2.

For confocal fluorescence microscopy, a parallel laser beam was di-
vided with a dichroic beam splitter (z572rdc, Chroma), directed through the
cryostat windows and reflected by a plane mirror into the back aperture of
the microscope objective (see Fig. 2). Here, a tunable single mode ring dye
laser (CR-699, Coherent) with R6G-solution as active medium pumped by a
cw-operating frequency-doubled Neodym-YAG laser (Verdi V10, Coherent)
served as excitation laser. The molecular fluorescence emission was collected
with the same microscope objective and separated from the excitation light
using a holographic notch filter (λcenter = 568 nm, Kaiser). For confocal
imaging, an avalanche photon counting module (SPCM-AQ 141, EG + G)
was used as detector. Fluorescence spectra were acquired with a grating spec-
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Figure 2: (a) Schematic diagram and (b) photograph of the microscope head
with a microresonator sample mounted for low temperature experiments as
described in the text. During measurement, the microscope head is located
in a liquid helium bath cryostat. In (a), the focal regime of the microscope
objective is indicated by dashed lines.

trograph (SpectraPro 300i, Acton Research) equipped with a liquid nitrogen
cooled CCD camera (LNCCD-1340/100-EB/1, Princeton Instruments). The
performance of the setup as described here was verified first during photolu-
minescence studies on individual single-walled carbon nanotubes [18–21].

Measurements of intensity correlations as discussed in chapter 7 were
performed using a Hanbury-Brown and Twiss interferometer [22] as shown
schematically in Fig. 3(a) consisting of a silver-coated non-polarizing beam
splitter cube BS and two avalanche photodiodes (SPCM-AQR-14, Perkin
Elmer) D1,2 as detectors. The temporal correlation of measured photon
counts was done using a time correlated single photon counting board (time-
harp 100, Picoquant).
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(a) (b)
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Figure 3: (a) Schematic diagram of a Hanbury-Brown and Twiss interfer-
ometer consisting of a beam splitter cube BS, two detectors D1,2 and a time
correlated single photon counting board (tcspc-board) for the measurement
of intensity correlations. (b) Schematic diagram of a Michelson interferome-
ter consisting of a beam splitter cube BS, two mirrors M1,2 and a detector D
for the measurement of field correlations, i. e. interferograms.

For acquisition of interferograms as presented in chapter 8, we guided
the collimated fluorescence light to a Michelson interferometer [2] as sketched
in Fig. 3(b) consisting of a silver-coated non-polarizing beam splitter cube
and two plane silver mirrors M1,2. One of the interferometer mirrors (M2) was
mounted on a feedback-controlled sample stage (P-517.3CL, Physik Instru-
mente) which allowed controlled displacement of the moving mirror within a
range of 100 µm with a resolution of one nm. The light transmitted through
the interferometer was focussed on a detector D, an avalanche photodiode
(SPCM-200 CD1718, EG + G) in our case.
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2 A New Microresonator Design for

Single Molecule Detection

In this chapter, we present a new microresonator design which allows the ef-

ficient detection of single molecules by measuring the molecular fluorescence

emission coupled into resonant photonic modes. In a first step, we discuss

the preparation and characterization of the resonator mirrors. In a second

step, the manufacturing of the microresonator and the experimental determi-

nation of its optical properties is described. In a third step, using scanning

confocal microscopy and spectroscopy, the radiative coupling between single

dye molecules and the longitudinal cavity mode of the resonator in the λ/2-
regime is investigated. As a result, we observe a significant spectral narrowing

of single molecule fluorescence emission determined by the spectral width of

the on-axis transmission spectrum of the microresonator.

This chapter is based on:

M. Steiner, F. Schleifenbaum, C. Stupperich, A. V. Failla, A. Hartschuh, and
A. J. Meixner, ”A new microcavity design for single molecule detection,”
Journal of Luminescence 119-120 (spec. iss.), 167-172 (2006)

and

M. Steiner, F. Schleifenbaum, C. Stupperich, A. V. Failla, A. Hartschuh,
and A. J. Meixner, ”Microcavity-Controlled Single-Molecule Fluorescence,”
ChemPhysChem 6, 2190-2196 (2005) (cover article).
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2.1 Introduction

Optical microresonators, i. e. resonators with confinement dimensions in the
range of one emission wavelength of embedded quantum mechanical emitters
(QME), can be used to control the spatial, spectral, and temporal properties
of the emitted radiation [3]. This control is essential for improving existing
single photon sources based on single molecules [23–29] and for applications
in quantum computation [30] and quantum cryptography [31]. Moreover,
utilization of microresonators can enhance the performance of devices for
ultra sensitive analytics, e. g. [32,33].

Ultimately, it would be desirable to couple the fluorescence emission of a
single molecule to a single resonator mode which overlaps with the emission
spectrum of the molecule. Hence, the enclosed molecule is forced to emit pho-
tons with a narrowed energy distribution that is determined by the photonic
mode of the λ/2-microresonator. Up to now, evidence for the observation
of single molecules embedded in optical microcavities has only been derived
from the measured sub-poissonian photon statistics of the fluorescence emis-
sion from highly diluted dye solutions enclosed within planar microresonators
[34, 35] and single molecule fluorescence bursts from streams of dye-doped
microdroplets [36]. However, to study the interaction between single fluo-
rescent emitters and a microresonator with well-defined coupling conditions,
it is necessary to immobilize and spatially isolate them. In this case, the
transition dipole is fixed with respect to the resonator mirrors and collective
fluorescence dynamics mediated by the microresonator is prevented [37].

In this chapter, we show how to build and characterize such a microreso-
nator and demonstrate that it is possible to spatially address single molecules
in the microresonator using confocal microscopy. Moreover, we show that the
spectral width of microresonator-controlled single molecule fluorescence spec-
tra is determined by the spectral width of the measured on-axis transmission
spectrum of the microresonator which offers FWHM -values around 35 nm
and 15 nm, respectively, in our case.

2.2 Preparation and Characterization of the Resonator

Mirrors

The silver mirrors of the microresonator were evaporated with a rate around
1 nm per second onto commercially available and cleaned microscope glass
coverslips (thickness: 170 µm) by an electron beam source (EB3, Edwards)
under high vacuum conditions (p ≃ 10−6 mbar). The thickness of the silver
mirrors was chosen to be d2 = 60 (30) nm for the back mirror M2 and d1 =
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Figure 4: Atomic force microscopy images measured on the surface of (a)-(c)
a silver mirror with thickness d = 30 nm and (d) a cleaned glass microscope
cover slip which serves as mirror substrate. The dashed lines in (c) and (d)
indicate the courses of the cross sections shown in (e) for the silver mirror
and (f) for the bare glass substrate.
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Figure 5: Cross sections taken from atomic force microscopy images measured
on the edge between silver-coated and bare areas of the glass substrate. The
thickness d of the silver films as monitored by an oscillating quartz unit
during evaporation was 60 nm (dots), 30 nm (squares) and 20 nm (diamonds),
respectively.

30 (20) nm for the input/output mirror M1 to optimize the performance, i. e.
excitation and fluorescence light for single molecule detection pass the same
mirror M1 (see Fig. 1). The thickness of the silver films was monitored during
the evaporation process using an oscillating quartz unit (FTM7, Edwards).
After evaporation, both surface quality and thickness of the mirrors was ver-
ified by atomic force microscope (AFM) measurements. In Fig. 4(a)-(c), the
topography of a silver mirror with d = 30 nm is shown. The silver film has a
surface roughness below 2 nm as can be seen from the cross section shown in
Fig. 4(e) which was taken along the dashed line in Fig. 4(c). As a reference,
the topography of the bare mirror substrate, i. e. the microscope coverslip,
is shown in Fig. 4(d). The corresponding cross section along the dashed line
is shown in Fig. 4(f) and demonstrates that the glass surface is flat within
the z-resolution (±0.2 nm) of the AFM-setup. As a result, we conclude that
on a length scale of microns the surface quality of the silver mirrors is better
than λ/100 for the entire optical regime.

To verify the thickness of the silver films as monitored by the oscillating
quartz unit, we evaporated silver steps with heights of 20 nm, 30 nm and 60
nm, respectively, onto clean glass-coverslips. In a second step, we measured
the step heights with an AFM and the resulting cross sections are shown in
Fig. 5. A good agreement between the d-values determined by the oscillating
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quartz unit and the results from the topography measurements was found.
The maximum thickness mismatch observed in our experiments was ∆d ± 5
nm mainly caused by the imprecise manual shutter control of the evaporation
setup.

2.3 Preparation and Characterization of the Microre-

sonator

Microresonator Design

The microresonator consists of two silver mirrors separated by a thin
polymer film doped with QME in ultra low concentration as sketched in
Fig. 6(a). As a broadband-emitting QME, we used the perylen-derivative N-
(2,6-diisopropylphenyl)-perylen-3,4-dicarboxymid abbreviated PI in the fol-
lowing. The structural formula of PI-molecules is shown in Fig. 7. The dye
molecules were embedded into an UV-polymerizing optical adhesive (NOA61,
Norland) with refractive index npol = 1.56 acting as a dielectric medium be-
tween the microresonator mirrors. For the preparation, both PI-molecules
and the monomers of the adhesive were dissolved in dichloroethane. Evapo-
ration of the solvent resulted in an active medium composed of randomly ori-
ented and homogenously distributed dye molecules in well-controlled concen-
trations. Both ensemble absorbance and fluorescence spectra of PI-molecules
embedded in the cured polymer are shown in Fig. 7. Single molecule exper-
iments were carried out at concentrations around cPI = 10−10 mol/l.

To get access to various mirror spacings L, one of the resonator mirrors
is slightly inclined with respect to the other by applying a punctual force
~F before the curing process is initialized (see Fig. 6(a)). This leads to a
well-defined dependence of the mirror spacing L on the position within the
(x-y)-plane of the microresonator. To achieve nanometer-accuracy for the
L-alignment, the force is applied using a spring mechanism controlled by a
micrometer screw as sketched in Fig. 6(a). A photograph of the microreso-
nator press is shown in Fig. 6(b). The adjustment of the mirror spacing is
controlled by illuminating mirror M1 with a polychromatic light source and
observing the white light interference pattern, i. e. Newton rings of equal
optical thickness [2], in reflection (see left part of Fig. 6(c)). Note, that the
visibility of the interference fringes in reflection decreases with increasing
d1, hence limiting the adjustment procedure described here. However, we
could adjust microresonators having a d1 of up to 40 nm. In a last step, UV-
illumination of the sample leads to the polymerization of the optical adhesive
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Figure 7: Absorbance (blue circles) and fluorescence (red circles) spectrum,
respectively, of ensembles of PI-molecules homogeneously distributed and
randomly oriented in a cured polymer film (NOA 61) enclosed between two
glass coverslips. The structural formula of PI is also shown.

effectively gluing together the two silver mirrors. It should be remarked that
the microresonator design presented in this chapter has some relation to a
similar resonator layout reported earlier using an air gap between two dielec-
tric substrates with different refractive indices [38].

Optical Characterization of the Microresonator

Both optical quality and uniformity of the microresonator were controlled
by observing the white light interference pattern in transmission as shown
in the right part of Fig. 6(c). Within the central area of the microresonator
having a diameter dcenter ≃ 335 µm, the mirror spacing L(x, y) is so small
that all optical fields impinging on the structure are reflected effectively. The
transmission of the microresonator obeys the resonance condition

L(x, y) =

(

m − (2π)−1
∑

i

∆φi (di, ϑ, λ)

)

λ (x, y) /2npol cos ϑ (1)

Here, m = 1, 2, 3, ... denotes the interference order, ∆φi the phase change
due to reflection at the respective mirror i = 1, 2 and ϑ the incidence angle
of a parallel light beam having a wavelength λ(x, y). Note, that the mirror
spacing L deviates from the effective resonator length in the case of real metal
mirrors. The phase changes ∆φi introduce a nearly constant offset which re-
duces the mirror spacing L by around 50 nm as compared to the results for
ideal metal mirrors (∆φi = π). The ∆φi were taken as a result from our
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Figure 8: (a) Transmission widefield microscopy image (50 fold magnifica-
tion) of the central part of a microresonator having mirror thickness of d1

= 20 nm and d2 = 30 nm. Concentric laser (λ = 570 nm) and white light
interference fringes are visible surrounding the dark center. (b) Profile of the
mirror spacing L(x) calculated by Eqn. 1 using the positions of the sharp
laser fringes in the optical image (a). For the interference orders m = 1 - 3
(dots), L(x) is well-described by a second order polynomial (dotted line).

computer simulations which were verified by reproducing comparable results
for silver mirrors and microresonators reported elsewhere [39].

For preparing microresonators, we used silver mirrors having thickness di

of 20 nm, 30 nm and 60 nm, respectively. Assuming λ = 532 nm, ϑ = 0o

and a parallel polarization of the optical field with respect to the plane of
the metal mirror Mi, we obtained the following mirror reflectivities Ri and
phase changes ∆φi from our calculations:

di (nm) 20 30 60
Ri 0.50 0.71 0.91
∆φi 1.08 0.98 0.91

Choosing y = 0 for convenience, we could determine the exact relation
between L and x by simultaneously illuminating the microresonator with
parallel laser light and the positions x corresponding to distinct interference
orders were measured using a division scale (see Fig. 8(a)). The local mirror
spacing L(x) and hence the mirror spacing profile depicted in Fig. 8(b) was
obtained from the optical image in Fig. 8(a) with the following parameters:
λlaser = 570 nm, npol = 1.56; ϑ = 0o,

∑

∆φi = 1.85 and m increasing from
1 for the innermost ring up to m = 12. For small values of m, L(x) is
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well-described by a second order polynomial (doted line in Fig. 8(b)) as it is
expected for Newton rings.

2.4 Single Molecule Detection in the λ/2-Regime

Local Mirror Spacing and Cavity-Q

For single molecule detection within the first resonator mode (i. e. the
λ/2-regime), we addressed an area of 100 µm x 100 µm in the innermost
interference fringe (m = 1) as shown in Fig. 9(a). The microresonator was
illuminated with polychromatic plane waves as sketched in Fig. 1 to deter-
mine the two relevant system parameters: The local mirror spacing L and
the local Q-factor of the microresonator. A typical local on-axis transmis-
sion spectrum of a microresonator having d1 = 30 nm and d2 = 60 nm is
presented Fig. 8(c). L(x) can be obtained from the wavelength at the trans-
mission maximum λ(x) using Eqn. 1 with the parameters npol = 1.56; ϑ =
0o , m = 1 and the corresponding ∆φi. This procedure was found to give
reproducible results with an accuracy of δL = ± 3 nm.

A systematic non-linear increase of the mirror spacing with increasing
distance from the microresonator center is observed as shown in Fig. 9(b)
and can be understood as a magnified section of the L-profile as depicted in
Fig. 8(b) around m = 1. From the data shown in Fig. 9(b), ∆L/∆x ≃ 10−3 is
obtained which means that a displacement ∆x of 500 nm results in a variation
of the mirror spacing ∆L of about 0.5 nm. This is up to one order of magni-
tude smaller than the surface roughness of the silver mirrors as determined
by AFM-measurements (see Fig. 4(e)). This demonstrates that the microre-
sonator acts as planar resonator in a very good approximation within the 500
nm focal spot diameter of our microscope objective. The measured trans-
mission spectrum shown in Fig. 9(c) can be modeled using a Lorentzian line
shape function and reveals the bare resonator linewidth having the FWHM -
value ∆ω at the center frequency ω0 from which the cavity-Q is determined
according to Q = ω0/∆ω. For mirror spacings between 120 nm and 160
nm, which are typical for our measurements, the cavity-Q was found to in-
crease with increasing L and had typical values of around 50. As a result,
we can assign the cavity parameters L and Q for every sample position (x,y).

Single Molecule Fluorescence Detection

Using scanning confocal fluorescence microscopy (see chapter 1.3 and
Fig. 1), we were able to detect spatially isolated bright spots that originate
from single molecules on resonance with the structure (see Fig. 10). The
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Figure 9: (a) Transmission widefield microscopy image (1000 fold magnifi-
cation) showing the λ/2-regime of a microresonator having mirror thickness
of d1 = 30 nm and d2 = 60 nm. (b) Variation of the local mirror spacing
L(x) determined from a series of local transmission spectra (see (c)) mea-
sured by moving the microresonator stepwise in x-direction along the white
line shown in (a) with respect to a fixed microscope objective. The peak
transmission wavelength λ(x) is used to calculate L(x) (circles) according to
Eqn. 1. The solid line is a second order polynomial fit. (c) Measured local
transmission spectrum of the microresonator (dots) fitted by a Lorentzian
line shape function (line) giving a cavity quality-factor Q = ω0/∆ω = 44.
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Figure 10: (a) Scanning confocal fluorescence microscopy image of the first
order interference region (m = 1) of a Fabry-Perot type microresonator hav-
ing mirror thickness of d1 = 30 nm, d2 = 60 nm and a dye concentration
cPI = 10−10 mol/l. Bright spots (see also (b)) result from the fluorescence
of individual molecules as can be seen from their characteristic blinking be-
haviour in the time-trace of the fluorescence intensity with time-intervals of
10 ms (inset). (b) Magnified section from the confocal image (a) as indicated
there by the white frame. The intensity scale bar shown in (a) is also valid
for (b).

section of the fluorescent ring shown in Fig. 10(a) corresponds to a section
of the innermost interference fringe as shown in Fig. 9(a). Time-traces of
the emitted fluorescence intensity (see inset Fig. 10(a)) acquired on isolated
bright spots (see Fig. 10(b)) reveal blinking in the millisecond regime and
sudden bleaching which is typical for single quantum systems. In addition,
we observed photon-antibunching in the fluorescence emission of single ter-
rylene molecules embedded in our microresonator at cryogenic temperatures
(see inset in Fig. 27(b)) clearly demonstrating that our resonator system has
single molecule sensitivity and is well-suited to produce single photons.

