M odifying fluor escence of single quantum emitters:
single dye molecules and SiO, nanoparticlesin a
tunable subwavelength microcavity

Dissertation
der Mathematisch-Naturwissenschaftlichen Fakul tét
der Eberhard Karls Universitét Tubingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften
(Dr. rer. nat.)

vorgelegt von
Dipl.-Phys. Alexey Chizhik
aus Sankt-Petersburg

TUbingen
2011



Tag der miindlichen Qualifikation:

Dekan:

1. Berichterstatter:
2. Berichterstatter:
3. Berichterstatter:

24.05.2011

Prof. Dr. Wolfgang Rosenstiel
Prof. Dr. Alfred J. Meixner
Prof. Dr. Dines Christen
Prof. Dr. Markus Sauer



Table of Contents

ADSITACT . e e 4
Z0SAMMENTASSUNGZ .. ..ttt ettt et ettt et et e e e e e aeeaeas 7
INtrodUCTION ..ot e, 11

Chapter 1. Microcavities: tailoring the optical properties of single quantum
CIMIEEETS ..ttt ettt ettt et et e e e e e e e 46
Chapter 2. Tuning the fluorescence emission spectra of a single molecule with a
variable optical subwavelength metal microcavity ................cooeviieiiiiinininn, 59
Chapter 3. Probing the radiative transition of single molecules with a tunable
V(M L0 (S0 S 110 PP 64
Chapter 4. Controlling the optical properties of single molecules by optical
confinement in a tunable MICTOCAVILY .......viutintiniiiieteeeee et 77
Chapter 5. Confocal microscopy and spectroscopy of defect photoluminescence
in single SiO; NANOPATtiCles .........evuiiiii i 87
Chapter 6. Imaging and spectroscopy of defect luminescence and electron-
phonon coupling in single SiO; nanoparticles ............ccoooviiiiiiiiiiiniinnnn. 99
Chapter 7. Fluorescence imaging and spectroscopy of single Si and SiO;
nanoparticles using confocal MICTOSCOPY cvvvvevviinriiiiiiiiiii i 110
Chapter 8. Dynamical effects of defect photoluminescence from single SiO, and
S1NANOPATLICIES ... ooeeei et 119

Chapter 9. Modification of electron-phonon coupling in single SiO;

nanoparticles with a tunable subwavelength microcavity ........................... 125
INStrUMENTAtION ...etuettt et 140
List of abbreviations .........c.ocoiiuiiii i 145
List of pubLiCAtioNS .. ..uieiieiittitt et e et 146
ACKNOWISdZEMENT ...ttt 149



Abstract

In this thesis we study controlled modification of the radiative transition rate and
fluorescence spectrum of a single dye molecule and SiO, nanoparticle (NP) by
embedding it within a tunable planar microcavity with subwavelength spacing.
We develop a theoretical model and find excellent agreement between theoretical
prediction and experimental results. Whereas fluorescence of single dye
molecules in glass-air confinement (i.e., in free space) is fairly well known, the
details of optical properties of individual SiO, NPs are still unclear. Therefore, a
part of this thesis is dedicated to investigation of their photoluminescence in free
space. In introduction of the thesis we present a tunable microcavity construction,
which has been used for the measurements.

In chapter 1, we present a review of different microresonator structures and how
they can be used in future device applications in modern analytical methods by
tailoring the optical properties of single quantum emitters. The main emphasis is
on the tunable A/2 Fabry-Perot type microresonator which we used to obtain the
results presented in this chapter. By varying the mirror distance the local mode
structure of the electromagnetic field is altered and thus the radiative coupling of
fluorescent single quantum emitters embedded inside the resonator to that field is
changed, too. As a result a modification of the optical properties of these quantum
emitters can be observed. We present experimental as well as theoretical results
illustrating this effect.

In chapter 2, we present experimental and theoretical results on changing the
fluorescence emission spectrum of a single molecule by embedding it within a
tunable planar microcavity with subwavelength spacing. The cavity length is
changed with nanometer precision by using a piezoelectric actuator. By varying
its length, the local mode structure of the electromagnetic field is changed
together with the radiative coupling of the emitting molecule to the field. Because
mode structure and coupling are both frequency dependent, this leads to a

renormalization of the emission spectrum of the molecule. We develop a



theoretical model for these spectral changes and find excellent agreement between
theoretical prediction and experimental results.

In chapter 3, using a tunable optical micro-resonator with subwavelength spacing,
we demonstrate controlled modulation of the radiative transition rate of a single
molecule, which is measured by monitoring its fluorescence lifetime. Variation of
the cavity length changes the local mode structure of the electromagnetic field,
which modifies the radiative coupling of an emitting molecule to that field. By
comparing the experimental data with a theoretical model, we extract both the
pure radiative transition rate as well as the quantum yield of individual molecules.
We observe a broad scattering of quantum yield values from molecule to
molecule, which reflects the strong variation of the local interaction of the
observed molecules with their host environment.

In chapter 4, we present experimental results on changing the ratio of detected on-
and off-axis emission of dye molecules embedded in the microcavity.

In chapter 5, we show details of single SiO, NPs synthesis. Silicon nanocrystals
(Si NCs) were synthesized by CO, laser pyrolysis of SiH4. The fresh silicon
nanopowder was oxidized in water to obtain SiO, nanoparticles (NPs) exhibiting
strong red-orange photoluminescence.

In chapter 6, we present new results on single SiO, NPs study. Samples of SiO,
NPs embedded in low concentration in a thin polymer layer were prepared by
spin-coating a dedicated solution on glass cover slides. The spectral analysis of
single Si0, NPs revealed double-peak spectra consisting of a narrow zero-phonon
line and a broader phonon band being associated with the excitation of
longitudinal optical phonons in the SiO, NP.

In chapter 7, we study single Si NCs and SiO, NPs using confocal laser scanning
microscopy with the goal to compare both kinds of NPs and to determine to what
extent quantum confinement or surface-related defect centers are responsible for
the strong fluorescence of Si NCs. The single particle spectra of Si NCs and SiO,
NPs are composed of a zero-phonon line and one or two phonon bands, which are
associated with longitudinal optical phonons in SiO,, and reveal in every detail an

amazing similarity. Both systems reflect the same dynamical behavior (blinking



and bleaching). Spectrally resolved fluorescence decay measurements yield the
important result that the direct and the phonon-assisted recombination processes
occur on the same nanosecond timescale (~4 ns). These experimental
observations suggest that the photoluminescence of the Si NCs observed in this
study is governed by defect luminescence.

In chapter 8, we discuss details of fluorescence dynamics of single SiO, NPs and
single Si NCs. A redistribution of energy of defect states caused by charge
fluctuations in the surrounding of the embedded NP is investigated.

In chapter 9, using a tunable optical subwavelength microcavity, we demonstrate
controlled modification of the electron-phonon coupling in a single SiO;
nanoparticle. By varying the distance between the cavity mirrors we change the
electromagnetic field mode structure around a single nanoparticle, which results
in modification of probability of electron-phonon coupling in the particle.
Experimentally, we demonstrate redistribution of the photoluminescence
spectrum between zero-phonon and phonon-assisted bands and modification of
excited state lifetime of the same individual SiO, particle measured at different
cavity lengths. Mono-exponential character of the single-particle decay curves
shows that zero phonon, phonon- and double phonon-assisted transitions occur
from the same energy level but possess different transition probabilities, which

are related to the probability of electron-phonon coupling.



Zusammenfassung

In dieser Arbeit untersuchen wir die kontrollierte Anderung der
Strahlungsiibergangsrate und des Fluoreszenzspektrums eines einzelnen
Farbstoffmolekiils und SiO,-Nanopartikels (NP) durch Einbetten in eine
durchstimmbare plane Mikrokavitdt mit Subwellenldngenabstand. Wir haben ein
theoretisches Modell entwickelt und finden hervorragende Ubereinstimmungen
zwischen theoretischen Voraussagen und experimentellen Ergebnissen. Wéahrend
die Fluoreszenz einzelner Farbstoffmolekiile in Glas-Luft-Grenzfldche (d.h. im
freien Raum) sehr gut bekannt ist, sind die Einzelheiten der optischen
Eigenschaften individueller SiO,-NP immer noch unklar. Daher widmet sich ein
Teil dieser Arbeit der Untersuchung ihrer Fotolumineszenz im freien Raum.
Einleitend présentieren wir die Konstruktion der durchstimmbaren Mikrokavitit,
die fuir die Messungen verwendet wurde.

In Kapitel 1 geben wir eine Ubersicht iiber die verschiedenen
Mikroresonatorstrukturen und wie sie in zukiinftigen Bauteilen Verwendung in
modernen Analysemethoden finden konnen, indem die optischen Eigenschaften
einzelner Quantenemitter konfektioniert werden. Die Betonung liegt dabei auf
dem durchstimmbaren A/2 Fabry-Perot-Mikroresonator, den wir verwendet haben
um die in diesem Kapitel priasentierten Ergebnisse zu erhalten. Durch Variation
des Spiegelabstandes dndert sich die lokale Modenstruktur des
elektromagnetischen Feldes und dadurch auch die Strahlungskopplung der
fluoreszierenden einzelnen Quantenemitter, die im Resonator eingebettet sind.
Resultierend kann eine Modifizierung der optischen Eigenschaften dieser
Quantenemitter beobachtet werden. Zur Erlduterung des Effekts prasentieren wir
sowohl experimentelle als auch theoretische Ergebnisse.

In Kapitel 2 prisentieren wir experimentelle und theoretische Ergebnisse
beziiglich der Verdnderung des Fluoreszenzemissionsspektrums eines einzelnen
Molekiils indem es in eine durchstimmbare plane Mikrokavitit mit
Subwellenldngenabstand eingebettet wird. Die Kavitétslinge wird mit

Piezostellern mit Nanometerprizision verdndert. Durch Variation der Lénge



verdndert sich die lokale Modenstruktur des elektromagnetischen Feldes
zusammen mit der Strahlenkopplung des emittierenden Molekiils zum Feld. Weil
Modenstruktur und kopplung beide Frequenzabhingig sind, fiihrt dies zur
Renormalisierung des Emissionsspektrums des Molekiils. Wir entwickeln ein
theoretisches Model fiir die spektralen Anderungen und finden hervorragende
Ubereinstimmungen zwischen theoretischen Voraussagen und experimentellen
Ergebnissen.

In Kapitel 3 benutzen wir einen durchstimmbaren optischen Mikroresonator mit
Subwellenldngenabstand und demonstrieren damit die kontrollierte Modulation
der Strahlungsiibergangsrate eines einzelnen Molekiils, die durch Beobachtung
der Fluoreszenzlebenszeiten gemessen wird. Verdnderung der Kavitétslange fiihrt
zur Anderung der lokalen Modenstruktur des elektromagnetischen Feldes, die die
Strahlungskopplung eines emittierenden Molekiils zu dem Feld modifiziert. Beim
Vergleich der experimentellen Daten mit einem theoretischen Modell bestimmen
wir beides, die reine Strahlungsiibergangrate, sowie die Quantenausbeute
individueller Molekiille. Wir beobachten eine breite Facherung der
Quantenausbeuten von Molekiil zu Molekiil, was die starke Variation der lokalen
Wechselwirkung der beobachteten Molekiile mit deren Umgebung wiederspiegelt.
In Kapitel 4 prisentieren wir experimentelle Ergebnisse bei Verdnderung des
Verhiltnisses der detektierten Emission aus longitudinaler und transversaler
Richtung von Fluoreszenzmolekiilen eingebettet in der Mikrokavitit.

In Kapitel 5 zeigen wir Details der Synthese einzelner SiO,-NP.
Siliziumnanokristalle (Si-NC) wurden mit Hilfe der CO,-Laserpyrolyse von SiH,
hergestellt. Das frische Siliziumnanopulver wurde in Wasser oxidiert um SiO,-NP
mit starker rot-orangener Fotolumineszenz zu erhalten.

In Kapitel 6 prasentieren wir neue Ergebnisse der Untersuchungen an einzelnen
SiO,-NP. Proben von SiO,-NP eingebettet in niedrig konzentrierten diinnen
Polymerschichten wurden durch Aufschleudern geeigneter Losung auf Glas-
Deckgldschen hergestellt. Die Spektrale Analyse einzelner SiO,-NP zeigten

Doppelpeaks bestehend aus einer schmalen Null-Phonon-Linie und einer breiteren



Phonon-Bande, die mit der Anregung der longitudinalen optischen Phononen in
den Si0,-NP assoziiert wurde.

In Kapitel 7 untersuchen wir einzelne Si-NC und SiO,-NP mit konfokaler Laser-
Raster-Mikroskopie mit dem Ziel die beiden Arten der NP zu vergleichen und zu
bestimmen bis zu  welchem  Grad  Quantum-Confinement  oder
oberflaichenbezogene Defektzentren fiir die starke Fluoreszenz von Si-NC
verantwortlich sind. Die Einzelpartikelspektren von Si-NC und SiO,-NP setzen
sich aus einer Null-Phonon-Linie und einer oder zweier Phonon-Banden
zusammen, die mit LOs;-Phononen in SiO, assoziiert werden, und offenbaren in
jeder Einzelheit eine verbliiffende Ahnlichkeit. Beide Systeme zeigen dasselbe
dynamische Verhalten (Blinken und Bleichen). Messungen spektral aufgeloster
Fluoreszenzabklingkurven ergeben das wichtige Ergebnis, dass sowohl die
direkten als auch die Phonon-unterstiitzten Rekombinationsprozesse innerhalb
derselben Zeitskala ablaufen (~4 ns). Diese experimentellen Beobachtungen
deuten darauf hin, dass die Fotolumineszenz der Si-NC, die in dieser
Untersuchung beobachtet wurde, von Defektlumineszenz beherrscht wird.

In Kapitel 8 diskutieren wir Einzelheiten der Fluoreszenzdynamik einzelner SiO,-
NP und einzelner Si-NC. Eine Umverteilung der Energie der Defektzustdnde
verursacht durch Ladungsfluktuationen in der Umgebung der eingebetteten NP
wird untersucht.

In Kapitel 9 demonstrieren wir unter Verwendung einer durchstimmbaren
optischen subwellenldngen Mikrokavitit, kontrollierte Modifikation der Elektron-
Phonon-Kopplung in einem einzelnen SiO,-NP. Durch Variation des Abstandes
zwischen den Kavitdtsspiegeln verdndern wir die Modenstruktur des
elektromagnetischen Feldes um einen einzelnen NP, was in einer Modifizierung
der Wahrscheinlichkeit der Elektron-Phonon-Kopplung im Partikel resultiert.
Experimentell zeigen wir die Umverteilung der Fotolumineszenzspektren
zwischen Null-Phonon und Phonon-unterstiitzte Banden und Modifizierung der
Lebenszeiten im angeregten Zustand desselben individuellen SiO,-NP, gemessen
bei unterschiedlichen Kavitétsldngen. Monoexponentieller Charakter der

Abklingkurve der einzelnen Partikel zeigen, dass Null-Phonon, Phonon- und



Doppel-Phonon-unterstiitzte Ubergiinge vom selben Energieniveau auftreten, aber
unterschiedliche ~ Ubergangswahrscheinlichkeiten  besitzen, die mit der

Wahrscheinlichkeit der Elektron-Phonon-Kopplung einhergehen.
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Introduction

1. Optical microcavities

1.1. Sate of the art

Since the realization of the first laser in 1960 by Maiman [1], interest in optical
resonators and their use in diverse applications, from fundamental studies to
industrial manufacturing, has grown continuously. Photonic devices have
followed the trend towards miniaturization witnessed in the semiconductor
industries. This development has already reached a level in which one has to deal
with single molecules or even atomic structures. Microresonators are a very

suitable tool to control the optical properties of these quantum emitters (Figure 1)

[2-5]. However, depending on the

application area, today’s
microresonators vary much in their
design — from classical | MWW

configurations  using  distributed

Bragg reflectors (DBR) or metallic l
|

mirrors via microtoroids to photonic

° .-
crystal-based cavities and thus also
in their properties. This diversity has

its origin in the manifold photonic

devices needed in future N ‘» ‘
applications. By modifying the l
shape and the size of a resonator and

—

changing its material composition it Figure 1. Scheme of a single quantum emitter
embedded in the Fabry-Perot optical microcavity.
Orange curve shows the narrowing of a single PI
molecule fluorescence spectrum with respect to
the emission in free space (blue curve).

is already possible to generate and/or

support only desired wavelengths
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and polarizations. This offers the potential for developing new types of photonic
devices such as low-threshold microlasers, ultra-small optical filters, and switches
for wavelength-division-multiplexed (WDM) networks. In particular, whispering
gallery mode (WGM) lasers and photonic crystal devices are very suitable for
integration in new photonic devices due to their compact size, allowing a device
density of 105 cm > [5]. These key elements provide generation, guiding,
coupling, switching, splitting, multiplexing, and demultiplexing of optical signals.
In the recent years the progress in developing new functions of microcavites, most
of them already known from their macroscopic counterparts, was enormous.
Using a toroidal silica microresonator Vahala’s group was able to demonstrate
tunable continuous-wave third-harmonic generation at room temperature [12].
Based on a silica-on-silicon microstructure the 1550 nm pump wavelength was
converted into 517 nm emission with a threshold as low as 300 uW of pump
power. Using silica toroid microresonators it is also possible to generate optical
frequency combs in a very efficient way as demonstrated by Del’Haye et al. [13].
These combs consist of equidistant frequencies covering a large wavelength
region and therefore they are useful in precision spectroscopy, such as studies of
dynamic processes in atoms [14], gas sensing [15], and molecular fingerprinting
[16]. Other applications based on frequency combs include frequency metrology
[17] and optical waveform synthesis for telecommunications [18, 19]. Most of the
effects described above are based on the properties of the resonator itself
(material, shape, Q factor etc.). Additionally, the microresonator can be used
either to tailor the optical properties of single quantum emitters placed inside or it
can be modified by the presence of a quantum object. The latter effect can be used
in bioanalytics for label-free single molecule detection. In this case, binding of
molecules to the functionalized surface of microspheres [20] or microtoroids [21]
can be observed by a stepwise shift of the resonance frequency based on a
thermo-optic effect. As this sensor is applicable with single molecule sensitivity it
is interesting not only for biomedicine but also for pollution monitoring and
security issues [22]. The ‘controlling effect’ of a microresonator on quantum

emitters which are placed inside was described by Purcell in 1946: an emitter
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within a low-loss, wavelength-scale confined structure, like a resonator, alters its

spontaneous emission rate [23]. This effect is quantized by Fermi’s golden rule:

(-]

2

L _27 P (@) (1)

T, =— =22

SpE - 52
(% h

~
~ +
,UE cav

which states that the spontaneous emission rate depends on the density of modes
(DOM) of the electromagnetic field [24]. As a result of the changed DOM inside
a microresonator compared with non-confined space the spontaneous emission is
either suppressed [25] or enhanced [23]. Of special interest is the latter case,

which can be expressed by the Purcell factor
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where A./n is the wavelength within the material, and Q and V are the quality
factor and mode volume of the cavity, respectively. As a consequence of the
enhanced (or suppressed) spontaneous emission rate the spectral characteristics of
quantum emitters placed inside a microresonator are changed. For broadband
emitters one has to take optical dispersion effects into account, i.e., wavelength-
dependent electromagnetic coupling of the emitter to its environment. As a result
the observable emission spectrum of the embedded emitter can undergo drastic
changes, which are determined by frequency-selective coupling efficiencies
between the emitter and available cavity modes. This effect will be discussed later
in more detail for a planar metallic subwavelength microcavity. There is
obviously a great variety amongst the introduced microcavities, e.g., practical
differences (ease of fabrication, connectivity to waveguides, chip integration) or
principal differences (free spectral range (FSR), Q factor, mode volume).
However, for fundamental research on the physics of the interaction between light
and matter and cavity quantum -electrodynamics the classical Fabry—Perot

resonator type using external mirrors is first choice as it is versatile and offers a
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small mode volume. In 1983 Goy and coworkers reported on the first observation
of enhanced spontaneous emission in a resonant cavity by using Rydberg atoms of
sodium [26]. These types of experiments became increasingly interesting and
formed the basis of the above-mentioned applications. In recent years, the
investigations of single quantum emitters, such as atoms [27], ions [8], quantum
dots [28], molecules [29], or single walled carbon nanotubes [30-33] in a Fabry—
Perot type cavity have increased, especially driven by the quest for a single
photon source for quantum communication and computing [7, 34-36].

Now we will limit the discussion to the Fabry-Perot type microresonator and
present the possibility to control the optical properties of single molecules with
such a device. In general, a Fabry-Perot resonator consists of two plane parallel
reflecting surfaces with a distance d allowing multiple beam interference. The
medium in between these surfaces is described by its refractive index n(4). For
transmission through the resonator, i.e., constructive interference, the half-
wavelength A/2 has to fit an integer number of times into the cavity. More
specifically the resonance condition for irradiation normal to the plane parallel

mirrors is
mA)2=n(1)d 3)

Such a resonator type is often characterized by its frequency spacing between
adjacent resonances v; and v;+;, called free spectral range (FSR), which is defined

by:
FSR, =4, =v,, v, =c,/2n(v)d )

where ¢ is the vacuum velocity of light. In the case of microresonators where d is
comparable to 4/2 the penetration of the optical mode into the mirror has to be
taken into account. Another important characteristic of a resonator is its finesse F,
which is a measure for the number of round trips before the stored energy decays

to 1/e of its original value. The higher the reflectivity R of the mirrors is the
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longer the photon storage time will be and, as a consequence, the sharper the
transmission maxima characterized by ov will become. Formally, the finesse can

be written as

_FSR _ z(R,R,)"”

F = :
6v  1-\RR,

)

Sometimes, the finesse is replaced by the quality factor Q, given by the ratio of
transmission wavelength 1) and peak width J4, i.e., O=Ap04=vy/0v. The last
expression in particular reflects nicely the correlation between the energy decay in
the time domain (finite photon storage time) and the peak width in the frequency
domain. Depending on the reflectivity, Q values reach 50 when metal mirrors are
used and up to several thousands in the case of Bragg mirrors.

Plane-parallel resonators are commonly used in microchip and microcavity lasers
based on confined electronic systems in semiconductors with reduced
dimensionality but not on single quantum emitters. Experimental results are
mostly related to ensemble measurements [37] as these systems are promising
candidates for more efficient LEDs, OLEDs, and microlasers [38—40]. However,
experimental results of direct modification of the emission behavior of a single
molecule in a microcavity are rare in the literature, even though microcavities are
a suitable tool for manipulating the optical properties of quantum emitters. For
example, strong changes in the emission and absorption spectra are predicted for a
Rhodamine 6G molecule embedded within a spherical metal nanocavity [41].
Experimentally, the effect of emission changes was observed qualitatively by
Steiner et al. [42] who investigated single isolated perylene dye molecules in a
planar metal microcavity for different mirror spacings and hence for different
electromagnetic mode structures. As a result of the fixed mirror spacings that
were used in these experiments each single molecule could only be investigated at

one specific resonator length.
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1.2. Novelty of work

We developed a new design of a tunable optical microresonator with
subwavelength spacing between its mirrors. The starting point of our work was a
non-tunable optical microcavity, which consists of two metallic mirrors, glued
with an optical adhesive [48]. A non-tunable cavity construction allowed Steiner
and co-workers to observe modification of a single dye molecule radiative rate as
well as fluorescence spectrum. However, as the mirror spacing was fixed, they
could investigate a distinct molecule only for one given resonator length.

In our study, by varying the mirror separation with a nanometer precision using
piezo-actuators, we can tune the cavity resonance and tailor the optical properties
of an embedded molecule. Thus, for the first time we were able to actively change
the local electromagnetic field structure around a single quantum emitter by
changing the mirror spacing of the cavity. While it is well known from quantum
electrodynamics that the spontaneous emission is not an intrinsic process but can
be modified by tailoring the electromagnetic environment, the radiation rate and
relaxation path of a molecule depend on the balance between the radiative and
non-radiative relaxation paths. Hence, by controlling the electromagnetic
environment of a single molecule we select the vibronic transition where
fluorescence will mostly occur and we can tune its radiative transition and
determine its fluorescence quantum yield.

Thus, we show, for the first time that the color of the fluorescence photons
emitted by one single molecule can be continuously tuned by pure optical means
in a microresonator. Decades ago, this was experimentally demonstrated by
measuring the cavity-induced modification of the fluorescence lifetime [98].
However, only now it was shown that the emission spectrum of one and the same
individual molecule can be tailored by continuously changing the mode density of
the electromagnetic field in the resonator and thus its coupling with a molecule's
internal quantum-mechanical states. Because this is sensitively dependent on the
wavelength of the field modes, it leads to a complete restructuring of a molecule's

emission spectrum as distinct wavelengths are affected differently. This opens an
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exciting field for designing fluorescent emitters with adjustable spectral emission
properties. This fundamental experiment could potentially applied in integrated
photonics devising optical switches based on one single quantum system.
Moreover, we develop a semiclassical theoretical model for the spectral changes,
and find excellent agreement between theory and experiment. Together with the
well-studied changes of radiative transition rates (fluorescence or luminescence
lifetime) and angular distributions of radiation, this is another important step in
our understanding of the complex electromagnetic interaction of single photon
emitters with an electromagnetic field structure that is tailored by the emitter’s
surrounding.

In the next part of the study, we modified the radiative transition rate of individual
molecules by placing them into a tunable microcavity. This allowed us to extract
radiative as well as nonradiative transition rates and to determine quantum yield
of individual molecules, which are fundamental parameters of any quantum
emitter. Average values thus obtained showed excellent agreement with the
results from ensemble measurements. Moreover, we found a broad distribution of
quantum yield values, whereas radiative transition rates did not change
significantly from molecule to molecule. This reflects the heterogeneous local
nature of the host, which determines the nonradiative relaxation of an excited
molecule via interaction with the local chemical environment. Our technique can
be applied to any single quantum emitter of interest, such as dye molecules,
semiconductor nanoparticles, carbon nanotubes, and so forth. Thus, the tunable
cavity method makes it a versatile tool for singlemolecule spectroscopy and
quantum yield measurements of individual emitters.