Note, that for mirror spacings L matching the resonance condition of
the fluorescence wavelength according to Eqn. 1, single dye molecules were
observed through silver mirrors with a thickness d1 of up to 30 nm. Off res-
onance, i. e. for other L, the fluorescence signal was suppressed effectively
and single molecule detection was not feasible, as expected. It should be
remarked that single molecule fluorescence was also observed for higher in-
terference orders up to m = 3. Since the observation volume increases with
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Figure 11: Single molecule fluorescence spectra (grey shaded areas) observed
for dye molecules enclosed between the mirrors of a microresonator with Q-
factors of 15 and 45, respectively, and in free space as reference. The full lines
are the respective local on-axis transmission spectra for the corresponding
positions on the microresonator measured using white light illumination.

the mirror spacing L, the ratio of single molecule to background fluorescence
signal decreases for a given dye concentration and spatial addressing of single
molecules becomes impossible.

2.5 Microresonator-Controlled Single Molecule Fluo-

rescence Spectra

In Fig. 11 we present microresonator-controlled fluorescence spectra of single
PI-molecules for mirror spacings L around 120 nm. Results obtained from
two different microresonators offering cavity-Qs of 15 (d1 = 20 nm, d2 = 30
nm) and 45 (d1 = 30nm, d2 = 60 nm), respectively, were compared with the
reference fluorescence spectrum of a single PI-molecule in free space. The
free-space spectrum was acquired from a comparable sample as discussed
above, just without silver mirrors. While the later spectrum exhibits a width
of about 90 nm and an asymmetric band shape characteristic for the vibronic
progression of organic dye molecules, the microresonator-controlled fluores-
cence spectrum for Q = 15 is cut off by the microresonator at the red side of
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the spectrum while the blue side is determined by the fluorescence spectrum
of the dye molecule itself. Finally, the single molecule fluorescence spectrum
for Q = 45 features a narrow and symmetric band that is clearly determined
by the local on-axis transmission spectrum of microresonator as shown in
Fig. 11 as solid line. Obviously, the spectral width decreases with increasing
cavity-Q, giving e. g. for Q = 45 a 6 fold decrease of the width of the emis-
sion profile compared to the molecule in free space, what effectively boosts
the coherence length of the emitted radiation (see chapter 8) in view of the
Wiener-Khinchin-theorem [40].

In chapter 4, we show that the spectral shape of microresonator-controlled
fluorescence emission as shown in Fig. 11 can be modeled based on the
microresonator-controlled Spontaneous Emission rate ΓSpE for PI-molecules
as a function of the mirror spacing L. The fundamental relation between
ΓSpE and L is the main objective of chapter 3.

2.6 Summary and Conclusion

In summary, we presented a new microresonator design which provides long
term stability and single molecule sensitivity over months. In the following,
it will be used for studying molecular fluorescence dynamics in microres-
onators under ambient conditions as well as at cryogenic temperatures. The
microresonator-controlled single molecule fluorescence spectra measured at
room temperature offer a narrowed and symmetric lineshape in comparison
with the asymmetric band shape of the respective organic dye molecules in
free space.

We consider the microresonator-controlled spectral narrowing of single
molecule fluorescence emission or, from another point of view, the increased
temporal coherence of the emitted single photon wave trains, as an important
improvement for single photon sources based on dye molecules operating at
room temperature.

Benefit could be gained from this work by integrating our microresonator
design in a lab-on-microchip layout and combining it with microcapillaries
or sheath flow cuvettes to improve the signal-to-noise ratio and spectral se-
lectivity of ultra sensitive microfluidic analytical devices.
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3 Microresonator-Controlled Spontaneous

Emission Rates of Single Molecules

In this chapter, we discuss fluorescence decay curves delivered by single dye

molecules embedded in a planar λ/2-microresonator. The Spontaneous Emis-

sion rate of individual molecules was found to be enhanced by the Purcell-

effect up to 3 times compared to the Spontaneous Emission rate in free space

as determined by the mirror spacing and in agreement with predictions from

our calculations based on first order perturbation theory.

This chapter is based on:

M. Steiner, F. Schleifenbaum, C. Stupperich, A. V. Failla, A. Hartschuh,
and A. J. Meixner, ”Microcavity-Controlled Single-Molecule Fluorescence,”
ChemPhysChem 6, 2190-2196 (2005) (cover article).
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3.1 Introduction

According to Fermi’s golden rule [41] the Spontaneous Emission (SpE) pro-
cess of a photon by an atom or molecule depends on the transition dipole
moment of the emitter and the electromagnetic vacuum field. Therefore,
modifications of the electromagnetic field structure introduced by boundary
conditions can lead to an enhancement [42,43] or inhibition [44] of the emis-
sion rate ΓSpE compared to the corresponding rate in free space. In the case
of a planar microresonator, these variations are expected to be maximized
if the mirror separation is reduced down to one half emission wavelength of
enclosed emitters such that there is only one resonator mode which overlaps
with the emission spectrum of the atom or molecule. Under this condition,
as it was already shown in Fig. 11, the enclosed quantum object is forced to
emit photons with a modified energy distribution that is determined by the
photonic mode structure of the λ/2-microresonator.

Up to now, the enhancement or inhibition of ΓSpE has been demonstrated
with ensembles of fluorescent emitters between the flat mirrors of an optical
microresonator [45–50], in laterally restricted microcavities [51, 52], micro-
droplets [53,54] or dielectric micro- and nanospheres [55]. Experiments with
only a few or a single emitter coupled to a cavity have been reported for
atom beams passing a resonator [56–58] and, just recently, with a single Ca+

ion trapped in the standing wave within an high finesse optical cavity [59].
An enhanced SpE rate for single semiconductor quantum dots embedded
in high-Q disc- and post-type microcavities has been observed at cryogenic
temperatures [60–62]. Although observation of single molecules in planar mi-
croresonators has been reported [34,35], experimental investigations of how a
λ/2-microresonator affects the decay dynamics of a single molecule are lack-
ing.

In order to study the fluorescence decay rate ΓSpE of single emitters in a
microresonator experimentally, three requirements have to be fulfilled:

1. The emitters have to be separated over a distance larger than the trans-
verse quantum correlation length [37,63] or, in other words, the spatial
mode radius [64, 65] of the system which is typically in the range of
micrometers for a low-Q microresonator. Otherwise, the conventional
(i. e. uncoupled) SpE-process for mirror spacings corresponding to the
first order of interference (i. e. the λ/2-condition) is modified due to
long-range coupling between the emitters. In consequence, the SpE
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process merges into a Stimulated Emission process at exceedingly low
excitation power [66].

2. Since the transition rate ΓSpE depends on the orientation of the tran-
sition dipole with respect to the microresonator mirrors, it can only
be determined from the fluorescence decay curves of a single transition
dipole or from transition dipoles with identical orientations. Other-
wise, multi-exponential decay profiles are expected for an ensemble of
emitters with nonuniform orientations, precluding the quantification of
ΓSpE.

3. To achieve well-defined coupling conditions, the transition dipole needs
to be fixed with respect to the resonator mirrors.

All three requirements can be matched by the study of single, spatially
fixed and isolated molecules as quantum mechanical emitters embedded in
the microresonator presented in chapter 2.

3.2 Experimental

The microresonator sample consisted of two resonator mirrors M1,2 with a
silver film thickness of 30 nm and 60 nm, respectively, resulting in a cavity-Q
around 50 in the λ/2-regime (see chapter 2). A transparent polymer (npol

= 1.56) doped with uniformly distributed and randomly oriented perylene-
type molecules (abbreviated PI, see Fig. 7) in ultra low dopant concentration
(cPI ≃ 10−10 mol/l) served as an active medium between the resonator mir-
rors.

The measurements were performed at room temperature with the setup
introduced in chapter 1.3 and sketched in Fig. 1. Using confocal microscopy
and spectroscopy, we spatially addressed single PI-molecules within the mi-
croresonator and determined the local mirror spacing L as discussed in chap-
ter 2. For recording the time-resolved fluorescence decay curves of single
molecules, the setup was equipped with an ultrafast pulsed laser system and
a single photon counting board as described in chapter 1.3.
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3.3 Microresonator-Controlled Spontaneous Emission

Rate

Fluorescence Decay Curves and Spontaneous Emission Rate

In Fig. 12(a), typical fluorescence decays recorded for two different single
dye molecules and different mirror spacings L are shown. Both transients
were found to be mono-exponential and were fitted by single exponential
decay functions A exp−t/τmeas +B convoluted with the instrument response
function (FWHMirf ≃ 500 ps). For molecule 1, the excited state lifetime
τmeas was determined to be (2.0 ± 0.2) ns while for molecule 2 it was found to
be significantly longer, at (3.8 ± 0.2) ns. The measured lifetime τmeas = Γ−1

meas

results from the sum of radiative and non-radiative decay channels and the
radiative rate for different mirror spacings L can be calculated according to

ΓSpE(L) = Γmeas(L) − Γnr = Γmeas(L) − (1 − Y0)Γmeas,0 (2)

where Y0 is the fluorescence quantum yield of the molecule. The non-
radiative rate Γnr is determined by intramolecular processes such as inter-
system crossing and internal conversion. Therefore, Γnr is not affected by
the presence of the photonic modes of the microresonator and thus inde-
pendent of the mirror spacing L. As a reference, the fluorescence rate and
quantum yield of PI-molecules in free space, i. e. in a microresonator of
the same type as that one reported in chapter 2, just without silver mirrors,
was determined independently to be Γmeas,0 = 1 / (4.2 ± 0.2) ns and Y0

= 0.75 ± 0.05, respectively. The free space value ΓSpE,0 was measured for
dye concentrations varying over three orders of magnitude applying the same
time-resolved spectroscopy technique. The bulk fluorescence quantum yield
Y0 of PI-molecules dissolved in dichloromethane as well as embedded in the
cured polymer was measured applying standard methods using Rhodamin 6
G dye as a reference [67].

In Fig. 12(b), the measured rates ΓSpE for 57 different molecules are pre-
sented together with theoretical predictions. ΓSpE can be calculated directly
from Fermi’s golden rule [41]

ΓSpE = 1/τSpE =
2π

h̄2 |〈|µ̂ · Ê+
cav|〉|2ρcav(ω) (3)

taking into account the modification of either the density of states of
the electromagnetic field ρcav or the electric field operator Ê+

cav in the pres-
ence of the microresonator and both treatments lead to the same results.
We followed the approach presented by Björk and Yamamoto [3] assigning

26



0 10 20 30 40
0.01

0.1

1

in
te

n
s
it

y
 (

a
. 
u

.)

t (ns)

(a)

molecule 1

@ L = 138 nm

20080 100 120 140 160 180

L (nm)

Γ
 (

G
H

z
)

S
p
E

0.0

0.1

0.2

0.3

0.4

0.5

single 

molecules

SpE-enh.

SpE-inh.

90°

40°

0°

(b)

ΓSpE, 0

molecule 2

@ L = 121 nm

Figure 12: (a) Fluorescence decays of two individual molecules embedded
in the λ/2-microresonator for different mirror spacings L. Both transients
were modeled using single exponential decay functions (smooth lines). The
resulting lifetimes τmeas are 2.0 ns and 3.8 ns, respectively. (b) Measured
microresonator-controlled fluorescence decay rates (circles) for 57 molecules
at different mirror spacings L. The solid curves show the theoretical values
calculated for parallel (θ = 0o), tilted (θ = 40o) and perpendicular (θ = 90o)
orientation of the molecular transition dipole moment with respect to the
resonator mirrors at the position z = 0 (see Fig. 13). The SpE-rates derived
from the decays shown in (a) are indicated by dots.

the variations of ΓSpE to the modification of the vacuum fluctuations asso-
ciated with an electrical field entering the microresonator. For a given L,
ΓSpE(L, θ) is predicted to peak for a transition dipole orientation parallel to
the microresonator plane (θ = 0o in Fig. 13) and to decrease to nearly zero
following

ΓSpE(L, θ) = ΓSpE(L, θ = 0o) cos2(θ) + ΓSpE(L, θ = 90o) sin2(θ) (4)

The calculated ΓSpE for three different dipole orientations parallel (θ =
0o), tilted (θ = 40o) and perpendicular (θ = 90o) to the resonator mirrors at
the z = 0 position are shown in Fig. 12(b) as solid lines. In our calculations,
the reflection and transmission coefficients of the resonator mirrors are cal-
culated as functions of the silver film thickness d1,2, the incidence angle ϑ,
and the wavelength λ based on the dielectric function of silver [2, 39]. The
ability of the molecules to emit photons at different wavelengths was taken
into account by summing the Spontaneous Emission rates for the different
wavelengths ΓSpE(L, λ) weighted by f(λ), the measured and normalized free-
space PI fluorescence spectrum as shown in Fig. 7, resulting in
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Figure 13: Schematic of the microresonator geometry containing the relevant
coordinate system and notations as discussed in the text. The transition
dipole ~µ represents a single molecule.

ΓSpE(L) =
∑

ΓSpE(L, λ)f(λ) (5)

Note that this model calculation predicts the experimentally determined
rates ΓSpE(L) without accounting for free parameters. Our single molecule
data is found to nicely agree with the theoretical curves with values between
those predicted for transition dipole orientations 0o ≤ θ ≤ 40o placed at z
= 0 in the microresonator (grey shaded area in Fig. 12(b)). The highest ob-
served enhancement factor ΓSpE/ΓSpE,0 of about 2.7 is close to the maximum
value predicted from theory.

Spreading of Spontaneous Emission Rates

Obviously, the spreading of measured ΓSpE for the single molecule data
increases with increasing L. In general, variations in ΓSpE could be caused
by different z-positions of the molecules within the resonator and different
orientations with respect to the mirror planes (angle θ in Fig. 13). The
polar angle φ, which is determined by the projection of the transition dipole
moment vector ~µ onto the electric field vector which is linearly polarized in
the (x-y)-plane of the microresonator (see Fig. 13), only has an influence on
the absorption efficiency and hence fluorescence intensity of the molecules.
Since the intensity distribution of both the excitation and emission field
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scales with cos2(2πnpolz/λ) inside the microresonator, a successive decrease
of excitation power allows the addressing of molecules predominantly near
the (z = 0)-plane in the center of the microresonator.

Furthermore, dye molecules within a distance of up to ten nanometers
from the resonator mirrors will loose their excitation energy predominantly
via radiationless transfer to the silver films [68]. Indeed, experiments on
Eu3+-monolayers embedded in silver-clad microresonators showed that the
measured fluorescence lifetimes does not vary significantly (< 10 percent)
under z-displacement inside the microresonator until the onset of fluorescence
quenching near the silver mirrors [50].

Therefore, we attribute the observed spreading of rates ΓSpE mainly to
variations of the angle θ included by the molecular transition dipole moment
~µ and the (x-y)-plane of the microresonator (see Fig. 13). It should be men-
tioned that the observed spreading in ΓSpE could also be modeled assuming
parallel dipole orientation (θ = 0o) and emitter displacements of ± 30 nm
from the (z = 0)-plane in the center of the microresonator. For our experi-
ment this means that for mirror spacings around 120 nm, which is close to
the SpE-inhibition regime (see Fig. 12(b)), the resonance condition Eqn. 1
can be matched only by molecules with transition dipoles nearly parallel to
the resonator mirrors M1,2.

In contrast, as L increases, the resonance condition can be fulfilled also
for transition dipole orientations deviating from θ = 0o maintaining sufficient
radiation efficiency to allow for single molecule detection. The fluorescence
decays obtained from single molecule emission thereby reflect different but
sufficient advantageous transition dipole orientations which leads to an en-
hanced ΓSpE with respect to the value ΓSpE,0 in free space.

3.4 Fluorescence Lifetime Imaging

To visualize the orientational dependence of fluorescence lifetimes and inten-
sities, a FLIM-type (Fluorescence Lifetime Imaging) representation of the
measured data is presented in Fig. 14. As an example, the transition dipole
orientations of three different molecules calculated by Eqn. 4 are indicated
by an arrow. Molecule (a) meets the theoretical prediction for lying at z =
0 with a transition dipole moment nearly parallel to the resonator mirrors,
that is θa = 0o. On the other hand, regarding the corresponding mirror spac-
ings L, molecule (b) and (c) show fluorescence lifetimes τmeas that indicate
θb = 27o and θc = 43o, respectively.
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Figure 14: FLIM-type representation showing the measured fluorescence in-
tensity and the variation of single molecule fluorescence lifetimes τmeas with
mirror spacing L at different resonator positions (x, y). The arrows in the (z
= 0)-plane indicate positions and calculated orientations (θa = 0o, θb = 27o

and θc = 43o) of transition dipole moments for three different PI-molecules
(a), (b) and (c).

3.5 Detection Efficiency for On- and Off-Axis Emission

The L-regime between roughly 120 nm and 160 nm for which single molecule
decay curves could be detected corresponds to the width of the bright ring in
Fig. 10(a). For larger L, single molecule detection was not possible despite
the increased rate ΓSpE because of the transmission properties of the micro-
resonator given by Eqn. 1: For a fixed wavelength λ, an increasing L can
only be compensated by an increasing ϑ which effectively introduces off-axis
emission. However, since the reflectivities of the silver mirrors as well as
the collection efficiency of the experimental setup vary strongly with ϑ, the
detection efficiency for off-axis emission can be considerably reduced.

This means that also the spectral shape of microresonator-controlled
emission is expected to depend strongly on the mirror spacing L as well
as on the detection conditions. This is investigated in detail in chapter 4:
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There, we show how the spectral distribution of collected fluorescence emis-
sion can be calculated as a function of the mirror spacing L by filtering the
microresonator-controlled fluorescence emission determined by ΓSpE(L) using
Fabry-Perot-theory [2].

3.6 Transverse Correlation Length and Intermolecular

Distance

For the dye concentrations used in our single molecule experiments, the av-
erage intermolecular distance within the microresonator is estimated to be
around 2 µm as supported by confocal microscopy images (see Fig. 10(b)).
In the following, we compare the intermolecular distance with the transverse
quantum correlation length lm which is a measure for the microresonator-
mediated intermolecular coupling length in our planar microresonator sys-
tem [37,63]:

lm =
2λ(x, y)

npol

√

mf , f =
π(R1R2)

1/4

1 −
√

R1R2

(6)

Here, λ(x, y) is the wavelength at the transmission maximum of the mi-
croresonator (see also chapter 2), npol is the refractive index of the polymer
film between the resonator mirrors M1,2 having the reflectivities R1,2 and m is
the interference order. For a λ/2-microresonator with silver mirror thickness
d1 = 30 nm and d2 = 60 nm, we use R1 = 0.71, R2 = 0.91 and m = 1 and cal-
culate l1 assuming λ(x, y) = 532 nm. f is the finesse of a planar resonator [2]
which has a value around 14 in the present case. As a result, we obtain
l1 ≃ 2.58 µm which can be considered as the theoretical upper limit of the
coupling length in our microresonator. This value is comparable to the inter-
molecular distance in our microresonator sample as discussed above. In view
of our results, however, we conclude that microresonator-mediated molecular
coupling is negligible here. This conclusion will be further confirmed in chap-
ter 6: There, we will compare the transverse quantum correlation length l1 as
discussed here with the measured and calculated diameter of spatial modes
of our λ/2-microresonator.