We also study modification of single SiO, nanoparticles (NPs)
photoluminescence when it is placed inside the tunable microcavity. Whereas
fluorescence of single dye molecules in glass-air confinement (i.e., in free space)
is fairly well known, the details of optical properties of individual SiO, NPs are
still unclear. Therefore, a part of this thesis is dedicated to investigation of their

photoluminescence in free space.
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2. New design and characterization of a Tunable Fabry-

Perot subwavelength microcavity

Here we present a new tunable subwavelength microresontaor construction. We
will consider how to build and characterize such a microcavity and demonstrate
that it is possible to spatially address single molecules and SiO, NPs in the
microresonator using confocal microscopy. Moreover, we show that the spectral
width of microresonator-controlled single molecule fluorescence spectra is
determined by the spectral width of the measured on-axis transmission spectrum

of the microresonator.

2.1. Microcavity design

The tunable microcavity construction is schematically shown in Fig. 2a and is
similar to a previously built one but with no adjustable cavity length [48].
However, new design allows us to change the distance between the cavity mirrors,
which opens new advances in single molecule fluorescence study. A homemade
aluminum cavity holder, was used to fix two metallic mirrors together. The
bottom part of the cavity consisted of a cover slide (thickness 170 um), covered
by a thin silver film (30 nm), a silicon oxide layer (30 nm, refractive index
n=1.46), a polymer layer (70 nm, determined by atomic force microscope
measurements (AFM); refractive index n=1.49) with dissolved dye molecules,
and a second thin silicon oxide layer (8 nm, refractive index n=1.46). The bottom
silicon oxide layer serves as a finite spacer between the silver metal and the dye
embedding polymer. The upper silicon oxide layer prevents any interaction of
embedded dye molecules with atmospheric oxygen during cavity assembly. The
top part of the cavity consists of a plane-convex lens (F=150 mm), again covered
with a silver layer (60 nm). Ag-layers as well as the silica spacers were fabricated
by electron beam evaporation. The intermediate space between the multilayer

covered coverslide and the silver layer covered lens was filled with oil (Immersol
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518F, Zeiss, refractive index n=1.52) in order to achieve an optically
homogeneous intra-cavity environment. The cavity length could be adjusted with
piezo actuators (PSt 150/3.5%x3.5/20, Piezomechanik GmbH) that move the lens

toward or away from the bottom coverslide.

(a) polychromatic

i light source

Piezoelectric Hold
cell ¢ Wy 12050
o Lens
Immersion oil —_ o
™~

NL(x,y,Z)

P Silver layers

Silica layers — |

Glass
cover slide

Polymer layer —|
with dye molecules

Figure 2. (a) Scheme of the experimental setup. (b) A photograph of the tunable microcavity. (c)-(e)
White light transmission patterns (Newton rings) of the microcavity at different values of voltage,
applied to the piezoelectric cells. The inner transmission ring satisfies the /2 condition for visible light.
Applying a voltage to the piezoelectric elements changes the distance between the two mirrors, which
results in a shift of the Newton rings.

2.2. Optical characterization of the microcavity

The spherical shape of the upper mirror allows us to control the optical quality
and the tuning capability of the microresonator by observing the white light
transmission pattern (Figure 2(c)-(e)). The Newton rings are a result of the
different resonator lengths provided by the lens. The central region of the
microcavity (i.e., the region of the minimum cavity length) remains dark, as no
visible light can be transmitted anymore. The movement of the upper cavity

mirror leads to the shift of the transmission pattern. The absolute cavity length
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values L(x,y,z) were determined using on-axis white light transmission profiles,
fitted by a Lorenzian line-shape function (Figure 4(b)). We can recalculate the
local cavity length L(x,y,z) from the maximum transmission wavelength A(x,y,z)

by using the resonance condition (see [43,48,50] for more details):

> AD,(d,, 3, 4) 5
L(x,y,z)=| m—-. (02:2) 103,501, 6)
2r 2n,; cos 3

Here, m denotes the order of interference, Ag; the phase change due to reflection
at the respective silver mirror i = 1, 2 with thickness d;. The effective refractive
index of the intracavity medium #eg was assumed to be 1.52. We use white light
illumination with perpendicular incidence on the upper mirror (the angle of
incidence $=0) to determine the intensity maximum A(X,y,z) of the local on-axis
transmission spectrum. Moreover, the transmission profiles give the values of the
cavity Q factor, characterizing the energy storage capability of the resonator.
Although the average value of 45 is considerably lower than the typical one for

high- and ultrahigh-Q resonators, such a cavity is well suited for our purpose

allowing the clear visualization of

the cavity-effect and the precise 22
tuning of the resonance mode. € 0201
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order of the surface roughness of POty

our silver mirrors. Therefore, our
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microresonator can be considered as a plane-parallel system (Figure 3).

21



3. Single molecules in a tunable microcavity

3.1. Single molecule fluorescence detection

Using scanning confocal fluorescence microscopy, we were able to detect
spatially isolated bright spots that originate from single molecules on resonance
with the cavity mode. The fluorescence image, acquired within the A/2 cavity
range (Figure 4(c)), exhibits a cavity-controlled emission of single molecules.
Those molecules, which are located in the cavity resonance mode, possess
maximum emission, while the emission of those, which are out of resonance is

suppressed down to the background level.
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Figure 4. a) A photograph of white light transmission pattern taken from the first (A/2)
interference region. b) Microcavity white light transmission spectrum () fitted by a Lorenzian
function (==) giving a cavity quality factor Q=45. c¢) Fluorescence emission image acquired from
the first interference region of the cavity. The image demonstrates the on/off resonance emission
distribution of single molecules. d) Fluorescence image of a single molecule emission.
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Decreasing down the scanning area of the sample (Figure 4(d)) we achieve single
molecule imaging level and precisely determine the (x,y) position of the
molecule. Remarkably, that some of fluorescence patterns demonstrated single
level photo blinking and photo bleaching behavior, proving them as single

molecules.

3.2. Modification of single dye molecule fluorescence

spectrum with a tunable microcavity
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Figure 5. Measured spectra (black curves) of a single Rhodamine 6G molecule embedded in the microcavity
at different cavity lengths. Red dashed curves indicate cavity white light transmission profiles, normalized to
the respective emission spectrum. The grey shaded area represents the Rhodamine 6G free space spectrum.

By varying its length, the local mode structure of the electromagnetic field is
changed together with the radiative coupling of the emitting molecule to the field.
Because mode structure and coupling are both frequency dependent, this leads to
a renormalization of the emission spectrum of the molecule. In a first experiment
we demonstrate tailoring the emission spectrum of a single Rhodamine 6G dye
molecule. Figure 5 shows three fluorescence spectra acquired from the same
single molecule at different cavity lengths. Tuning of the cavity mode, i.e. white
light transmission profile, leads to a modification of the single molecule emission
spectrum shape and intensity. This phenomenon can be visualized by the scheme
of the vibronic transitions shown in Figure 6. Changing the cavity mode, we
actually suppress or enhance different vibronic transitions. This leads to a

modification of the emission energy resulting in spectral renormalization.
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Figure 6. Left panel: general vibronic transition scheme. Lorenzian curves in the right-bottom
corner schematically represent cavity white light profiles, corresponding to different vibronic
transitions. Right panel: Measured spectra (red dots) of a single PI molecule embedded in the
microcavity at various values of cavity length. The blue solid lines show the best fit of a
theoretically calculated spectrum, using the free spectrum in polymer (gray shaded area) as the
starting point. Fitted value of oil layer thickness is indicated in each of the plots.

In the second experiment we demonstrate modification of a fluorescence spectrum
of a perylene derivative molecule embedded in the tunable cavity. Right panel in
figure 6 show three spectra (red dots) of the same individual molecule, measured
at different cavity lengths. Theoretical modeling of the spectrum was done within
a semiclassical approach, treating the fluorescing molecule as an oscillating
electric dipole emitter and solving Maxwell’s equation for the given geometry of
the microcavity. Blue curve shows the result of fitting the measured data and
demonstrate excellent agreement between the theory and experiment. The
agreement with a theoretical model based on a semiclassical approach is
remarkable demonstrating its appropriateness for describing cavity-induced

changes of the entire emission spectrum.
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4. Probing the radiative transition of single dye molecule.

Single molecule quantum yield

In this part of study, we demonstrate controlled modulation of the radiative
transition rate of a single molecule, which is measured by monitoring its
fluorescence lifetime. Variation of the cavity length changes the local mode
structure of the electromagnetic field, which modifies the radiative coupling of an
emitting molecule to that field. However, the radiative transition constitutes only
one of the possible ways for returning from the excited to the ground state when
considering molecules embedded in a condensed matter environment (e.g. solid or
liquid). Due to collisions/interactions with surrounding molecules, so-called non-
radiative transitions constitute a significant alternative way of de-excitation. The
ratio of radiative to non-radiative transition rates is quantitatively described by the
fluorescence quantum yield (QY) which is defined as the average chance to emit a

photon (radiative transition) upon return from the excited to the ground state or

p=k [(k, +k,) (7)

where k, and k,, are the radiative and non-radiative transition rates, respectively.
From a spectroscopic point of view, the QY of fluorescence is the parameter

which is most challenging to assess. Whereas absorption and emission spectra as
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well as excited state lifetime (fluorescence lifetime) are straightforward to
measure with modern measurement techniques, QY values are mostly determined
in a comparative manner against a standard of known QY. Nonetheless, precise
knowledge of QY is important for many practical applications such as the
development of materials for organic and inorganic light emitting diodes [51],
single-photon sources [52], solar cells [53], laser technology [54] or labeling in
biological research [55].

The first successful estimates of the QY of fluorescent solutions had been made
by Vavilov in 1924 [56] by comparing the fluorescence with scattering intensities.
This approach was used, although much refined, over the following decades [57].
Only by 1978, Brannon and Magde developed a method for absolute
measurements of QY via sensitive measurements of sample heating upon
illumination [58]. However,
extending this idea to the single-
molecule level seems rather
impossible due to the minute
amount of heat generated by a

single molecule upon non-

radiative de-excitation.

Thus, when considering the QY .&
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Figure 7. Scheme of the experimental setup, used
for single molecule quantum yield measurements.
The tunable microcavity consists of: Silver layers
(1) sputtered on the glass surface (2); silica layer
mirror or within a cavity. On the (3), acting as a spacer between the metallic surface

and the molecules; a polymer layer (4),
single-emitter level, this effect immobilizing molecules and protecting them from

the interaction with atmospheric oxygen. The
has been demonstrated by  vertical position of the top mirror is adjusted with
nanometer precision by piezo actuator. The inset
shows a molecular structure of PI molecule.

density, which can be changed

by placing the emitter close to a

several authors, either by
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measuring the fluorescence lifetime of an emitter in two different environments
[59,60] or by placing the emitter on or close to a sharp tip [61,62]. Sandoghdar
has recently extended this approach to measuring the fluorescence lifetime of a
single molecule as a function of its distance to a metallic mirror [63], thus
replicating Drexhage's original measurements on a single molecule level.

An even more efficient method to change the local mode density of the
electromagnetic field is to place an emitter into an optical microcavity [64,65].
Furthermore, if the cavity is tunable, it becomes a powerful tool for changing the
mode density and resulting radiative transition rate of an emitter in a continuous
way. We have recently used such a tunable microcavity to watch, on one and the
same molecule, the varying emission spectrum while changing the cavity width
[66].

We present absolute measurements of the QY of individual molecules using the
tunable microcavity (Figure 7). The distance between the cavity mirrors is
reduced down to the range of one half of the emission wavelength, therefore there
is only one resonance frequency maximum, which is tuned when the cavity length
is changed. Since the mode structure and the coupling between the molecule and
the resonator are both frequency dependent, variation of the cavity length leads to
a modification of the radiative transition in a molecule according to Fermi’s
golden rule [24]. The core idea is to record the fluorescence lifetime of the same
single molecule as a function of cavity width, in that way changing the radiation
rate via the optical mode density in the resonator while leaving at the same time
the non-radiative rate of the molecule unaffected. This information is then
compared with theoretical modeling for extracting both the pure radiative
transition rate and the QY for a given molecule. We observe a broad distribution
of QY values from molecule to molecule, which reflects the strong variation of
the local interaction of the observed molecules with their host molecules. The
method is of fundamental importance wherever one is interested in investigating
interactions between fluorescent emitters and surrounding host molecules, which
is most sensitively reported by the non-radiative transition rate. This is different to

the modification of the QY of a molecule by a plasmonic nanostructure when the
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molecule must be so close to the metal that absorptive losses to the metal may

even dominate the non-radiative relaxation [68,69].
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We employed a bootstrap algorithm for estimating the mean square deviation of
the fitted lifetime for each molecule at each cavity width [97]. Mean square
deviations of the single molecule lifetime values did typically not exceed 0.1 ns.
We also used a bootstrap analysis for estimating the mean square deviation of the
QY and the inverse radiative transition rate as obtained by fitting theoretical
curves against the experimentally determined dependencies of fluorescence
lifetime on cavity width. Assuming that, for each molecule, these mean square
deviation values describe the widths of a corresponding two-dimensional
Gaussian distribution in QY-t1,,; parameter space, we superimposed these
Gaussian distributions of all molecules in one plot, resulting in a probability
density plot of QY versus 1,,s values. This plot is shown in the Figure 8. The
maximum of the probability density distribution corresponds to a value 0.72 for
the QY and of 4.1 ns for 1,,s, Which is in excellent agreement with values
obtained from ensemble measurements (0.75 and 4.2 ns respectively) [42]. The
solid line represents a linear least square fit through the distribution. An
inclination of 0.18 ns™' shows that the molecule-to-molecule variation in T,y is
much smaller than that of QY. This is in excellent agreement with the expectation
that local variations in interaction between a fluorescent molecule and its

surrounding (SiO,, polymer) will mostly affect its non-radiative transition rate but
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not so much its radiative transition rate, which is mostly determined by the

coupling of the transition to the electromagnetic field.
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5. Photoluminescence of SiQ, nanoparticles in glass-air

%
confinement

" SiO, and Si nanopowder was synthesized by Torsten Schmidt, Karsten Potrick and Jana

Sommerfeld (Research group of Prof. Dr. Friedrich Huisken, University of Jena)

Since the first observation of red photoluminescence (PL) from nanostructured
porous silicon in 1990 [70,71] there has been increasing interest in the study of
the optical properties of nanostructured silicon. While this observation was
attributed to the radiative recombination of charge carriers in a quantum-confined
system, other authors made defect luminescence responsible for the PL of their
nanocrystalline Si samples [72,73]. Since these days, there is still ongoing
discussion on whether the PL originates from intergap transitions in quantum-
confined systems or whether it is due to surface defect states (see ref [74] for an
early review). Very recently, in an elegant experiment, Godefroo et al. [75,76]
were able to control the origin of the PL of their silicon nanocrystals (Si NCs) and
to switch between quantum-confined and defect PL by hydrogen passivation and
UV irradiation, respectively. Using a single size-dispersed sample of Si NCs with
diameters ranging from 2.5 to 8 nm, Ledoux et al. [77] could show that the PL of
naturally oxidized Si NCs produced by gas-phase condensation was governed by
quantum confinement with a small deviation occurring for small Si NCs. This
observation was in agreement with the study of Wolkin et al. [78] who compared
the PL of hydrogen- and oxygen-passivated Si NCs with theoretical results and
found that defect luminescence via oxygen-related inner-gap states becomes
operative when quantum confinement causes the band gap to exceed a certain
energy. The same observation has been made by Martin et al. [79] in their
confocal microscopy investigation on single Si NCs. Their study is in accordance
with a gradual transition of the photoluminescence from PL governed by quantum

confinement for large Si NCs to defect luminescence for small Si NCs.
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Figure 9. Schematic view of the gas flow reactor. The reactant gas SiH, enters through the inner
tube, the confinement gas He through the outer tube. The flow of the gases is regulated by
controlling independently flow velocity and concentration by means of a flow meter system. The
radiation of a pulsed CO; laser enters and leaves the reactor through NaCl windows and is focused
tightly below the inner tube perpendicular to the gas flow axis to induce the decomposition of
SiH,.

Inset: Photography of the reaction zone. The inner tube and the outer tube for admitting the
reactant gas and the confinement gas, respectively. The decomposition of silane (SiH,4) induced by
the CO, laser radiation results in a visible luminescence, appearing just 2 — 3 mm below the inner
tube of the flow reactor.

The defect luminescence taking place in oxygen-passivated Si NCs originates
from localized states in the SiO, shell surrounding the crystalline silicon core. The
same states should also be operative if the entire Si core is removed, for example,
by full oxidation. Hence, the question arises whether the same defect
luminescence can also be observed in SiO, nanoparticles (SiO, NPs), which are
prepared by intentional oxidation of Si NCs. Indeed, a few years ago, Colder et al.
[80] reported on the observation of strong luminescence from hollow SiO, NPs
that had been obtained from Si NCs by full oxidation in water.

The technique for synthesis of ultra fine silicon powder is based on laser-induced

pyrolysis of the gaseous precursor silane (SiH4). The dissociation of SiHy
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followed by gas phase condensation and subsequent formation of crystalline
silicon quantum dots (Si NCs) takes place in a laser-driven gas flow reactor. For
decomposition of the precursor molecules a pulsed CO, laser is used providing
very sharp temperature gradients in the gas phase combined with reactions
proceeding in a wall-less environment.

A schematic view of the flow reactor employed for synthesis of Si NCs is shown
in Figure 9. The reactor is built from a standard stainless steel NW40 cross
vacuum fitting. The reaction gas enters the centre of the flow reactor through a
stainless-steel tube of 3 mm diameter. Coaxially arranged, in order to confine the
precursor gas flow to the flow axis, helium is flushed as buffer gas through the
outer tube of 12 mm diameter. The gas and reaction products are pumped by a
backing pump (D16B, Typ Leybold) through a funnel-shaped tube facing the inlet
tubes. The produced nanopowder is collected in a filter unit at the exit of the flow
reactor.

Gas flow rates and the total pressure inside the reaction chamber and therefore
concentrations and flow velocities of the precursor gas and the inert confinement
gas are regulated independently by means of an appropriate flow meter system
(flow regulation system Typ 647BE, MKS instruments; needle valve 248AC,
MKS instruments; pressure gauge, 122A, MKS instruments).

The molecular flow emanating from the inner gas inlet is crossed perpendicularly
by the focused radiation (ZnSe lens with 190.5 mm focus length) of a line-tunable
CO; laser which enters and leaves the reactor through NaCl windows (loss by
reflection = 8 %). The viewing ports are continuously flushed with rare gas to
prevent nanoparticles from coating the NaCl windows. The infrared laser intensity
is regulated by passing the laser beam through a propylene gas cell with
adjustable pressure. As pyrolysing laser a pulsed URENCO-TEA CO, laser
(model ML 104, Uranit) was used. The working conditions for the laser are:
repetition rate, 20 Hz; pulse width, 150 ns; laser emission wavelength, 10.6 pm.
During the course of the experiments, various reactor conditions have been tested.
However, the following conditions have been found to be particularly favourable:

SiH,4 flow rate, 15 sccm; He flow rate, 1100 sccm; pulse energy of the CO, laser,

32



45 mlJ. (sccm denotes standard cubic centimeter per minute). The total pressure
inside the reaction chamber was kept constant at 330 mbar. The induced
decomposition of the gaseous precursor SiH4 results in visible luminescence,
appearing just 2 — 3 mm below the inner tube (see inset in figure 9).

The PL spectra of such SiO, nanopowder resembled very much the PL spectra
known from Si NCs suggesting that there could possibly be a common origin. In
the present study, we have carried out confocal microscopy experiments on
individual SiO, NPs obtained by full oxidation of freshly synthesized Si NCs by
investigating their optical response upon excitation with 473 and 488 nm laser
light. The SiO, NPs are shown to possess a linear, randomly oriented transition
dipole moment for excitation and to exhibit dynamical effects such as transition
dipole moment flipping and fluorescence intermittency. The PL spectra reveal a
narrow zero-phonon line and a broader phonon band that can be associated with
the excitation of longitudinal optical phonons in SiO,. These spectra are identical
to those reported by Martin et al. [79] suggesting that both SiO, and Si single

particle spectra are governed by the same mechanisms.
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Figure 10. PL spectra of individual Si NCs (left) and SiO, NPs (right) are displayed in color. The
broad spectra in gray are ensemble spectra taken from the Si and SiO, nanopowders, from which
the samples for confocal microscopy were prepared.

Since more than two decades, there has been an ongoing discussion on whether
the PL from nanostructured silicon originates from intergap transitions assisted by

quantum confinement (QC) [70] or whether it is governed by surface related

defect centers (DCs) [74]. Very recently, it was shown [75] that it is possible to
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control the origin of the PL of Si NCs and to switch between quantum
confinement and defect-based PL by hydrogen passivation and UV irradiation,
respectively. Investigations of naturally oxidized Si NCs selected in size (2.5 — 8
nm) revealed that the PL is caused by quantum confinement, with some slight
deviation occurring for small NCs (2 — 3 nm in diameter) [81]. This observation
was confirmed by Wolkin et al. [78] who compared the PL of Si NCs passivated
by hydrogen and oxygen with theoretical results. They concluded that defect PL
via oxygen-related inner-gap states becomes dominant when quantum
confinement causes the band gap to exceed a certain energy. Furthermore, Martin
et al. [79] showed that the emission from Si NCs is governed by quantum
confinement for the larger particles, while in smaller Si NCs defect-based
luminescence is dominant. The defect PL in oxygen-passivated Si NCs originates
from localized states in the SiO, shell surrounding the crystalline silicon core.
Removing the entire Si core, for example by full oxidation, the same states should
still be operative. Therefore, the question arises whether the same defect
luminescence can also be observed in SiO, NPs which are prepared by intentional
and complete oxidation of Si NCs. Strong visible luminescence observed from
hollow SiO, NPs which had been obtained by full oxidation of Si NCs in water
was reported by Colder et al. [80]. Surprisingly, the PL spectra of such SiO,
nanopowder are very similar to the ones recorded from Si NCs, giving rise to the
assumption that the origin of the PL can be attributed to the same operating
mechanism, which would then obviously be related to defect PL. Thus, in spite of
the extensive results on Si NCs, the origin of the emission is still under debate.
The observations suggest that there is not a strict separation between quantum
confinement-induced PL and defect PL but rather a gradual transition. With the
purpose to shed some new light on the origin of the PL in oxidized Si NCs, we
have carried out a comparative study of the optical properties of single Si NCs
and single SiO, NPs employing confocal laser scanning microscopy.

We found evidence that the PL of single Si NCs as prepared for this study is
governed by defect luminescence (Figure 10). This conclusion is based on the

close resemblance of Si NC and SiO; NP spectra and on the short lifetimes around
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4 ns, incompatible with radiative recombination of charge carriers in a quantum-
confined system. These findings, however, should not be generalized since the
present technique is better adapted to processes with short lifetimes and may
therefore overlook PL processes with long timescale. Thus, for example, the
quantum-confined nature of the PL of larger size-selected Si NCs [81] is not
questioned. In the near future, efforts should be undertaken to improve the signal-
to noise level in order to search for single Si NCs revealing QC PL with long

lifetime.
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6. Modification of photoluminescence spectrum and
excited state lifetime of a single SiO, nanoparticle with a

tunable microcavity
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Placing a single SiO, nanoparticle in the tunable microcavity we carried out an
experiment, which shows a complete picture of the complex electromagnetic
interaction of single photon emitters with an electromagnetic field structure that is
tailored by the emitter’s surrounding. We demonstrate for the first time a
redistribution of the PL spectrum and modification of the excited state lifetime of
the same individual SiO, NP measured at different cavity lengths.

According to Fermi’s golden rule, the density of modes of the electromagnetic
field inside a cavity is changed with respect to the free space, and hence, the
coupling of the dipole transition of an emitter to this field. Recently, extensive
experimental studies of the cavity-controlled PL have been conducted for single
quantum dots [82-86], molecules [87-89] and atoms [90].

Here we demonstrate the modification of the electron-phonon coupling in a single
SiO, NP, embedded in a tunable subwavelength microcavity. By varying the
distance between the cavity mirrors we change the electromagnetic field mode
structure around the single NP, which results in a modification of the probability
of electron-phonon coupling. This allows us for the first time to demonstrate a
redistribution of the PL spectrum and modification of the excited state lifetime of

the same individual SiO, NP measured at different cavity lengths. Experimentally,

36



we demonstrated a redistribution of the PL spectrum and modification of excited
state lifetime of the same individual SiO, NP at different cavity lengths.

After selecting a single SiO, NP, we acquired PL spectra for the same particle at
different cavity lengths. For each acquisition, the cavity length was adjusted in
resonance with one of the spectral bands of the single particle spectrum. Since the
cavity length is reduced down to the range of one half of the emission
wavelength, there is only one resonator mode which overlaps with the emission
spectrum of the particle. Therefore, the enclosed quantum object is forced to emit
photons within a narrowed energy distribution, determined by the A/2-resonator
mode. This allows us to select those transitions, where the PL will mostly occur,
which leads to a modification of the emission spectrum of a single SiO, NP. In
total, we collected spectra for 14 particles. Figure 11 shows three spectra (red
curves) of the same individual SiO, NP, recorded at different cavity lengths. The
spectra exhibit a clear modification upon tuning the local cavity mode. In
particular, Figure 11(a) demonstrates an enhancement of the zero-phonon band,
while the phonon-assisted transitions are inhibited. Adjusting the cavity mode in
resonance with the spectral bands, originating from phonon-assisted transitions
results in their enhancement and suppression of the zero-phonon band. It should
be noted, that the redistribution of the spectrum is exclusively determined by the
coupling of the SiO, NP to the cavity mode, while plasmonic effects do not play a
significant role, since the particles are separated from the surface of the bottom
mirror with a spacer layer.