It should be mentioned that we also observed few fluorescence decay
curves showing more than one fluorescence lifetime contribution. This can
easily be understood assuming sudden changes in the interaction of the
molecule with its local environment during data acquisition time.
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3.7 Summary and Conclusion

In summary, we presented fluorescence decay curves of single molecular dipole
emitters interacting at room temperature with photonic modes of a pla-
nar λ/2-microresonator having a cavity-Q around 50. Enhancement factors
ΓSpE/ΓSpE,0 of up to 2.7 were determined from mono-exponential fluorescence
decay curves delivered by single dye molecules, in agreement with theoretical
predictions.

The microresonator-enhanced Spontaneous Emission rate as well as the
microresonator-enhanced coherence length of single molecule fluorescence
emission as reported in chapter 2 (see Fig. 11) can be considered as impor-
tant improvements for single photon sources based on single dye molecules
operating at room temperature. In chapter 5, we will investigate if both
enhancements can be used simultaneously.
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4 The Spectral Shape of Microresonator-

Controlled Molecular Fluorescence

In this chapter, we investigate experimentally and theoretically the spectral

shape of fluorescence emission of dye molecules coupled to the photonic mode

structure of a planar λ/2-microresonator by varying the emitter concentration

and the mirror spacing. The spectral shape of the outcoupled emission is

modeled by summing radiative on- and off-axis contributions depending on

the mirror spacing. Good agreement was found between experimental results

and simulations taking into account the complex interplay between focussed

pump field, broad free-space fluorescence spectrum of embedded molecules,

microresonator properties and detection conditions.

This chapter is based on:

M. Steiner, A. V. Failla, F. Schleifenbaum, C. Stupperich, A. Hartschuh,
and A. J. Meixner, ”The Spectral Shape of Molecular Fluorescence in a λ/2-
Microresonator,” (submitted).
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4.1 Introduction

Over the last decade, planar microresonator structures turned out to be
of great importance for the development of advanced organic light emit-
ting devices (OLED) [13,69] and vertical cavity surface emitting lasers (VC-
SEL) [70,71] as well as advanced single photon sources (SPS) [15]. It has been
demonstrated experimentally, that weak coupling of quantum mechanical
emitters (QME) to a λ/2-microresonator results in a temporal modulation,
i. e. enhancement and inhibition of Spontaneous Emission (SpE)) [49,50], as
well as an angular redistribution of the emitted light [39,50] what has to be
taken into account for the design of advanced photonic devices.

Importantly, we found that emission of embedded QME is spectrally re-
distributed (see Fig. 11) to fulfill the transmission conditions of the resonator
depending on the mirror spacing (see Eqn. 1). This effect is of major signif-
icance for broadband-QME such as organic dye molecules or semiconductor
quantum dots for which the spectral width of free-space emission exceeds the
width of the resonator transmission spectrum. Surprisingly, this effect is not
treated sufficiently in the literature.

All three effects, namely temporal, angular and spectral redistribution,
are based on the microresonator-controlled SpE-rate of embedded QME as
discussed in chapter 3 and can be calculated using first order perturbation
theory [3, 72].

In the following, we clarify the correlation between mirror spacing, on-
and off-axis resonances and the spectral shape of microresonator-controlled
broadband emission for our microresonator system and discuss the influence
of the detection conditions.

4.2 Experimental

The microresonator samples were formed by two resonator mirrors M1,2 with
a silver film thickness of 30 nm and 60 nm, respectively, resulting in a cavity-
Q around 50 in the λ/2-regime (see chapter 2). As an active medium between
M1,2, a transparent polymer (npol = 1.56) doped with uniformly distributed
and randomly oriented perylene-type molecules (abbreviated PI, see Fig. 7)
in high (cPI ≃ 10−5 mol/l) and ultra low (cPI ≃ 10−10 mol/l) concentrations
was used.

The measurements were performed at room temperature with the setup
introduced in chapter 1.3 and sketched in Fig. 1. Using scanning confocal mi-
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Figure 15: Profile of the mirror spacing L(x) (upper curve) of the microre-
sonator in the λ/2-regime. Corresponding measured fluorescence intensity
I(x) for high (middle curve) and ultra low (lower curve) dye concentration.

croscopy and spectroscopy, we spatially addressed PI-molecules immobilized
within the microresonator and recorded the integrated fluorescence inten-
sity under variation of the mirror spacing L as described in chapter 2. In a
second step, we measured both the microresonator-controlled molecular flu-
orescence spectra and the corresponding local on-axis transmission spectra
of the microresonator as a function of the mirror spacing L.
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4.3 Output for Varying Mirror Spacing and Dopant

Concentration

We discuss now the correlation between the local mirror spacing L(x) and
the integrated fluorescence intensity, i. e. the output, for two representative
molecular concentrations. The mirror spacing L(x) can be calculated from
the maximum transmission wavelength λ(x) of the measured local on-axis
transmission spectrum (see Fig. 18(a), middle panel) for every position x of
the microresonator according to Eqn. 1. This procedure results in a profile
of the mirror spacing as shown in Fig. 15, upper curve, and was already dis-
cussed in detail in chapter 2.

The corresponding fluorescence intensity traces I(x) also shown in Fig. 15
were acquired by scanning microresonators having different dopant concen-
trations along the x-axis with respect to a fixed immersion oil objective (100x,
NA = 1.3) as indicated in Fig. 1. They can be understood as line sections of
a respective scan image as shown in Fig. 10(a): In the case of high molecular
concentrations, the measurement reveals a section of a closed fluorescent ring
without spatial fine structure.

The fluorescence scan of a microresonator with high molecular concen-
tration (see Fig. 15, middle curve) shows a sharp maximum, if λ(x) overlaps
with the free-space fluorescence spectrum of the dye as shown in Fig. 18,
upper spectrum. This spectrum was measured with a comparable sample as
discussed above, just without silver mirrors.

For single molecule doping, the scan (Fig. 15, lower curve) exhibits flu-
orescence bursts for several positions x where the fluorescence emission of
spatially isolated single molecules is on resonance with the structure. The
grey background indicates the L-regime where single molecule emission was
above the detection limit of the experimental setup.

4.4 On-Axis Transmission versus Molecular Emission

In Fig. 16(a), measured and calculated on-axis transmission spectra of the
microresonator (m =1 and ϑ = 0o in Eqn. 1) as a function of the mirror
spacing L are shown. Good agreement was found between experimental and
calculated spectra. For comparison, two cross sections from the plots shown
in Fig. 16(a) taken at L = 120 nm are shown in the middle panel of Fig. 18(a):
As a result, the on-axis intensity transmission of the microresonator calcu-
lated as a function of the wavelength, i. e. the well-known Airy-function [2],
nicely agrees with the corresponding measured local on-axis transmission
spectrum. For the calculation of the on-axis transmission spectra discussed

36



Experiment Calculation

(b) I (a. u.) p = 1 µm

I (a. u.) p = 1 µm

Experiment Calculation

Transmission

Emission

(a)

Figure 16: (a) Measured and calculated on-axis transmission spectra of the
microresonator as function of the mirror spacing L. (b) Measured and cal-
culated spectral distribution of the microresonator-controlled fluorescence
emission as function of L. The white arrows in (a) and (b) indicate the cross
sections that are shown in Fig. 18 and discussed in the text.

here, we assumed a parallel polarization of the incident optical field with
respect to the plane of the metal mirrors M1,2 (see Fig. 13).

In the left panel of Fig. 16(b), a spectrally resolved fluorescence scan is
shown measured for high dye concentration. The bright diagonal stripe re-
flects the proportional relation between L(x) and λ(x) for on-axis resonances
as can be seen by comparison with the corresponding series of on-axis trans-
mission spectra of the microresonator shown in Fig. 16(a). Obviously, the
spectral distribution broadens significantly with increasing L. In the follow-
ing, we discuss how this variation in spectral shape can be quantified.

Modeling the spectral shape of the microresonator-controlled emission is
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divided into four major steps. Note, that the first two steps have already
been introduced in chapter 3 to calculate the curves ΓSpE(L) as shown in
Fig. 12(b).

1. The reflection and transmission coefficients of the resonator mirrors
are calculated as functions of d, ϑ, λ based on the dielectric function
of silver [2, 39].

2. For each mirror spacing L, we calculate the radiative rates for single
dipole emitters located in the center z = 0 of the microresonator and
oriented in i = x, y, z direction (see Fig. 13) as a function of ϑ and
λ according to [3, 12]. The resulting rates Γi(λ, L) are weighted by
the normalized free-space fluorescence spectrum of the dye, f(λ) (see
Fig. 18(a), upper spectrum).

3. The detectable radiation contribution is obtained by filtering the sum
of radiative rates for the three dipole orientations

∑

Γi(λ, L)f(λ) using
Fabry-Perot-theory [2]. In this step, the limitation of the detection an-
gle is included using a simplified optical model. ϑmax is either given by
the NA of the microscope objective or by the observation diameter p on
the microresonator (see Fig. 17), depending on the emission direction
of the radiation produced in the structure. The observation diameter
p is determined by the pinhole size and the magnification of the micro-
scope objective (see also Fig. 1). This can be understood as follows:
For axial radiation, the number of roundtrips within the microresona-
tor is only limited by the losses of the mirrors and the polymer film,
respectively. Radiation emitted off-axis, on the other hand, can walk
off the observation area that is determined by p within a small number
of internal reflections. This is modeled by summing the emitted radi-
ation in truncated geometrical series where the maximum number of
roundtrips (i. e. the upper limit of the series) depends on L, ϑ and λ,
respectively (see Eqn. 1).

4. The efficiency of molecular absorption strongly depends on the excita-
tion field distribution inside the microresonator. Therefore, the calcu-
lated spectra are scaled by the strength of the linearly polarized and
focussed pump field at z = 0, which was modeled as a function of L.

Results of our calculations are presented in Fig. 16(b) nicely reproducing
the experimental spectra. Representative spectra at L = 120 nm and L =
140 nm, respectively, are shown in the lower panels of Fig. 18(a) and (b). For
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Figure 17: Schematic of the microresonator geometry in the focal region
(curved dashed line) of the microscope objective. The size of the pinhole as
shown in Fig. 1 determines the diameter p of the observation area. Within
an observation diameter p around 1 micron, the microresonator acts as a
planar microresonator in a good approximation since the tilt angle between
the resonator mirrors M1,2 is very small (α(x) ≃ 10−3 − 10−2).

L = 120 nm, the free-space fluorescence spectrum of the dye is redistributed
and nearly samples the spectral shape of the local on-axis transmission profile
of the microresonator. A maximized spectral narrowing is accompanied by
a maximum detection efficiency in full agreement with the corresponding
intensity trace I(x) (Fig. 15, middle curve) and the numerical results (see
Fig. 16(b)). Here, the spectral shape of the outcoupled emission was found
to be insensitive to variations of the observation diameter p since radiation is
predominantly emitted in forward direction. For this L, the on-axis emission
field density within the resonator is maximized supporting non-linear effects
like lasing. To clarify the correlation between ΓSpE(L) and the efficiencies for
both output and Stimulated Emission will be the main objective of chapter 5.

The increased spectral width for L = 140 nm (see Fig. 18(b)) originates
from off-axis resonances on the blue side of the spectrum as indicated by
the dashed line. Apparently, the detection of the off-axis emission can be
suppressed by reducing the observation diameter p, i. e. by spatial filtering
the outcoupled radiation.

It should be mentioned that the modeling scheme presented here can
be applied to microresonators made of dielectric thin films (i. e. distributed
bragg reflectors). Accounting for resonator-mediated molecular coupling pro-
cesses [37,66] could further improve modeling accuracy.
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Figure 18: (a) For L = 120 nm, the free space fluorescence spectrum of the dye
(upper curve) is modified and samples the spectral shape of the local on-axis
transmission profile of the microresonator (middle curves, circles: measure-
ment, line: calculation). The resulting microresonator-controlled emission
spectrum is shown below (circles: measurement, line: calculation). (b) For L
= 140 nm, the modification of the spectral shape of detected microresonator-
controlled fluorescence emission under variation of the observation diameter
p on the microresonator structure is shown (circles: measurement, line: cal-
culation). For the upper spectra, no pinhole was used. The middle and lower
spectra correspond to a pinhole diameter of 200 µm and 100 µm, respectively.
The middle and lower spectra in (a) as well as the lower spectra in (b) are
cross sections of the respective plots in Fig. 16 as indicated there by the white
arrows.

4.5 Single Molecule Fluorescence Spectra for Varying

Mirror Spacing

In Fig. 19, microresonator-controlled single molecule fluorescence spectra for
three different mirror spacings measured without pinhole are shown. Their
shape was modeled assuming in-plane dipole orientations (see Fig. 13) show-
ing excellent agreement. The occurrence of the off-axis emission for increasing
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Figure 19: Measured (circles) and calculated (line) microresonator-controlled
single molecule fluorescence spectra for three different mirror spacings L. A
measured free-space single molecule fluorescence spectrum is also shown as
reference.

L leads to a spectral broadening until the signal to noise ratio drops below the
detection limit of the experimental setup, in agreement with the integrated
fluorescence intensity trace shown in the lower panel of Fig. 15.

4.6 Summary and Conclusion

In summary, we compared measured and calculated on-axis transmission
spectra of a planar λ/2-microresonator with the corresponding microresonator-
controlled fluorescence emission spectra of embedded dye molecules as a
function of the mirror spacing L. The spectral shape of the detected flu-
orescence emission was modeled accounting for the optical properties of the
resonator mirrors, the radiative properties of the embedded emitters in free
space (i. e. their radiative rate, their fluorescence spectrum and their fluores-
cence quantum yield) and the detection conditions without the need for free
parameters.

Our results allow for tailoring emission/detection schemes based on mi-
croresonators and broadband-QME for applications in photonics and ultra
sensitive analytics.
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5 Spontaneous Emission Rate, Output and

Stimulated Emission Efficiency

in a λ/2-Microresonator

In this chapter, we investigate experimentally and theoretically the fluores-

cence dynamics of dye molecules immobilized in a planar λ/2-microresonator

for varying emitter concentrations. Time-resolved spectroscopy reveals en-

hancement and inhibition of radiative rates determined by the mirror spacing

in agreement with simulation results. The maximum output efficiency, how-

ever, occurs for mirror spacings where no rate modification is observed and

coincides with the maximum of Stimulated Emission efficiency which was

probed by means of output fluctuations.

This chapter is based on:

M. Steiner, A. V. Failla, F. Schleifenbaum, A. Hartschuh, and A. J. Meixner,
”A Novel Approach to Spontaneous Emission Rate, Output and Stimulated
Emission Efficiency in an Optical λ/2-Microresonator,” (submitted).
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5.1 Introduction

To summarize the previous chapters, we proofed that the weak coupling of
quantum mechanical emitters (QME) having a broad emission spectrum to
the photonic mode structure of a λ/2-microresonator results in a significant
temporal, spectral and angular redistribution of the emitted radiation. We
demonstrated in chapter 4, that all three processes are completely deter-
mined by the microresonator-controlled Spontaneous Emission (SpE) rate
ΓSpE and can be calculated, even for single single dye molecules, using first
order perturbation theory.

In contrast, both output and Stimulated Emission (StE) efficiency, which
are key parameters for advanced photonic applications such as single photon
sources and microlasers, e. g. [14,15], are not only determined by ΓSpE, they
also depend on the coupling ratio β which is defined as the SpE into a desired
cavity mode normalized to the total SpE produced in the structure [50, 65,
66,73–77].

Importantly, in the case of broadband-QME, both angular and spectral
dependencies of the radiative rate and the outcoupled emission have to be
considered as a function of the mirror spacing. Experimental investigations,
however, of how both the output and the StE-efficiency are determined by
ΓSpE and β as functions of L are lacking in the case of broadband-QME.

5.2 Experimental

The microresonator samples consisted of two resonator mirrors M1,2 with a
silver film thickness of 30 nm and 60 nm, respectively, resulting in a cavity-Q
around 50 in the λ/2-regime (see chapter 2). As an active medium between
M1,2, a transparent polymer (npol = 1.56) doped with uniformly distributed
and randomly oriented perylene-type molecules (abbreviated PI, see Fig. 7)
in high (cPI ≃ 10−5 mol/l) and ultra low (cPI ≃ 10−10 mol/l) concentrations
was used.

The measurements were performed at room temperature with the setup
introduced in chapter 1.3 and sketched in Fig. 1. Using confocal microscopy
and spectroscopy, we spatially addressed PI-molecules and determined the
local mirror spacing L as discussed in chapter 2. For recording time-resolved
fluorescence decay curves of single molecules as well as molecular ensembles,
the setup was equipped with an ultrafast pulsed laser system and a single
photon counting board as described in chapter 1.3.
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Figure 20: Measured (circles) and fitted (lines) microresonator-controlled
fluorescence decays for single molecules (a), (b) and molecular ensembles (c),
(d) for representative mirror spacings L. The residuals below show deviations
between measured decays and single exponential model functions convoluted
with the instrument response function (dots in (d)). In (c), the fit with a
single exponential is used to derive an average decay time for comparison.
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5.3 Fluorescence Dynamics

In Fig. 20, typical experimental fluorescence decays for single molecules as
well as molecular ensembles at different mirror spacings L are shown. Single
exponential model functions convoluted with the instrument response func-
tion (dots in Fig. 20(d), FWHMirf ≃ 500 ps) were fitted to the experimental
decay curves. The resulting SpE-rates are shown in Fig. 21(a) together with
theoretical predictions. The lines show calculated rates for PI-molecules lo-
cated in the center of the microresonator for three representative transition
dipole orientations θ (see Fig. 13) as already discussed in chapter 3 and shown
in Fig. 12(b).