For better comparison of the measured single particle spectra and a free space
spectrum, the latter was shifted along the wavelength axis to fit the maxima of the
cavity-controlled spectra. The position of the single SiO, NP PL spectrum in free
space depends not only on the type of the defect, but also on its local environment
in the SiO; structure, which can vary from one particle to another. Therefore, as
has been recently observed [91], the single SiO, NP PL exhibits a spectral shift,
individual for each particle. The free space spectrum was arbitrarily normalized to
obtain an equal area for the zero-phonon line with the spectrum shown in Figure

11(a).
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Moreover, all measured decay curves could be well fitted by a single-exponential
function, which proves that zero-phonon, phonon- and double phonon-assisted
transitions occur from the same energy level but possess different transition

probabilities, which are related to the probability of electron-phonon coupling.
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Figure 11. (a)-(c): Measured photoluminescence spectra (red curve) of a single SiO, nanoparticle
placed inside the micro-resonator at different cavity lengths. The blue curve shows the cavity
white light transmission profile, normalized to the respective emission spectrum. The grey shaded
area represents a typical photoluminescence spectrum of a free space single SiO, nanoparticle,
shifted along the wavelength axis to fit the position of the cavity-controlled spectra. (d)-(f):
Photographs of the emission of the SiO, particle ensemble at respective cavity lengths taken
through the eyepiece of the microscope. (g)-(i): Transients of the same single SiO, nanoparticle
inside the micro-resonator as was used for recording the spectra measured at the. The decay curves
(g)-(1) were acquired at the same cavity lengths, which were selected for measurements of single
particle spectra shown in figures (a)-(c), respectively. All transients were fitted using a single-
exponential decay function (red curves).
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Modification of the electron-phonon coupling can be used for applications, where
the control of the electron-phonon coupling is required, e.g. phonon-assisted
chemical reactions [92,93], electron-defect scattering in plasmonic nanostructures
[94] or in recombination processes where the assistance of a phonon modifies the
rate of the electron-hole recombination [95]. Modification of single-particle PL
spectrum can be considered as a new step toward a single SiO; particle tunable
laser, which can become an alternative way towards silicon optoelectronics [96].
Combining the crystalline silicon, which possesses the exceptional electronic
properties but is a poor light emitter due to an indirect band structure, with SiO;
structure can allow for converting the electronic signal from silicon chip to the

light and back.
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Chapter 1

Microcavities: tailoring the optical properties of
single quantum emitters

In this chapter, we present a general review of different microresonator structures and
how they can be used in future device applications in modern analytical methods by
tailoring the optical properties of single quantum emitters. The main emphasis is on the
tunable 1/2-Fabry—Perot-type microresonator which we used to obtain the results
presented in this article. By varying the mirror distance the local mode structure of the
electromagnetic field is altered and thus the radiative coupling of fluorescent single
quantum emitters embedded inside the resonator to that field is changed, too. As a result
a modification of the optical properties of these quantum emitters can be observed. We
present experimental as well as theoretical results illustrating this effect. Furthermore,
the developed resonator can be used to determine the longitudinal position of embedded
emitters with an accuracy of 1/60 by analyzing the excitation patterns of nano-sized
fluorescent polymer spheres after excitation with a radially polarized doughnut mode
laser beam. Finally, we will apply this

resonator to a biological system and demonstrate the modification of Forster resonant
energy transfer (FRET) efficiency by inhibiting the excited state energy transfer from the
donor to the acceptor chromophore of a single DsRed protein.

This chapter is based on:

Biar S., Chizhik, A.L., Gutbrod, R., Schleifenbaum, F., Chizhik, A.M., Meixner, A.J.
“Microcavities: tailoring the optical properties of single quantum emitters” Anal. Bioanal.
Chem. 2010, 396, 3-14.
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Abstract We present a general review of different micro-
resonator structures and how they can be used in future
device applications in modern analytical methods by
tailoring the optical properties of single quantum emitters.
The main emphasis is on the tunable \/2-Fabry—Perot-type
microresonator which we used to obtain the results
presented in this article. By varying the mirror distance
the local mode structure of the electromagnetic field is
altered and thus the radiative coupling of fluorescent single
quantum emitters embedded inside the resonator to that
field is changed, too. As a result a modification of the
optical properties of these quantum emitters can be
observed. We present experimental as well as theoretical
results illustrating this effect. Furthermore, the developed
resonator can be used to determine the longitudinal position
of embedded emitters with an accuracy of A\/60 by
analyzing the excitation patterns of nano-sized fluorescent
polymer spheres after excitation with a radially polarized
doughnut mode laser beam. Finally, we will apply this
resonator to a biological system and demonstrate the
modification of Forster resonant energy transfer (FRET)
efficiency by inhibiting the excited state energy transfer
from the donor to the acceptor chromophore of a single
DsRed protein.
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Introduction

Since the realization of the first laser in 1960 by Maiman
[1], interest in optical resonators and their use in diverse
applications, from fundamental studies to industrial
manufacturing, has grown continuously. Photonic devices
have followed the trend towards miniaturization wit-
nessed in the semiconductor industries. This development
has already reached a level in which one has to deal with
single molecules or even atomic structures. Microreso-
nators are a very suitable tool to control the optical
properties of these quantum emitters (see, e.g., [2—5] and
citations therein). However, depending on the application
area, today’s microresonators vary much in their design—
from classical configurations using distributed Bragg
reflectors (DBR) or metallic mirrors via microtoroids to
photonic crystal-based cavities—and thus also in their
properties. A detailed summary can be found elsewhere
[4, 5], and Fig. 1 shows different types of micro-
resonators. This diversity has its origin in the manifold
photonic devices needed in future applications. By
modifying the shape and the size of a resonator and
changing its material composition it is already possible
to generate and/or support only desired wavelengths and
polarizations. This offers the potential for developing
new types of photonic devices such as low-threshold
microlasers, ultra-small optical filters, and switches for
wavelength-division-multiplexed (WDM) networks. In
particular, whispering gallery mode (WGM) lasers and
photonic crystal devices are very suitable for integration
in new photonic devices due to their compact size,
allowing a device density of 10° cm > [5]. These key
elements provide generation, guiding, coupling, switch-
ing, splitting, multiplexing, and demultiplexing of optical
signals.

@ Springer
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Fig. 1 Different types of microresonators. Fabry—Perot-type resona-
tors: micropost (reprinted from [6] with permission from the
American Institute of Physics, copyright 1996), bulk optical cavity
(adapted from [7] with permission from Macmillan Publishers,
copyright 2008), and distributed Bragg reflector (DBR cavity)
(reprinted from [8] with permission from Elsevier, copyright 2001).
Whispering gallery mode resonators: microtorus [9], microring [10],
and microsphere [11]

In the last couple of years the progress in developing
new functions of microcavites, most of them already known
from their macroscopic counterparts, was enormous. Using
a toroidal silica microresonator Vahala’s group was able to
demonstrate tunable continuous-wave third-harmonic gen-
eration at room temperature [12]. Based on a silica-on-
silicon microstructure the 1,550-nm pump wavelength was
converted into 517-nm emission with a threshold as low as
300 uW of pump power. Using silica toroid microresona-
tors it is also possible to generate optical frequency combs
in a very efficient way as demonstrated by Del’Haye et al.
[13]. These combs consist of equidistant frequencies
covering a large wavelength region and therefore they are
useful in precision spectroscopy, such as studies of dynamic
processes in atoms [14], gas sensing [15], and molecular
fingerprinting [16]. Other applications based on frequency
combs include frequency metrology [17] and optical
waveform synthesis for telecommunications [18, 19].

Most of the effects described above are based on the
properties of the resonator itself (material, shape, O factor
etc.). Additionally, the microresonator can be used either to
tailor the optical properties of single quantum emitters
placed inside or it can be modified by the presence of a
quantum object. The latter effect can be used in bioanalytics
for label-free single molecule detection. In this case,
binding of molecules to the functionalized surface of micro-
spheres [20] or microtoroids [21] can be observed by a
stepwise shift of the resonance frequency based on a thermo-

@ Springer

optic effect. As this sensor is applicable with single molecule
sensitivity it is interesting not only for biomedicine but also
for pollution monitoring and security issues [22].

The ‘controlling effect’ of a microresonator on quantum
emitters which are placed inside was described by Purcell
in 1946: an emitter within a low-loss, wavelength-scale
confined structure, like a resonator, alters its spontaneous
emission rate [23]. This effect is quantized by Fermi’s
golden rule, which states that the spontaneous emission rate
depends on the density of modes (DOM) of the electro-
magnetic field [24]. As a result of the changed DOM inside
a microresonator compared with non-confined space the
spontaneous emission is either suppressed [25] or enhanced
[23]. Of special interest is the latter case, which can be
expressed by the Purcell factor

3 ()0
Freg () 7 M

where A\ /n is the wavelength within the material, and Q and
V are the quality factor and mode volume of the cavity,
respectively. As a consequence of the enhanced (or
suppressed) spontaneous emission rate the spectral charac-
teristics of quantum emitters placed inside a microresonator
are changed. For broadband emitters one has to take optical
dispersion effects into account, i.e., wavelength-dependent
electromagnetic coupling of the emitter to its environment.
As a result the observable emission spectrum of the
embedded emitter can undergo drastic changes, which are
determined by frequency-selective coupling efficiencies
between the emitter and available cavity modes. This effect
will be discussed later in more detail for a planar metallic
subwavelength microcavity.

There is obviously a great variety amongst the intro-
duced microcavities, e.g., practical differences (ease of
fabrication, connectivity to waveguides, chip integration) or
principal differences (free spectral range (FSR), O factor,
mode volume). However, for fundamental research on the
physics of the interaction between light and matter and
cavity quantum electrodynamics the classical Fabry—Perot
resonator type using external mirrors is first choice as it is
versatile and offers a small mode volume. In 1983 Goy and
coworkers reported on the first observation of enhanced
spontaneous emission in a resonant cavity by using
Rydberg atoms of sodium [26]. These types of experiments
became increasingly interesting and formed the basis of the
above-mentioned applications. In recent years, the inves-
tigations of single quantum emitters, such as atoms [27],
ions [8], quantum dots [28], molecules [29], or single-
walled carbon nanotubes [30-33], in a Fabry—Perot-type
cavity have increased, especially driven by the quest for a
single photon source for quantum communication and
computing [7, 34-36].
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Microresonators for single molecule detection
and spectroscopy

Of course, the given introduction can only provide limited
insight into the large field of microresonators. Thus, we will
limit the discussion to the Fabry—Perot-type microresonator
and present the possibility to control the optical properties
of single molecules with such a device. In general, a Fabry—
Perot resonator consists of two plane parallel reflecting
surfaces with a distance d allowing multiple beam interfer-
ence. The medium in between these surfaces is described by
its refractive index n()\). For transmission through the
resonator, i.e., constructive interference, the half-wavelength
M2 has to fit an integer number of times into the cavity.
More specifically the resonance condition for irradiation
normal to the plane parallel mirrors is

mA/2 = n(l)d. (2)

Such a resonator type is often characterized by its
frequency spacing between adjacent resonances v; and ;,4,
called free spectral range (FSR), which is defined by

co

FSRV = AV = Vj+1 — Vj = W (3)

where ¢, is the vacuum velocity of light. In the case of
microresonators where d is comparable to A/2 the
penetration of the optical mode into the mirror has to be
taken into account. Another important characteristic of a
resonator is its finesse F, which is a measure for the
number of round trips before the stored energy decays to
1/e of its original value. The higher the reflectivity R of the
mirrors is the longer the photon storage time will be and, as
a consequence, the sharper the transmission maxima
characterized by dv will become. Formally, the finesse
can be written as

_FSR _ z(RiRy)""*
v 1-VRR

Sometimes, the finesse is replaced by the quality factor
0, given by the ratio of transmission wavelength )\, and
peak width 0], i.e., O=\o/dA=1p/dv. The last expression
in particular reflects nicely the correlation between the
energy decay in the time domain (finite photon storage
time) and the peak width in the frequency domain.
Depending on the reflectivity, O values reach 50 when
metal mirrors are used and up to several thousands in the
case of Bragg mirrors.

Plane-parallel resonators are commonly used in micro-
chip and microcavity lasers based on confined electronic
systems in semiconductors with reduced dimensionality but
not on single quantum emitters. Experimental results are
mostly related to ensemble measurements [37] as these

F (4)

systems are promising candidates for more efficient LEDs,
OLEDS, and microlasers [38—40]. However, experimental
results of direct modification of the emission behavior of a
single molecule in a microcavity are rare in the literature,
even though microcavities are a suitable tool for manipu-
lating the optical properties of quantum emitters. For
example, strong changes in the emission and absorption
spectra are predicted for a Rhodamine 6G molecule
embedded within a spherical metal nanocavity [41].
Experimentally, the effect of emission changes was ob-
served qualitatively by Steiner et al. [42] who investigated
single isolated perylene dye molecules in a planar metal
microcavity for different mirror spacings and hence for
different electromagnetic mode structures. As a result of the
fixed mirror spacings that were used in these experiments
each single molecule could only be investigated at one
specific resonator length. By developing this design further
into a resonator with tunable mirror spacing we were able
to actively change the optical properties such as the
emission rate and emission spectrum of a single molecule,
as presented by Chizhik et al. for the first time [43]. Thus,
we will present at first a detailed view of our resonator
design and the principle of its function, followed by a brief
description of the experimental setup. Then we will focus
on the resonators’ effect on the emission of different single
quantum emitters (i.e., single molecules, fluorescent
spheres) placed inside the cavity, where we could not only
manipulate the emission behavior of these emitters, but also
determine their exact position and orientation inside the
cavity by using a radially polarized doughnut-mode laser
beam. With respect to the application potential of this type
of microresonator, our first experiments on FRET studies of
the DsRed protein system [44] and biomolecules in a liquid
environment [45] are presented.

Experimental

The microresonator setup presented here is an advancement
of the non-tunable cavity used in previous experiments
[42]. This tunable Fabry—Perot-type microresonator con-
sists of two silver mirrors, as shown in Fig. 2 together with
a simplified sketch of the confocal microscope setup. The
isolated, single quantum emitters under investigation are
embedded in a polymer matrix and placed between these
two mirrors. The polymer matrix prevents clustering of the
molecules and allows one to easily investigate single
species. In addition, this polymer matrix immobilizes the
molecules to avoid translational and rotational motions
during measurements. To ensure efficient excitation and
emission through the bottom mirror it consists only of a
30-nm silver layer resulting in a transmission of this mirror
of approx. 25%.
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Fig. 2 Schematic of the microresonator and the simplified confocal
microscope setup

In contrast, the top mirror deposited on the curved
surface of a plano-convex 150-mm-focal-distance lens has a
thickness of 60 nm, offering a higher reflectivity of approx.
95% (calculation of the transmission and reflection coef-
ficients can be found elsewhere [46]). These Ag layers as
well as the silica spacers (cf. Fig. 2) were fabricated by
electron beam evaporation (EBV). The bottom SiO, spacer
layer prevents interaction between the quantum emitters
(e.g., dye molecules) and the silver to avoid quenching
effects. Varying the thickness of these silica layers allows
us also to place the molecules in a defined distance from the
bottom mirror, which is important for orientation and
position determination (see Sect. Orientation and position
of single quantum emitters). Optionally, another silica layer
can be deposited on top of the dye—polymer film, which
serves as the active medium, to minimize oxidation
processes of the molecules. To provide an optical homoge-
neous intracavity medium, but being flexible enough to
allow tuning of the cavity length, a refractive-index-
matching liquid fills the remaining space between the
multilayered cover slip and the upper mirror.

The active dye-doped polymer layer was fabricated by
spin coating a subnanomolar solution of either Rhodamine
6G or the perylene derivative N-(2,6-diisopropylphenyl)
perylene-3,4-dicarboximide (PI) in poly(methyl methacry-
late) (PMMA) dissolved in dichloromethane. Using an
atomic force microscope (AFM) the resulting layer thick-
ness was determined to be around 70 nm. To obtain a
reference spectrum of the polymer-embedded molecules, a
single molecule sample was prepared by spin coating the
same polymer—dye—dichloromethane mixture onto a pure
glass cover slip. This reference sample will be referred to as
the ‘free space sample’.

@ Springer

The whole resonator construction is installed in a
homemade aluminum holder. Tuning of the cavity length
is achieved via piezoelectric elements mounted at the plane
side of the lens. The resonator is then characterized by
white-light transmission measurements to monitor the
optical quality and the tuning capability (Fig. 3a). The
observed Newton rings are a result of the different
resonator lengths provided by the lens, i.e., where for a
certain wavelength the resonance condition is fulfilled. The
central region of the microcavity remains dark, as no visible
light can be transmitted below the \/2 regime. In turn, the
first visible rings indicate exactly the A2 condition. A
horizontal displacement of the resonator of 500 nm leads to
a resonator length change of the order of 0.5 nm [42],
which is of the order of the surface roughness of our silver
mirrors as determined by atomic force microscope measure-
ments. Hence, the microcavity can be considered as planar
within the focal-spot diameter of the microscope. Applying
a voltage to the piezoelectric elements results in an
increased diameter of the Newton rings, which shows that
the resonator length can be reversibly tuned with nanometer
accuracy. Recording the on-axis transmission spectrum of
the microcavity (details can be found elsewhere [42]), we
obtain a resonator Q factor of 45 (see also Fig. 3b). Even
though this value is not very high, it is sufficient for our
purpose to modify the emission properties of single
quantum emitters.

The following optical measurements on the quantum
emitters were performed using an inverted confocal
microscope equipped with a high-numerical-aperture ob-
jective lens. An argon-ion laser as well as an optically
pumped semiconductor laser, both operating at A=488 nm,
served as excitation sources for the fluorescence spectra.
Both the reflected excitation light and the fluorescence from
the quantum emitters are collected with the same objective
lens and after removing the excitation light the remaining
fluorescence is focused onto the detector. The detection unit
was either a spectrograph equipped with a CCD camera for
fluorescence measurements or an avalanche photodiode for
sample imaging. Confocal images are produced by raster
scanning the sample through the focal spot of the
microscope objective. An example is shown in Fig. 3c
and d, where one can see an image of the cavity-controlled
emission (i.e., emission occurs only in a ring where the
resonance condition for the molecular fluorescence is
fulfilled) and an image of a single PI molecule, respective-
ly. Both patterns are acquired using a Gaussian excitation
beam.

For determination of the three-dimensional orientation of
the single molecules as well as for the position measure-
ments of fluorescent beads in the resonator, a radially
polarized doughnut-mode laser beam (RPDB) served as
excitation source. This mode is generated from the
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Fig. 3 Cavity characterization: a Newton rings, b transmission
spectrum fitted by a Lorentzian function (solid line) giving a cavity
QO factor of 45, ¢ cavity-controlled emission, d single molecule
fluorescence

Gaussian beam output of the argon-ion laser according to
the method described by Dorn et al. [47] using a
polarization converter. A pinhole is used to remove
higher spatial frequencies before the beam is expanded to
fit in the back aperture of the objective lens. The
collimated beam is reflected by a non-polarizing beam-
splitter cube and focused onto the sample by the
microscope objective.

Results and discussion
Single molecules in a microresonator

For single molecule measurements dye solutions were
diluted to 10" M. However, the final molecular density
on the substrate depends also on experimental factors like
polymer concentration and rotational speed during the spin-
coating process. Thus, to ensure that only one single
molecule is located in the focal spot intensity—time traces
were collected (not presented here). These intensity
trajectories prove very clearly the single step blinking
behavior as expected from a single quantum emitter. Once a
single molecule was selected, it was possible to alter its
emission characteristic by varying the resonator length as
can be seen by changes in the fluorescence spectra.

Three representative spectra of a single Rhodamine 6G
molecule are shown in Fig. 4a. The observed changes in the
fluorescence behavior can be explained by a redistribution

of the energy within the different vibronic transitions due to
the variations of the resonator mode. Depending on the
resonator lengths a certain transition is preferred, i.e.,
enhanced spontaneous emission rate, while the other
transitions are efficiently suppressed. This effect is nicely
represented by the four photographs of the emission of
an ensemble of PI molecules taken through the eyepiece
of the microscope at different resonator lengths. As can
be seen in the free space spectrum in Fig. 4b the
fluorescence of PI covers a broad spectral range between
500 and 650 nm. Embedded in a resonator, the
molecules are forced to emit in a narrow energy
distribution allowing the change of emission color from
deep green through yellow and orange to red. To exclude
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250 -
200— —

150—

. T T 1 T T 7T
4 4 500 550 600 65
‘Wavelength (nm)

100— —

Intensity(counts/3s)
73
=
]
1

T T 1 T 1T T 1T T 1T r 1T r1rrrrrrrr
510 520 530 540 550 560 570 580 590 600 610 620
Wavelength (nm)

Fig. 4 a Cavity-induced changes in the spectral emission character-
istics of a single Rhodamine 6G (R6G)molecule. Measured spectra
(black line) of a single molecule embedded in the microcavity at
various values of cavity length. The red lines show the white-light
transmission profile of the cavity, normalized to the respective
emission spectrum, while the gray shaded area represents the free
space spectrum of a single R6G molecule. b Free space fluorescence
spectrum of a PI molecule covering a broad spectral range from 500 to
650 nm and four color photographs of the emission of a PI molecule
ensemble at different resonator lengths taken through the eyepiece of
the microscope
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that these emission changes are due to reorientation or
movement of the molecules, polarization measurements
were performed.

One would expect a modified emission spectrum which
is limited to the transmission profile of the microresonator.
However, this picture applies only for emission along the
resonator axis. For off-axis emission this condition
becomes loose, allowing blue-shifted emission with respect
to the resonator wavelength. As a high-numerical-aperture
objective is used for efficient light collection, this off-axis
emission is also collected giving rise to the spectra
presented here (clearly visible in the third R6G spectrum
in Fig. 4a). While a direct suppression of the off-axis emission
is not possible with a Fabry—Perot-type microresonator
structure—as this would require a three-dimensional confine-
ment, e.g., photonic crystal structure—the detection of the
off-axis emission can be easily suppressed by -either
choosing an objective with a low numerical aperture or a
pinhole in the detection path to cut out the off-axis
emission [48].

We have shown that using a tunable subwavelength
microresonator one is able to tailor the optical properties of
single quantum emitters, i.e., modify the spontaneous
emission rate and in turn the spectral shape of emission of
one distinct molecule [43].

However, if one really wants to control single quantum
emitters, or at least select those which are most suitable,
knowledge about the quantum emitters’ three-dimensional
transition dipole moment orientation and position would be
required. As already described in the Experimental section,
this task can be solved by using a radially polarized
doughnut mode.

Orientation and position of single quantum emitters

The technique of creating higher-order laser modes is well
known and was described in the Experimental section. A
confocal image of a single quantum emitter will provide the
information of its three-dimensional dipole moment orien-
tation in space when an RPDB is used for excitation. Here
we briefly present the basic idea and describe first results
using this technique, while detailed information can be
found elsewhere [49, 50].

An RPDB possesses an electrical field distribution in the
focus with components oriented in-plane and in the
longitudinal direction (cf. Fig. 5a). As the fluorescence rate
Ry of a molecule depends on the projection of the excitation
dipole moment ... on the electric field strengths Eg
according to Rp«|rexcEol*, the obtained excitation patterns
have shapes ranging from disk-like and double-lobe
patterns, depending on the three-dimensional orientation
of the molecule. As can be seen from the calculations
presented in Fig. 5b, a double-lobe pattern arises from a
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Fig. 5 Interaction of an RPDB with a dipole of a quantum emitter and
the calculated resulting patterns for different 6 angles (¢=90°=const.).
In the upper left picture the intensity distribution of the longitudinal
and the in-plane component of the RPDB in the focal plane are shown

dipole in the focal plane and changes to a disk-like pattern
for a dipole oriented perpendicular to this plane. Based on
this consideration confocal images of single molecules are
now compared with this theoretical prediction and their
orientation can be determined (see Fig. 6).

The presented examples show polymer-embedded PI
molecules in a non-confined sample. For determining the
orientation inside a microresonator this technique is so far
only valid if the position of the emitters is known, e.g.,
when the molecules are spin-coated on a silica spacer of
certain thickness (see Fig. 2). This is due to the different
electromagnetic field distribution inside a cavity as com-
pared with free space [51]. First experiments with mole-
cules placed at defined positions indicate that their
orientation can be determined inside a resonator. Thus, we
tried—in addition to the orientation—to identify the exact
longitudinal (i.e., along the optical axis) position of the
quantum emitter in a cavity.

In general, it is far more challenging to determine the
longitudinal position of a molecule than the lateral one [50,

Fig. 6 Experimental (upper row) and the corresponding calculated
(lower row) excitation patterns of five PI molecules resulting from
illumination with an RPDM. The corresponding /¢ angles are: 85°/
320°, 60°/45°, 40°/210°, 15°/25°, where (o=0° is in the x-direction (cf.
Fig. 5)
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52, 53], as the focal spot of a lens is at least three times
longer than wide due to technical limitations of the
numerical aperture of the microscope objective [54].