Spatially isolated molecules show mono-exponential decay curves (see
Fig. 20 (a), (b)) and ΓSpE-values depending on the mirror spacing. As shown
in Fig. 21(a), different molecules can have different SpE-rates for the same L
reflecting a strong dependence on the angle θ between the transition dipole
moment and the mirror planes of the resonator (see Fig. 13) as well as a dis-
placement from the microresonator center. Comparison of ΓSpE for molecule
1 and 2 as derived from the curves shown in Fig. 20 (a) and (b) with the
theoretical curves reveal that both molecules are located in the center of the
microresonator and oriented parallel to the mirror planes (θ = 0o in Fig. 13).

For molecular ensembles, variation of the mirror spacing results in the
well-known SpE-rate modulation [49], i. e. SpE-enhancement [42] and SpE-
inhibition [44], respectively. Even though transition dipole moments with θ 6=
0o are excited in our experiment as can be seen from our single molecule data,
the fluorescence decays of molecular ensembles are obviously determined by
molecules having θ = 0o that offer the fastest decay rates. This fact combined
with the observation of mono-exponential decay for ensembles of randomly
oriented emitters (see Fig. 20(d)) indicates a very efficient coupling mecha-
nism between excited molecules mediated by the microresonator [37].

We attribute the occurrence of mono-exponential fluorescence decay in
our system to a highly efficient and non-dispersive resonance energy homo-
transfer mediated by the microresonator. The effect of the local density
of states of the electromagnetic field on radiative and non-radiative energy
transfer is discussed controversial in the literature, e. g. [78–84], and also
subject of our ongoing investigations.

For L approaching 120 nm, we observe increasing deviations from strictly
mono-exponential decay (see Fig. 20(c)). However, mono-exponential fit
functions still provide a good approximation of the average decay time here.
In the L-regime around 120 nm, mono-exponential fluorescence decays occur
only for spatially separated single molecules (see Fig. 20(a)).
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Figure 21: (a) Microresonator-controlled SpE-rates derived from fluorescence
decays for PI-ensembles (dots) and for single PI-molecules (circles). Calcu-
lated SpE-rates (lines) for PI molecules centered in the microresonator and
tilted with respect to the mirror planes by 0o, 40o and 90o, respectively. (b)
Spectrally integrated fluorescence intensity for high dopant concentration.
(c) Power dependence of detected fluorescence intensity at L = 120nm (dots)
and a linear fit to the experimental data (line). (d) Spectrally integrated flu-
orescence intensity for ultra low dopant concentration shows isolated peaks
originating from different molecules on resonance with the microresonator.
The difference ∆ = 30 nm between the mirror spacings for maximum out-
put efficiency and maximum enhancement of ΓSpE is indicated by the double
arrow.
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The main result of our time-resolved measurements is that maximum
ΓSpE is observed at L = 150 nm for both molecular ensembles and single
molecules.

5.4 Fluorescence Rate and Output Efficiency

In Fig. 21(b), the spectrally integrated fluorescence intensity along a line
section through the microresonator is shown for high dopant concentration
as a function of the mirror spacing. The signal shows a clear maximum
at L = 120 nm. The intensity trace for ultra low dopant concentration
(see Fig. 21(d)) exhibits fluorescence signals for sample positions and hence
mirror spacings, where spatially isolated molecules are on resonance with the
structure. The envelope of this fluorescence trace gives a fair estimate for the
L-regime, where single molecule emission was above the detection threshold
of the experimental setup.

The effect of the mirror spacing on the detected intensity and the spectral
shape of microresonator-controlled emission was already discussed in chap-
ter 4. In addition, the linear system response (see Fig. 21(c)) was verified for
both cw and pulsed laser excitation up to the molecular saturation regime
for all mirror spacings demonstrating that the microresonator operates well
below lasing threshold. The key result here is the large difference ∆ between
mirror spacings for maximum output efficiency (L = 120 nm) and maximum
enhancement of ΓSpE (L = 150 nm) as indicated by dashed vertical lines
in Fig. 21. A similar relationship between output efficiency and radiative
rate was only discussed theoretically for a monochromatic emitter located
inside a simple waveguide structure [77]. In the following section we demon-
strate, that the maximum output efficiency coincides with the maximum of
the radiation coupling ratio β.

5.5 The Coupling Ratio β

In Fig. 22(a), the calculated ratio β between SpE in the forward mode and the
total SpE for a PI-molecule located in the center of the microresonator and
oriented parallel to the mirrors is shown (see also Fig. 13). The forward mode
is spectrally characterized by ∆λ = λmax± 6.5 nm, i. e. the FWHM of the
local on-axis transmission spectrum with maximum transmission wavelength
λmax (see Fig. 18(a), middle panel). The corresponding angular divergence
∆ϑ is also determined by the reflectivities of the microresonator mirrors and
was calculated as a function of the mirror spacing L based on the derivation
presented in [65] which accounts for the resonance properties of a planar
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Figure 22: (a) Calculated coupling ratio β to the forward mode as a function
of mirror spacing L. The shoulder around L = 130 nm reflects the vibronic
progression of the free-space fluorescence spectrum of PI (see Fig. 7). (b)
Experimental coupling ratio β′ with (dots) and without (circles) restriction
of the observation area as discussed in text. (c) Measured intensity traces
and (d) corresponding intensity correlation g(2)(τ) for three representative
mirror spacings. (e) Fano-Mandel parameter K. Circles indicate data points
derived from the corresponding values of g(2)(0) as shown in (d). (f) Product
of theoretical curves β and ΓSpE as described in text. The dashed lines in (a),
(b), (e) and (f) indicate mirror spacings for maximum output efficiency (L =
120 nm) and maximum SpE-rate (L = 150 nm), respectively (see Fig. 21).

48



microresonator. Obviously, β peaks for L = 120 nm matching the mirror
spacing for maximum output efficiency (see Fig. 21(b), (d)). For comparison,
we estimated the experimental ratio β′ (circles in Fig. 22(b)) from the overlap
of the measured local on-axis transmission spectrum of the microresonator
and the corresponding emission spectrum for each L as shown in Fig. 16. As
expected, β′ has larger values than β because not all radiation produced in
the structure can be recorded in the respective emission spectra due to the
limitation of the collection angle ϑ.

As discussed in chapter 4, we found that reducing the diameter of the
observation area p on the microresonator reduces the detection efficiency for
off-axis emission, equivalent to angular filtering by limiting ϑ: In Fig. 22(b),
reduction of the observation diameter to p = 1 µm clearly increases β′ (dots in
Fig. 22(b)) due to blocked off-axis contributions in the corresponding emis-
sion spectra. The L-value for maximum β′, however, is not affected and
coincides with the mirror spacing for maximum β. Note, that the maxi-
mum of β′ is equivalent to the maximum spectral narrowing as well as the
minimum angular divergence of outcoupled radiation.

5.6 Output Fluctuations and Stimulated Emission Ef-

ficiency

Having determined the output maximum as well as the key parameters β and
ΓSpE as function of the mirror spacing L, we can now discuss their influence
on the StE-efficiency. It is well known that microcavity lasers show strong
output fluctuations depending on β and ΓSpE, respectively, displaying the
photon density in the lasing mode [85, 86]. Indeed, time traces measured
on our microresonator exhibit strong intensity fluctuations as can be seen in
Fig. 22(c). For this measurement, we used an intermediate dopant concen-
tration (cPI ≃ 10−7 mol/l) and cw-pump power Ppump around 80 W/cm2.
The length of dark periods as well as the ratio between maximum and mini-
mum intensities decreases from L = 119 nm to L = 133 nm. The time scale
of the intensity fluctuations observed here is expected to be determined by
the intersystem crossing rate and the lifetime of the dark molecular triplet
state [87] which limits the efficiency of dye lasers. In Fig. 22(d), the corre-
sponding intensity correlation functions calculated according to

g(2)(τ) = 〈I(t + τ)I(t)〉/〈I(t)〉2 = 〈n(t + τ)n(t)〉/〈n(t)〉2 (7)

are shown [88]. Here, n is the number of accumulated photon counts per
time interval ∆tmeas = 50 ms and the total acquisition time was tmeas =
341 s. Obviously, g(2)(0) (highlighted by circles in Fig. 22(d)) reflects the
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magnitude of the output fluctuations. These fluctuations are associated with
the second moment of the photon statistics and are typically quantified using
the Fano-Mandel parameter K = 〈n〉[g(2)(0) − 1]. In Fig. 22(e), K is shown
as a function of the mirror spacing L. The curve sharply peaks around L
= 120 nm marking the favorable L-regime for StE [85]. The L-dependency
of K can be understood from the rate equation for the mean number of
photons ρ in the forward mode: ρ̇ = βΓSpEN(1 + ρ) − γρ [73]. While the
number N of excited molecules as well as the damping rate γ for photons
from the passive cavity is rather constant under variation of L, we found that
the product βΓSpE calculated for PI-molecules centered in the microresonator
and oriented parallel to the mirrors strongly depends on the mirror spacing as
shown in Fig. 22(f). Evidently, the product βΓSpE shows a sharp maximum
for mirror spacings around 120 nm and it reflects the measured L-dependency
of K (see Fig. 22(e)). In other words, βΓSpE as function of L determines the
photon density in the forward mode and hence the StE-efficiency.

In chapter 6, we will identify unstable emitting spatial modes formed be-
tween the resonator mirrors as the origin of the output fluctuations discussed
above.

5.7 Summary and Conclusion

To summarize the reported results, we found that the maximum output ef-
ficiency at L = 120 nm (see Fig. 21(b), (d)) coincides with the maximum
of the following system parameters, i. e. (I) the calculated coupling ratio β
(see Fig. 22(a)), (II) the experimental coupling ratio β′ indicating the maxi-
mum spectral and angular narrowing of outcoupled emission (see Fig. 22(b))
and (III) the measured K and the calculated βΓSpE, respectively, reflecting
favorable StE-conditions (see Fig. 22(e), (f)). In contrast, maximum en-
hancement of ΓSpE is predicted and observed for L = 150 nm while for L =
120 nm no rate modification compared to the free-space value ΓSpE,0 occurs
(see Fig. 21(a)).

In conclusion, we emphasize that the difference ∆ is a fundamental phe-
nomenon which occurs when the resonator dimensions approach one half
emission wavelength of enclosed emitters. Even for monochromatic emit-
ters, ∆ remains large (around 10 nm in our system) and can only be fur-
ther decreased by increasing the mirror reflectivities. The mirror spacing for
maximum output and StE-efficiency depends critically on the shape of the
free-space emission spectrum of embedded QME and needs to be determined
carefully. The presented results must be accounted for the design of photonic
applications based on planar microresonator structures.

50



6 Spatial Modes of a λ/2-Microresonator

In this chapter, we investigate the radiation patterns formed on the surface

of a planar λ/2-microresonator enclosing immobilized dye molecules. Us-

ing time-resolved widefield imaging microscopy, we observed isolated spatial

modes which occurred randomly in the pumped microresonator area, exhibit-

ing strong intensity fluctuations. The measured upper limit for the diameter

of isolated spatial modes around 0.5 µm was found to agree with theoreti-

cal predictions for the effective mode radius of our system. Moreover, we

demonstrate the formation and the decay of a spatial double mode.

This chapter is based on:

M. Steiner, A. Hartschuh, and A. J. Meixner, ”Unstable Spatial Modes of a
Planar λ/2-Microresonator,” (in preparation).
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6.1 Introduction

Planar microresonators form spatially confined circular modes with a finite
lateral extent, i. e. a mode radius, which is determined by the optical proper-
ties of the microresonator [37,64,65,86]. The formation of laterally restricted
spatial modes is a direct consequence of the finite loss of the microresonator:
Since emitted photons escape from the resonator after a certain number of
internal reflections that is determined by the optical properties of the mi-
croresonator, a transverse mode cannot extent infinitely along the mirror
surfaces and, as a consequence, the mode divergence angle is finite. As a
result, the radius of a spatial mode is also limited since both the angular
divergence and the radius of a spatial mode are connected by the diffraction
relation. If the pumped area of the microresonator is larger than the trans-
verse diameter of a spatial mode, the active spatial modes are supposed to
fill the pumped area or, in other words, to form a spatial multi mode.

Direct observation of spatial modes in a planar microresonator doped with
dye solution has been reported for operation below and above laser thresh-
old and the measured spatial mode diameter was found to be in agreement
with theoretical predictions [89]. The measured radiation pattern consisted
of spatially isolated circular spots occurring in the pumped area of the mi-
croresonator and were reported to have a stable position.

From this, it is intuitively clear that the strong intensity fluctuations ob-
served in the output of planar microresonators (see [85, 86] and chapter 5)
should originate from unstable spatial modes formed in the pumped area of
the microresonator.

To our present knowledge, direct observation, i. e. imaging, of unstable
spatial modes formed in a planar λ/2-microresonator has not been reported
so far in the literature. Moreover, experimental proof for the formation of a
double mode from two isolated spatial modes seems to be lacking.

In the following, we establish a relation between the output properties
of the λ/2-microresonator as discussed in chapter 5 and the microresonator-
controlled emission pattern formed in the plane of the resonator mirrors.
As a key result, we can assign the measured output fluctuations as shown
in Fig. 22(c) to unstable emitting spatial modes occurring randomly in the
pumped area of the microresonator.
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6.2 Experimental

The microresonator samples consisted of two resonator mirrors M1,2 with a
silver film thickness of 30 nm and 60 nm, respectively, resulting in a cavity-Q
around 50 in the λ/2-regime (see chapter 2). As an active medium between
M1,2, a transparent polymer (npol = 1.56) doped with uniformly distributed
and randomly oriented perylene-type molecules (abbreviated PI, see Fig. 7)
in high concentrations (cPI ≃ 10−5 mol/l) was used.

Widefield imaging was performed at room temperature with the experi-
mental setup sketched in Fig. 1 and described in chapter 1.3. Series of images
were acquired at 7.6 Hz (see Fig. 25(a)-(f), exposure time ∆tint = 40 millisec-
onds per frame as well as Fig. 23(a) and Fig. 24(a)-(c), both with ∆tint = 10
milliseconds per frame ) and at 9.9 Hz (see Fig. 23(b), ∆tint = 1 millisecond
per frame), respectively. The cw-pump power was in the order of Ppump ∼ 1
kW/cm2.

6.3 Radiation Patterns for Representative Mirror Spac-

ings

Measurements of the spatial intensity distribution were carried out in the
λ/2-regime of the microresonator (see chapter 2). In Fig. 23(a) and (b),
high resolution widefield images of the microresonator surface are shown for
two different mirror spacings L. The images were taken by laser-pumping a
microresonator area having a diameter of around 3 µm and measuring the
radiation patterns displaying the spatial intensity distribution of outcoupled
microresonator-controlled emission on mirror M1. The intensity distribution
measured for L ≃ 120 nm is shown in Fig. 23(a) and consists of spatially
isolated bright spots occurring in the pumped area as can be seen in the
corresponding cross section shown in Fig. 23(c). The width of a gaussian
envelope of the bright features (FWHM ≃ 2.8 µm) displays the width of
the pumped area of the microresonator and was found to increase with in-
creasing pump power.

In contrast, the radiation pattern measured for L ≃ 150 nm as shown in
Fig. 23 (b) does not exhibit spatial fine structure. The smooth envelope of the
measured intensity distribution, however, reveals a similar width compared
to that for L ≃ 120 nm as can be seen from the cross section shown in Fig. 23
(d) yielding a FWHM -value around 2.5 µm.
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Figure 23: Microresonator-controlled emission patterns in the mirror plane
for two representative mirror spacings (a) L ≃ 120 nm and (b) L ≃ 150 nm,
respectively. (c) For L ≃ 120 nm, the cross section along the dashed line
in (a) exhibits a fine structure consisting of isolated circular spots (see also
Fig. 24) as discussed in the text. (d) For L = 150 nm, the cross section along
the dashed line in (b) exhibits no fine structure. The FWHM -values in (c)
and (d) refer to a Gaussian envelope function and reflect the diameter of the
pumped microresonator area which was found to depend on the excitation
power.

6.4 Shape and Intensity Fluctuations of Isolated Spa-

tial Modes

In the following, we will investigate the radiation pattern formed by the
microresonator for L around 120 nm in more detail.

We found that the bright spots shown in Fig. 23(a) are not stable in
time. The bright spots occur randomly in the pumped area and exhibit
strong intensity fluctuations, i. e. ”on”- and ”off”-states, on timescales of
milliseconds up to seconds.
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We observed an isolated bright spot over a time span of ∆tmeas = 2.5 s.
Three representative images are shown in Fig. 24(a)-(c). The intensity scale
for the three images is kept constant and refers to the intensity maximum
occurring in Fig. 24(b).

At t1, the spatial intensity distribution as shown in Fig. 24(a) does not
exhibit any significant feature. The weakly structured background (see also
Fig. 25(a)-(f)) reflects the intensity distribution of the laser excitation field
in the pumped microresonator area: The fluorescence background intensity
in the very center of the radiation patterns, which corresponds to the po-
sition of the focal spot and hence the intensity maximum of the focussed
laser pump beam, was found to decrease with time and pump power due to
irreversible photobleaching of dye molecules. As a result, we found that the
center of the pumped area is surrounded by a fluorescent corona showing
stable fluorescence background intensity as can be seen by comparing e. g.
Fig. 24(a) and (c).

At t2, we observe a bright fluorescent spot in the center of the pumped mi-
croresonator area (see Fig. 24(b)). Finally, at t3, the bright spot disappeared
again as can be seen in Fig. 24(c).

The maximum intensity occurring at the position of the bright spot in
Fig. 24(b) is shown as a function of time in Fig. 24(d). During the time
interval ∆t”on” = 1.44 s framed by t1 and t3, the intensity of the bright spot
was found to increase until it dropped suddenly.

The bright spot shown in Fig. 24(b) was found to have a circular shape
and a FWHM -diameter of around 0.5 µm as derived from the cross sec-
tions along the dashed lines. The cross sections in x-direction (dots) and
y-direction (circles), respectively, are depicted in Fig. 24(e) and can be con-
sidered as the point spread function of our imaging setup. The cross section
along the dashed line in Fig. 24(c) is also shown as squares in Fig. 24(e) to
demonstrate the high contrast that results in a clear visibility of ”on”- and
”off”-states. Additionally, the cross section of the radiation pattern measured
at L ≃ 150 nm and presented in Fig. 23(d) is shown as grey background for
comparison.

According to [89], we identify the bright spots observed for mirror spac-
ings L around 120 nm as fundamental spatial modes formed by the microre-
sonator and compare the measured upper limit of the spatial mode diameter
with theoretical predictions.

Two theoretical concepts for a resonator-mediated coupling length or, in
other words, a transverse mode confinement in planar microresonators have
been reported in the literature: The transverse quantum correlation length
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Figure 24: (a)-(c) Isolated bright spot formed in the pumped area of the
microresonator at L ≃ 120 nm showing ”on”-states (b) and ”off”-states (a,
c). (d) Time trace of the intensity at the position of the bright spot shown
in (b) normalized to the intensity maximum occurring at t = 1.44 s. (e) The
cross sections along the dashed lines in (b) reveal a circular spot shape having
a FWHM -diameter of 0.5 µm in both x-direction (dots) and y-direction
(circles) which can be considered as the resolution limit of our setup. The
corresponding cross section taken during an ”off”-state along the dashed line
in (c) is also shown (squares). The grey background in (e) shows the cross
section at L ≃ 150 nm (taken from Fig. 23(d)) for comparison.
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lm [37, 63] and the effective spatial mode radius reff [64, 65, 86]. The trans-
verse quantum correlation length lm is derived by accounting for Heisenberg’s
uncertainty principle for position and momentum of an emitted photon in the
presence of a planar microresonator and can be understood as the transverse
length scale of photon delocalization. In consequence, if more than one emit-
ting molecule is located within lm, the Spontaneous Emission process merges
into a Stimulated Emission process at exceedingly low excitation power [66].
In chapter 3, lm has already been introduced (see Eqn. 6) and estimated for
the λ/2-regime of our microresonator.

The effective spatial mode radius reff is derived by accounting for the
modified photonic mode density in the presence of a planar microresona-
tor [64,65]. reff can be interpreted as the mean free path of photons measured
along the mirror surfaces when the photons emitted in the microresonator
undergo multiple internal reflections with an angle to the normal axis of the
mirrors that is determined by the optical properties of the resonator. Neglect-
ing background absorption of the polymer film at the pump laser wavelength,
the spatial mode radius can be written as

reff =

√

√

√

√

πλ(x, y)L(x, y)(R1R2)1/4

8npol(1 −
√

R1R2)
(8)

Here, λ(x, y) is the wavelength at the on-axis transmission maximum
of the microresonator (see also chapter 2), npol is the refractive index of
the polymer film with thickness L(x, y) between the resonator mirrors M1,2

having the reflectivities R1,2. For the present microresonator with silver
mirror thickness d1 = 30 nm and d2 = 60 nm, we use R1 = 0.71 and R2 =
0.91 and calculate reff assuming λ(x, y) = 532 nm and L(x, y) = 120 nm.
As a result, we get reff ≃ 0.27 µm.

In contrast, the calculated transverse quantum correlation length l1 ≃
2.58 µm as estimated in chapter 3.6 for the same microresonator configura-
tion is at least a factor of five larger than the measured upper limit of the
diameter of spatial modes as determined from our experimental data (around
0.5 µm, see Fig. 24(b), (e)).

As a result, the calculated reff -value resulting in an effective spatial mode
diameter of roughly 0.5 µm is in good agreement with our experimental ob-
servations.

We now discuss the influence of the mirror spacing L on the observability
of spatial modes and the origin of the intensity fluctuations.

The L-dependency of the visibility of spatial modes as shown in Fig. 23
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can be understood from the L-depencency of the radiation coupling ratio to
the local forward mode, β, as discussed in chapter 5: As shown in Fig. 22(a),
β(L) reaches its maximum value βmax for L around 120 nm. For L ≃ 150nm,
β(L) is only 0.05 · βmax because most of the molecular fluorescence emission
is coupled to off-axis resonances. As a result, the emission pattern of ad-
jacent spatial modes mutually overlap and smear out due off-axis emission
undergoing multiple internal reflections between the resonator mirrors.

The output properties of spatial modes, i. e. the distribution of ”on”-
and ”off”-states as well as the ratio between maximum and minimum out-
put intensities, are determined by the product βΓSpE as a function of L as
shown in Fig. 22(f) and discussed in chapter 5. Since βΓSpE as a function
of L is the measure for the Stimulated Emission efficiency of the system, we
identify the strong output fluctuations of spatial modes as unstable laser os-
cillations. The process can be explained as follows: If a sufficient number of
molecules immobilized within the geometrical boundaries of a spatial mode
is prepared in an excited electronic state, the laser oscillation starts. Under
continuous wave illumination, a fraction of these molecules undergoes an in-
tersystem crossing to a long-lived dark molecular triplet state. If the number
of molecules in the dark triplet state reaches a critical value, the oscillation
brakes down (see Fig. 24(d)). This interpretation is supported by the fact
that observation of isolated spatial modes and strong output fluctuations was
only possible for L around 120 nm where βΓSpE and hence the Stimulated
Emission efficiency reaches its maximum value (see Fig. 22(f)).

From the molecular dopant concentration of our polymer film, cPI ≃
10−5 mol/l, we can derive an upper limit for the number of molecules Nism

contributing to the radiation pattern formed by an isolated spatial mode.
Assuming a cylinder having a diameter of 2 · reff ≃ 0.5 µm and a height of
L = 120 nm which is the actual polymer film thickness, we derive that on
average Nism ≃ 140 molecules are located within the geometrical boundaries
of a spatial mode. Hence, we conclude that the spatial mode pattern as
discussed here as well as the output fluctuations as described in chapter 5
were produced by at most a few tens of molecules coupled simultaneously by
the microresonator.

6.5 Formation and Decay of a Spatial Double Mode

We now discuss the formation and the decay of a spatial double mode or, in
other words, the transition between single mode and double mode operation,
in the pumped area of the microresonator.

In Fig. 25, a series of widefield images and three representative cross sec-
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Figure 25: (a)-(f) Stepwise formation and decay of a spatial double mode
consisting of two adjacent spatial modes observed at L ≃ 120 nm. (h) The
cross section along the dashed line in (d) reveals that the spatial double mode
has a FWHM -diameter of twice the value found for an isolated spatial mode
as can be seen from the cross sections shown in (g) and (i) taken along the
dashed lines in (b) and (f), respectively. The intensity scale of both the
images (a)-(f) and the cross sections (g)-(i) is kept constant and refers to
the intensity maximum occurring in (d) which was set to 1 in (g)-(i). The
dashed lines in the cross sections (g)-(i) refer to the maximum intensity in
cross section (g) and the fluorescence background indicating the size of the
pumped microresonator area, respectively.
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tions of the intensity distribution of the microresonator-controlled radiation
pattern for L ≃ 120 nm are shown. The intensity scale for both images and
cross sections is kept constant and refers to the intensity maximum observed
in Fig. 25(d). For t = 0 s, no significant bright feature can be observed (see
Fig. 25(a)). For t = 0.13 s (see Fig. 25(b)), we observe a spatial mode having
a FWHM -diameter of around 0.6 µm as derived from the cross section taken
along the dashed line and shown in Fig. 25(g). From t = 0.26 s to t = 0.39 s
(see Fig. 25(c), (d)), the diameter of the bright spot expands in y-direction
due to the appearance of a second spatial mode while it is rather constant
in x-direction. The cross section taken along the dashed line in Fig. 25(d)
reveals a FWHM -diameter of around 1.3 µm which is twice the value found
for the isolated spatial mode shown in Fig. 25(b). From t = 0.52 s to t = 0.65
s (see Fig. 25(e), (f)), the double mode decays until only a single isolated
spatial mode remains as can be seen from the cross section along the dashed
line in Fig. 25(f) which is shown in Fig. 25(i).

We now discuss the temporal evolution of the emitted intensity. The mea-
sured intensity stepwise increases upon formation of the double mode as can
be seen in Fig. 25(a)-(d) and the corresponding cross sections (see Fig. 25(g),
(h)). Finally, as shown in Fig. 25(f), (i), the intensity of the remaining iso-
lated spatial mode drops below the value observed for the same spatial mode
before the double mode was formed (see Fig. 25(b), (g)) as clarified by the
dashed line in Fig. 25(g)-(i). The second dashed line highlights the rather
constant fluorescence background indicating the size of the pumped microre-
sonator area. Additionally, it served as a reference for the estimation of the
FWHM -values of the spatial mode diameter as indicated in Fig. 25(g)-(i).

It should be mentioned that spatial modes formed by a planar microre-
sonator well below lasing threshold are expected to radiate incoherently [65].
Indeed, we did not observe any intensity correlation for clearly isolated spa-
tial modes. The observation, however, of an intensity maximum at the time
when two spatial modes unify (see Fig. 25(d), (h)) could indicate that a spa-
tial double mode radiates more efficiently than two isolated spatial modes.

6.6 Summary and Conclusion

In summary, we observed radiation patterns on the surface of a planar λ/2-
microresonator enclosing immobilized broadband-emitting dye molecules. For
mirror spacings offering a high radiation coupling efficiency to the forward
mode, we could observe isolated spatial modes. The measured FWHM -
diameter of 0.5 µm for an isolated spatial mode agrees with theoretical pre-
dictions for the effective mode radius [89] of the present microresonator and
displays the point spread function of our experimental setup. In contrast, it
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is significantly smaller than the transverse quantum correlation length [37]
calculated for our system.

Unstable emitting spatial modes were identified to be the origin of the
output fluctuations discussed in chapter 5.

We demonstrated the formation and the decay of a spatial double mode
in the pumped area of the microresonator as a proof for the validity of the
spatial mode concept in planar microresonators.

The presented results complement the fundamental understanding of op-
tical processes in planar microresonators and are encouraging for the exper-
imental realization of single molecule dipole imaging in λ/2-microresonators
under ambient conditions.
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7 Vibronic Coupling of Single Molecules to

Photonic Modes of a λ/2-Microresonator

In this chapter, we study spatially isolated molecules and nanostructures,

respectively, immobilized in an optical λ/2-microresonator by means of fluo-

rescence and Raman microscopy. In a first step, we show that single terrylene

molecules relax into microresonator-allowed vibronic levels of the electronic

ground state by emission of single fluorescence photons. Low temperature

fluorescence spectra demonstrate that the microresonator spectrally isolates

the purely electronic transition of single terrylene molecules accompanied by

suppression of radiative relaxation in excited vibronic levels of the electronic

ground state. In a second step, we demonstrate microresonator-controlled

Raman scattering on embedded single-walled carbon nanotubes and discuss if

utilization of a λ/2-microresonator enables cooling them.

This chapter is based on:

M. Steiner, H. Qian, A. Hartschuh, and A. J. Meixner, ”Vibronic Coupling
of Single Molecules to Photonic Modes of a λ/2-Microresonator,” (in prepa-
ration).
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7.1 Introduction

Molecules have, in comparison with atoms, additional degrees of freedom.
While rotational motion of molecules can be suppressed by embedding them
in condensed or solid host environments, the control of molecular vibrational
motion remains one of the major goals in nano-science. Microresonators are
promising tools to control the vibrational motion of single molecules by cou-
pling them to the photonic mode structure of the resonator [5]. By using a
planar λ/2-microresonator the radiative transition rates in both fluorescence
and Raman scattering processes can be modified due to enhancement and
inhibition of the Spontaneous Emission (SpE) rate ΓSpE [42,44] or, in anal-
ogy, the Raman scattering cross section σ [90, 91]. While the significance of
a strong coupling between emitter and resonator has been emphasized in the
context of quantum information processing [1], somewhat less attention has
been paid to low-Q microresonators that operate in the weak coupling regime
but still can modulate radiative rates of embedded molecules by at least one
order of magnitude (see chapter 5). Experimental evidence, however, for
coupling vibronic modes of single molecules and spatially isolated nanostruc-
tures, respectively, to photonic modes of a λ/2-microresonator seems to be
lacking.

7.2 Experimental

For fluorescence measurements at low temperature, a transparent
polymer (npol = 1.56) doped with uniformly distributed and randomly ori-
ented terrylene molecules (for structural formula see Fig. 26(a)) in low con-
centrations (cterrylene ≃ 10−7 mol/l to 10−8 mol/l) was used as an active
medium between the mirrors of the microresonator samples (see chapter 2).
The resonator mirrors M1,2 with a silver film thickness of 30 nm and 60 nm,
respectively, were found to result in a cavity-Q around 50 in the λ/2-regime.

Fluorescence measurements on single terrylene molecules embedded in the
microresonator were performed at cryogenic temperatures with the low tem-
perature setup described in chapter 1.3 and sketched in Fig. 2. For recording
intensity correlation curves, the setup was equipped with an Hanbury-Brown
and Twiss interferometer as discussed in chapter 1.3 and shown in Fig. 3(a).

For Raman scattering experiments at room temperature, we pre-
pared microresonator samples with resonator mirrors M1,2 having a silver film
thickness of 30 nm and 60 nm, respectively, and enclosing a PMMA solution
doped with different species of single-walled carbon nanotubes (SWNT). An
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(a) (b)

Figure 26: (a) Structural formula of a terrylene molecule. (b) Part of a
three-dimensional model structure of a chiral single-walled carbon nanotube
(SWNT) taken from http://www.surf.nuqe.nagoya-u.ac.jp.

example of a chiral SWNT-structure is shown in Fig. 26(b). After evapora-
tion of the solvent (dichloroethane), the PMMA has a refractive index of npol

= 1.49.

Raman scattering experiments on SWNT embedded in the microresonator
were performed with the room temperature setup (see Fig. 1) as discussed
in chapter 1.3.

7.3 Vibronic Coupling and Single Molecule Fluores-

cence

We cooled a microresonator doped with terrylene molecules in a liquid he-
lium bath to 1.8 K. Under this condition, the electron-phonon-coupling be-
tween molecules and polymer matrix is considerably suppressed [9]. Hence,
we expect that the fluorescence spectra exhibit their vibronic fine struc-
ture, i. e. narrow fluorescence lines at vibronic frequencies characteristic
for terrylene molecules [92]. In Fig. 27, diffraction-limited confocal mi-
croscopy images show the integrated fluorescence emission of single terrylene
molecules spatially isolated and immobilized in the λ/2-microresonator. As
shown in Fig. 27(a), we observed single molecules exhibiting intensity blink-
ing on timescales of milliseconds up to seconds. We also found molecules
(see Fig. 27(b)) delivering stable fluorescence emission on these timescales.
The corresponding intensity correlation function g(2)(τ) detected for a single
terrylene molecule imaged in Fig. 27(b) is shown in the inset. We found
clear evidence for photon-antibunching (g(2)(0) < 1) proving the presence of
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Figure 27: Diffraction-limited confocal fluorescence microscopy images of sin-
gle terrylene molecules on resonance with a λ/2-microresonator at T = 1.8 K.
(a) Two spatially isolated molecules exhibit strong intensity blinking. (b) Sin-
gle molecule delivering stable fluorescence emission. (Inset) The correspond-
ing intensity correlation measurement (dots) exhibits photon-antibunching.
Fitting the model function 1− a · exp (− |τ | /τmeas) to the data (line) reveals
an excited state lifetime τmeas = 2.3 ns.

a single emitter and emission of single fluorescence photons [88].

The corresponding molecular excitation-emission cycle for this measure-
ment is depicted in Fig. 28(a): We used the vibronic excitation scheme [93] to
prepare single molecules into excited vibronic levels of the first excited elec-
tronic state, i. e. S1,1. The S1,0 level is reached by fast non-radiative internal
conversion (IC) of vibrational energy on a time scale of picoseconds accom-
panied by a loss of coherence between the excitation field and the molecular
transition dipole. Importantly, the efficiency of a radiative transition to a
vibronic level of the molecular electronic ground state S0 is determined by
the local mirror spacing L(x, y) according to Eqn. 1 as indicated by the
on-axis transmission spectrum of the microresonator in Fig. 28(a). In the
present case, it is tuned on-resonance with the purely electronic transition
S1,0 → S0,0 that becomes manifest in the strongest and narrowest fluorescence
line limiting the measured single molecule spectra on the blue side, i. e. the
zero-phonon line (ZPL) [9].
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Figure 28: (a) Energy level diagram of the excitation-emission cycle of a
fluorescent molecule embedded in the microresonator as discussed in the
text. An intersystem crossing to a dark molecular triplet state is neglected.
(b) Microresonator-controlled fluorescence spectra (circles) of single terry-
lene molecules for three mirror spacings L1 > L2 > L3. The coupling of
electronic-vibronic transitions to on- and off-axis cavity resonances is de-
termined by the transmission condition of the microresonator (Eqn. 1) and
clarified by the corresponding schematics for three representative transitions
(blue: ν̃ = 0 cm−1 [ZPL], red: ν̃ = 240 cm−1 and black: ν̃ = 850 cm−1) as
discussed in the text.

Microresonator-Controlled Excitation of Molecular Vibrations

The influence of the mirror spacing on single molecule fluorescence spec-
tra of terrylene is shown in Fig. 28(b) for three different molecules. Three
representative transitions are marked by colored dots:

(I) The ZPL (blue dots) was set as the origin of the wavenumber scale.
The relaxation into the molecular electronic ground state accompanied by
excitation of a molecular vibration S1,0 → S0,1 is marked by (II) red dots for
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the long-axis stretch vibration of the whole molecule around ν̃ = 240 cm−1

and (III) a black dot for the ring breathing vibration at ν̃ = 850 cm−1.

The oscillatory strengths of the respective radiative transitions in free
space are given by the overlap between the vibronic wave functions of elec-
tronic excited and ground state and are indicated in the schematic diagrams
in Fig. 28(b) by thickness of colored lines. For molecule 1 (upper spectrum),
the weak vibronic transition at ν̃ = 850 cm−1 (black dot) is coupled to the
forward mode of the microresonator, i. e. the on-axis resonance (black line
in the sketch) determined by the local mirror spacing L1. Additionally, the
emitter couples to blue-shifted off-axis resonances: Since L1 is fixed, the blue-
shifted transitions compensate a decreased λ by an increased ϑ (see Eqn. 1).
By reducing L, we observed that vibronic lines in the measured spectra of
detected molecules were cut successively from the red side of the spectrum:
For molecule 2 at L2 (middle spectrum), only the long-axis stretch vibra-
tion around ν̃ = 240 cm−1 is visible in the spectrum. The purely electronic
transition is still coupled to an off-axis resonance of the microresonator as
indicated in the corresponding schematic. Further reducing the mirror spac-
ing to L3 allows addressing molecule 3 (lower spectrum). Here, the strong
ZPL is on resonance with the forward mode of the microresonator and re-
mains as the only significant feature in the measured spectrum. The spectral
width of the ZPL was found to display the instrument response function of
our spectrometer having a width of FWHMirf ≃ 0.4 nm for a grating with
600 grooves per mm. Note, that the spectral width of the ZPL and can
reach lifetime-limited values, depending on the host matrix [9]. In chapter 8,
we will investigate the temporal coherence properties of the microresonator-
controlled single molecule fluorescence emission as shown in the lower spec-
trum of Fig. 28(b) by means of interferometric spectroscopy.