First experiments have been carried out with polymer
spheres of 20 nm in diameter, which contain a large number
of fluorescent molecules (approx. 200). As a result these
spheres have no preferred dipole orientation and act as
isotropic emitters. In turn, a variation in the excitation
pattern could only arise due to a changed electromagnetic
field for different resonator lengths. This effect was
observed for fluorescent spheres in a non-tunable cavity,
where the excitation pattern changed from a ring structure
to a disk-like structure during raster scanning of the sample,
ie., for changing the cavity length [55]. Using now a
tunable resonator as a tool to change the local electric field,
we were able to determine the longitudinal position of a
single bead with an accuracy of 2 nm by analyzing the
excitation patterns from an RPDB. To illustrate this in more
detail, Fig. 7b—d presents the excitation patterns for a
specific bead at three different resonator lengths and the
corresponding field intensity distribution. For comparison,
the field intensity distribution for the non-confined case,
i.e., without mirrors, is also presented (see Fig. 7a). The
insets in the experimentally recorded patterns display the
corresponding calculated cross sections for a constant
particle distance of 50 nm from the bottom resonator
mirror. A detailed description of the calculation procedure
is reported elsewhere [55]. In brief, the resonator structure
suppresses the in-plane field components close to the mirror
surfaces as well as the longitudinal field components in the
central region of the resonator (in comparison with the free
space distribution, cf. Fig. 7a). Obviously, the excitation
pattern depends strongly on the relative position of the
emitter inside the resonator (the absolute position was

£ K5
010}

(¢) L=138nm (d) L =164nm

(a) w/o mirrors | (b) L = 125nm

Fig. 7 Electromagnetic field distribution along the optical axis (lower
row) and corresponding excitation pattern of a single fluorescent
sphere perpendicular to the optical axis (upper row) for a non-
confined case without mirrors and b—d different resonator lengths. The
insets show the calculated excitation pattern in comparison with the
measured patterns

fixed). For short resonator lengths the bead is located
close to the resonator center, resulting in a doughnut-
shaped pattern (Fig. 7b), whereas for increased cavity
lengths the relative position moves closer to the bottom
mirror and thus changes the excitation pattern to a circular
spot (Fig. 7d).

As even small variations in the resonator lengths result
in significantly different excitation patterns, this effect can
be used to determine precisely the longitudinal position of
the emitter between the two mirrors. This is demonstrated
in Fig. 8, where a line cross section through the
experimental pattern (c) in Fig. 7 is fitted by the calculated
line profile. In this case, also using the other patterns, the
bead position was determined to 48+2 nm. To prove the
sensitivity of this method for longitudinal position identi-
fication the dashed lines in Fig. 8 represent a deviation of
only £5 nm from the optimum position, which implies a
longitudinal resolution better than \/60.

Modifying FRET of the autofluorescent protein DsRed
by using a microresonator

Another interesting application of microresonators is the
study of the interaction between two adjacent dye mole-
cules via a non-radiative dipole—dipole coupling [56]. This
type of near-field energy transfer—fluorescent resonance
energy transfer (FRET)—plays an important role in light-
induced processes in biology and life sciences, especially
for the interactions of individual chromophores in a multi-
chromophoric system [57-63]. For biological FRET sys-
tems the modification of the local photonic mode density
inside a resonator structure provides the opportunity to

400 -

400nm
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Intensity (arb. u.)
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Fig. 8 Line section (dots) through the measured excitation pattern
shown in Fig. 7c. The fit of the theoretical line section (red solid
curve) results in this case in a bead position of 50 nm above the lower
mirror. The sensitivity of the fit is indicated by the dotted curves,
which are calculated for a deviation of £5 nm from the optimum
position
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Fig. 9 Absorbance (blue) and fluorescence (red) spectra of the red
fluorescent protein DsRed. The labels D and A4 indicate the
fluorescence contribution of the donor and acceptor, respectively.
The inset displays the tetrameric structure of DsRed

control the transfer of excited state energy between the
chromophoric subunits without changing their physiologi-
cal environment or their chemical composition. For
studying dipole—dipole coupling of a rigidly coupled
multichromophoric system in a confined structure, the red
autofluorescent protein DsRed was placed in the \/2
Fabry—Perot microresonator (see Fig. 2). The free space
optical properties of DsRed, i.e., absorption and emission
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(see Fig. 9), are determined by its structural composition
and geometry. The native tetrameric structure consists of
four barrel-shaped subunits, each of them formed by 11 f3
sheets. These subunits can host either a green- or a red-
emitting chromophore with equal probability [64-66] (cf.
inset in Fig. 9). However, as two chromophoric subunits are
dipole-coupled with a FRET efficiency of up to 95% [64,
65], excitation of the donor in the blue spectral region will
result primarily in red fluorescence of the acceptor. This can
be seen in the fluorescence spectrum displayed in Fig. 9.
While the small peak around 505 nm can be assigned to the
green fluorescent chromophore (D, donor) the main
contribution with a maximum at 580 nm can be associated
with the red-emitting chromophor (A, acceptor).

In the following we demonstrate that it is possible to
disentangle the two chromophoric units of DsRed in a
microresonator solely by optical means without destroying
the composition of the tetrameric protein complex. For this
purpose a 50-nm thin layer of poly(vinyl alcohol) PVA
doped with DsRed was placed between the two mirrors of
the microresonator. In the confocal image of Fig. 10a we
observe a spatial intensity distribution consisting of sections
of two concentric rings. This image was recorded in the
first white-light interference ring (i.e., A/2 condition for
visible light). The lower part of Fig. 10a shows how the
cavity transmission maximum increases from 400 to

Intensity (arb. u.)

T T T T T T T
0 20 40 60 80

Position x in the microresonator (um)

Fig. 10 a Confocal microscopy image showing the spatial intensity
distribution of the microresonator-controlled DsRed fluorescence. The
separated sections of two concentric rings represent the intensity
maxima associated with either resonant green (around x=40 pum) or
red fluorescent chromophores (around x=70 um). The cross section of
the integrated fluorescence intensity (black solid line) recorded along
the blue line is correlated with the intensity maximum A(x,y) of the
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measured local on-axis transmission spectrum (circles) of the micro-
resonator. b Microresonator-controlled DsRed fluorescence spectra
measured at specific microresonator positions indicated by colored
rings in Fig. 10a referring to the green (i) and red chromophore (ii).
The corresponding local on-axis transmission spectra are plotted as a
reference (red). Additionally a free space spectrum of DsRed is shown
as reference (gray shaded area)
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760 nm along a line scan (blue line) in the confocal image.
Spectra recorded from the maximum of the inner ring
(marked by a green circle) and from the maximum of the
outer ring (orange circle) show that the inner ring originates
from the donor luminescence and the outer ring from the
acceptor luminescence. As can be seen from the on-axis
transmission spectra (red curves in Fig. 10b) both intensity
maxima occur where the local resonance wavelength of the
microresonator coincides either with the donor (D) or
acceptor (A) of the free space spectrum (cf. Fig. 9). In
addition, the confined structure leads to a relative enhance-
ment of the green fluorescence by a factor of 15 as
compared with free space. The results presented in Fig. 10
clearly show that for a resonator length corresponding to
the green emission of the donor, the fluorescence at 505 nm
dominates the spectrum while the non-resonant red fluo-
rescence is strongly suppressed. In turn, choosing a
resonator length corresponding to the red emission of the
acceptor the fluorescence at 580 nm is dominant due to
radiative coupling of the acceptor to the local cavity modes.
Deviations of the fluoresecence spectra from the micro-
resonator transmission function (red curves in Fig. 10b)
result from off-axis emission.

The key to microresonator-controlled fluorescence lies in
the influence of local photonic mode density pe.,(w) on the
spontaneous emission rate [y, cm of individual emitters,
which is described by Fermi’s golden rule [25]:

1 2
FspAemA == 7 | Ly ECaV|2pcav(w)

Tsp.em.

Here, u is the dipole moment of the emitter and the
surrounding electric field given by its vector E.,,. The
emission rate is inversely proportional to the fluorescence
lifetime and, consequently, modifications of the chromo-
phore lifetimes 70 and 72 alter the FRET efficiency in
DsRed due to Egr =1 — % Here, m is the lifetime of
the donor in the presence of an acceptor where energy
transfer can take place and 7p, is the lifetime of the donor in
the absence of an acceptor (mpa<7p=const.). Indeed,
fluorescence lifetime measurements of DsRed in a micro-
resonator show that the ratio of the donor and acceptor
lifetimes 72, /7, depends sensitively on the effective
resonator lengths L and reaches a maximum value of 4.5
(7.5 times higher than free space) at L=115 nm [44]. The
mirror separation of 115 nm corresponds to a local
resonance wavelength of 510 nm, which is close to the
wavelength of maximum donor emission at 505 nm. At this
resonator length the donor lifetime is shortened while the
acceptor fluorescence is off-resonant and its spontaneous
emission process is strongly suppressed. Furthermore, we
found that the resonator-controlled emission intensity ratio
between donor and acceptor /p//4 depends not only on the

resonator length, but also on the excitation power Pey.
While for free space samples of DsRed the energy transfer
efficiency is nearly independent of the excitation power and
equals 0.93—in good agreement with literature [65], the
FRET efficiency for systems enclosed in a microresonator
with mirror spacings of 115 nm drops to 0.1-0.5 and
depends on the excitation power. This can be explained by
the saturation of the acceptor due to its longer excited state
lifetime and thus the non-radiative transfer from the donor
to the acceptor is reduced. As a consequence the donor
emission intensity increases as a function of the pumping
rate. Following a rate equation model, where D=Dy+D,=
const. and 4=4y+A,=const. are the population numbers of
the ground state (0) and the excited state (1) of the
respective chromophores, the power- and resonance-
dependent energy transfer efficiency Egt can be expressed
as [44]:
1y
Ip + Ia

E(Pex(rvL):

B Peye.0p.D.k;.A
ki.A.D.Pexc.0p + (Pexc-0p + Pp(L) + k) (ki + P4 (L))

Here, Ppa(Ll) = k,,;DﬁA(L)/(k,;DA(L) + km;D_’A) repre-
sent the fluorescence quantum yield of the donor and the
acceptor, respectively, which depend on the mirror spacing
L of the microresonator. k; denotes the energy transfer rate
from the donor to the acceptor and is a near-field effect. op
is the absorption cross section of the donor. In summary, the
enhanced fluorescence lifetime of the acceptor effectively
forms a bottleneck for the transfer of excited state energy
from donor to acceptor chromophores. This results in an
inhibition of the excited state energy transfer from donor to
acceptor which can be tuned over a wide range of energy
transfer efficiencies from 0.1 to 0.97. Thus, optical micro-
resonators are promising for controlling energy transfer
processes between dipole-coupled emitters.

While the results presented in the previous section dealt
with ensemble measurements we will address single protein
and FRET control in the following. Figure 11 displays two
fluorescence spectra of single DsRed proteins at different
resonator lengths. Depending on the effective mirror
distance L, either the green fluorescence band associated
with the resonant donor (for L around 115 nm, see Fig. 11a)
or the red fluorescence band of the resonant acceptor (L
around 140 nm, see Fig. 11b) can be observed. This is in
good agreement with the ensemble results presented in the
previous section (cf. Fig. 10).

However, as the chromophoric composition and mutual
orientation as well as the transfer efficiency will vary for
each single DsRed protein [64, 67], the optical confine-
ment of a resonator will affect each individual protein
differently. This drawback from an experimental point of
view can be overcome when a large number of single
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Wavelength (nm)

Fig. 11 Microresonator-modified fluorescence spectra of single
DsRed proteins. If, as shown in a, the resonator length is tuned to
be on resonance with the green-emitting donor chromophore at
505 nm only the green fluorescence is present. When the resonance

proteins are investigated. Then the statistical weight
should clearly favor the observation of the green
fluorescent donor chromophores in DsRed proteins (for
L being tuned to that wavelength). Thus, we have
investigated the emission behavior of 257 single proteins
in the microresonator and for reference 339 single DsRed
entities in free space. The resulting histograms for the
occurrence of the spectral peak position in the fluores-
cence are shown in Fig. 12a and b for proteins embedded
in the resonator and in free space, respectively. As a result,
83% of the investigated proteins inside the resonator
structure show green fluorescence for a cavity length
below 140 nm, which is nearly 14 times higher as
compared with the green emission in free space, where
only 6% of the investigated tetramers exhibit the green
emission. This result demonstrates clearly that an optical
microresonator can be used as a powerful tool to
investigate donor chromophores in single, isolated
FRET-pairs without structural modifications of the chro-
mophoric subunits.

Summary and conclusion

We presented in this review article the use of micro-
resonators for fundamental studies as well as for applica-
tions. The main emphasis was the introduction of a A\/2
microresonator, which is reversibly tunable with nanometer
precision across the entire visible spectral range. This
resonator allows us not only to modify the spectral
characteristics of single quantum emitters but to control
them by choosing a specific resonator length and results
either in enhancement or inhibition of the spontaneous
emission rate compared with the free, non-confined space.
The experimental results are in good agreement with a
theoretical model based on a semi-classical approach which
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Wavelength (nm)

wavelength of the resonator is centered at 580 nm (b), it is on
resonance with the red-emitting chromophore and thus only the red
fluorescence is visible. The corresponding local on-axis transmission
spectra of the microresonator are shown as solid red lines

describes very well the transition rates of the embedded
molecules and the angular distribution of the radiation as
well as the resonator-induced changes of the entire emission
spectrum.

Furthermore, the tunable microresonator allows us to
determine the longitudinal position of a single quantum
emitter embedded in a transparent dielectric medium with
an accuracy of \/60 by analyzing fluorescence images from
excitation with a radially polarized doughnut mode as a
function of the mirror spacing.

@ ¢,
70
60
50
40
304
20
10
0 ] T T T T T LI T T

460 480 500 520 540 560 580 600 620

donor resonator
I acceptor resonator

Occurency

j

—~
o
=

Occurency

80

emission maximum (nm)

70
60t
50

40

30

20

10

v T v T v T v T T T T T T T T
donor free space
I acceptor free space

0
460

1 T
500 520 540 560 580 600
Emission maximum (nm)

T
480

620

Fig. 12 The histograms display the occurrence of spectral peak
positions in the emissions from single DsRed proteins inside the
microresonator (a) and in free space (b)
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Finally, we were able to control the FRET efficiency in

single bichromophoric DsRed proteins via tuning the
spectral mode density of the resonator.
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Chapter 2

Tuning the fluorescence emission spectra of a single
molecule with a variable optical subwavelength metal
microcavity

In this chapter, we present experimental and theoretical results on changing the
Sfluorescence emission spectrum of a single molecule by embedding it within a tunable
planar microcavity with subwavelength spacing. The cavity length is changed with
nanometer precision by using a piezoelectric actuator. By varying its length, the local
mode structure of the electromagnetic field is changed together with the radiative
coupling of the emitting molecule to the field. Because mode structure and coupling are
both frequency dependent, this leads to a renormalization of the emission spectrum of the
molecule. We develop a theoretical model for these spectral changes and find excellent
agreement between theoretical prediction and experimental results.

This chapter is based on:

Chizhik, A.IL., Schleifenbaum, F., Gutbrod, R., Chizhik, A.M., Khoptyar, D., Meixner,
A.J., Enderlein, J. “Tuning the Fluorescence Emission Spectra of a Single Molecule with
a Variable Optical Sub-wavelength Metal Microcavity" Phys. Rev. Lett. 2009, 102,
073002-1-4.
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We present experimental and theoretical results on changing the fluorescence emission spectrum of a
single molecule by embedding it within a tunable planar microcavity with subwavelength spacing. The
cavity length is changed with nanometer precision by using a piezoelectric actuator. By varying its length,
the local mode structure of the electromagnetic field is changed together with the radiative coupling of the
emitting molecule to the field. Because mode structure and coupling are both frequency dependent, this
leads to a renormalization of the emission spectrum of the molecule. We develop a theoretical model for
these spectral changes and find excellent agreement between theoretical prediction and experimental

results.
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As was first noted by Purcell more then 60 years ago [1],
placing an emitter within a confined geometry alters its
emission properties, in particular, the rate of spontaneous
emission is increased. This can be easily understood within
a Fermi’s golden rule approach to the emission of an
electric dipole within the given geometry: The density of
modes of the electromagnetic field inside a cavity is
changed with respect to free space, and hence the coupling
of the dipole transition of an emitting molecule to this field.
The first extensive experimental studies of the changes in
spontaneous emission rates of molecules in front of a metal
mirror were conducted by Kuhn and Drexhage (see
Ref. [2]), and a comprehensive semiclassical model for
these experiments was developed by Chance, Prock and
Silbey [3]. Lukosz and coworkers conducted extensive
studies of the changes in the angular distribution of radia-
tion of fluorescent molecules close to a metallic mirror or
dielectric interfaces [4,5]. Later, all of these results had
been confirmed also on a single molecule level, see Ref. [6]
and citations therein. Remarkably, little attention has been
paid to the changes in the emission spectrum of a fluores-
cent dye as induced by the changes of the local electro-
magnetic field structure. This is partially due to the fact
that when observing molecules with narrow emission
bands, optical dispersion of the molecule’s environment
is rather weak, so that the wavelength dependence of the
changes in the radiative transition rate by its environment is
negligible. However, if a molecule displays a broad emis-
sion spectrum, one can no longer neglect optical dispersion
effects, and strong shape changes of a molecule’s emission
spectrum are expected. This is due to the fact that the
optical dispersion of a molecule’s environment leads to a
wavelength-dependent electromagnetic coupling of the
emitter to its environment, which results in a renormaliza-
tion of the observable emission spectrum of the embedded

0031-9007/09/102(7)/073002(4)
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molecule. For example, strong changes in the emission and
absorption spectra have been predicted for a Rhodamine6G
molecule embedded within a spherical metal nanocavity
[7].

Experimentally, this effect has been observed qualita-
tively by Steiner et al. [8] who investigated single isolated
perylene dye molecules in a planar metal microcavity for
different mirror spacings and hence for different electro-
magnetic mode structures. However, as the mirror spacing
was fixed, they could investigate a distinct molecule only
for one given resonator length. In the present Letter, we
report on changing the emission spectrum of a single
fluorescent molecule embedded in a tunable microcavity.
Thus, for the first time we were able to actively change the
local electromagnetic field structure around a molecule by
changing the mirror spacing of the cavity. In doing that,
one selects the vibronic transition where fluorescence will
mostly occur. Moreover, we develop a semiclassical theo-
retical model for these spectral changes, and find excellent
agreement between theory and experiment. Together with
the well-studied changes of radiative transition rates (fluo-
rescence or luminescence lifetime) and angular distribu-
tions of radiation, this is another important step in our
understanding of the complex electromagnetic interaction
of single photon emitters with an electromagnetic field
structure that is tailored by the emitter’s surrounding.

The experimental setup is depicted in Fig. 1(a) and is
similar to a previously built microcavity but with no ad-
justable cavity length [8]. A homemade aluminum cavity
holder was used to hold the multilayer cavity. The bottom
part of the cavity consisted of a coverslip (thickness
170 wm), covered by a thin silver film (47 nm), a silicon
oxide layer (30 nm, refractive index n = 1.46), a polymer
layer (70 nm, refractive index n = 1.49) with dissolved
dye molecules, and a second thin silicon oxide layer (8 nm,

© 2009 The American Physical Society
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refractive index n = 1.46). The bottom silicon oxide layer
serves as a finite spacer between the silver metal and the
dye embedding polymer. The upper silicon oxide layer
prevents any interaction of embedded dye molecules with
atmospheric oxygen during cavity assembly. The top part
of the cavity consists of a plane-convex lens (F =
150 mm), again covered with a silver layer (94 nm). The
intermediate space between the multilayer covered cover-
slip and the multilayer covered lens was filled with oil
(Immersol 518F, Zeiss, refractive index n = 1.52). The
cavity length could be adjusted with piezo actuators (PSt
150/3.5 X 3.5/20, Piezomechanik GmbH) that move the
lens toward or away from the bottom coverslip. Silver and
oxide layers were made using an evaporation technique
reported elsewhere [8]. Absolute thickness values were
determined afterward by fitting a transmission spectrum
that was recorded using a collimated white light source
[see Fig. 1(b)]. Although the resonance peak in the emis-
sion spectrum depends on the absolute value of cavity
length, the peak width is only determined by the thickness
of the various layers (mostly the silver film thickness
values). All subsequent fluorescence spectrum measure-
ments were performed close to the center of the lens, where
the formed cavity can be considered to be a plane-parallel
system.

The dye doped polymer layer was fabricated by spin
coating a subnanomolar solution of the perylene derivative
N-(2,6-diisopropylphenyl)-perylene-3,4-dicarboxymide
(abbreviated by PI) in 2% poly(methyl methacrylate)
(PMMA) dissolved in dichloromethane. The resulting
layer thickness was determined to be around 70 nm by
an atomic force microscope (AFM). To obtain a reference
spectrum of the PMMA-embedded molecules, a free space
sample was prepared by spin coating a thick layer of the
same polymer-dye-dichloromethane mixture onto a pure
glass coverslip.

All optical measurements were performed using an in-
verted confocal microscope (based on an Axiovert 135 TV,
Zeiss) equipped with a high-numerical-aperture objective
[Planeoflex 100/(numerical aperture) = 1.3, Zeiss]. An
argon-ion laser (60X-200, American Laser Corporation)

54 65 66 57 cavity Q-factor = 45.

w (10™ Hz)

at A = 488 nm served as excitation source for the fluores-
cence spectrum measurements. Back-scattered excitation
light was blocked with a long-pass filter (Semrock Razor
Edge LP02-488RU-25). Fluorescence spectra were ac-
quired with a spectrograph (SpectraPro 300i, Acton
Research) in combination with a CCD camera (LNCCD-
1340/100-EB/1, Princeton Instruments). For each spectral
measurement, the cavity length was adjusted via a defined
voltage applied to the piezo actuator. The measurement of
each spectrum lasted only three seconds, to prevent pre-
mature bleaching, and to reduce the effects of piezo drift-
ing and potential spectral jumps of the molecule (see also
below).

Theoretical modeling of the spectrum was done within a
semiclassical approach, treating the fluorescing molecule
as an oscillating electric dipole emitter and solving
Maxwell’s equation for the given geometry of the micro-
cavity, see, e.g., Ref. [9] and citations therein. Let us first
consider a purely monochromatic emitter. For such an
emitter, the electric field amplitude E(7) at position 7 of a
free electric dipole emitter within a homogeneous polymer
environment is represented by a plane wave expansion
(Weyl representation [10]) as

) >
B = e f Wik, &, p)+ &R, Pl
2me J w
ey

where k = 4/¢> + w? is the modulus of the wave vector in
polymer, ¢ and w being its horizontal (two-dimensional
vector parallel to cavity interfaces) and vertical (orthogo-
nal to cavity interfaces) components, respectively; € is the
dielectric constant of the polymer, which is equal to the
square of its refractive index n; and p is the amplitude
vector of the oscillating dipole. The vector p is the projec-
tion of the position vector 7 onto a plane parallel to the
cavity interfaces, and z its projection onto a line orthogonal
to these interfaces. Furthermore, it is assumed that the
emitter is positioned at coordinates 7 = (0, 0, 0). The unit
vectors K, and K, correspond to the p-wave and s-wave
contributions (with respect to the cavity interfaces) of the
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corresponding plane wave component and are explicitly
given by
(_WC_I), q)) RS = (é)z X é)) 0)1 (2)

Kp:

I —

where ¢, is the unit vector along the z direction. For
modeling the electromagnetic interaction between the
emitter and the cavity, one solves Maxwell’s equation of
the whole cavity system separately for each plane wave
component in representation Eq. (1) as source. This is done
in a straightforward way by using Fresnel’s relations for a
planar multilayered system and yields a plane wave repre-
sentation of the electric field amplitude within each layer of
the cavity and in both half-spaces outside the cavity. These
representations have the form

.o ik fdg L L .
Ej(r) = 2776] ;j[Kp,j(Kp,j : p) + KJ(KS ' p)]

€07 - [a(@)e™ + by(g)e ] &)

= 2 2 . .
where the €, kj Jq + wj,wj,and Kp,j correspond now

to the jth layer of the system, and the a; and b; are the
g-dependent coefficients of the plane wave modes travel-
ing toward +z and —z, respectively. For the half-space
bordering the cavity along the +z direction, there will be
no b coefficient, and for the half-space bordering the cavity
along the —z direction, there will be no a coefficient (only
outgoing waves are admitted).

Knowing the full electric field amplitudes in all layers,
two important quantities can be calculated: the total power
Siot Of emission, and the angular distribution of radiation
(ADR) in the half-space toward the light-collecting objec-
tive. The total power of emission is found by integrating
the positive or negative z component of the Poynting vector
P = (¢/8)Re(E X B") over both interfaces of the poly-
mer layer containing the emitting molecule, where the
positive sign is chosen for the interface toward the +z
direction, and the negative sign for the interface toward
the —z direction. The magnetic field amplitude B which
enters the expression of the Poynting vector is found from
Eq. (1) and Eq. (3) using the magnetic induction law from
Maxwell’s equations. Within the semiclassical interpreta-
tion, the total power of emission S\ is proportional to the
radiative transition rate of the molecule from its excited to
its ground state (at the considered wavelength).

The ADR in the half-space bordering the cavity toward
the —z direction (toward the objective) can be found when
taking into account that each outgoing plane wave compo-
nent in the plane wave representation of Eq. (3) is con-
nected with an energy flux proportional to nglbgl2 along
the direction (¢, —w,), where the subscript g refers now to
that half space (glass), and n, is the corresponding refrac-
tive index. Integrating this ADR over the solid angle of
light collection of the objective yields a number propor-
tional to the light detection efficiency, Cg, of the mea-

surement system for a fluorescent molecule with the given
position, orientation, and at the considered wavelength.
The cavity-renormalized spectrum is obtained by calcu-
lating S (1) and Cye(A) as functions of the emission
wavelength A. The optical dispersion of the cavity’s mate-
rial, in particular the silver layer, can be taken into account
by using the wavelength-dependent refractive index of all
materials in the calculations. For the actual cavity consid-
ered here, we kept the refractive index values of all dielec-
trics constant at their values given above, but approximated
the wavelength-dependent complex-valued refractive in-
dex of silver by a Brendel-Borman model [11]. Knowing
both functions S,,(A) and Cye(A), and the free emission
spectrum F(A) of the dye in an infinite and pure polymer
environment, the emission spectrum F(A) of the dye within
the cavity is now obtained (up to a constant factor) by

Caet(A)Si0t(A)

F(A) o Fo(A) [ SeX)dx”

“

where S, (A)/ [ Sio(A)dA" is proportional to the cavity-
induced change of the radiative transition at wavelength A,
and Cy, is proportional to the probability of detecting a
photon at that wavelength.

When fitting experimentally measured spectra, one has
two intrinsic unknown fit parameters: the exact position of
the molecule within the polymer layer, i.e., its distance
from the bottom interface of the polymer layer (interface
toward the objective), and its orientation, i.e., inclination
toward the z axis. Furthermore, the precise length of the
cavity is also not exactly known. Each spectral measure-
ment was done ca. 5 min after adjusting the piezo actuator
to a new position. However, there were no means to abso-
lutely measure the cavity length with nanometer resolu-
tion, and we observed furthermore a slow (over couple of
minutes) drift of the cavity length (due to mechanical
relaxation and creeping), which could be seen as a slow
shape change of the emission spectrum with time. Thus,
the cavity length, i.e., the thickness of the oil layer between
the polymer-covering silicon oxide layer and the silver
layer on the lens, was used as a third fit parameter.
Finally, it was realized that an excellent agreement be-
tween calculated and experimentally measured spectra
could only be achieved when also taking into account an
additional spectral shift of the molecule’s emission as
commonly observed for single molecule spectra [12].

After selecting a single molecule, we measured several
emission spectra for the same molecule at different values
of the cavity length. Three prominent spectra are presented
in Fig. 2. The figures also show best fits of the calculated
spectra to the data. In these fits, the fit parameters, position
and orientation of the molecule, were kept constant for all
spectra (global fitting). We checked by polarization mea-
surements that there is no reorientation of the molecule and
the position of the molecule is fixed. In contrast, cavity
length (i.e., oil layer thickness) and spectral shift were
allowed to vary from spectrum to spectrum. The calcula-
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FIG. 2 (color online). Measured spectra (red dots) of a single
molecule embedded in the microcavity at various values of cav-
ity length. The blue solid lines show the best fit of a theoretically
calculated spectrum, using the free spectrum in polymer (gray
shaded area) as the starting point [F, in Eq. (4)]. Fitted value of
oil layer thickness is indicated in each of the plots. The deter-
mined spectral shifts are, from top to bottom, —2 nm, —5 nm,
and —14 nm. For better comparison with the free spectrum, the
measured and fitted spectra are shown shifted by the opposite of
these values toward the red spectral region.

tions showed that the observed molecule was close to the
upper polymer interface (toward the oil) and had a nearly
vertical orientation. Because of the special electric field
configuration of the focused laser light inside the cavity
[13], such dipoles are efficiently excited. The obtained
values of spectral shift between —2 nm and —14 nm are
common when observing single perylene emission spectra,
and similar values have been reported before [14]. To
quantify fit quality, we calculated the covariance between
measured and fitted spectra and found covariance values of
better than 0.9. In total, we measured spectra for more than
30 molecules and always found similar excellent agree-

ment between measured and fitted spectra. The reason for
the success of the semiclassical model is that we observe
molecules that are rather far away from the metal surfaces
so that fluorescence quenching is still moderate and non-
local plasmonic effects (which are not accounted for in our
model) do not play a significant role.

In summary the experimental results show that, by tun-
ing the cavity length, one can significantly change the
emission spectrum of an individual molecule, and control
the ratio of distinct vibronic transition probabilities. The
agreement with a theoretical model based on a semiclas-
sical approach is remarkable demonstrating its appropri-
ateness not only for calculating transition rates and ADRs
(as was done before) but also for describing cavity-induced
changes of the entire emission spectrum.
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Chapter 3

Probing the radiative transition of single molecules
with a tunable microresonator

In this chapter, using a tunable optical microresonator with subwavelength spacing, we
demonstrate controlled modulation of the radiative transition rate of a single molecule,
which is measured by monitoring its fluorescence lifetime. Variation of the cavity length
changes the local mode structure of the electromagnetic field, which modifies the
radiative coupling of an emitting molecule to that field. By comparing the experimental
data with a theoretical model, we extract both the pure radiative transition rate as well
as the quantum yield of individual molecules. We observe a broad scattering of quantum
yield values from molecule to molecule, which reflects the strong variation of the local
interaction of the observed molecules with their host environment.

This chapter is based on:

Chizhik, A.I., Chizhik, A.M., Khoptyar, D., Bir, S., Meixner, A.J., Enderlein, J. “Probing
the radiative transition of single molecules with a tunable microresonator” Nano Lett.
2011 published online.
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ABSTRACT: Using a tunable optical microresonator with
subwavelength spacing, we demonstrate controlled modulation
of the radiative transition rate of a single molecule, which is

measured by monitoring its fluorescence lifetime. Variation of

the cavity length changes the local mode structure of the

electromagnetic field, which modifies the radiative coupling of

an emitting molecule to that field. By comparing the experi-
mental data with a theoretical model, we extract both the pure

radiative transition rate as well as the quantum yield of

individual molecules. We observe a broad scattering of quantum

yield values from molecule to molecule, which reflects the strong variation of the local interaction of the observed molecules with

their host environment.
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One of the fascinating aspects of single molecule fluorescence
spectroscopy is that it allows for studying discrete transi-
tions between an electronically excited and the ground state in an
individual quantum-mechanical system. This becomes even
more fascinating by the option to change the physics of that
transition by placing a molecule into a cavity. As E. M. Purcell
already pointed out in his seminal contribution to the meeting of
the American Physical Society in 1946," the cavity will change the
coupling of the intramolecular transition to the vacuum electro-
magnetic field, thus leading to an acceleration of the radiative
transition in a molecule. This has been confirmed in bulk by
measuring the fluorescence lifetime as function of the molecules’
distance to a metallic mirror.” A thorough theoretical description
of these measurements had been developed by Chance et al.>
using a semiclassical approach based on Fermi’s Golden Rule.
However, the radiative transition constitutes only one of the
possible ways for returning from the excited to the ground state
when considering molecules embedded in a condensed matter
environment (e.g, solid or liquid). Because of collisions/inter-
actions with surrounding molecules, so-called nonradiative
transitions constitute a significant alternative way of de-excita-
tion. The ratio of radiative to nonradiative transition rates is
quantitatively described by the fluorescence quantum yield
(QY) that is defined as the average chance to emit a photon
(radiative transition) upon return from the excited to the ground
state or

¢ = (1)

v ACS Publications ©2011 American Chemical Society

where k, and k,, are the radiative and nonradiative transition
rates, respectively.

From a spectroscopic point of view, the QY of fluorescence is
the parameter that is most challenging to assess. Whereas
absorption and emission spectra as well as excited state lifetime
(fluorescence lifetime) are straightforward to measure with
modern measurement techniques, QY values are mostly deter-
mined in a comparative manner against a standard of known QY.
Nonetheless, precise knowledge of QY is important for many
practical applications such as the development of materials for
organic and inorganic light emitting diodes,® single-photon
sources,’ solar cells,” laser technology,8 or labeling in biological
research.’

The first successful estimates of the QY of fluorescent solu-
tions had been made by Vavilov in 1924'® by comparing the
fluorescence with scattering intensities. This approach was used,
although much refined, over the following decades.’ Only by
1978, Brannon and Magde developed a method for absolute
measurements of QY via sensitive measurements of sample
heating upon illumination.'” However, extending this idea to
the single-molecule level seems rather impossible due to the
minute amount of heat generated by a single molecule upon
nonradiative de-excitation.

Thus, when considering the QY of individual molecules, an
appealing idea is to use the aforementioned sensitivity of the
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radiative transition to the local electromagnetic field mode
density, which can be changed by placing the emitter close to a
mirror or within a cavity. On the single-emitter level, this effect
has been demonstrated by several authors, either by measuring
the fluorescence lifetime of an emitter in two different
environments'>'* or by placing the emitter on or close to a
sharp tip.">'® Sandoghdar has recently extended this approach to
measuring the fluorescence lifetime of a sin%le molecule as a
function of its distance to a metallic mirror, " thus replicating
Drexhage’s original measurements on a single molecule level.

An even more efficient method to change the local mode
density of the electromagnetic field is to place an emitter into an
optical microcavity.'®'® Furthermore, if the cavity is tunable, it
becomes a powerful tool for changing the mode density and
resulting radiative transition rate of an emitter in a continuous
way. We have recently used such a tunable microcavity to watch,
on one and the same molecule, the varying emission spectrum
while changing the cavity width.*°

Here, we present absolute measurements of the QY of
individual molecules using the tunable microcavity. The distance
between the cavity mirrors is reduced down to the range of one-
half of the emission wavelength, therefore there is only one
resonance frequency maximum, which is tuned when the cavity
length is changed. Since the mode structure and the coupling
between the molecule and the resonator are both frequency
dependent, variation of the cavity length leads to a modification
of the radiative transition in a molecule according to Fermi’s
golden rule.* The core idea is to record the fluorescence lifetime
of the same single molecule as a function of cavity width, in that
way changing the radiation rate via the optical mode density in
the resonator while leaving at the same time the nonradiative rate
of the molecule unaffected. This information is then compared
with theoretical modeling for extracting both the pure radiative
transition rate and the QY for a given molecule. We observe a
broad distribution of QY values from molecule to molecule,
which reflects the strong variation of the local interaction of the
observed molecules with their host molecules. The method is of
fundamental importance wherever one is interested in investigat-
ing interactions between fluorescent emitters and surrounding
host molecules, which is most sensitively reported by the
nonradiative transition rate. This is different to the modification
of the QY of a molecule by a plasmonic nanostructure when the
molecule must be so close to the metal that absorptive losses to
the metal may even dominate the nonradiative relaxation.”' >

Figure 1 depicts a schematic of the experimental setup with the
tunable microcavity. The cavity mirrors are made by placing thin
silver layers (S0 nm bottom and 100 nm top) on a glass substrate
(see Supporting Information for further details). The bottom
semitransparent silver mirror is covered with a 30 nm SiO, layer
that acts as a spacer between sample molecules and the silver
surface. A droplet of a highly diluted solution of fluorescent PI
molecules (a perylene derivative; a molecular structure is shown
in the inset of Figure 1) was spin coated onto the SiO, surface
(rotation speed 1000 r/min), resulting in a sparse distribution of
molecules across the surface. The molecules were covered with a
70 nm layer of poly(methyl methacrylate) (PMMA) for fixation
by spin coating a 1% polymer solution dissolved in dichlor-
methane (see Supporting Information). Between the top of the
polymer layer and the top cavity mirror was air. The cavity height
was adjusted with a piezo actuator and the width value was
determined by measuring the white light transmission spectrum
(see 19 and Supporting Information).

Microscope
objective lens

‘ Excitation
laser light

¥~ Beam splitter

——
E 3 ™ Long-pass filter

«C ®oH =0 =N

Figure 1. Scheme of the experimental setup. The tunable microcavity
consists of the following: silver layers (1) sputtered on the glass surface
(2); silica layer (3), acting as a spacer between the metallic surface and
the molecules; a polymer layer (4), immobilizing molecules and
protecting them from the interaction with atmospheric oxygen. The
vertical position of the top mirror is adjusted with nanometer precision
by piezo actuator. The inset shows a molecular structure of PI molecule.

An important issue when aiming at an accurate QY determina-
tion of single molecules is to have precise knowledge of their
position and orientation within the cavity. Both information
determine the electromagnetic field mode density that is sensed
by a molecule. In our experiment, a molecule’s position is given
by the position of the SiO, surface. However, determining its
orientation is more challenging. For that purpose, we scanned
molecules with a focused laser beam having higher-order beam
modes and thus exhibiting a well-defined three-dimensional
polarization geometry of light within the focus. The higher-order
beam modes were prepared from a Gaussian beam of an Ar*-
laser (Aey = 488 nm) by using a laser-mode conversion system
(see refs 24—28 and Supporting Information). We have success-
tully applied this method in the past for probing single molecules
orientations inside the cavity.**° Our measurements show that
all observed molecules have a dipole orientation parallel to the
SiO, surface, which can be explained by the fact that the aromatic
perylene ring system lays flat down on the surface upon spin
coating and subsequent solvent evaporation.

The lifetime measurements within the microcavity were
performed with a home-built confocal scanning microscope with
a fluorescence lifetime imaging extension (see Supporting
Information).

After selecting a single molecule, we acquired fluorescence
decay curves for the same molecule at different cavity lengths.
Before each lifetime measurement, the cavity width was adjusted
by applying a defined voltage to the piezo-actuator and deter-
mined by measuring a cavity white-light transmission spectrum
with a wide-field transmission microscope. The measured single-
molecule fluorescence decays could be well fitted by single-
exponential decay functions, yielding the excited state lifetimes
of the observed molecules. In total, we collected data for 28
molecules. Figure 2 shows the result of the measured fluorescence
lifetime values (red dots) as a function of cavity width (measured
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Figure 2. Cavity-controlled fluorescence lifetimes of a single horizon-
tally oriented molecule (red dots) measured at different values of mirror
spacing. The solid curve shows the best fit to the experimental data, giving
values of ¢ = 0.7 and 7,,4 o = 4.1 ns for the single molecule fluorescence
quantum yield and the inverse radiative transition rate, respectively. Inset
shows fluorescence decays of the single molecule inside the microreso-
nator acquired at the following three different cavity lengths: 123 (red
curve), 133 (green curve), and 174 (blue curve) nm. All transients were
fitted using monoexponential decay functions (dashed lines).

via maximum of transmission spectrum). The dependence ex-
hibits a strong decrease of the lifetime value with decreasing cavity
width, which is due to the gradual shift of SM emitter position
toward the center of the cavity where stronger coupling to optical
modes occurs.”® The blue curve shows a theoretical fit as
calculated using the theory of Chance et al® and the full
information about the cavity’s structure and geometry, as well
as the molecules’ position, orientation, and emission spectrum
(for modeling details, see Supporting Information). There are
only two free parameters when fitting the theoretical curve against
the measurement, the inverse radiative transition rate (7,4 o),
and the QY. For the shown measurement, the best fit to the
experimental data yields values of 0.7 for QY and 4.1 ns for 7,,4 o.

We employed a bootstrap algorithm for estimating the mean
square deviation of the fitted lifetime for each molecule at each
cavity width.>’ Mean square deviations of the single molecule
lifetime values did typically not exceed 0.1 ns. We also used a
bootstrap analysis for estimating the mean square deviation of
the QY and the inverse radiative transition rate as obtained by
fitting theoretical curves against the experimentally determined
dependencies of fluorescence lifetime on cavity width. Assuming
that, for each molecule, these mean square deviation values
describe the widths of a corresponding two-dimensional Gauss-
ian distribution in QY—7,,4 parameter space, we superimposed
these Gaussian distributions of all molecules in one plot, resulting
in a probability density plot of QY versus 7,,q values. This plot is
shown in the Figure 3. The maximum of the probability density
distribution corresponds to a value 0.72 for the QY and of 4.1 ns
for T,,q, which is in excellent agreement with values obtained
from ensemble measurements (0.75 and 4.2 ns, respectively)."”
The solid line represents a linear Ieast—squares fit through the
distribution. An inclination of 0.18 ns ™' shows that the molecule-
to-molecule variation in 7,,q is much smaller than that of QY.
This is in excellent agreement with the expectation that local

Inverse radiative transition rate (ns)

‘0.4 0.5 0.6 0.7 0.8 0.9 1.0
Quantum vyield

Figure 3. A probability density distribution quantum yield and inverse
radiative transition rate obtained from 28 molecules. The distribution
has its maximum at 0.72 and 4.1 ns, respectively. The solid white line
represents a linear least-squares fit through the distribution.

variations in interaction between a fluorescent molecule and its
surrounding (SiO,, polymer) will mostly affect its nonradiative
transition rate but not so much its radiative transition rate, which
is mostly determined by the coupling of the transition to the
electromagnetic field.

In summary, tuning of the radiative transition rate of individual
molecules by placing them into a microcavity of changing width
has been demonstrated. This allowed us to extract radiative as
well as nonradiative transition rates and to determine QY of
individual molecules, which are fundamental parameters of any
quantum emitter. Average values thus obtained showed excellent
agreement with the results from ensemble measurements. More-
over, we found a broad distribution of QY values, whereas
radiative transition rates did not change significantly from
molecule to molecule. This reflects the heterogeneous local
nature of the host, which determines the nonradiative relaxation
of an excited molecule via interaction with the local chemical
environment. Our technique can be applied to any single
quantum emitter of interest, such as dye molecules, semicon-
ductor nanoparticles, carbon nanotubes, and so forth. Thus, the
tunable cavity method makes it a versatile tool for single molecule
spectroscopy and QY measurements of individual emitters.

B ASSOCIATED CONTENT

© Supporting Information.  Details on preparation of
cavity, controlling the cavity geometry, polymer solution and
spin-coating, determining molecular orientation, lifetime mea-
surement, and lifetime modeling. This material is available free of
charge via the Internet at http://pubs.acs.org.
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Preparation of cavity

The bottom silver mirror and silica layer were prepared by vapor deposition onto commer-
cially available and cleaned microscope glass coverslides (thickness 170 um) using an elec-
tron beam source (EB3, Edwards) under high-vacuum conditions (= 10" mbar). The top silver
layer was prepared by vapor deposition of silver on the surface of a plan-convex lens (focal
length of 150 mm) under the same conditions. Film thickness was monitored during vapor
deposition using an oscillating quartz unit (FTM7, Edwards) and verified by atomic force
microscopy (AFM) measurements. The mirrors were fixed in a home-built aluminum holder,
equipped with the piezo actuators (PSt 150/3.5%3.5/20, Piezomechanik GmbH) for adjusting
cavity height.

Controlling the cavity geometry

The spherical shape of the upper mirror allows us to control the optical quality and the tuning
capability of the micro-resonator by imaging the cavity white-light transmission patterns, see
Fig. S1(a). The Newton rings are a result of the different resonator lengths due to the curved
surface of the top mirror. The central region of the micro-cavity (i.e., the region of minimum
cavity length) remains dark, as no visible light is transmitted there. Moving of the upper cav-
ity mirror leads to a shift of the transmission pattern.

The absolute values L of cavity length, see Fig. S1(b), were determined using on-axis white
light transmission profiles acquired with a spectrograph (SpectraPro 3001, Acton Research) in
combination with a CCD camera (LNCCD-1340/100-EB/1, Princeton Instruments) and fitted
by a Lorentzian line-shape function (see e.g. [1] for further details). We calculate the local
cavity length (in particular thickness of air layer) by comparing the measured spectrum with a
calculated spectrum using standard transfer-matrix method for plane waves passing through a
stratified medium [2].

All fluorescence measurements were performed in the A/2 region of the cavity, close to the
center of the lens, where the horizontal displacement within the focal spot of our microscope
objective (500 nm) results in a cavity length change AL of about 1 nm, which is of the order
of the surface roughness of our silver mirrors. Therefore, our micro-resonator can be consid-
ered as a plane-parallel system.
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Figure S1. (a) White light transmission patterns (Newton rings) of the micro-cavity. The
inner transmission ring shows the first order of interference. (b) Micro-cavity white light
transmission spectrum (©) fitted by a Lorentzian function (-).



Polymer solution and spin-coating

A 10 pl droplet of a 107" M solution of the perylene derivative N-(2,6-diisopropylphenyl)-
perylene-3,4-dicarboxymid (abbreviated by PI in the following) in dichloromethane was spin-
coated on the surface of the silica layer at a rotation speed of 1000 rpm. After evaporation of
the solvent, spatially separated molecules were covered with a layer of poly(methyl-
methacrylate) (PMMA, [C502HS8]n). A droplet (10 pl) of a 1% polymer solution in di-
chloromethane was spin-coated at rotation speed of 8000 rpm to deposit a 70 nm thick poly-
mer film as was subsequently determined by AFM.

Determining molecular orientation

To investigate the three-dimensional orientation of the molecules’ transition dipole moment,
we equipped a home-built confocal microscope with a mode conversion optical line as sche-
matically shown in Fig. S2(a) [3-8]. The key element of that system is the mode converter,
consisting of four A/2 plates glued together as shown in Fig. S2(a). When a linearly polarized
Gaussian laser beam passes the mode converter, a radially polarized beam is created. A pin-
hole is used to remove higher spatial frequencies. The collimated beam is reflected by a non-
polarizing beam-splitter and focused onto the sample with the microscope objective lens (nu-
merical aperture N.A. = 1.25). The radially polarized laser beam (RPLB) has a field distribu-
tion containing both longitudinal and in-plane components in the focal region, see Fig. S2(b)
[3, 4, 8-10]. The strong difference between the distributions of the longitudinal and the in-
plane components of the electric field vector within the focus leads to a strong orientation
dependence of the fluorescence image pattern of a single emitter [8, 10, 11]. This makes the
RPLB ideally suited to determine the three-dimensional orientation of the three-dimensional
orientation of single molecules. Vertically oriented molecules display a spot in the center of
the focal area as the result of excitation by only the longitudinal component of the field, while
horizontally oriented molecules can be excited only by the in-plane components, thus exhibit-
ing two lobes with a dark gap in between (see [8, 10, 11] for further details). In the latter case,
the transition dipole moment of the molecule is oriented along a line that connects the maxima
of the two lobes. Tilted positions of a molecule show an intermediate image shape, thus al-
lowing for a precise determination of their three-dimensional orientation with an accuracy up
to 5° [7]. Fig. S2(c) shows an experimental image of a single PI molecule investigated during
our study. The best theoretical fit of the pattern as shown in Fig. S2(d) reveals that the mole-
cule is oriented horizontally, along the dashed line.
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Figure S2. (a) Scheme of the mode-conversion optical line according to Dorn et al. [4]. (b)
Excitation field in-plane and longitudinal components intensity distribution within the focal
spot of the microscope objective in the case of the radially polarized laser beam. The distri-
bution is calculated for the case of a 1.25 numerical aperture objective and an excitation
wavelength of A... = 488 nm. (c) Fluorescence image of a single PI molecule, excited with a
radially polarized laser beam. (d) Simulated excitation pattern, showing the best theoretical



fit to the experimental image in (c). The dashed line indicates the orientation of the single
molecule transition dipole moment which is parallel to the sample surface.

Lifetime measurement

Fluorescence lifetime measurements were performed with a home-built confocal scanning
microscope based on a Zeiss Axiovert 135 TV with fluorescence lifetime imaging extension
(Picoharp 300, Picoquant GmbH, Berlin, Germany). Laser focusing and fluorescence light
detection were done with the same objective (Plan-Neofluar, 100%/N.A. = 1.25 oil immersion,
Zeiss). Excitation light and fluorescence light were separated by a dichroic beam splitter
(Zeiss FT500). For sample scanning, a feedback-controlled sample stage (PI, E-710.3CD)
with nanometer positioning precision was employed. Fluorescence excitation was done with
the light of a 473 nm pulsed diode laser (LDH-P-C-470, Picoquant GmbH, Berlin, Germany).
Within the detection path, a steep edge filter (LP02-473RU-25 Semrock) was used to block
back-reflected or elastically scattered light. Collected fluorescence was focused onto the ac-
tive area of a spectrally integrating avalanche photo diode (APD) (SPCM 200, Perkin Elmer).
Data acquisition was accomplished with a commercially available software package (Sym-
PhoTime, Picoquant GmbH, Berlin, Germany). Fluorescence decay curves were fitted using a
mono-exponential function, 4 exp(-#/t + B), convoluted with the instrument response func-
tion, which was recorded under comparable experimental conditions. All fluorescence tran-
sients were recorded with an integration time of five seconds.

Lifetime modeling

The lifetime calculation of a fluorescing molecule within the cavity proceeds in several steps.
Let us consider the general case of a single molecule with inclination angle B towards the ver-
tical axis (optical axis) immobilized on the surface of the SiO, layer (see. Fig. S3).
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polymer B
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Si0, ;

silver

glass

towards detection

Figure S3. General schematic of a molecule within the micro-cavity.

The molecule is assumed to be a perfect electric dipole emitter. Starting point of all calcula-
tions is Weyl's plane-wave representation of the electric field of a monochromatic oscillating
electric dipole with oscillation frequency v embedded in a homogeneous space with refractive

index n,,,
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where k, is the vacuum wave number, k, =2m1t/A, =2nv/c (c being the vacuum speed of

light); q and w are the transversal and axial components of the wave vector in the polymer

layer, k, = (q, Wi) = (qx,qy,w ) so that one has the relationship w, =+, /npolyk2 ;K.
and K, are unit polarization vectors for the p- and s-polarized component of a plane wave

traveling along k . In particular, we have

1 w.q Wiq}/
K, =—|——% = S2
- k[ J . q) (52)

1
K, = (~4,04..0) (S3)

where k£ and ¢ denote the lengths of the vectors k and q, respectively (see. Fig. S4).

and

P +

Figure S4. Visualization of geometry and vectors in the Weyl representation of electric di-
pole emission. The emitting dipole sits in the plane z =0, the unit vector K, is co-planar

with this plane.

In all the above equations, the plus and minus subscripts refer to plane waves traveling along
the positive or negative z-direction, respectively. Using this plane wave representation, it is
straightforward to find the electric field on the inner surfaces (oriented towards cavity) of the
silver mirrors by solving, for each plane wave component as input, Maxwell's equation in the
presence of the planar cavity [12,13,14]. The electric field amplitude is found to have the gen-
eral structure

E, ——J.|dq [ (9)x,. (Kpi-p)+tsi(q)Ks(Ks-p)]exp(iq-p—i—iw;z) (S4)

where the plus and minus subscript refer to the inner surfaces of the top and bottom mirror of
the cavity. The 7,, and ¢, are g-dependent coefficients, and the w;, are the vertical compo-

nent of the wave vector in the media adjacent to the top and bottom silver layer, respectively,

thus in our case W, =4/m,k; —q” and w' = .[n}, ki —q® . It is important to note that the

functions 7,, and ¢, are also wavelength-dependent and have to be calculated separately for



each wavelength of the emission spectrum F; (k) of the fluorescent molecule. In all the cal-

culations, it has also to be taken into account that the dielectric properties of metals are
strongly wavelength-dependent [15].