We show now that the spectral isolation of the purely electronic transi-
tion is accompanied by the suppression of radiative relaxation into excited
vibronic levels of the electronic ground state. In the upper panel of Fig. 29,
the relative rates ΓSpE/ΓSpE,0 calculated for the transition frequencies marked
in Fig. 28(b) are shown assuming the molecular transition dipole to be lo-
cated in the center of the microresonator and oriented parallel to the mirrors.
The theoretical approach is discussed in more detail in chapter 3. Since the
ZPL positions of terrylene molecules were found to be spectrally dispersed
due to strong inhomogeneous broadening [9], we assume the ZPL to be spec-
trally located at λmax = 600 nm, a typical value observed in our experiments.
For L around 153 nm corresponding to L1 as shown in Fig. 28(b), the rate
ΓSpE is enhanced for all three transitions with respect to the free-space val-
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Figure 29: (Upper panel) Calculated relative SpE-rates for the transitions
marked in Fig. 28(b) by colored dots assuming the ZPL spectrally located at
λmax = 600 nm (blue curve). The red curve for λmax = 608 nm corresponds
to the molecular transition occurring at ν̃ = 240 cm−1 and the black curve
for λmax = 632 nm corresponds to the molecular transition occurring at ν̃ =
850 cm−1. (Lower panel) Relative enhancement γ of the ZPL with respect
to three representative transitions occurring at ν̃ = 240 cm−1 (corresponding
to the curve for λmax = 608 nm), ν̃ = 850 cm−1 (λmax = 632 nm) and ν̃ =
1560 cm−1 (λmax = 662 nm) as discussed in the text.

ues ΓSpE,0, i. e. the corresponding SpE-rates in a comparable sample without
silver mirrors. By varying L, the radiative rates can be tuned: For L around
145 nm, which corresponds to L2 in Fig. 28(b), the excitation of the ring
breathing vibration (black curve) is already suppressed while excitation of
the long-axis stretch vibration (red curve) is still enhanced with respect to
free space. Finally, for L below 140 nm (reflected by grey shaded area in the
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upper panel of Fig. 29) which corresponds to L3 in Fig. 28(b), all radiative
transitions with exception of the purely electronic transition are suppressed
with respect to free space (see also Fig. 28(a)).

In the lower panel of Fig. 29, the enhancement factors γ of the ZPL with
respect to the vibronic transitions at ν̃ = 240 cm−1 (corresponding to the
curve for λmax = 608 nm in the upper panel of Fig. 29), ν̃ = 850 cm−1 (λmax

= 632 nm) and ν̃ = 1560 cm−1 (λmax = 662 nm) are shown. The curves were
calculated by dividing the relative rate ΓSpE/ΓSpE,0 of the purely electronic
transition by the relative rates of the respective electronic-vibronic transi-
tions as function of L. While the maximum ZPL-enhancement with respect
to the low-frequency transition at ν̃ = 240 cm−1 is rather small (γ = 1.5 at L
= 140 nm), it reaches almost one order of magnitude for the high-frequency
transition at ν̃ = 1560 cm−1 (γ = 9.1 at L = 144 nm). As a result, a
large spectral separation between distinct vibronic transitions supports their
selective enhancement and inhibition by means of the microresonator. The
difference of around 10 nm between the mirror spacings for maximum output
efficiency and the maximum rate ΓSpE, respectively, for a specific transition
is a fundamental property of λ/2-microresonators and is described in detail
in chapter 5.

We now put our findings in the context of recent results reported in the
literature:

1. As an improvement of the single-molecule based single photon source
operating at low temperatures [93, 94], utilization of a λ/2-microre-
sonator as reported here allows for controlling ΓSpE and the strong
and spectrally narrow zero-phonon line emission can be brought on
resonance with the forward mode of the microresonator. As a result, the
emitted fluorescence photons are strongly directed and can be collected
and coupled to optical fibres with increased efficiency. For larger L,
angular separation of distinct transitions enables experimental studies
of coherence properties of microresonator-controlled on- and off-axis
emission [95] and the resulting radiation pattern could be imaged for
individual dipole emitters in a λ/2-microresonator for the first time.

2. The coupling of nearly monochromatic fluorescence emission from a
single molecule to a single cavity mode of a microresonator can be
considered as an important step towards the realization of a single
molecule dye laser [96].

3. The modification of single molecule fluorescence pattern and lifetimes,
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respectively, near metal mirrors [97,98] rely predominantly on the non-
radiative excited state energy transfer to the metal mirrors. In this
case, no significant wavelength-selective enhancement or inhibition of
molecular radiative rates can be achieved.

7.4 Vibronic Coupling and Raman Scattering

In the following, we discuss the coupling between vibrational degrees of free-
dom of molecular nanostructures and photonic modes of the λ/2-microre-
sonator. As a model system, we have used single-walled carbon nanotubes
(SWNT) and have investigated the microresonator-controlled Raman scat-
tering at room temperature. The vibronic modes of SWNT are commonly
called phonon modes in the literature and we will follow this convention here.

Microresonator-Controlled Raman Scattering Intensities

In Fig. 30(a), a confocal microscopy image of SWNT homogeneously dis-
tributed in a thin film of PMMA is shown. The Raman-spectrum (inset in
Fig. 30(a)) measured on bright spots exhibit the well-known phonon modes of
SWNT, i. e. the radial breathing mode (RBM), the disorder-induced phonon
mode (D) as well as its overtone (G’) and the CC stretch vibration (G) [99].

Using the same PMMA-nanotube solution as a medium between the silver
mirrors of the λ/2-microresonator, we found that the scattering intensities for
specific phonon modes of SWNT are determined by the mirror spacing. For
each pixel of the image shown in Fig. 30(b), a spectrum was taken and the
measured scattering intensities for the RBM-mode were subtracted from the
measured scattering intensities for the G-mode to obtain the image contrast.
As a result, two sectors of spatially separated concentric circles appeared:
SWNT become visible, where a characteristic phonon mode (see inset in
Fig. 30(a)) is on resonance with the microresonator. The bright inner fringe
originates from SWNTs showing strong RBM scattering intensities, the dark
outer fringe stems from SWNTs showing strong G band intensities.

This demonstrates that our λ/2-microresonator can be used as an micro-
spectrometer with single molecule sensitivity (see also chapter 2) having an
upper limit for the spectral resolution determined by the spectral width of
the local forward mode of the microresonator.

It should be mentioned, however, that the different shapes and sizes of
the bright spots in the Raman images (see Fig. 30(a) and (b)) as well as the
fact that we did not isolate SWNTs in the sample solution before preparing
the microresonator indicates rather observation of nanotube bundles with
varying size than observation of spatially isolated individual SWNT.
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Figure 30: (a) Raman microscopy image of single-walled carbon nanotubes
(SWNT) dispersed in a thin film of PMMA. (Inset) Raman spectrum of
SWNT taken from one of the bright spots in (a). (b) Raman microscopy
image of the same sample as shown in (a) but enclosed between the mirrors
of a λ/2-microresonator. Strong scattering intensities show up where the
frequencies of the G-mode (dark outer ring) and the RBM-mode (bright
inner ring) are on resonance with the structure. The direction of increasing
mirror spacing L(x, y) is indicated by the black arrow. The colored circles
mark the positions where the spectra shown in (c) were acquired. (c) Energy
level diagram of Raman transitions selected by the microresonator. A typical
measured on-axis transmission spectrum of the microresonator (grey curve)
is overlapped with the respective Raman bands to improve clarity. Each
of the spectra measured for SWNTs located at different mirror spacings L
(blue line: RBM anti-Stokes, red line: RBM, black line: G) consists of an
isolated Raman band. Note, that the spectra shown in (c) were acquired
with a low-resolution grating having 300 grooves per mm.
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In Fig. 30(c), the corresponding energy level diagram is shown. It consists
of three representative spectra taken from the positions marked by circles in
Fig. 30(b). As determined by the local mirror spacing L(x, y), each Raman
spectrum of SWNT consists of a single Raman band (blue: RBM anti-Stokes,
red: RBM , black: G) which is on resonance with the forward mode of the mi-
croresonator as indicated by the on-axis transmission spectrum (grey curve)
shown in Fig. 30(c). The maximum of the on-axis transmission spectrum
was overlapped with the maxima of the respective Raman bands to improve
clarity.

Microresonator-Controlled Raman Scattering Rates

We now discuss the L-dependence of the relative Raman scattering cross
section σ/σ0 for the three phonon modes as shown in Fig. 30(c). For large
L around 185 nm, the scattering rates for all three phonon modes (blue line:
RBM anti-Stokes, red line: RBM and black line: G) are enhanced as com-
pared to the respective cross sections in free space σ0, i. e. the scattering
cross section in a comparable sample without silver mirrors. Here, the excel-
lent spectral isolation of the G-band (black spectrum) results from the high
scattering cross section for the G mode in free space (see inset Fig. 30(a))
and a suppressed detection efficiency for the RBM bands which are coupled
to off-axis resonances of the microresonator in analogy to the situation shown
in the upper panel of Fig. 28(b).

For L around 165 nm, scattering rates for both RBM Stokes and anti-
Stokes modes are still enhanced while the relative scattering cross section for
the G-mode is already suppressed with respect to free space. The spectral
selectivity for the RBM-mode (red spectrum) results from both suppressed
G-band scattering and reduced off-axis detection efficiency for the RBM anti-
Stokes signal which was also observable for some SWNT.

For L below 160 nm, we found SWNT having enhanced scattering rates
for the RBM anti-Stokes mode while the corresponding Stokes signal is al-
ready slightly suppressed with respect to free space.

It should be mentioned that we also found indications for weak Raman
scattering at D and G’ frequency, respectively. However, due to the poor Ra-
man scattering intensity of the D-band in free space (see inset in Fig. 30(a))
and the off-resonant pump in the case of the G’-cavity-resonance, the scat-
tering signal is weak compared to RBM and G, as expected.
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Cooling of SWNT in a Planar λ/2-Microresonator

We now discuss the potential of the λ/2-microresonator for optical cooling
of SWNT, i. e. removing vibrational energy from a SWNT that is initially
in thermal equilibrium with its local environment.

Due to the large number of atoms, SWNT offer various degrees of freedom
and hence, unlike atoms, efficient internal relaxation pathes that compete
with the radiative relaxation. These internal relaxation channels cannot be
controlled by the microresonator. In particular, the extremely low photolu-
minescence quantum yield of SWNT further deteriorates the energy balance:
Almost every photon absorbed by SWNT will be converted into heat.

On the other hand, cooling of a specific phonon population, for example
the RBM, could be favored by the presence of the λ/2-microresonator: In
this scheme, the laser energy would be tuned on resonance with the anti-
Stokes transitions, i. e. Eii − h̄ωRBM , of a specific SWNT [100] that is also
on resonance with the local forward mode of the microresonator. Depending
on the excitation field density, we expect a dynamical equilibrium between
the phonon bath and the RBM population that is reduced by the anti-Stokes
Raman transition. Experimentally, this mode-selective cooling phenomena
could be demonstrated by measuring a sub-linear power dependence of the
RBM anti-Stokes scattering intensity.

Microresonator-Controlled Photoluminescence of SWNT

For larger mirror spacings around L = 280 nm, we observed microresonator-
controlled bandgap-photoluminescence (PL) from SWNT in absence of any
Raman scattered light in the measured spectra. Since use of SWNT as pho-
tonic elements is still limited by the poor PL quantum yield, utilizing λ/2-
microresonators can help to improve their PL-efficiency by enhancing the
radiative exciton decay rate [18].

7.5 Summary and Conclusion

In summary, we demonstrated that an optical λ/2-microresonator gives ac-
cess to vibrational motion of single embedded molecules and nanostructures.
The coupling of molecular vibrations to the photonic mode structure of the
microresonator is determined by the vibronic spectrum of the molecule and
the mirror spacing L.

The coupling of the purely electronic radiative transition of a single
molecule to the forward mode of the microresonator can be considered as
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an advance for single photon sources based on single molecules and as an
important step towards realization of a single molecule dye laser.

Our findings can be transferred directly to design advanced photonic de-
vices as well as ultra sensitive integrated micro-spectrometers. The presented
results should have impact on the fields of single molecule spectroscopy, quan-
tum optics, laser physics and nanophotonics.
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8 Single Molecule Fourier Spectroscopy

In this chapter, we analyze the correlation between the spectral shape and

the temporal coherence of fluorescence emission of single dye molecules em-

bedded in a planar λ/2-microresonator. Low temperature studies reveal the

influence of typical single molecule fluorescence features like intensity blink-

ing and spectral diffusion on the visibility of two-beam interference pattern

measured with a Michelson interferometer. By comparison with spectroscopic

data that was acquired with a grating spectrometer, we demonstrate the ap-

plicability of Fourier transform spectroscopy for unstable emitting molecules.

Moreover, we show how the phonon sideband accompanying the narrow molec-

ular zero-phonon emission line affects the visibility of interference fringes.

This chapter is based on:

M. Steiner, R. Korlacki, A. Hartschuh, and A. J. Meixner, ”Single Molecule
Fourier Spectroscopy,” (in preparation).
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8.1 Introduction

Single photon sources (SPS) emitting optical wave trains containing only
a single photon have recently attracted considerable scientific interest and
they have numerous applications in spectroscopy and quantum optics, see
e. g. [101] and references herein. It was shown that Fourier spectroscopy is a
proper tool for investigating the temporal coherence properties of single pho-
ton fluorescence emission from single quantum mechanical emitters (QME)
in solids [102].

Single dye molecules, in particular, embedded in solid or condensed host
matrices were found to fulfill the necessary condition for true SPS: The inten-
sity correlation function g(2)(τ) (see Eqn. 7) measured from single molecule
fluorescence emission exhibits photon-antibunching on the time scale of the
fluorescence lifetime (see e. g. [6,23–25,27] and inset in Fig. 27(b)), i. e. there
is a diminishing probability for emission of two fluorescence photons at the
same time. Just recently, it was reported that the spectrally isolated zero-
phonon line emission of single dye molecules embedded in a crystalline matrix
and cooled to cryogenic temperatures is a proper source of indistinguishable
photons having coherence times in the nanosecond regime [93,94].

On the other hand, it turned out that at least three radiative properties
of single dye molecules complicate their investigation by means of interfer-
ometric spectroscopy and limit their application in quantum optical experi-
ments [23,93,94,101]:

1. The fluorescence spectra of single molecules at cryogenic temperatures
consist of several emission lines reflecting the vibronic structure of the
molecule. Hence, in any interferometric experiment, single molecule
fluorescence emission has to be spectrally filtered additionally to pre-
vent a rapid decay of temporal coherence of the emitted radiation.

2. The dipole emission of molecules in free space is almost isotropically
and only a fraction of the fluorescence photons can be collected.

3. The onset of typical single molecule radiative fluctuations like reversible
and irreversible photobleaching as well as spectral shifting disturbs or
terminates any subsequent single photon experiment.

Embedding single molecules in a λ/2-microresonator could help to over-
come the first two problems: The microresonator-controlled fluorescence
emission is spectrally redistributed, i. e. filtered, and strongly redirected
with respect to the collection optics (see chapter 7).
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The radiative fluctuations of single molecules, however, cannot be reduced
by the microresonator since they result from the interaction of the molecule
with its local dielectric environment, i. e. the host matrix, which serves as a
medium between the resonator mirrors (see chapter 2). In contrast to clas-
sical light sources and spectrally stable QME, e. g. atoms in the gas phase
and color centers in solids [102–104], we therefore expect strong distortions
of interference pattern.

Up to now, however, experimental investigations of how the radiative
originalities of single molecule fluorescence emission affect the application of
Fourier spectroscopy or, in other words, the quality of two-beam interference
fringes, are lacking in the literature.

8.2 Experimental

The microresonator samples consisted of two resonator mirrors M1,2 with a
silver film thickness of 30 nm and 60 nm, respectively, resulting in a cavity-Q
around 50 in the λ/2-regime (see chapter 2). A transparent polymer (npol

= 1.56) doped with uniformly distributed and randomly oriented terrylene
molecules (for structural formula see Fig. 26(a)) in low dopant concentrations
(cterrylene ≃ 10−8 mol/l) served as an active medium between the resonator
mirrors.

Measurements were performed with the low temperature setup described
in chapter 1.3 and sketched in Fig. 2. For recording interferograms, the setup
was equipped with a Michelson interferometer as introduced in chapter 1.3
and shown in Fig. 3(b).

8.3 Spectral Width and Temporal Coherence

To discuss the correlation between the spectral shape and the temporal co-
herence properties of microresonator-controlled single photon fluorescence
emission, we need to briefly review the underlying physical principals.

The coherence length lc of a single photon which is emitted by a single
QME is given by the coherence time τc = lc/c of the excited state that obeys
Heisenberg’s uncertainty principle ∆E ·τc ≥ h/2π. Here, τc can be considered
as both the dephasing time of the emitting excited state and the duration of
the emitted wave train associated with the photon [102]. The phase and the
number operators of photons do not commute [88] and the elongation of the
wave train τc and its energy uncertainty ∆E cannot be measured for a single
photon. For repeated excitation emission cycles of a single QME, however,
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it was demonstrated that τc and ∆E become experimentally accessible. In
particular, τc could be derived from the envelope of a two-beam interferogram
which is related to the first order correlation function [88]

g(1)(τ) = 〈E(t + τ)E∗(t)〉/〈E2(t)〉 (9)

where E is the electric field associated with the emitted photons. The
interferogram was measured on the output port of a Michelson interferometer
by time-averaged detection of consecutive single fluorescence photons emitted
by the same QME [102,105].