Knowing the electric field amplitudes on the metal surfaces, the total emission power of the
dipole is then calculated as the time-averaged integral of the scalar product of the Poynting
vector with a unit vector perpendicular to the surface and directed outwards from the cavity:

S(B.A) =8i [JaxdyRe[ e, -(E, xB, ~E_xB')] (S5)
T

where a star superscript denotes complex conjugation, and the B, are the magnetic field am-
plitudes which are given by a similar plane wave representation as the electric field ampli-
tudes, namely

ik ¢ d . L,
B, =12—;; J—qni ><[tpi (q)Kpi (Kpt ~p)+t§i (9)k, (x, p)] exp(iq-p+iw,z). (S6)

Here, the m, are vectors collinear with the wave vectors k' =(q,w.) but having a length

equal to the refractive index of the layer adjacent to the corresponding silver surface (SiO, for
bottom surface, air for top surface).

The core assumption of the semi-classical approach as developed by Chance, Prock and Sil-
bey is that the radiative transition rate, k,,, is proportional to the total power of emission as
calculated above, i.e. Eq.(S5) times the dye's spectrum Fy(A) integrated over all emission
wavelengths:

by o [Fy(2)S,, (B,2)dA (S7)
The proportionality constant can be easily found by requiring that k,_, becomes equal to the

rate of a dipole in a homogenous polymer space when no cavity is present.

All the above consideration refer only to the radiative transition rate of a fluorescent mole-
cule. For molecules with a quantum yield of fluorescence ¢ smaller than one, the observable
fluorescence lifetime is given by

1= (krad + knr )71 : (88)
Thus, in the presence of the cavity one finds
-1 — krad +knr Tal — krad ¢+1_¢ (89)
kmd ,0 + knr kmd ,0

where the subscript 0 refers to the situation with no cavity (pure polymer), and the ratio
Kyoa /Ko 18 calculated as described above. Because the £, strongly depends on dipole ori-

entation f3, it is crucial to have a apriori knowledge of this parameter. In the case of our ex-
periments, 3 was determined to be close to 90° for all observed molecules. Thus, when fitting
the measured curve of fluorescence lifetime t against cavity size, we have only two free fit
parameters: the free radiative rate k,,,, and the fluorescence quantum yield ¢, which can be

uniquely extracted from the fit (¢ determines the vertical offset of the t~' versus cavity-size

curve, and ¢/k,,,, its modulation amplitude).

Modification of the cavity mode

The distance between the mirrors of our tunable cavity is reduced down to the range of one
half of the emission wavelength, therefore there is only one resonance frequency maximum,
which is tuned when the cavity length is changed (Figure S5) [16]. Since the mode structure
and the coupling between the molecule and the resonator are both frequency dependent, a



variation of the cavity length leads to a modification of the radiative transition in a molecule
according to Fermi’s golden rule [17].
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Figure S5. Modification of the tunable cavity white light transmission spectrum upon chang-
ing the cavity length.

Let us derive the mode density along the cavity axis. The mode density in the cavity is pro-
portional to the optical transmittance through the cavity 7(v) [18,19]:

p(v)=KT(v), (810)

where K is a constant. The value of this constant will be determined by a normalization condi-

tion. The transmission through a Fabry-Perot cavity can be represented in the following form
[18]:

_ Tsz
1+R,R, - 2\|R,R, cos2¢’

T (S11)

where ¢ is the phase change of the optical wave for a single pass between the two reflectors,

T; and T, are transmittances through the two cavity mirrors and R, and R, are the respective
reflectivities. Rewriting Equation (11) in terms of frequency, one obtains:

_ 17,
1+ R R, —2\/RR, cos(4nnL v/c)

T() . (S12)

where L. is the length of the cavity, v is the frequency of light, n is the refractive index of the
medium and c¢ is the velocity of light in vacuum. The transmittance has maxima when the
resonance condition 2L=mA;, m=1, 2, 3, ... is fulfilled. For our resonator m=1, 2L.=4; and
vi=c/2L.. At the transmission maximum the Lorenzian approximation can be obtained by ex-
panding the cosine term in Equation (12) into a power series using cos(x) ~1-x /2. This

gives:
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Integrating p(v) over all frequencies v and the cavity lengths L yields a single optical mode,
that is,

[ [ p(v)dvaL=1. (S14)

T(v)=

The lower and the upper limit of the frequency integration can be chosen to be oo since the
Lorenzian approximation of Equation (13) has only one maximum at v=v;. Equations (10),
(13) and (14) give:

LC

J?[K\/Rle 47mL /C) ( \/ﬁ)z
JRR, (4mL, /c)

Using the definite integral Eo(az +x° )_1 dx=n/a, where a= (1 -\ RR, )/ ((RIR2 )% (4mL, | c))

we come to the following:

dvdL =1 (S15)

L.

TT, V4
K = dL=1, (S16
Oj JRR,(4mL [c)  1-.RR, (516)
(RR,)*(4mL /)
which can be rewritten as:
L]K LT ¢ dL =1 (S17)
i 4L (RR,)(1-RR,)
Integration gives:
c 1T,
i =1. (S18)
an (Rle )% (l - R1R2 )
This gives us the value for K:
Y4
K:M“—”@— RR,).  (S19)

T, c

With equation (10), the optical mode density of a one-dimensional cavity for emission along
the cavity axis is given by:



pl2)= (RTRT M- RR (). (520)
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Chapter 4

Controlling the optical properties of single molecules
by optical confinement in a tunable microcavity

In this chapter, we present experimental results on changing the fluorescence spectrum of
a single molecule by embedding it within a tunable optical microresonator with
subwavelength spacing. The cavity length is reversibly changed across the entire visible
range with nanometer precision by using a piezoelectric actuator. By varying its length,
the local mode structure of the electromagnetic field is changed together with the
radiative coupling of the emitting molecule to the field. Since mode structure and
coupling are both frequency dependent, this leads to a renormalization of the emission
spectrum of the molecule.

This chapter is based on:

Chizhik, A L., Gutbrod, R., Chizhik, A.M., Bir, S., Meixner, A.J. “Controlling the optical
properties of single molecules by optical confinement in a tunable microcavity” Proc.
SPIE 2009, 7396, 73960F. doi:10.1117/12.825278.
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ABSTRACT

We present experimental results on changing the fluorescence spectrum of a single molecule by embedding it within a
tunable optical microresonator with subwavelength spacing. The cavity length is reversibly changed across the entire
visible range with nanometer precision by using a piezoelectric actuator. By varying its length, the local mode structure
of the electromagnetic field is changed together with the radiative coupling of the emitting molecule to the field. Since
mode structure and coupling are both frequency dependent, this leads to a renormalization of the emission spectrum of
the molecule. Moreover, we use doughnut laser modes in the tunable microcavity to determine the longitudinal position
of an isotropic emitter. By analyzing the excitation patterns resulting from the illumination of a single fluorescent bead in
the focus of a radially polarized doughnut mode laser beam we can determine the longitudinal position of this bead in the
microcavity with an accuracy of a few nanometers.

Keywords: tunable microcavity, single molecule spectroscopy, single molecule microscopy, fluorescence microscopy,
confocal microscopy, longitudinal localization of the emitter, doughnut laser modes.

INTRODUCTION

It was first noted by Purcell more then 60 years ago [1], that placing an emitter within a confined geometry alters its
emission properties, in particular, the rate of spontaneous emission is increased. This can be easily understood within a
Fermi’s golden rule approach to the emission of an electric dipole within the given geometry: The density of modes of
the electromagnetic field inside a cavity is changed with respect to free space, and hence the coupling of the dipole
transition of an emitting molecule to this field. The first extensive experimental studies of the changes in spontaneous
emission rates of molecules in front of a metal mirror were conducted by Kuhn and Drexhage [2]. Lukosz and coworkers
performed extensive studies of the changes in the angular distribution of fluorescent molecules radiation close to a
metallic mirror or dielectric interfaces [4,5]. Later, all of these results had been confirmed also on a single molecule
level, see Ref. [6] and citations therein. Remarkably, little attention has been paid to the changes in the emission
spectrum of a fluorescent dye as induced by the changes of the local electromagnetic field structure. This is partially due
to the fact that when observing molecules with narrow emission bands, optical dispersion of the molecule’s environment
is rather weak, so that the wavelength dependence of the changes in the radiative transition rate by its environment is
negligible. However, if a molecule displays a broad emission spectrum, one can no longer neglect optical dispersion
effects, and strong shape changes of a molecule’s emission spectrum are expected. This is due to the fact that the optical
dispersion of a molecule’s environment leads to a wavelength-dependent electromagnetic coupling of the emitter to its
environment, which results in a renormalization of the observable emission spectrum of the embedded molecule. For
example, strong changes in the emission and absorption spectra have been predicted for a Rhodamine 6G molecule
embedded within a spherical metal nanocavity [7]. Experimentally, this effect has been observed qualitatively by Steiner
et al. [8] who investigated single isolated perylene dye molecules in a planar metal microcavity for different mirror
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spacings and hence for different electromagnetic mode structures. However, as the mirror spacing was fixed, they could
investigate a distinct molecule only for one given resonator length.

Just recently we demonstrated a new tunable microcavity design allowing us to actively change the local electromagnetic
field structure around a molecule by changing the mirror spacing of the cavity, thus changing the emission spectrum of a
single fluorescent molecule embedded in a tunable microcavity [9]. In doing that, one selects the vibronic transition
where fluorescence will mostly occur. Here we expand the overview of the microcavity controlled single molecule
emission, focusing on broader variety of the cavity physics aspects.

The exact localization of a quantum emitter in a transparent dielectric medium is an important task in applications of
precision confocal microscopy. Therefore we use a planar metallic subwavelength microcavity that can be reversibly
tuned across the entire visible range, with the transparent medium between the cavity mirrors. According to diffraction
theory [11] the resolution of a light microscope is related to the size of its focal spot. Although there are extensive
methods to determine the lateral position of a quantum emitter with nanometer accuracy, it is difficult to determine the
longitudinal (i.e., along the optical axis) position of the quantum emitter [12—15]. This is related to the fact that the focal
spot of a lens is at least three to four times as long as it is wide owing to technical limitations of the numerical aperture
[11]. One concept to overcome this limitation is to combine the aperture of two opposing lenses, as it is used for example
in 4PI-fluorescence microscopy [16,17]. We present here a method to determine the longitudinal position of a fluorescent
bead using the excitation in a microcavity with a radially polarized doughnut-mode laser beam. This beam provides an
intracavity excitation field that is strongly dependent on the longitudinal position [18] and can be used for a precise
determination of the emitter position. The microcavity is formed by two silver mirrors enclosing a transparent dielectric
medium and allows for reversible tuning of the cavity resonances on the same lateral position. This offers the possibility
to determine the longitudinal position of a deliberately chosen single quantum emitter in the microcavity with an
accuracy of a few nanometers [19].

EXPERIMENTAL SECTON
Tunable microcavity design and characterization.

The tunable microcavity construction is schematically shown in Fig. 1a and is similar to a previously built one but with
no adjustable cavity length [8]. A homemade aluminum cavity holder was used to hold the cavity. The bottom part of the
cavity consisted of a coverslide (thickness 170 um), covered by a thin silver film (30 nm), a silicon oxide layer (30 nm,
refractive index n=1.46), a polymer layer (70 nm, determined by atomic force microscope measurements (AFM);
refractive index n=1.49) with dissolved dye molecules, and a second thin silicon oxide layer (8 nm, refractive index
n=1.46). The bottom silicon oxide layer serves as a finite spacer between the silver metal and the dye embedding
polymer. The upper silicon oxide layer prevents any interaction of embedded dye molecules with atmospheric oxygen
during cavity assembly. The top part of the cavity consists of a plane-convex lens (F=150 mm), again covered with a
silver layer (60 nm). Ag-layers as well as the silica spacers were fabricated by electron beam evaporation (EBV). The
intermediate space between the multilayer covered coverslide and the silver layer covered lens was filled with oil
(Immersol 518F, Zeiss, refractive index n=1.52) in order to achieve an optically homogeneous intra-cavity environment.
The cavity length could be adjusted with piezo actuators (PSt 150/3.5%3.5/20, Piezomechanik GmbH) that move the lens
toward or away from the bottom coverslide.

The spherical shape of the upper mirror allows us to control the optical quality and the tuning capability of the
microresonator by observing the white light transmission pattern (Fig. 1b). The Newton rings are a result of the different
resonator lengths provided by the lens. The central region of the microcavity (i.e., the region of the minimum cavity
length) remains dark, as no visible light can be transmitted anymore. The movement of the upper cavity mirror leads to
the shift of the transmission pattern. The absolute cavity length values L(x,y,z) were determined using on-axis white light
transmission profiles, fitted by a Lorenzian line-shape function (Fig. 2a). We can recalculate the local cavity length
L(x,y,z) from the maximum transmission wavelength A(x,y,z) by using the resonance condition (see [3,8,10] for more
details):
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Here, m denotes the order of interference, A, the phase change due to reflection at the respective silver mirror i = 1, 2
with thickness d;. The effective refractive index of the intracavity medium . was assumed to be 1.52. We use white
light illumination with perpendicular incidence on the upper mirror (the angle of incidence ¢ =0) to determine the
intensity maximum A(x,y,z) of the local on-axis transmission spectrum. Moreover, the transmission profiles give the
values of the cavity Q factor, characterizing the energy storage capability of the resonator. Although the average value of
45 is considerably lower than the typical one for high- and ultrahigh-Q resonators, such a cavity is well suited for our
purpose allowing the clear visualization of the cavity-effect and the precise tuning of the resonance mode.
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Figure 1. a) Scheme of the experimental setup. The tunable microcavity consists of: 1. Piezoelectric cell, 2. Immersion oil, 3. Silica
layers, 4. Polymer (PMMA) layer with dye molecules, 5. Aluminum holder, 6. Lens, 7. Silver layers, 8. Glass coverslide. Inset: A
photograph of the tunable microcavity. b) White light transmission patterns (Newton rings) of the microcavity at different values of
voltage, applied to the piezoelectric cells. The inner transmission ring satisfies the A/2 condition for visible light. Applying a voltage to
the piezoelectric elements changes the distance between the two mirrors, which results in a shift of the Newton rings.

All fluorescence measurements were performed in the A/2 region of the cavity, close to the center of the lens, where the
displacement A(X,y) within the focal spot of our microscope objective (500 nm) results in a cavity length change AL of
about 1 nm, which is in the order of the surface roughness of our silver mirrors. Hence, our microresonator can be
considered as a plane-parallel system (Fig. 2b).

The fluorescence image, acquired within the A/2 cavity range (Fig. 2d and c), exhibits a cavity-controlled emission of
single molecules. Molecules, which are located in the cavity resonance mode, possess maximum emission, while the
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emission of those ones, which are out of resonance is surpressed down to the background level. Decreasing down the
scanning area of the sample (Fig. 2e) we achieve single molecule imaging level and precisely determine the (X,y)
position of the molecule. Remarkably, that some of fluorescence patterns demonstrated single level photo blinking and
photo bleaching behavior, proving them as single molecules.
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Figure 2. a) Microcavity white light transmission spectrum (@) fitted by a Lorenzian function (==) giving a cavity quality factor Q=45.
b) Variation of the cavity length L(x,y) (®) determined from a series of transmission spectra, taken across the first order interference
region of the cavity. The solid line is a second-order polynomial fit. ¢) A photograph of white light transmission pattern taken from the
first (A/2) interference region. d) Fluorescence emission image acquired from the first interference region of the cavity. The image
demonstrates the on/off resonance emission distribution of single molecules. ¢) Fluorescence image of a single molecule emission.
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Experimental setup

The following optical measurements on the quantum emitters were performed using an inverted confocal microscope
equipped with a high numerical (abbreviated by NA) aperture immersion oil objective (Zeiss, 100x, N/A=1.25). An
argon-ion laser operated at 514 nm or 488 nm served as an excitation source for the measurements of fluorescence
spectra and longitudinal position of the emitter, respectively. Both the reflected excitation light and the fluorescence
from the quantum emitters are collected with the same objective and after removing the excitation light with a filter
focused on the detector. The detection unit was either a spectrograph equipped with a CCD camera for fluorescence
measurements or an avalanche photodiode (APD) for imaging the sample. These confocal images are produced by raster
scanning the sample through the focal spot of the microscope objective.

The dye doped polymer layer was fabricated by spin coating a subnanomolar solution of the perylene derivative
(abbreviated by PI) or Rhodamine 6G in 1% poly(methyl methacrylate) (PMMA) dissolved in dichloromethane. All
values denoted as free space in this work refer to molecular fluorescence emission in a microcavity of the same type as
that reported in the experimental section, but without silver mirrors.

For the position measurements of fluorescent beads (Invitrogen, Nile red, 20 nm diameter) in the resonator, a radially
polarized doughnut-mode laser beam (RPDB) served as excitation source. This mode is generated from the Gaussian
beam output of the argon-ion laser using a mode converter, consisting of four A/2 plates glued together according to the
method described elsewhere [20,21]. A pinhole is used to remove higher spatial frequencies before the beam is expanded
to fit in our objective back aperture. The collimated beam is reflected by a non-polarizing beam splitter cube and focused
onto the sample with the microscope objective.

RESULTS AND DISCUSSIONS

Tuning the fluorescence emission spectra of a single molecule.

The tunable microresonator allows us to control and moreover, tune the emission properties of a single quantum emitter.
Here we demonstrate new results of tailoring the emission spectrum of a single Rhodamine 6G dye molecule. Being
embedded in the cavity a molecule is forced to emit within the cavity mode. Figure 3a shows three fluorescence spectra
acquired from the same single molecule at different cavity lengths. Tuning of the cavity mode, i.e. white light
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transmission profile, leads to a modification of the single molecule emission spectrum shape and intensity. This
phenomenon can be visualized by the scheme of the vibronic transitions shown in Figure 3b. Changing the cavity mode,
we actually suppress or enhance different vibronic transitions. This leads to a modification of the emission energy
resulting in spectral renormalization. Figure 3¢ shows five photographs of PI molecules ensemble emission taken from
the eyepiece of the microscope at different cavity lengths. Covering a relatively broad spectral range between 500 and
650 nm in free space, the molecules are forced to emit within a narrowed energy distribution in the cavity. Thus we
observe transmission from deep green through yellow and orange to red emission.
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Figure 3. a) Measured spectra (black curves) of a single Rhodamine 6G molecule embedded in the microcavity at different cavity
lengths. Red dashed curves indicate cavity white light transmission profiles, normalized to the respective emission spectrum. The grey
shaded area represents the Rhodamine 6G free space spectrum. b) General vibronic transition scheme. Lorenzian curves in the right-
bottom corner schematically represent cavity white light profiles, corresponding to different vibronic transitions. ¢) Photographs of PI
molecules ensemble emission taken from the eyepiece of the microscope at different cavity lengths.

While the cavity modification of the molecules emission is strongly pronounced at the “red” side of the spectrum, the
“blue” side reveals off-axis emission (Fig. 3a). Using a high NA microscope objective we actually collect a large angular
emission distribution, hence acquiring significant part of the off-resonance emission. This allows us to acquire maximum
information about the spatial distribution of the intra-cavity emission of the molecule. At the same time the detection of
the off-axis signal can be enhanced or suppressed by experimental means. Simply using low NA objective we can
significantly eliminate this effect. Another, usually more convenient and flexible tool is a pinhole, placed in front of the
photo detector (Fig. 4a) and cutting out the external part of the beam, i.e. off-axis emission. Figure 4b shows an example
of significant suppressing the off-axis emission of PI molecules ensemble in the cavity (fluorescence of PI molecules in
the microresonator is extensively described in [8-10]) by cutting out the external part of the beam with a 200 um pinhole.
Still exhibiting off-resonance emission, the spectra demonstrates strong narrowing at the blue side in contrast to the red,
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on-resonance part, which becomes dominant. Varying the diameter of the pinhole one can modify the degree of the off-
resonance signal detection suppression. Thus selecting mainly on-axis emission one can approach to such a promising
application as single-emitter tunable photon sources, quantum information processing or lab on a chip technology.
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Figure 4. a) Scheme of cutting out the off-resonance emission with a pinhole. b) Normalized fluorescence spectra of PI molecules
ensemble in microcavity. Grey curve — without a pinhole in front of the photo detector, black curve — with 200 um pinhole. Grey
shaded area represents cavity white light transmission profile.

Longitudinal localization of a fluorescent bead in a tunable microcavity.

Using the combination of the tunable microcavity and a radially polarized doughnut-mode laser beam as an excitation
source we are able to determine the longitudinal position of an isotropic emitter inside the cavity with nanometer
accuracy. Figures 5a—5c present characteristic excitation patterns for a distinct single bead situated inside the first
transmission ring of the microcavity using a RPDB at three different resonator lengths (shown in the figures). The insets
show the (x,y) cross sections for a focused RPDB and are calculated for a constant particle distance of 50 nm from the
bottom cavity mirror. A detailed description of the calculation procedure is found in [18]. In brief, the microcavity
changes the excitation field distribution with respect to the free space (non-confined) focus by suppressing the
longitudinal field components in the center region of the resonator and the in-plane field components close to the
mirrors. The calculated (x,z) cross sections (Figs. 5d—5f) for the respective resonator lengths (given in the figures) are
shown beneath the corresponding experimental excitation patterns. The bead is situated close to the center for the short
resonator length, which results in a doughnut like excitation pattern (Figs. 5a and 5d). When the resonator length
increases, the relative position of the bead moves away from the center of the microcavity. Consequently, the excitation
pattern changes its shape from a doughnut (Fig. 5a) to a circular spot (Fig. 5¢). Hence even small changes of the
resonator length lead to drastically different excitation patterns of the emitter.
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Fig. 5. Excitation patterns resulting from illumination with a RPDB for the same single fluorescent bead (a)—(c) in the A/2 microcavity
tuned to different resonator lengths shown in (d)—(f); the insets show the respective calculated patterns. The experimental data
represents cross sections through the excitation field intensity distribution in the plane perpendicular to the optical axis (the size of the
image is 1,5x1,5 um). Panels (d)—(f) show the calculated field intensity distributions along the optical axis for the same resonator
lengths as for the respective experimental patterns in (a)—(c). The white horizontal line indicates the position of the bead.

Notably, this can be used for a precise determination of the longitudinal emitter position inside the intracavity medium.
In Fig. 6 we show line sections through the experimental patterns for the same bead as in Fig. 5 fitted by the respective
theoretical line profiles, with the amplitude and longitudinal bead position as the only free parameters for a given
resonator length. Importantly, comparing the three fits we find an average bead position of 48 nm with a variation of +2
nm, which is below A/60. The sensitivity of the line shape to the bead position is illustrated by the dotted curves, which
are calculated for a deviation of £5 nm from the optimum position. This clearly shows that we can determine the
longitudinal position of the bead with an accuracy of a few nanometers.
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Fig. 6. Line sections (dots) through the respective measured excitation pattern shown in Fig. 5. The fit of the theoretical line sections
(solid curves) results in a bead position of (a) 46, (b) 49, and (c) 50 nm above the lower mirror. The sensitivity of the fit is indicated by
the dotted curves, which are calculated for a deviation of =5 nm from the optimum position.
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CONCLUSIONS

In summary, we presented a new tunable sub-wavelength microcavity design, allowing us to actively change the local
electromagnetic field structure around a molecule by changing the mirror spacing of the cavity. Experimental results
showed that, by tuning the cavity length, one can significantly change the emission spectrum of an individual molecule,
and control the ratio of distinct vibronic transition probabilities. The fluorescence of an ensemble of molecules allowed
us to visualize spectral modulation determined by the cavity mode. Moreover, suppressing the off-resonance emission
detection we demonstrated flexible narrowing of the fluorescence spectrum and domination of on-resonance emission.
Thus, we showed the capability of further development of the tunable microcavity towards the applications in the lab on
a chip technology.

In addition, we presented a new approach to determine the longitudinal position of a quantum emitter in a transparent
dielectric medium. By analyzing the excitation patterns resulting from the illumination of a single fluorescent bead with
radially polarized doughnut-mode laser beams, we can determine the longitudinal emitter position in the intra-cavity
medium with an accuracy of N/60.
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Chapter 5

Confocal microscopy and spectroscopy of defect
photoluminescence in single Si0, nanoparticles

In this chapter, we show details of single SiO, NPs synthesis. Silicon nanocrystals (Si
NCs) were synthesized by CO; laser pyrolysis of SiHy. The fresh silicon nanopowder was
oxidized in water to obtain SiO, nanoparticles (NPs) exhibiting strong red-orange

photoluminescence.

This chapter is based on:

Chizhik, A.M., Schmidt, T., Chizhik, A.l., Huisken, F., Mecixner, A.J. “Confocal
microscopy and spectroscopy of defect photoluminescence in single SiO, nanoparticles”
Proc. SPIE 2009, 7393, 739305. doi:10.1117/12.825288.
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ABSTRACT

We present new results on single SiO, nanoparticles (SiO, NPs). NPs were obtained by full oxidation in water of silicon
nanocrystals synthesized by CO, laser pyrolysis of SiH,. Samples of SiO, NPs embedded in low concentration in a thin
polymer layer were prepared by spin-coating a dedicated solution on quartz cover slides. Using focused higher order
laser modes, we determine the three-dimensional orientation of the nanoparticles’ transition dipole moment (TDM). The
SiO, NPs were found to possess a quite stable and randomly oriented TDM. However, characteristic dynamical effects
featuring single NPs such as fluorescence intermittency and TDM flipping could also be observed. Photoluminescence
(PL) spectroscopy of single SiO, NPs revealed spectra with a double-peak structure consisting of a narrow zero-phonon
line and a broader phonon band. The phonon band can be attributed to longitudinal optical phonons excited in the SiO,
network.