This implies, on the other hand, that the coherence properties of single
photons emitted by single QME can be derived from their time-averaged
measured energy distribution, i. e. the power spectrum 〈I(ω)〉, since the real
part of g(1)(τ) and I(ω) are associated via Fourier transform by the Wiener-
Khinchin-Theorem [40].

If the QME is located inside a microresonator which restricts the spectral
shape of the outcoupled emission, the coherence properties of the emitted
photons are no longer only determined by the dephasing time of the excited
state of the QME: They strongly depend on the characteristic decay time of
the microresonator or, in other words, its photon storage time. As a result,
the microresonator filters the statistical fluctuations of embedded QME [95].

As it was discussed in chapters 2 and 4, the free-space fluorescence spectra
of single molecules at room temperature show strong homogeneous spectral
broadening and exceed the spectral width of the transmission profile of the
microresonator (see Fig. 11 and Fig. 19). In this case, the microresonator de-
termines the spectral shape of the microresonator-controlled single molecule
fluorescence emission and we were able to resolve its spectral width experi-
mentally. Hence, the coherence length lc of the fluorescence emission can be
derived from the measured spectra by Fourier transform and we estimated a
1/e-value of lc ≃ 13.5 µm which corresponds to τc = 45 fs for the case shown
in the lower panel of Fig. 11.

In contrast, at T = 1.8 K, the single molecule fluorescence emission con-
sist of several vibronic lines which are considerably narrower than the trans-
mission spectrum of the microresonator (see Fig. 28(b)). In the following,
we investigate the simplest case as sketched in Fig. 28(a) and shown in the
lower panel of Fig. 28(b) where the zero-phonon line (ZPL), i. e. the nar-
rowest fluorescence line corresponding to the purely electronic transition (see
also chapter 7), is on resonance with the forward mode of the microresonator
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and remains as the only significant spectral feature in the microresonator-
controlled emission spectrum. In our measured fluorescence spectra, the
spectral width of the ZPL always displays the instrument response function
of our spectrometer having a width of FWHMirf ≃ 0.15 nm for a grating
with 1200 grooves per mm. Since the transmission spectrum of the microreso-
nator is broad compared to the fluorescence emission of embedded molecules,
the coherence properties of microresonator-controlled single molecule fluores-
cence are expected to be predominated by the coherence properties of the
emitter [95]. The upper limit of the coherence time τc of the emitter, i. e. a
single terrylene molecule, is given by the microresonator-controlled fluores-
cence lifetime (see also chapter 3) which was measured to be τmeas ≃ 2 ns in
the present case (see also inset Fig. 27(b) in chapter 7).

As already mentioned before, single molecules were found to exhibit
strong intensity fluctuations on timescales between milliseconds and seconds
even at cryogenic temperatures (see Fig. 27(a)) as well as spectral jumps
of the ZPL within a range of up to a few nanometers which occur on the
timescale of seconds. Hence, we expect that the time-averaged two-beam
interferograms acquired on single dye molecules depend strongly on the data
acquisition time and that the quantification of lc and τc, respectively, as well
as the derivation of Fourier transform spectra from experimental interfero-
grams might be complicated.

8.4 Single Photon Two-Beam Interference

Assuming a monochromatic, parallel light beam entering a Michelson inter-
ferometer, the intensity distribution on the detector is given by

I(z) = 2r2t2〈I(t)〉{1 + V (z)cos[2πν̃(z − zo)]} (10)

where r and t are the reflection and transmission coefficients, respec-
tively, of the beam splitter and 〈I(t)〉 is the time-averaged intensity of the
monochromatic plane wave with wave number ν̃ = 1/λ guided through the
interferometer. The visibility of interference fringes V (z) is defined as

V (z) =
Imax − Imin

Imax + Imin

(11)

where Imax and Imin are adjacent intensity maxima and minima, respec-
tively, of the interferogram acquired as function of the displacement z/2 of
the moving interferometer mirror (see Fig. 3(b)). Note, that V (z) is the en-
velope of the overall interferogram and a direct measure for the modulus of
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Figure 31: (a) Two-beam interferograms (lines) measured for the excitation
laser (λlaser ≃ 570 nm) and the single molecule fluorescence emission at T =
1.8 K (λmolecule ≃ 600 nm), respectively, around zero path difference of the
interferometer (ZPD, z = 0) as discussed in the text. The integration times
per data point were 20 ms and 50 ms, respectively, for the laser interferogram
and the single molecule interferogram. The laser interferogram is offset by 75
photon counts with respect to the single molecule interferogram to improve
clarity. (b) Magnified section of the single molecule interferogram (circles)
as indicated by the grey shaded area in (a). The interference fringes are
distorted due to strong intensity fluctuations in the fluorescence emission of
the observed molecule. A fit to the data (line) according to Eqn. 10 is also
shown.

the first order coherence function g(1) (see Eqn. 9) and hence lc and τc, re-
spectively [40]. The offset zo accounts for an asymmetry between both paths
of the interferometer introduced by the beam splitter cube: We found that
white light reference interferograms measured with our interferometer show
a slight asymmetry with an intensity minimum, i. e. a dark fringe, in the
center [106]. For the spectrally narrow radiation investigated in the follow-
ing, we neglect this asymmetry. Nevertheless, we refer to zero delay z = 0
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between the two pathes in the interferometer as zero path difference (ZPD)
which was chosen to be the position of the intensity minimum in the center
of the single molecule interferogram shown in Fig. 32. For acquiring double
sided interferograms, the ZPD was tuned to the center of the total scanning
range. Hence, the maximum difference between the two light pathes inside
the interferometer was zmax = 100 µm which corresponds to a delay time
τmax = 0.33 ps assuming vacuum velocity of light.

In Fig. 31(a), two interferograms measured for the excitation laser (upper
curve, λlaser ≃ 570 nm) and the single molecule emission (lower curve, λmol

≃ 600 nm), respectively, are shown for small path differences z. A constant
offset of 75 photon counts was added to the laser interferogram in the figure
to allow for comparison. Due to the small step width ∆z ≃ 6 nm between
adjacent data points, we could clearly resolve the interference fringes: Both
curves show cosine modulation as expected for monochromatic two-beam in-
terferograms (see Eqn. 10). The maximum visibility derived from measured
laser interferograms was Vmax(z) = 0.95 ± 0.02. For low detector count
rates, Imin and hence V was found to be limited by the dark count rate of
the detector, i. e. ΓD ≃ 50 Hz. The different integration times for the in-
terferograms shown in Fig. 31 were accounted by adding the corresponding
detector dark counts to the laser interferogram before fitting the data with
a model function according to Eqn. 10. The fits show excellent agreement
with the measured curves and we obtained Vlaser(z) = (0.84 ± 0.01) and
Vmolecule(z) = (0.71 ± 0.02), respectively (see also Eqn. 11). The large differ-
ence between the emission wavelengths of the laser and the molecule (around
30 nm) result in a decreasing overlap between both interferograms becoming
obvious around zmax = ± 3 µm.

In the z-regime between -3 µm and -1.5 µm (grey shaded area in Fig. 31(a)),
the interferogram measured on the molecule exhibits strong intensity fluctu-
ations. This part of the interferogram is shown in Fig. 31(b) together with
a fit according to Eqn. 10. Here, the cosine fringes are distorted and deviate
clearly from both the fit function and the laser interferogram.

As a result, we found that the interferograms measured for laser light
and microresonator-controlled single molecule fluorescence emission around
z = 0 could not be clearly distinguished by their visibility V (z). This means
that at least for small z (or τ) the correlations of the respective optical
fields expressed by g(1)(τ) (see Eqn. 9) are nearly the same for both the
laser light and the single molecule fluorescence emission while their intensity
correlations given by g(2)(τ) (see Eqn. 7) differ significantly (see inset in
Fig. 27(b)).

In particular, the two-beam interferograms were found to be insensitive
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Figure 32: Section of a double sided interferogram (line) measured on a
single terrylene molecule embedded in the microresonator at T = 1.8 K as
discussed in the text. The dashed lines indicate the decay of visibility V (z)
of the interferogram with increasing delay z.

to small spectral jumps as observed in the molecular fluorescence emission
with our grating spectrometer: An intermediate shift of the emission wave-
length around one nanometer could not be recognized from the measured
interferograms because of the small path difference z in the interferometer,
as expected.

In Fig. 32, a section from a double sided interferogram offering larger
delays z is shown. It was acquired from the same molecule which was inves-
tigated above (see Fig. 31). The cosine modulations are partially distorted
due to intensity fluctuations of the single molecule. Surprisingly, the enve-
lope of the overall interferogram shows a decay of the visibility V (z) (see
Eqn. 11) on this z-scale as indicated by the dashed lines which serves as a
guide to the eye. From the spectral width of the ZPL as measured with our
grating spectrometer, we would not expect a noticeable decay of V(z) within
the total scanning range zmax of our interferometer.

In the following, we demonstrate that this fast decay of V (z) is inferred
by an additional spectral component in the microresonator-controlled single
molecule fluorescence spectrum, i. e. the phonon side band accompanying
the ZPL on the red side of the spectrum.
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8.5 Zero-Phonon Line, Phonon Wing and the Debye-

Waller factor

In Fig. 33(a), a fluorescence spectrum (circles) of a single terrylene molecule
embedded in the microresonator is shown, offering excellent signal to noise
ratio. The mirror spacing is tuned on resonance with the purely electronic
transition S1,0 → S0,0 of the terrylene molecule and the measured spectral
width of the ZPL displays the instrument response function of our spectrom-
eter.

Obviously, the measured spectrum consists not only of the ZPL: An ad-
ditional feature, i. e. the so-called phonon wing, directly follows the ZPL
on the red side of the spectrum and extends over a spectral range of around
5 nm having a width of approximately 2.5 nm as indicated in Fig. 33(a).
The phonon wing originates from residual electron-phonon coupling between
the molecule and the host matrix [9]. Due to the large spectral width of
the on-axis transmission spectrum of the microresonator (dots, FWHM =
14 nm), it was not possible to spectrally isolate the ZPL of single terrylene
molecules from the red-shifted phonon wing by means of the microresonator:
If the ZPL is on resonance with the forward mode of the microresonator,
the phonon wing also inevitably fits into the resonance window that is deter-
mined by the spectral width of the local on-axis transmission profile.

From a set of spectra comparable to that one shown in Fig. 33(a), we
derived a Debye-Waller factor FDW = IZPL/(IZPL + IPW ) = 0.5± 0.1, where
IZPL is the measured integrated intensity of the ZPL-emission and IPW is
the measured integrated intensity spectrally dispersed over the red-shifted
phonon wing. Neglecting residual contributions of incompletely suppressed
vibronic lines at higher emission wavelengths, the derived FDW -value im-
plies that on average only every second detected photon belongs to the
spectrally narrow ZPL emission. Hence, if the ZPL emission is not spec-
trally isolated from the entire microresonator-controlled emission including
the phonon wing, the coherence properties of the radiation are strongly in-
fluenced by the large spectral width of the phonon wing and, as a result, V
decays rapidly with increasing z. It should be remarked that a comparable
decay of the visibility of two-beam interference fringes induced by the phonon
sideband was already observed in the low temperature fluorescence emission
of a single nitrogen-vacancy defect in diamond [102].
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Figure 33: (a) Grating spectrum (grating: 600 grooves per mm) of
microresonator-controlled fluorescence emission of a single terrylene molecule
(circles) offering high signal to noise ratio. The purely electronic transition
appears in the spectrum as the zero-phonon line (ZPL) which is on-resonance
with the forward mode of the microresonator as indicated by a measured on-
axis transmission profile (dots). The phonon wing accompanying the ZPL
also fits in the resonance window of the microresonator. (b) Fast Fourier
Transform spectrum (FFTS) (grey histogram bars) obtained from a laser
interferogram as discussed in the text. To improve clarity, the sampling
points of the FFT spectrum are additionally marked by dots and connected
with lines. (c) FFT spectrum (grey histogram bars) obtained from an in-
terferogram acquired on the microresonator-controlled fluorescence emission
of a single terrylene molecule at T = 1.8 K clearly exhibiting the significant
spectral features, i. e. the ZPL and the phonon wing (see also (a) for com-
parison). Two representative high-resolution grating spectra (grating: 1200
grooves per mm) acquired from the same molecule (dots, circles) are also
shown indicating the intensity fluctuations and the spectral jumps, respec-
tively, of the ZPL emission.

8.6 Single Molecule Fourier Transform Fluorescence

Spectra

We now discuss the applicability of Fourier transform spectroscopy for un-
stable fluorescing molecules by comparing the spectrum obtained from a
measured single molecule fluorescence interferogram with the corresponding
spectroscopic data acquired with a grating spectrometer.

In Fig. 33, Fast Fourier Transform (FFT) spectra are shown calculated
for both a double sided laser interferogram (Fig. 33(b), λlaser ≃ 594 nm) and
a double sided single molecule fluorescence interferogram (Fig. 33(c), λmol

≃ 600 nm). The delay z extended from -100 µm to +100 µm and 2048
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data points were acquired for each interferogram which resulted in a step
width ∆z ≃ 100 nm. After applying FFT to the interferograms, we obtained
the corresponding power spectra I(ν̃) with a step width of ∆ν̃ = 50 cm−1.
The FFT spectra were normalized to their respective intensity maximum. In
the following, we refer the FFT spectra to a wavelength scale to compare
them with spectroscopic data acquired with a grating spectrometer. For the
acquisition parameters mentioned above, the FFT spectrum obtained from
the laser interferogram (see Fig. 33(b)) can be considered as the measured
instrument response function of our Fourier spectrometer. The intensity in
the spectrum was found to spread over two FFT channels, i. e. two data
points in the FFT spectrum, which are represented by grey histogram bars.
To improve clarity, the positions of FFT channels are additionally marked
by dots and connected with lines. For the spectral range around 590 nm, we
found that the spectral width of the measured instrument response function
is around 3.5 nm as indicated by arrows in Fig. 33(b).

In contrast, the FFT spectrum obtained from the interferogram measured
on the single terrylene molecule exhibits two contributions: The ZPL and
the red-shifted phonon wing are spectrally resolved and clearly visible in the
spectrum as can be seen in Fig. 33(c). The ZPL has a spectral width of
around 3.5 nm in good agreement with width of the measured instrument
response function, i. e. the laser line in the FFT spectrum (see Fig. 33(b)).
The phonon wing spectrally extends over 6 nm in good agreement with the
value obtained from the grating reference spectrum shown in Fig. 33(a).

Although we observed strong intensity fluctuations distorting the single
molecule interferogram (see Fig. 32), the FFT spectrum resembles well the
relative spectral distribution of the ZPL and the phonon wing as can be seen
by comparison with the reference grating spectrum shown in Fig. 33(a). The
Debye-Waller factor FDW = 0.6±0.1 estimated from the single molecule FFT
spectrum (see Fig. 33(c)) nicely agrees with the values derived from grating
spectra as discussed above.

To confirm the spectral position of the ZPL as it was observed in the
FFT spectrum, we measured series of high resolution fluorescence spectra
on the same molecule using the grating spectrometer. Two respresentative
grating spectra (dots, circles) are shown for comparison in Fig. 33(c). Both
spectra were normalized to the intensity maximum occurring in the dotted
spectrum to highlight the intensity fluctuations in the ZPL emission. We
found that the spectral position of the ZPL as measured with the grating
spectrometer exactly fits to the position of the intensity maximum of the FFT
spectrum as can be seen in Fig. 33(c). Due to the high spectral resolution
of the grating spectrometer, we could clearly resolve small spectral jumps
of the ZPL position up to ± 1 nm occurring on the time scale of seconds.
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Obviously, these spectral jumps are not observable in the FFT spectrum
since the spectral resolution is too small.

In the case of the grating spectra shown in Fig. 33(c), the high spectral
resolution (grating: 1200 grooves per mm) is gained at the cost of the sig-
nal to noise ratio: Compared to the spectrum shown in Fig. 33(a) which
was measured with lower spectral resolution (grating: 600 grooves per mm),
the signal to noise ratio is not sufficient to reveal the red-shifted phonon wing.

As a result, we found that single molecule Fourier spectroscopy deliv-
ers reliable power spectra, even if the measured interferograms suffer from
the strong intensity fluctuations of the observed molecule. If the frequency
jumps occurring in single molecule fluorescence emission are below the spec-
tral resolution of the Fourier spectrometer, they do not affect the quality of
the power spectra obtained by FFT.

8.7 Beating induced by the Phonon Wing

We now compare the visibility V (z) of the laser interferogram and the sin-
gle molecule fluorescence interferogram for z ranging from 0 µm to 100 µm
corresponding to delay times τ between 0 ps and 0.33 ps.

In Fig. 34, V (z) is shown for the laser interferogram (diamonds) and,
separately, for both sides of the single molecule interferogram (dots, cir-
cles). Additionally, the visibility of a background fluorescence interferogram
(squares) acquired at T = 160 K with a fast exponential decay (dotted line) is
shown for comparison. V (z) was calculated for each measured interferogram
according to Eqn. 11 as a function of the delay z.

The visibility of the laser interferogram was found to be rather constant
(around 0.85) over the entire scan range of the Michelson interferometer and
in good agreement with a linear fit to the data (line).

In contrast, as it was already discussed above (see also Fig. 32), the single
molecule fluorescence interferogram shows a fast decay of the visibility from
V (z = 0 µm) ≃ 0.7 to V (z = 20 µm) ≃ 0.3. For increasing z, V (z) increases
and exhibits a local maximum V (z = 55 µm) ≃ 0.5 until it decays again to
V (z = 100 µm) ≃ 0.4.

We assign the local maximum or, in other words, the beating occurring
in V (z), to the spectral width of the phonon wing. We proof this by Fourier
transforming a grating spectrum measured on the same molecule for long
integration times, i. e. calculating an interferogram for the respective spectral
distribution. From the calculated interferogram, we derive V (z) and the
result is shown in Fig. 34 as a dashed line: The curve samples the decay of
V (z) as derived from the measured single molecule fluorescence interferogram
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Figure 34: Visibility V derived from three representative measured interfer-
ograms as a function of the delay z between both light paths in a Michelson
interferometer. The visibility of a reference laser interferogram (diamonds)
is rather constant as can be seen from a linear fit to the data (line). The
visibility derived from a single molecule interferogram acquired at T = 1.8 K
(dots, circles) is shown together with the visibility curve of a calculated in-
terferogram (dashed line) based on a grating spectrum acquired on the same
molecule. The visibility of a fluorescence background interferogram acquired
at T = 160 K (squares) was found to be in agreement with an exponential
decay law (dotted line).

(dots, circles) and the z-positions for the beating maxima overlap well at z
around 55 µm.

We confirmed the influence of the phonon wing on V (z) by Fourier trans-
forming a set of grating spectra comparable to that one shown in Fig. 32 and
derived an estimate for V (z) for the spectrally isolated ZPL emission: The
resulting curve did not show a significant deviation from V (z) as measured
for the laser (see Fig. 34).

Obviously, there is a systematic deviation between the V (z)-curves as
derived from the measured and the calculated interferogram: For small z
ranging between 0 µm and 30 µm, the visibility of the calculated interfer-
ogram is higher than that of the measured one. In contrast, for z > 30
µm, the visibility of the calculate interferogram drops significantly below the
visibility of the measured interferogram.

We attribute these deviations to the influence of the different acquisition
procedures and data acquisition time scales: Since the width of the spectral
distribution artificially increases with observation time due to the spectral
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diffusion of the single molecule fluorescence emission, the grating spectra
acquired on the time scale of several seconds show a spectral distribution
which is broad compared to the instantaneous spectral distribution during
acquisition of an interferogram sampling point which was performed in 50
ms.

This has an important implication on the time-averaged measurement of
the coherence length lc of single photons emitted by single molecules using
Fourier spectroscopy: The data acquisition time for interferogram sampling
points has to be shorter than the time scale of the single molecule spectral
jumps. Otherwise, the time-averaging additionally reduces the visibility of
the interferogram. As a result, the measured lc-value is systematically smaller
than the value which could be obtained from the same molecule by observing
the spectrally stable emission between consecutive spectral jumps.

Finally, we discuss the temporal coherence properties of the single photon
emission as derived from the interferogram measured on the single molecule:
As can be seen in Fig. 34, V (z) does not clearly drop below 0.25 (i. e. the
1/e-value of Vmax = V (z = 0) = 0.7) in the entire z-range and hence we
can not derive lc from our experimental data maintaining high visibility of
interference fringes in the entire scan range.

On the other hand, we observed extremely high visibility of interfer-
ence fringes only within a z-range of a few micron around ZPD (see also
Fig. 31(a)). V (z) was found to decay rapidly for z approaching 20 µm (see
also Fig. 32) and exhibits beatings due to contributions of photons associated
with the broad red-shifted phonon wing.

8.8 Summary and Conclusion

In summary, we have investigated the single photon fluorescence emission of
single spatially isolated terrylene molecules embedded in a λ/2-microresonator
at T = 1.8 K with a Michelson interferometer. We examined the visibility
of two-beam interferograms which were acquired photon by photon from
the molecular zero-phonon line emission for path differences up to 100 µm,
i. e. a delay time of 0.33 ps. By comparison with grating spectroscopy, we
proofed the applicability of Fourier transform spectroscopy for fluorescent dye
molecules showing strong intensity fluctuations and spectral jumps. Within
the accessible scan range of our interferometer, the excellent visibility of the
single molecule fluorescence interferograms did not drop below the 1/e-value
of the visibility maximum of 0.7 which occurred around zero path difference,
but was found to be strongly modulated due to contributions of photons as-
sociated with the phonon wing accompanying the zero-phonon emission line.
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The experimental realization of single molecule Fourier spectroscopy as
presented here can be considered as an important step for single molecule
spectroscopy and for the investigation of the temporal coherence properties
of single photon sources based on single molecules.
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B Abstract

In this thesis, we investigate the influence of a planar optical λ/2-microre-
sonator on the Spontaneous Emission rate of embedded molecules and the
implications on the microresonator-controlled emission by means of scanning
confocal optical microscopy and spectroscopy. The experimental results are
compared with computer calculations based on existing theoretical models.

In chapter 1, we introduce and motivate the research described in this
work and define the scope of this thesis. Moreover, we give an overview
of the instrumentation used for the experiments described in the following
chapters.

In chapter 2, we present a new microresonator design which allows the
efficient detection of single molecules by measuring the molecular fluores-
cence emission coupled into resonant photonic modes. First, we discuss the
preparation and characterization of the resonator mirrors. Second, the man-
ufacturing of the microresonator and the experimental determination of its
optical properties is described. In a third step, the coupling between sin-
gle dye molecules and the longitudinal cavity mode of the resonator in the
λ/2-regime is investigated. As a result, we observe a significant spectral nar-
rowing of room temperature single molecule fluorescence emission determined
by the spectral width of the on-axis transmission spectrum of the microreso-
nator. The microresonator forms the basis for all experiments described in
the following chapters.

In chapter 3, we discuss fluorescence decay curves delivered by single dye
molecules embedded in our λ/2-microresonator. The Spontaneous Emission
rate of individual molecules was found to be enhanced by the Purcell-effect
up to 3 times compared to the Spontaneous Emission rate in free space as
determined by the mirror spacing and in agreement with predictions from
our calculations based on first order perturbation theory. The results pre-
sented in this chapter allow modeling the spectral shape of microresonator-
controlled emission as described in chapter 4 without accounting for free
parameters. Moreover, the knowledge of the Spontaneous Emission rate of
single molecules as determined by the mirror spacing of the microresonator
gives access to an important parameter for photonic applications, i. e. the
Spontaneous Emission coupling ratio of the system introduced in chapter 5.
Importantly, the radiative coupling between electronic-vibronic transitions
of single molecules and photonic modes of the microresonator in both fluo-
rescence and Raman scattering processes as discussed in chapter 7 can be
quantified using the same theoretical approach as described in chapter 3.

In chapter 4, we investigate experimentally and theoretically the spec-
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tral shape of fluorescence emission of dye molecules coupled to the photonic
mode structure of the λ/2-microresonator by varying the emitter concentra-
tion and the mirror spacing. The spectral shape of the outcoupled emission
is modeled by summing radiative on- and off-axis contributions depending on
the mirror spacing. Good agreement was found between experimental results
and simulations taking into account the complex interplay between focussed
pump field, broad free-space fluorescence spectrum of embedded molecules,
microresonator properties and detection conditions. As an important re-
sult, both the maximum spectral narrowing and the maximum output of the
microresonator-controlled fluorescence emission occur for the same mirror
spacing in our system. This finding will be further explored in chapter 5:
There, we connect the Spontaneous Emission Rate with both the output and
the Stimulated Emission properties of the microresonator-molecule system.

In chapter 5, we investigate experimentally and theoretically the fluores-
cence dynamics of dye molecules immobilized in a planar λ/2-microresonator
for varying emitter concentrations. Time-resolved spectroscopy reveals en-
hancement and inhibition of radiative rates determined by the mirror spacing
in agreement with simulation results. The maximum output efficiency was
found to occur for mirror spacings where no rate modification is observed
and coincides with the maximum of Stimulated Emission efficiency which
was probed by means of output fluctuations. In chapter 6, we will identify
isolated, unstable emitting spatial modes formed between the microresonator
mirrors as the origin of the output fluctuations mentioned above.

In chapter 6, we investigate the radiation pattern formed on the surface
of a planar λ/2-microresonator enclosing immobilized dye molecules. Us-
ing widefield imaging microscopy, we observed isolated spatial modes which
occurred randomly in the pumped microresonator area, exhibiting strong in-
tensity fluctuations. The measured upper limit for the diameter of isolated
spatial modes around 0.5 µm was found to agree with theoretical predictions
for the effective mode radius of our system. Moreover, we demonstrate the
formation and decay of a spatial double mode as a proof for the validity of
the spatial mode concept in planar microresonators.

In chapter 7, we study spatially isolated molecules and nanostructures,
respectively, immobilized in a planar λ/2-microresonator by means of fluores-
cence and Raman microscopy. In a first step, we show that single terrylene
molecules relax into microresonator-allowed vibronic levels of the electronic
ground state by emission of single fluorescence photons. Low temperature
fluorescence spectra demonstrate that the microresonator spectrally isolates
the purely electronic transition of single terrylene molecules accompanied
by suppression of radiative relaxation in excited vibronic levels of the elec-
tronic ground state. These low-temperature experiments are also the starting
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point for performing single molecule Fourier spectroscopy on dye molecules
as reported in chapter 8. In a second step, we demonstrate microresonator-
controlled Raman scattering on embedded single-walled carbon nanotubes
and discuss if utilization of a λ/2-microresonator enables cooling them.

In chapter 8, we analyze the correlation between the spectral shape and
the temporal coherence of fluorescence emission of single dye molecules em-
bedded in a planar λ/2-microresonator. Low-temperature studies reveal the
influence of typical single molecule fluorescence features like intensity blinking
and spectral diffusion on the visibility of two-beam interferograms measured
with a Michelson interferometer. By comparison with spectroscopic data that
was acquired with a grating spectrometer, we demonstrate the applicability
of Fourier transform spectroscopy for unstable emitting molecules. More-
over, we show how the phonon sideband accompanying the narrow molecular
zero-phonon emission line affects the visibility of interference fringes.
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C Zusammenfassung

In dieser Arbeit wird der Einfluss eines planaren optischen λ/2-Mikroreso-
nators auf die Spontane Emissionsrate von eingebetteten Molekülen und die
daraus resultierenden Modifikationen der molekularen Emission untersucht.
Die Experimente wurden unter Verwendung von konfokaler optischer Mikro-
skopie und Spektroskopie durchgeführt. Die dabei erzielten Resultate werden
mit den Ergebnissen von Computersimulationen und Rechnungen verglichen,
die auf der Grundlage von bekannten theoretischen Ansätzen gewonnen wur-
den.

Kapitel 1 beginnt mit der inhaltlichen Einführung und Motivation der
Arbeit. Danach erfolgt eine Abgrenzung und Erläuterung des Inhalts der
folgenden Kapitel. Abschließend wird die experimentelle Ausstattung zur
Durchführung der Messungen, die in dieser Arbeit diskutiert werden, vor-
gestellt.

In Kapitel 2 wird ein neuartiges Mikroresonator-Design vorgestellt, das
die Detektion einzelner zwischen den Resonatorspiegeln eingebetteter Mo-
leküle erlaubt. Zunächst wird die Herstellung und Charakterisierung der
Resonator-Spiegel diskutiert. Danach wird die Herstellung des Mikroreso-
nators und die experimentelle Bestimmung seiner optischen Eigenschaften
erörtert. Abschließend wird die radiative Kopplung zwischen einzelnen Farb-
stoffmolekülen und der longitudinalen photonischen Mode des λ/2-Mikro-
resonators untersucht. Durch diese Kopplung wird die spektrale Breite der
Fluoreszenzemission einzelner Moleküle reduziert, und zwar auf die spektra-
le Breite des axialen Transmissionspektrum des Mikroresonators. Der hier
vorgestellte Mikroresonator bildet die Basis für sämtliche in dieser Arbeit
beschriebenen Experimente.

In Kapitel 3 werden Fluoreszenzzerfallskurven analysiert, die an einzelnen
innerhalb des λ/2-Mikroresonators räumlich isolierten und immobilisierten
Farbstoffmolekülen gemessen wurden. Die Spontane Emissionsrate einzelner
Moleküle ist durch den Purcell-Effekt gegenüber dem Referenzwert ohne Re-
sonatoreinfluss um bis zu dreifach erhöht und wird duch den Abstand der
Resonatorspiegel bestimmt. Die experimentellen Ergebnisse zeigen dabei eine
gute Übereinstimmung mit theoretischen Vorhersagen, die auf quantenme-
chanischer Störungstheorie erster Ordnung basieren. Die hier vorgestellten
Ergebnisse erlauben die Berechnung der vom Mikroresonator modifizierten
spektralen Form der molekularen Emission ohne die Berücksichtigung freier
Parameter (siehe Kapitel 4). Des Weiteren ermöglicht die Kenntnis der Spon-
tanen Emissionsrate einzelner Moleküle als Funktion des Spiegelabstands im
Mikroresonator auch die Bestimmung einer wichtigen Kenngröße für pho-
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tonische Anwendungen, nämlich des Kopplungsverhältnisses der Spontanen
Emission für dieses System (siehe Kapitel 5). Darüber hinaus kann mit dem
hier vorgestellten Ansatz auch die radiative Kopplung zwischen wohldefinier-
ten elektronisch-vibronischen Übergängen einzelner Moleküle und der photo-
nischen Modenstruktur des Mikroresonators sowohl für Fluoreszenz- als auch
für Raman-Prozesse modelliert werden (siehe Kapitel 7).

In Kapitel 4 werden Fluoreszenzspektren untersucht, die für verschie-
dene Molekülkonzentrationen und unter Variation des Spiegelabstands des
λ/2-Mikroresonators gemessen wurden. Die spektrale Form der ausgekoppel-
ten Emission wird berechnet, indem die radiativen Beiträge aus der Kopp-
lung der Moleküle an die photonische Modenstruktur des Resonators in
Abhängigkeit vom Abstand der Resonatorspiegel aufsummiert werden. Eine
gute Übereinstimmung der experimentellen und gerechneten Spektren ergibt
sich, wenn das komplexe Zusammenspiel zwischen dem fokussierten Laser-
lichfeld, dem breiten Fluoreszenzspektrum der eingebetteten Moleküle, den
optischen Eigenschaften des Mikroresonators sowie den optischen Messbe-
dingungen angemessen berücksichtigt wird. Ein wesentliches Resultat ist,
dass für die ausgekoppelte und detektierte Fluoreszenzemission die maxima-
le spektrale Einschnürung und die maximale integrierte Leistung bei dem-
selben Resonatorspiegelabstand auftreten. Dieses Phänomen wird in Kapi-
tel 5 wieder aufgegriffen: Dort wird der Einfluss der modifizierten Spontanen
Emissionsrate auf die Effizienz für Stimulierte Emission und die integrier-
te ausgekoppelte Lichtintensität in unserem Mikroresonator-Molekül-System
untersucht.

In Kapitel 5 wird die Fluoreszenzdynamik von Farbstoffmolekülen im λ/2-
Mikroresonator unter Variation der Emitterkonzentration und des Resona-
torspiegelabstands experimentell und theoretisch untersucht. Zeitaufgelöste
Spektroskopie offenbart die Verstärkung und Unterdrückung der Spontanen
Emissionsrate der eingebetteten Farbstoffmoleküle als Funktion des Abstan-
des der Resonatorspiegel in Übereinstimmung mit den theoretischen Vor-
hersagen. Das Maximum der Auskopplungseffizienz und das Maximun der
Effizienz für Stimulierte Emission, welches über Intensitätsfluktutionen in
der ausgekoppelten Fluoreszenz sondiert wurde, treten in unserem System
für denselben Resonatorspiegelabstand auf. Bei diesem Spiegelabstand wird
allerdings keine Modifikation der Spontanen Emissionsrate beobachtet. In
Kapitel 6 werden räumlich isolierte, instabil emittierende Transversalmoden,
die sich zwischen den Resonatorspiegeln ausbilden, als Ursache der beobach-
teten Intensitätsfluktutionen identifiziert.

In Kapitel 6 werden die Abstrahlungsmuster auf der Oberfläche eines mit
Farbstoffmolekülen dotierten λ/2-Mikroresonators diskutiert, die mit Hilfe
von zeitaufgelöster Weitfeld-Mikroskopie gemessen wurden. Räumlich isolier-
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te Transversalmoden erscheinen zufällig im optisch gepumpten Bereich des
Mikroresonators und weisen starke Intensitätsfluktuationen auf. Die experi-
mentell bestimmte obere Grenze des Modenradius stimmt gut mit der theo-
retischen Vohersage für den effektiven Modenradius dieses Systems überein.
Darüber hinaus wird der Aufbau und Zerfall einer transversalen Dopelmode
vorgestellt und diskutiert.

In Kapitel 7 werden einzelne Moleküle und Nanostrukturen, die im λ/2-
Mikroresonator eingebettet und räumlich isoliert sind, mit Hilfe von Fluores-
zenz- und Raman-Mikroskopie untersucht. Wird der Mikroresonator auf T =
1,8 K abgekühlt, beobachtet man die radiative Relaxation einzelner Terrylen-
Moleküle in einen vom Mikroresonator selektierten angeregten vibronischen
Zustand des elektronischen Grundzustands unter Emission einzelner Fluores-
zenzphotonen. Unter diesen Bedingungen erlaubt der Mikroresonator darüber
hinaus die spektrale Isolation des rein elektronischen Übergangs einzelner
Terrylen-Moleküle. Diese Isolation ist begleitet von einer unterdrückten ra-
diativen Relaxation in angeregte vibratorische Niveaus des elektronischen
Grundzustands. Die hier beschriebenen Tieftemperaturexperimente bilden
gleichzeitig den Ausgangspunkt für die Einzelmolekül-Fourierspektroskopie
an fluoreszierenden Farbstoffmolekülen, wie sie in Kapitel 8 vorgestellt wird.
Des Weiteren wird die vom Mikroresonator gesteuerte Raman-Streuung an
eingebetteten Einzelwand-Kohlenstoffnanoröhren experimentell demonstriert.
Die Möglichkeit, einzelne Kohlenstoffnanoröhren unter Verwendung eines
λ/2-Mikroresonators optisch zu kühlen, wird ebenfalls erörtert.

In Kapitel 8 wird der Zusammenhang zwischen spektraler Form und zeit-
licher Kohärenz der Fluoreszenzemission einzelner Farbstoffmoleküle, die im
λ/2-Mikroresonator eingebettet sind, analysiert. Experimente bei kryogenen
Temperaturen zeigen den Einfluss typischer Einzelmolekülfluktuationen, wie
Blinken der Fluoreszenzemission und spektrale Diffusion, auf die Sichtbar-
keit von Zweistrahl-Interferogrammen, die mit einem Michelson-Interfero-
meter gemessen wurden. Durch Vergleich mit Fluoreszenzspektren, die mit
einem Gitterspektrometer aufgenommen wurden, wird die Anwendbarkeit
der Fourier-Transform-Spektroskopie auf unstabil emittierende Moleküle de-
monstriert. Darüber hinaus wird der Einfluss des Phononenflügels, der die
schmale Emissionslinie des rein elektronischen molekularen Übergangs be-
gleitet, auf die Sichtbarkeit der Interferenzstreifen diskutiert.
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