Keywords: single nanoparticle spectroscopy, single nanoparticle microscopy, nanomaterials, silica nanoparticles, silicon
nanoparticles, fluorescence microscopy, confocal microscopy, doughnut laser modes, higher order laser modes

INTRODUCTION

Since more than two decades there is an ongoing discussion on whether the photoluminescence (PL) from nanostructured
silicon originates from intergap transitions in quantum confined systems [1,2] or whether it is due to surface defect states
[3-5]. Very recently it was shown [6,7] that it is possible to control the origin of the PL of silicon nanocrystals (Si NCs)
and to switch between quantum confinement and defect-based PL by hydrogen passivation and UV irradiation,
respectively. Investigation of naturally oxidized Si NCs selected in size (2.5 to 8 nm) revealed that the PL is caused by
quantum confinement, with slight deviation occurring for small NCs (2 to 3 nm in diameter) [8]. This observation was
confirmed by Wolkin et al. [9] comparing the PL of Si NCs passivated with hydrogen and oxygen with theoretical
results. He concluded that defect PL via oxygen-related inner-gap states becomes dominant when quantum confinement
causes the band gap to exceed a certain energy. Furthermore, Martin et al. [10] showed that the emission from Si NCs is
ruled by quantum confinement for large particles, while small Si NCs revealed that defect-based luminescence is
dominating. The defect PL in oxygen-passivated Si NCs originates from localized states in the SiO, shell surrounding the
crystalline silicon core. Removing the entire Si core, for example by full oxidation, the same states should also be
operative. Therefore, the question arises whether the same defect luminescence can also be observed in SiO, NPs which
are prepared by intentional oxidation of Si NCs. Strong visible luminescence observed from hollow SiO, NPs which had
been obtained by full oxidation of Si NCs in water was reported by Colder et al. [11]. Surprisingly, the PL spectra of
such SiO, nanopowder show a very similar shape to that ones recorded from Si NCs. This gives reason to assume that
the origin of the PL can be referred to the same operating mechanism, obviously related to defect PL. Thus, in spite of
the extensive results on Si NCs, the origin of the emission is still under debate. Apparently, the border between quantum
confinement and defect PL is diffuse, especially for small Si NCs.

Nanophotonic Materials VI, edited by Stefano Cabrini, Taleb Mokari, Proc. of SPIE Vol. 7393,
739305 - © 2009 SPIE - CCC code: 0277-786X/09/$18 - doi: 10.1117/12.825288
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In the present study, experiments on single SiO, NPs obtained by full oxidation of Si NCs were carried out. On the one
hand confocal microscopy in combination with higher-order laser modes revealed that the SiO, NPs posses a linear,
randomly oriented transition dipole moment (TDM) for excitation and exhibit dynamical effects such as TDM flipping
and fluorescence intermittency. On the other hand PL spectra obtained by confocal PL spectroscopy show a narrow zero-
phonon line and a broader phonon band. The phonon band can be referred to the excitation of longitudinal optical
phonons in the silica network.

EXPERIMENTAL SECTION

Laser-driven flow reactor for synthesis of Si nanopowder

SiH,
B

+«— He Outer tube -
1 Inner tube
SiH,decomposition

— =5 ) laser beam

NaCl window ZnSe lens

L

[ ———— topump
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Figure 1. Schematic view of the gas flow reactor. The reactant gas SiH, enters through the inner tube, the confinement gas He through
the outer tube. The flow of the gases is regulated by controlling independently flow velocity and concentration by means of a flow
meter system. The radiation of a pulsed CO, laser enters and leaves the reactor through NaCl windows and is focused tightly below
the inner tube perpendicular to the gas flow axis to induce the decomposition of SiH,.

Inset: Photography of the reaction zone. The inner tube and the outer tube for admitting the reactant gas and the confinement gas,
respectively. The decomposition of silane (SiHy) induced by the CO, laser radiation results in a visible luminescence, appearing just 2
— 3 mm below the inner tube of the flow reactor.

The technique for synthesis of ultra fine silicon powder is based on laser-induced pyrolysis of the gaseous precursor
silane (SiH,). The dissociation of SiH, followed by gas phase condensation and subsequent formation of crystalline
silicon quantum dots (Si NCs) takes place in a laser-driven gas flow reactor. For decomposition of the precursor
molecules a pulsed CO, laser is used providing very sharp temperature gradients in the gas phase combined with
reactions proceeding in a wall-less environment.

A schematic view of the flow reactor employed for synthesis of Si NCs is shown in figure 1. The reactor is built from a
standard stainless steel NW40 cross vacuum fitting. The reaction gas enters the centre of the flow reactor through a
stainless-steel tube of 3 mm diameter. Coaxially arranged, in order to confine the precursor gas flow to the flow axis,
helium is flushed as buffer gas through the outer tube of 12 mm diameter. The gas and reaction products are pumped by
a backing pump (D16B, Typ Leybold) through a funnel-shaped tube facing the inlet tubes. The produced nanopowder is
collected in a filter unit at the exit of the flow reactor.
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Gas flow rates and the total pressure inside the reaction chamber and therefore concentrations and flow velocities of the
precursor gas and the inert confinement gas are regulated independently by means of an appropriate flow meter system
(flow regulation system Typ 647BE, MKS instruments; needle valve 248AC, MKS instruments; pressure gauge, 122A,
MKS instruments).

The molecular flow emanating from the inner gas inlet is crossed perpendicularly by the focused radiation (ZnSe lens
with 190.5 mm focus length) of a line-tunable CO, laser which enters and leaves the reactor through NaCl windows (loss
by reflection = 8 %). The viewing ports are continuously flushed with rare gas to prevent nanoparticles from coating the
NaCl windows. The infrared laser intensity is regulated by passing the laser beam through a propylene gas cell with
adjustable pressure (not shown in figure 1). As pyrolysing laser a pulsed URENCO-TEA CO, laser (model ML 104,
Uranit) was used. The working conditions for the laser are: repetition rate, 20 Hz; pulse width, 150 ns; laser emission
wavelength, 10.6 pm.

During the course of the experiments, various reactor conditions have been tested. However, the following conditions
have been found to be particularly favourable: SiH, flow rate, 15 sccm; He flow rate, 1100 sccm; pulse energy of the
CO, laser, 45 mJ. (sccm denotes standard cubic centimeter per minute). The total pressure inside the reaction chamber
was kept constant at 330 mbar. The induced decomposition of the gaseous precursor SiH, results in visible
luminescence, appearing just 2 — 3 mm below the inner tube (see inset in figure 1).

Synthesis of SiO, NPs

10 nm

Figure 2: The micrograph images (a) and (b) of silica nanoparticles reveal the complete amorphous structure of the nanoparticles. The
inset in picture (b) is the FFT of the HRTEM image shown in (b). The FFT image clearly indicates absence of crystallinity in the
oxidized nanopowder.

Amorphous SiO, NPs were prepared according to the recipe of Colder et al. [11]. Si NCs (~10 mg), freshly prepared by
laser-induced pyrolysis [12,13], collected on a filter paper in the exhaust line of the flow reactor were dispersed in 1 ml
doubly distilled water applying ultrasonic treatment for 10 min. The beige viscous solution was stored at room
temperature for several days without any further treatment until the yellowish color had turned to a transparent
appearance, a clear indication for complete oxidation of the crystalline Si NPs to amorphous SiO, NPs. Finally, to
evaporate the water, the vessel containing the nanoparticles solution was heated in a simple non-evacuated oven at 95°C.
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The residue at the bottom of the vial is a white powder exhibiting strong red-orange PL under the illumination of a
laboratory UV lamp (A = 254 nm).

High-resolution transmission electron microscopy (HRTEM) images, shown in figure 2, reveal the complete amorphous
structure of the as-synthesized silica nanopowder. Also electron energy loss spectroscopy (EELS) as well as x-ray
diffraction (XRD) measurements confirmed these observations. Sometimes the as-prepared powder contains hollow SiO,
NPs as reported by Colder et al. [11]. For hollow SiO, NPs of spherical shape outer diameters are between 9 and 18 nm.
The shell thickness is about 4 nm. In the present study, the SiO, NPs are mostly solid with an average size of 21 nm. To
record the (ensemble) PL spectrum of the SiO, nanopowder a mini-spectrometer (Ocean Optics, model QE 65000) was
applied. For excitation the 4™ harmonic (A = 266 nm) of a pulsed Nd:YAG laser with 5 ns pulse width was used.

Sample preparation for confocal microscopy

For investigation of single SiO, NPs in glass-polymer-air confinement, the particles were embedded in very low
concentration into a thin polymer film. For preparing samples containing SiO, NPs a small amount of the processed
silica nanopowder was dispersed in toluene and then mixed with the polymer poly(methyl methacrylate) (PMMA,
[CsO,Hg],) or polystyrene (PS, [CsHgl,). Then the droplet (10 pl) of the mixture was spin-coated onto a clean quartz
cover slide surface (thickness 170 um). The thickness of the polymer film of about 50-60 nm was determined by atomic
force microscopy (AFM) measurements. The two polymers (PMMA and PS) were used to clarify the influence of a polar
(PMMA) and a non-polar (PS) matrix on the properties of SiO, NPs. To exclude contamination by impurities (e.g. dye
molecules) a droplet of the polymer without dissolved particles was spin-coated onto a quartz cover slide and
investigated spectroscopically.

Confocal microscopy setup
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Figure 3. (a) Scheme of the home-built confocal microscope setup. (b) Scheme of the mode converter according to Dorn et al. [15].
Excitation field intensity distribution within the focal spot of the microscope objective: (¢) in the case of radially polarized laser beam;
(d) in the case of azimuthally polarized laser beam.

Two slightly different confocal microscope setups were used in the present study. The common scheme is shown in
figure 3(a). The optical measurements were performed with a modified inverted confocal microscope (Zeiss Axiovert
135 TV) using a high-numerical aperture oil immersion objective (Zeiss Plan Neofluar, 100/NA = 1.3). The term
inverted refers to the fact that the polymer film with the SiO, NPs was on the opposite side of the cover slide with
respect to the objective. An ultrafast laser system (Picoquant, model LDH-P-C470) operating at A = 473 nm (2.62 eV)
and providing pulses at a repetition rate of 10 MHz with a width of 300 ps served as excitation source for the
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measurements of fluorescence spectra. In order to discriminate against the stray light from the laser, the setup was
equipped with a long-wave pass filter having its 50% transmission value at 510 nm. Fluorescence spectra were acquired
with a spectrograph (Acton Research SpectraPro 300i) equipped with a CCD camera (Princeton Instruments, model
LNCCD-1340/100-EB/1).

To investigate the three-dimensional orientation of the nanoparticles’ TDM, we used a similar home-built confocal
microscope setup additionally equipped with a mode conversion optical line for generation of radially and azimuthally
polarized laser beams [14-17]. The nanoparticles were excited at A = 488 nm (2.54 eV) in the diffraction limited laser
focus of the NA = 1.25 immersion oil objective. The typical image size was 100 x 100 pixels distributed over 2 x 2 or 5
x 5 um. For each pixel, the signal was integrated over 5 ms, resulting in a acquisition time of 50 s. Monodirectional
scanning process doubles this time to the value of 100 s for one fluorescence image. Recording a series of images, the
next scan was started immediately after the previous had finished.

Laser polarization conversion technique

The measurements of the nanoparticles TDM orientation were performed using radially and azimuthally polarized laser
beams (RPLB and APLB respectively) [14-17]. Figure 3(b) schematically shows an optical line for the conversion of the
linearly polarized Gaussian beam into a doughnut mode laser beam. A key element of the system is a mode converter
consisting of four A/2 plates glued together as shown in the scheme. Passing the linearly polarized Gaussian beam
through the mode converter we create either a radial or an azimuthal polarization of the laser beam. Moreover, transition
from one type of polarization to another and back can be done simply by reorientation of the mode converter as shown
on the scheme. A pinhole is used to remove higher spatial frequencies before the beam is expanded to fit in our objective
back aperture. The collimated beam is reflected by a non-polarizing beam-splitter cube and focused onto the sample with
the microscope objective.

Figures 3(c) and (d) show the field intensity distribution within the focal spot of the RPLB and the APLB respectively
demonstrating a key difference between the modes. The RPLB possesses both in-plane and longitudinal component of
the field, while the APLB only the in-plane component, however more intensive than in the case of the radial
polarization.

RESULTS AND DISCUSSION
Transition dipole moment of single SiO, NPs (three-dimensional orientation)

In contrast to a focused Gaussian laser beam, a focused RPLB allows us to excite emitters possessing any orientation of
the TDM due to the presence of both in-plane and longitudinal field components. A strong difference between the
distributions of the longitudinal and the in-plane components within the focus of the RPLB leads to significant variations
of the fluorescence image shape of a single emitter at different orientation. Figures 4(d)-(g) demonstrate four calculated
excitation patterns of a single quantum emitter, possessing a one-dimensional TDM oriented according to the scheme
shown in figure 4(c). Thus, vertically oriented TDM is depicted as a spot in the center of the focal area in the result of
excitation only by the longitudinal component of the field, while horizontally oriented TDM can be excited only by the
in-plane component, exhibiting two lobes with dark gap in between (coffee bean shape of the image). In the latter case
the TDM is oriented along the line, connecting the maxima of the coffee bean lobes. Reorientation of the TDM within
the horizontal plane (i.e. variation of the angle ¢) leads to the turn of the image to respective angle. Tilted positions of
the TDM (variation of the angle 0) show different intermediate shapes of the image, allowing precise determination of
the three-dimensional TDM orientation with an accuracy up to 5°.

Figure 4(a) shows an experimental fluorescence image of two single SiO, NPs possessing a one-dimensional TDM.
Particle (1) reveals nearly vertical orientation of the TDM (see calculated pattern in figure 4(d)). Particle (2)
demonstrates a coffee bean shape and significantly lower intensity than in the previous case. This is caused by higher
intensity of the longitudinal component of the excitation field. The shape of particle (2) reveals nearly horizontal
orientation of the NP TDM (¢ = 100°; 6 = 90° see figure 4(g)).
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Figure 4. (a) Fluorescence image of two single SiO, NPs (PMMA matrix) excited with a radially polarized laser beam revealing
different three-dimensional orientation of TDM. (b) High resolution fluorescence image of particle (1) allowing precise determination
of the three-dimensional orientation of the TDM. (c¢) Scheme of the coordinate system, used for determination of the three-
dimensional orientation of the TDM. (d)-(f) Examples of simulated emission patterns of four orientations of TDM after excitation with
radially polarized laser beam (all four images are calculated considering ¢=90°).

An extensive number of measurements (more than 200 images) provides a statistically significant evidence for the
presence of a one-dimensional TDM in contrast to a two-dimensional TDM observed in some quantum-confined systems
[18]. Moreover, we found that there is no preferred direction with respect to the substrate surface suggesting that the
TDMs are randomly oriented. This is not surprising if one keeps in mind that the NPs are embedded in a ~50 nm thick
polymer matrix which keeps them far away from the substrate. Although the diffraction-limited focal spot of the
microscope objective is much larger than the size of the nanoparticle, the LBPC technique allows us to distinguish
emission from single nanoparticle and ensemble, acquiring just one fluorescence image. Emission of agglomerated
nanoparticles excited with RPLB typically exhibits a spot resulting from the overlapping of single nanoparticle images
and hence, is strongly different from the image of an individual emitter.

Although the APLB contains only the in-plane field component, the mode is suitable for single nanoparticle imaging in
two-dimensional space. Horizontally oriented TDM is depicted as a coffee-bean shape, possessing higher intensity than
in the case of radial polarization. Declination of the TDM from the horizontal orientation will not change the shape of the
image but leads to decrease of the intensity of the coffee bean, while TDM oriented exactly perpendicular to the sample
surface can not be seen at all.

Figure 5(a)-(d) shows a series of images of a single SiO, NP in PMMA excited with APLB, acquired one after another.
The images demonstrate one-dimensional TDM, which remains constant during the whole acquisition time of four
images (~ 400 s). In the case of APLB TDM orientation of the emitter is codirectional with the dark gap, separating the
lobes of the coffee bean (figure 5(a)). Figures 5(b) and (c) reveal blinking process, clearly proving that we deal with a
single quantum emitter. After sudden bleaching depicted in figure 5(d) the particle didn’t show PL anymore.
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Figure 5. (a)-(d) A series of consecutive fluorescence images of a single SiO, NP (PMMA matrix) excited with an azimuthally
polarized laser beam. The arrow in image (a) indicates the orientation of the SiO, NP TDM. Image (b) and (c) shows blinking of the
particle, while the sudden disappearance of PL in image (d) reveals bleaching.

After having presented results on SiO, NPs embedded in a thin PMMA polymer layer, we turn to polystyrene (PS) as
matrix material. At first, we would like to state that, in PS, dynamical effects seem more likely to occur than in PMMA.
An example is given in Figure 6(a)-(d) which shows a series of images taken one after the other, all showing the same
section of 4.3x4.3 um containing essentially one SiO, NP exhibiting relatively strong photoluminescence and 4 NPs of
lower intensity. The sample was excited with azimuthally polarized laser beam, and the time between two consecutive
samplings of the same area was 100 s. Following the images from (a) to (d), we observe a bright coffee bean in the
center of each image. Image (b) shows fluorescence intermittency (blinking) of the NP manifested by the sudden
quenching of the PL being active for at least 12 s. In image (c), the same NP appears bright again. Another interesting
dynamical effect is demonstrated by the fainter coffee bean marked by the dashed circle. Comparing image (a) and (d),
we observe a flipping of the orientation of the TDM, while images (b) and (c) demonstrate intermediate states without a
definite stable TDM orientation. Moreover, image (c) also reveals sudden blinking of the NP.

However, it should be mentioned that such dynamic effects as fluorescence intermittency and flipping of the TDM were
observed quite rarely. These phenomena can be explained by a redistribution of defect states caused by charge
fluctuations in the surrounding of the NP. TDM flipping results from the fact that another defect has become
energetically more favorable to be accessed. As usual, fluorescence intermittency can be explained by electron trapping
and non-radiative charge carrier recombination at the hole. As already mentioned, we have found that dynamical effects
are more likely to occur when the SiO, NPs are embedded in the non-polar PS matrix. In contrast to this, defects
involved in the excitation and emission process seem locally and energetically more stable if the NPs are surrounded by
the polar PMMA matrix. This is ascribed to the oxygen atoms surrounding the NPs and giving rise to a stronger fixation
or localization of the defects. The stabilized situation is also reflected by the better contrast of the fluorescence images.

400 nm

Figure 6. Images of SiO, NPs embedded in a polystyrene matrix and excited with an azimuthally polarized laser beam. The images (a)
to (d) show the same image section of a series of pictures recorded one after the other every 100 s. The following dynamical processes
are observed: Image (b) reveals fluorescence intermittency of the brighter NP (blinking). Blinking is also observed for the fainter NP
(marked by the dashed circle) in image (c). In addition, sudden flipping of the TDM of the fainter NP is observed as can be seen by
comparing images (a) and (d), while images (b) and (c) show intermediate unstable conditions of the TDM.

Proc. of SPIE Vol. 7393 739305-7



Photoluminescence spectroscopy of single SiO, NPs
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Figure 7. Two PL spectra of individual SiO, nanoparticles embedded in PMMA (blue curve) and PS (red curve). Before plotting, the
experimental data has been subjected to averaging over five data points. The grey shaded area represents the PL spectrum obtained
from an ensemble of SiO, NPs. For acquiring the ensemble spectrum the same high resolution confocal microscope was used, which
can lead to a certain narrowing of the spectrum.

We have measured PL spectra of various individual SiO, nanoparticles embedded both in PMMA and PS polymer
matrices. The PL spectra recorded as a function of wavelength, Ip; (1), were transformed to energy spectra, Ip (E), taking
into account the proper Jacobian and dividing the intensities by dE/dA. Figure 7 shows two examples of single particle
spectra representing the energy range, where most of the single NP spectra were observed. PL spectra acquired from NPs
embedded in a PS matrix typically exhibit lower signal to noise ratios and broader bands than in the case of PMMA as
matrix material. The ensemble PL spectrum (grey shaded area), as well as some of the single NP spectra (not shown in
figure 7) seem to be truncated at short wavelengths (respectively high energy). This is caused by the long-wave pass
filter that we had to use, in order to block the straylight from the excitation laser. The ensemble spectrum, as expected, is
much broader than the spectra of the single NPs and covers the same energy range. Essentially one has to notice, that the
ensemble measurements were performed using the same high resolution confocal microscope as it was used for single
NPs spectra acquisition. The narrow area of the microscope objective focal spot (~ 500 nm) leads to a localized character
of the sample excitation. This may result in a certain narrowing of the spectral band recorded from the ensemble sample.
The PL spectra of single SiO, NPs were found to have, besides a narrow zero-phonon line, one or even two satellite
peaks on the lower-energy side. The separation between the peaks is on the average 160 meV but may vary from 140 to
180 meV. This energy separation comes very close to the energy of the longitudinal optical mode (LOs) of SiO, at 156
meV [19]. As a result, the satellite peaks can be assigned to the excitation of one or two LO; phonon quanta in the SiO,
NP being excited simultaneously with the radiative recombination of the charge carriers. Apparently, there is a strong
coupling between the electronic transition and a collective vibration in the SiO, NP due to a sudden relaxation
mechanism involving charges. Similar phonon couplings have been reported for other nanosized systems, for example
CdSe NCs [20] and Si NCs [21]. Very recently, Martin et al. [10] observed strong electron-phonon coupling in single Si
NCs involving LO; phonons in the surrounding SiO; shell. Interestingly, the spectra of Martin et al. are almost identical
to the ones presented here. We will postpone the discussion of this amazing similarity to the end of this paragraph.
Comparing PL spectra of SiO, in PMMA with those obtained in PS, it is found that, in general, the quality of the
SiO,/PMMA spectra is higher. This is explained with the stronger fixation of the luminescent centers due to the presence
of the polar ester groups in the PMMA matrix. The enhanced dynamics in PS are most likely related to a flipping of the
loosely bound phenyl groups which are known to be responsible for considerable spectral dynamics and heterogeneity in

Proc. of SPIE Vol. 7393 739305-8



single molecule spectroscopy [22]. As another point, we have observed that the spectra of SiO, NPs in PS appeared more
often truncated than the ones in PMMA. This can also be explained with the presence of oxygen in PMMA. Due to the
interaction between the defect state and the oxygen in the matrix, the energy of the defect state is lowered, thus giving
rise to a red shift for the NPs embedded in PMMA compared to those in PS. Another explanation could be that a certain
type of defect associated with higher energy is passivated by the presence of oxygen in PMMA while this is not the case
in PS.

Now we would like to discuss the origin of the PL observed in the present study. According to the work of Glinka et al.
[23], a broad PL band in the green extending from 1.8 to 2.8 eV (in our case the band is cut at near 2.45 eV by the long-
pass filter, protecting the photo detector from the reflected laser light) with maximum at 2.35 eV, which has been
observed for thermally untreated SiO, NPs with diameters of 7 and 15 nm, can be attributed to hydrogen-related species
(=Si-H and =Si—-OH) on the surface of the nanoparticles. This broad band measured in ensemble spectra is an
inhomogeneous composition of many different species each contributing with a slightly different energy mimicking
small differences in the local environment of the defect. In single particle spectroscopy, this inhomogeneity is removed,
and we can observe sharp zero-phonon lines characteristic for each individual NP.

As already mentioned, the fluorescence spectra of single SiO, NPs presented in figure 7 are amazingly similar to the
single particle spectra of Si NCs measured by Martin et al. [10]. This similarity refers to the entire shape of the PL
spectra including the splitting into zero-phonon line and phonon band and the energy range in which single particle
spectra could be recorded. Since the Si NCs are surrounded by a 1-2 nm thick layer of amorphous SiO, [24] it could be
possible that the PL observed in both systems (SiO, NPs and Si NCs) with single particle spectroscopy have the same
origin.

CONCLUSIONS

In conclusion, the work performed in single SiO, NPs microscopy and spectroscopy has significantly improved our
understanding of defect PL. Imaging of single NPs using focused higher order laser modes revealed new details of origin
and dynamics of the SiO, NPs TDM. In particular, the fluorescence images clearly revealed presence of one-dimensional
TDM, which was stable for most of the NPs. However, such dynamic effects as fluorescence intermittency and flipping
of the TDM were rarely observed.

The spectra reveal a strong zero-phonon line and two peaks attributed to phonon bands associated with the excitation of
one or two quanta of vibrations in the SiO, network. To obtain more detailed information on this interesting issue,
dedicated studies, including spectrally resolved lifetime measurements on single particles, will be carried out in the near
future. Finally, we would like to emphasize that the luminescent SiO, NPs, presented in this study, will be attractive
candidates for fluorescence labeling and local heating centers in biological and medical applications. Moreover, the
results described in this work contribute to further single nanoparticle studies of core-shell systems [25], which are of a
great interest from the point of view of tunable light emitters on the single molecule level [26].
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Chapter 6

Imaging and spectroscopy of defect luminescence
and electron-phonon coupling in single SiO,
nanoparticles

In this chapter, we present new results on single SiO, NPs study. Samples of SiO, NPs
embedded in low concentration in a thin polymer layer were prepared by spin-coating a
dedicated solution on glass cover slides. The spectral analysis of single SiO, NPs
revealed double-peak spectra consisting of a narrow zero-phonon line and a broader
phonon band being associated with the excitation of longitudinal optical phonons in the
SiO; NP.

This chapter is based on:

Chizhik, A.M., Chizhik, A.IL., Gutbrod, R., Meixner, A.J., Schmidt, T., Sommerfeld, J.,
Huisken, F. “Imaging and Spectroscopy of Defect Luminescence and Electron-Phonon
Coupling in Single SiO, Nanoparticles” Nano Lett. 2009, 9, 3239-3244.
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ABSTRACT

Silicon nanocrystals were synthesized by CO, laser pyrolysis of SiH,. The fresh silicon nanopowder was oxidized in water to obtain SiO,
nanoparticles (NPs) exhibiting strong red-orange photoluminescence. Samples of SiO, NPs embedded in low concentration in a thin polymer
layer were prepared by spin-coating a dedicated solution on quartz cover slides. Using an argon ion laser at 488 nm with higher-order laser
modes (azimuthally and radially polarized doughnut modes) for excitation, the three-dimensional orientation of the nanoparticles’ transition
dipole moment was investigated in a confocal microscope. The linear transition dipole moment was found to be rather stable and randomly
oriented. However, dynamical effects such as fluorescence intermittency and transition dipole moment flipping could also be observed. The
spectral analysis of single SiO, NPs revealed double-peak spectra consisting of a narrow zero-phonon line and a broader phonon band being
associated with the excitation of longitudinal optical phonons in the SiO, NP.

Since the first observation of red photoluminescence (PL)
from nanostructured porous silicon in 1990,"? there has been
increasing interest in the study of the optical properties of
nanostructured silicon. While this observation was attributed
to the radiative recombination of charge carriers in a
quantum-confined system, other authors made defect lumi-
nescence responsible for the PL of their nanocrystalline Si
samples.>* Since these days, there is still ongoing discussion
on whether the PL originates from intergap transitions in
quantum-confined systems or whether it is due to surface
defect states (see ref 5 for an early review). Very recently,
in an elegant experiment, Godefroo et al.%” were able to
control the origin of the PL of their Si NCs and to switch
between quantum-confined and defect PL by hydrogen
passivation and UV irradiation, respectively.

Using a single size-dispersed sample of silicon nanocryst-
als (Si NCs) with diameters ranging from 2.5 to 8 nm,
Ledoux et al.® could show that the PL of naturally oxidized
Si NCs produced by gas-phase condensation was governed
by quantum confinement with a small deviation occurring
for small Si NCs. This observation was in agreement with
the study of Wolkin et al.” who compared the PL of
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hydrogen- and oxygen-passivated Si NCs with theoretical
results and found that defect luminescence via oxygen-related
inner-gap states becomes operative when quantum confine-
ment causes the band gap to exceed a certain energy. The
same observation has been made by Martin et al.'’ in their
confocal microscopy investigation on single Si NCs. Their
study is in accordance with a gradual transition of the
photoluminescence from PL governed by quantum confine-
ment for large Si NCs to defect luminescence for small Si
NCs.

The defect luminescence taking place in oxygen-passivated
Si NCs originates from localized states in the SiO, shell
surrounding the crystalline silicon core. The same states
should also be operative if the entire Si core is removed, for
example, by full oxidation. Hence, the question arises
whether the same defect luminescence can also be observed
in SiO, nanoparticles (SiO, NPs), which are prepared by
intentional oxidation of Si NCs. Indeed, a few years ago,
Colder et al.'' reported on the observation of strong
luminescence from hollow SiO, NPs that had been obtained
from Si NCs by full oxidation in water. The PL spectra of
such SiO, nanopowder resembled very much the PL spectra
known from Si NCs suggesting that there could possibly be
a common origin.
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In the present study, we have carried out confocal
microscopy experiments on individual SiO, NPs obtained
by full oxidation of freshly synthesized Si NCs by investigat-
ing their optical response upon excitation with 473 and
488 nm laser light. The SiO, NPs are shown to possess a
linear, randomly oriented transition dipole moment for
excitation and to exhibit dynamical effects such as transition
dipole moment flipping and fluorescence intermittency. The
PL spectra reveal a narrow zero-phonon line and a broader
phonon band that can be associated with the excitation of
longitudinal optical phonons in SiO,. These spectra are
identical to those reported by Martin et al.'” suggesting that
both SiO; and Si single particle spectra are governed by the
same mechanisms.

Single Particle Imaging. In order to obtain detailed
information on the origin and the properties of the defect
luminescence of SiO, NPs and to reveal possible similarities
with the recently published single-particle spectroscopy of
Si NCs surrounded by a SiO, shell,'’ we have investigated
the PL of single SiO, NPs employing an inverted confocal
microscope. At first, we have concentrated on single-particle
imaging and the visualization of the transition dipole moment
using tightly focused higher-order laser modes.

The excitation of a single SiO, NP by scanning it through
the focal region of an azimuthally polarized laser beam with
doughnut-shaped intensity profile gives rise to an image
consisting of two nearby bright spots of elliptical shape
resembling a “coffee bean”.'>”!> This situation is displayed
in the upper image (a) of Figure 1. The projection of the
transition dipole moment on the substrate is oriented along
the dark gap between the two halfs of the coffee bean. Out-
of-plane orientations of the dipole moment lead to a weaker
intensity of the coffee bean image, while dipole moments
oriented exactly perpendicular to the surface cannot be seen
at all. Weaker images are also obtained if the PL activity of
the SiO, NP is smaller. A small asymmetry of the coffee
beans is caused by a small asymmetry of the excitation laser
beam.

Radially polarized laser beams are ideally suited to
determine the three-dimensional orientation of the transition
dipole moment as they have a field distribution containing
both a longitudinal and transversal component'?>~!> in the
focal region of a high numerical aperture (NA) objective lens.
Note that for SiO, NPs with a component of their transition
dipole moment parallel to the substrate the coffee beans are
oriented perpendicularly to the ones that are seen with
azimuthally polarized laser beam. This fact is demonstrated
by the SiO, NP shown in the right halfs of Figure 1a,b. Figure
1b shows the same sample area as Figure la and therefore
the same SiO, NPs but now with radial mode excitation. As
a result, the coffee bean is rotated by 90°. The image of the
other particle shown in the left half of Figure 1b has a
peculiar shape. It can be explained by the mixing of two
images, one being produced by the longitudinal component
of the electric field vector (giving rise to a centrosymmetric
spot) and the other being due to the transversal component
of the electric field (giving rise to a coffee bean rotated by
90° with respect to the one imaged in Figure 1a).

3240

Figure 1. SiO, NPs in PMMA observed with an excitation
wavelength of 488 nm. The upper panel (a) shows two NPs excited
with the azimuthal mode (maximum intensity: 614 counts per pixel
in 5 ms). Image (b) presenting the same NPs has been obtained
with the radial mode (maximum intensity: 176 counts per pixel in
5 ms). The bottom panel shows as examples simulated emission
patterns for two orientations of the transition dipole moment after
excitation with the radial mode. The direction z is orthogonal to
the substrate.

The mixing can be easily simulated with a computer
program, and by comparing the computed patterns with the
measured images one can determine the three-dimensional
orientation of the transition dipole moment for excitation.
Such simulated patterns are depicted in the bottom panels
of Figure 1 together with a small coordinate system defining
6 as the angle between the transition dipole moment and
the surface normal. For an out-of-plane orientation of the
dipole moment (6 = 0°), a centrosymmetric spot will be
observed as the transversal component does not contribute.
For an in-plane orientation (6 = 90°), a nice coffee bean
like the one depicted in the right half of Figure 1b is
observed. By comparison with calculated patterns, the
peculiar shape of the particle image in the left part of Figure
1b can be explained by a dipole moment orientation of
0 ~ 60°.

After having presented results on SiO, NPs embedded in
a thin PMMA polymer layer, we now want to turn to
polystyrene (PS) as matrix material. At first, we would like
to state that, in PS, dynamical effects seem more likely to
occur than in PMMA. An example is given in Figure 2 that
shows a series of images taken one after the other, all
showing the same small section of 4.3 x 4.3 um? containing
essentially only two SiO, NPs. The sample was excited with
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Figure 2. Images of SiO, NPs embedded in a polystyrene matrix
and excited in an azimuthally polarized laser focus (A = 488 nm).
The images (a—f) reveal the same image section of a series of
pictures recorded one after the other every 100 s. Each image
essentially shows two NPs, one being represented by the bright
coffee bean and a fainter one marked by the dashed circle. The
following dynamical processes are observed: image c reveals
fluorescence intermittency of the brighter NP (also called blinking).
Blinking is also observed for the fainter NP in image d. In addition,
we observe sudden flipping of the transition dipole moment of the
fainter NP as can be seen by comparing images a and b as well as
e and f.

azimuthally polarized laser beam, and the time between two
consecutive samplings of the same nanoparticle was 100 s.
Following the images from a—f, we observe a bright coffee
bean in the left half of each image. In image c, this particle
experiences fluorescence intermittency or blinking as mani-
fested by the sudden quenching of PL being active for at
least 24 s. In image d, the same NP appears bright again.
Another interesting dynamical effect is demonstrated by the
fainter coffee bean marked by the dashed circle. Comparing
image a and b, we observe a sudden flipping of the
orientation of the transition dipole moment. A similar change
in dipole moment orientation for the fainter particle has
occurred from image e to f. In picture c, the image of this
NP is somewhat smeared out, indicating that the orientation
of the transition dipole moment was not stable during the
scan. It should be mentioned that a flipping of the transition
dipole moment was observed rather rarely.
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Figure 3. In the left corner, the fluorescence image of a SiO, NP
in PMMA is shown. As the laser beam was azimuthally polarized,
the transition dipole moment for excitation is oriented along the
dark gap of the PL pattern. The emission of the same SiO, NP was
observed through a linear polarizer and its intensity was recorded
as a function of the rotation angle of the polarizer. The result
presented in polar coordinates shows that the emission dipole
moment has the same direction as the one for excitation.

Because of the presence of a one-dimensional transition
dipole moment for excitation, the particle is expected to emit
light possessing linear polarization. To confirm this assump-
tion, the fluorescence of a single SiO, NP was investigated
using a polarization analyzer in front of the photodetector.
For each consecutive scan of the sample area, the analyzer
was rotated by a distinct angle. The results of this experiment
are presented in Figure 3. It shows in the inset an image of
a single NP measured with azimuthally polarized laser beam.
The transition dipole moment is indicated by the red arrow.
The integrated fluorescence intensity of this NP was recorded
as a function of the polarization analyzer orientation and
plotted into a polar coordinate system. The fact that we
measure two lobes demonstrates that the emission of a single
Si0, NP is linearly polarized, and its orientation proves that
the transition dipole moment for emission has the same
direction as the one for excitation.

PL Spectra of Individual NPs. With the setup described
in the Supporting Information, we have measured the PL
spectra of various individual SiO, nanoparticles embedded
both in PMMA and PS polymer matrices. Three examples
are shown in Figure 4. The PL spectrum with the best signal-
to-noise ratio has been measured in PMMA and is displayed
in Figure 4a. Interestingly, it features a strong peak at smaller
wavelength and two satellite peaks at longer wavelengths.
As will be shown later, the first peak is the zero-phonon
line while the other two peaks are attributed to phonon bands
associated with the excitation of one or two quanta of
vibrations in the SiO, network.

The other two PL spectra displayed in Figure 4b,c have
been recorded from SiO, NPs embedded in PS. The inferior
signal-to-noise ratio in conjunction with a two times smaller
count rate is evident. In addition, the measured bands are
clearly broader which also explains that the separation
between the zero-phonon line and the first phonon band is
less pronounced. Finally, the zero-phonon line of the
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Figure 4. PL spectra of three individual SiO, nanoparticles
embedded in PMMA (a) or PS (b and c¢). For a better comparison,
the weaker PL spectra measured in PS have been multiplied by 2
or 1.5, respectively. The dashed line in panel (c) indicates the
wavelength at which the long-wave pass filter transmits 50%. The
uppermost spectrum has been fitted by three Gaussians also
displayed in the figure.

spectrum plotted in the bottom panel seems to be truncated
at short wavelengths. This is caused by the long-wave pass
filter that we had to use in order to block the straylight from
the excitation laser. Assuming the same separation between
zero-phonon line and first phonon band, we would extrapo-
late a peak position of the zero-phonon line in the region
500 £ 10 nm.

The PL spectra measured as a function of wavelength,
Ip (1), were transformed to energy spectra, Ip (E), taking into
account the proper Jacobian and dividing the intensities by
dE/dA. As examples, we show five spectra of individual SiO,
NPs in Figure 5. This set includes the spectrum with the
lowest-energy zero-phonon line (red curve) as well as the
one with the highest energy (dark-blue curve). PL spectra
with truncated zero-phonon lines mentioned before were not
considered here. The five single-particle spectra are compared
with an ensemble spectrum taken from the same nanopowder
from which the confocal microscopy samples were prepared.
It should be mentioned that this ensemble spectrum was
measured with a different setup that employed a low-
repetition rate (20 Hz) pulsed Nd:YAG laser as excitation
source (see Supporting Information). As a result, the
fluorescence from excited states with long lifetimes was not
discriminated against the short-lived fluorescence. Besides
the fact that the ensemble spectrum is, as expected, much
broader, it is noted that single-particle spectra could only be
observed for energies above 2.0 eV. The smallest full width
at half-maximum was observed for a NP embedded in
PMMA (fwhm = 75 meV; blue curve). We have also
analyzed the separation between the zero-phonon line and
the first phonon peak for all measured spectra, except those
with truncated zero-phonon line. The results are plotted in
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Figure 5. Panel b: Five PL spectra of individual SiO, nanoparticles
embedded in PMMA or PS. Before plotting, the experimental data
has been subjected to an averaging over six data points. For
comparison, the broad PL spectrum obtained from an ensemble of
SiO, NPs is shown as black curve. Panel (a) presents the splitting
between zero-phonon line and first phonon band for all PL spectra
measured in this study (except truncated spectra) as a function of
zero-phonon line energy. Splitting values belonging to the PL
spectra in panel b are plotted in the same color. Solid squares refer
to PMMA and open symbols to PS matrices.

the upper panel (a) of Figure 5. Irrespective of the polymer
matrix used, the splitting varies in the range 160 4= 20 meV.

Discussion. At first we would like to discuss the images
of single SiO, NPs visualizing the orientation of the transition
dipole moment (Figures 1—3). The fact that we are observing
sharp coffee bean patterns proves that we are dealing with
single NPs since the interaction of two and more NPs would
produce blurry images. In most cases, the coffee bean pattern
stays quite stable during the period of observation although
the NP is excited many thousands of times. This suggests
that we are exciting always the same luminescent center that
gives rise to the PL photons that we observe. Other defects
may be present but we are not sensitive to them as they
cannot be accessed. The observation that the transition dipole
moments for excitation and emission have the same direction
further suggests that the PL photon arises from the same
defect which was excited. Thus, we have the important result
that charge carrier hopping between different defect states
is not very likely to occur. The SiO, NP seems to behave
like a molecule with stable linear transition dipole moment.

The use of radially polarized laser beams allowed us to
visualize the transition dipole moment in space. Analyzing
several hundred images, we found that there was no preferred
direction with respect to the substrate surface suggesting that
the dipole moments are randomly oriented. This is not
surprising if one keeps in mind that the NPs are embedded
in a ~50 nm thick polymer matrix which keeps them far
away from the substrate.

Nano Lett, Vol. 9, No. 9, 2009
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Despite the rather stable nature of the transition dipole
moment, we are able to observe dynamical effects as, for
example, fluorescence intermittency and flipping of the
transition dipole moment. These phenomena can be explained
by a redistribution of defect states caused by charge
fluctuations in the surrounding of the NP. Transition dipole
moment flipping results from the fact that another defect has
become energetically more favorable to be accessed. As
usual, fluorescence intermittency can be explained by electron
trapping and nonradiative charge carrier recombination at
the hole.

We have found that dynamical effects are more likely to
occur when the SiO, NPs are embedded in the nonpolar PS
([CgHgl,) matrix. In contrast, the defects involved in the
excitation and photoemission process seem locally and
energetically more stable if the NPs are surrounded by the
polar PMMA ([C50,Hg],,) matrix. This is ascribed to the
oxygen atoms surrounding the NPs and giving rise to a
stronger fixation or localization of the defects involved in
the process. The stabilized situation is also reflected by the
better contrast of the excitation images.

The photoluminescence spectra of single SiO, NPs were
found to exhibit, besides a narrow zero-phonon line, one or
even two satellite peaks on the lower-energy side. The
separation between the peaks is on the average 160 meV
but may vary from 140 to 180 meV. This energy separation
comes very close to the energy of the longitudinal optical
mode (LO3) of SiO, at 156 meV.'® As a result, the lower-
energy satellite peaks can be assigned to the excitation of
one or two LO;z phonon quanta in the SiO, NP being excited
simultaneously with the radiative recombination of the charge
carriers. Apparently, there is a strong coupling between the
electronic transition and a collective vibration in the SiO,
NP due to a sudden relaxation mechanism involving charges.
Similar phonon couplings have been reported for other
nanosized systems, as for example for CdSe NCs'7 and Si
NCs."® Very recently, Martin et al.! observed strong
electron—phonon coupling in single Si NCs involving LO;
phonons in the surrounding SiO, shell. Interestingly, the
spectra of Martin et al. are almost identical to the ones
presented here. We will postpone the discussion of this
amazing similarity to the end of this paper.

Comparing PL spectra of SiO, in PMMA with those
obtained in PS, it is found that in general the quality of the
SiO,/PMMA spectra is higher. This is explained with
the stronger fixation of the luminescent centers due to the
presence of the polar ester groups in the PMMA matrix. The
enhanced dynamics in PS is most likely related to a flipping
of the loosely bound phenyl groups that are known to be
responsible for considerable spectral dynamics and hetero-
geneity in single molecule spectroscopy.'® As another point,
we have observed that the spectra of SiO, NPs in PS
appeared more often truncated than the ones in PMMA. This
can also be explained with the presence of oxygen in PMMA.
Because of the interaction between the defect state and the
oxygen in the matrix, the energy of the defect state is
lowered, thus giving rise to a red shift for the NPs embedded
in PMMA compared to those in PS. Another explanation
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could be that a certain type of defect associated with higher
energy is passivated by the presence of oxygen in PMMA
while this is not the case in PS.

Another interesting point to be discussed is the big
mismatch between the ensemble spectrum of SiO, NPs and
the single particle spectra as shown in Figure 5. It is noticed
that single particle spectra are only observed when the energy
of the zero-phonon line is larger than 2 eV. The reason of
this mismatch is probably related to differences in the PL
efficiency for different NPs which may be emphasized by
the different excitation sources used. In any case, it should
be clearly stated here that single NP spectroscopy cannot be
representative for the entire sample. Because of the low PL
flux originating from an individual NP, single nanoparticle
spectroscopy can only be applied to the brightest NPs. All
NPs whose PL is below a certain threshold will be ignored.
Thus, it appears that the SiO, NPs emitting photons at higher
energy (2.0—2.5 eV) are brighter while the ones emitting at
1.8 eV are more abundant but less intense.

Now we want to discuss the origin of the PL observed in
the present study. While there seems in general agreement
to assign the PL. maximum between 1.8 and 1.9 eV observed
in the ensemble spectrum to nonbridging oxygen hole centers
(NBOHCs; =Si—0¢),2%?! the situation is more complicated
for the single particle spectra observed in the green between
2.0 and 2.5 eV. According to the work of Glinka et al.,”> a
broad PL band in the green extending from 1.8 to 2.8 eV
with maximum at 2.35 eV, which has been observed for
thermally untreated SiO, NPs with diameters of 7 and 15
nm, can be attributed to hydrogen-related species (=Si—H
and =Si—OH) on the surface of the nanoparticles. This
broadband measured in ensemble spectra is an inhomoge-
neous composition of many different species each contribut-
ing with a slightly different energy mimicking small differ-
ences in the local environment of the defect. In single particle
spectroscopy, this inhomogeneity is removed, and we can
observe sharp zero-phonon lines characteristic for each
individual NP.

As already mentioned, the fluorescence spectra of single
Si0, NPs presented in Figure 5 are amazingly similar to the
single particle spectra of Si nanocrystals measured by Martin
et al.'® This similarity refers to the entire shape of the PL
spectra including the splitting into zero-phonon line and
phonon band and the energy range in which single particle
spectra could be recorded. Since the Si NCs are surrounded
by a I—2 nm thick layer of amorphous SiO, (ref 23), it could
be possible that the PL observed in both systems (SiO, NPs
and Si NCs) with single-particle spectroscopy have the same
origin. To obtain more detailed information on this interesting
issue, dedicated studies, including spectrally resolved lifetime
measurements on single particles, will be carried out in the
near future.

Finally, we would like to emphasize that the luminescent
SiO, NPs presented in this study will be attractive candidates
for fluorescence labeling and local heating centers in biologi-
cal and medical applications.
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SUPPORTING INFORMATION PARAGRAPH

Imaging and Spectroscopy of Defect Luminescence and Electron-Phonon

Coupling in Single SiO, Nanoparticles

Experimental Methods

Synthesis of SiO, NPs

The synthesis of amorphous SiO, NPs from Si NCs, freshly prepared by CO, laser pyrolysis'* was
carried out according to the recipe of Colder et al.> The brownish Si nanopowder (~10 mg) collected on
a filter at the exit of the flow reactor was dispersed in 1 cm’ distilled water applying ultrasonic
treatment for 10 min. The beige viscous solution was left for several days without any further treatment
until the beige color had turned to a transparent appearance, a clear indication for complete oxidation of
the Si NCs to SiO, NPs. Finally, the vial containing the transparent dispersion was covered by an
aluminum foil and heated in a simple non-evacuated oven to 95 °C, in order to evaporate the water. In
this way, a white powder was obtained which showed strong red-orange PL when it was illuminated

with light from a simple laboratory UV lamp (A = 254 nm).’

High-resolution transmission electron microscopy (HRTEM) studies, electron energy loss
spectroscopy (EELS), as well as x-ray diffraction (XRD) measurements reveal the complete amorphous
structure of the as-synthesized silica nanopowder. As reported by Colder et al.,” the processed powder
may consist of silica shells (hollow SiO, NPs) having average inner and outer diameters of 9 and 18 nm,
respectively, when the average size of the original Si NCs was 13 nm in diameter. The SiO, NPs used
for the present study were mostly not hollow and had an average diameter of 21 nm. The reason, why
the SiO, NPs are sometimes hollow and sometimes not, is not completely understood; but this property

will not be important for the discussion of the present study as both powders exhibit strong red-orange
1



PL. Photoluminescence spectra of the silica nanopowder (ensemble spectra) were measured with a mini-
spectrometer (Ocean Optics, model QE 65000) after excitation with the 4™ harmonic (A = 266 nm) of a

pulsed Nd:YAG laser with 5 ns pulse width.

Sample preparation

Silicon dioxide NPs of the processed powder were embedded in very low concentration into a thin
polymer film covering a quartz cover slide of 170 um thickness. For this purpose, a small amount of the
processed silica nanopowder was dispersed at low concentration in toluene and then mixed with a
solution of poly(methyl methacrylate) (PMMA, [CsO,Hg],) or polystyrene (PS, [CsHg],). A droplet (10
ul) of this mixture was spin-coated on a quartz cover slide to obtain a 50 — 60 nm thick polymer film as
determined by atomic force microscopy (AFM). The use of the two polymers PMMA and PS was
motivated by the desire to obtain a polar (PMMA) and a non-polar (PS) matrix for the SiO, NPs. To
make sure that samples don’t contain impurities (e.g. dye molecules) a droplet of the polymer without

dissolved silica nanopowder was spin-coated onto a quartz cover slide and spectroscopically verified.

Confocal microscopy setups

Two slightly different confocal microscopy setups were used in the present study. The optical
measurements were performed with a modified inverted confocal microscope (Zeiss Axiovert 135 TV)
using a high-numerical aperture oil immersion objective (Zeiss Plan Neofluar, 100/NA = 1.3). The term
inverted refers to the fact that the polymer film with the SiO, NPs was on the opposite side of the cover
slip with respect to the objective. An ultrafast laser system (Picoquant, model LDH-P-C470) operating
at A = 473 nm (2.62 eV) and providing pulses at a repetition rate of 10 MHz with a width of 300 ps
served as excitation source for the measurements of fluorescence spectra. In order to discriminate
against the straylight from the laser, the setup was equipped with a long-wave pass filter having its 50%
transmission value at 510 nm. Fluorescence spectra were acquired with a spectrograph (Acton Research
SpectraPro 300i) equipped with a CCD camera (Princeton Instruments, model LNCCD-1340/100-

EB/1).



To investigate the three-dimensional orientation of the nanoparticles’ transition dipole moment, we
used a similar home-built confocal microscope setup additionally equipped with a mode conversion
optical line for the generation of radially and azimuthally polarized laser beams.*” The nanoparticles
were excited at A = 488 nm (2.54 eV) in the diffraction limited laser focus of NA = 1.25 immersion oil
objective. The typical image size was 100 x 100 pixels distributed over 2 x 2 or 5 x 5 um’. For each
pixel, the signal was integrated over 5 ms, resulting in a acquisition time of 50 s. Monodirectional
scanning process doubles this time to the value of 100 s for one fluorescence image. When we recorded

series of images, the next scan was started immediately after the previous had finished.

Sample
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Figure S1. Combined schematic view of the two confocal microscope setups used in the present study.
For visualization of the transition dipole moment, the Ar" laser with mode converter is employed (LF =
laser line filter, LP = linear polarizer, PC = polarization converter, PH = pinhole). The fluorescence is
then detected with an avalanche photodiode. For the measurement of fluorescence spectra, the Ar" laser
is replaced by an ultrafast pulsed diode laser system emitting at 473 nm. PL spectra are recorded with a

spectrometer backed by a CCD camera.
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Chapter 7

Fluorescence 1maging and spectroscopy of single Si
and S10, nanoparticles using confocal microscopy

In this chapter, we study single Si NCs and SiO, NPs using confocal laser scanning
microscopy with the goal to compare both kinds of NPs and to determine to what extent
quantum confinement or surface-related defect centers are responsible for the strong
Sfluorescence of Si NCs. The single particle spectra of Si NCs and SiO, NPs are composed
of a zero-phonon line and one or two phonon bands, which are associated with
longitudinal optical phonons in SiO,, and reveal in every detail an amazing similarity.
Both systems reflect the same dynamical behavior (blinking and bleaching). Spectrally
resolved fluorescence decay measurements yield the important result that the direct and
the phonon-assisted recombination processes occur on the same nanosecond timescale
(~4 ns). These experimental observations suggest that the photoluminescence of the Si
NCs observed in this study is governed by defect luminescence.

This chapter is based on:

Chizhik, A.M., Chizhik, A.l.,, Meixner, A.J., Schmidt, T., Huisken, F. “Fluorescence
imaging and spectroscopy of single Si and SiO, nanoparticles using confocal
microscopy” Bonsai Project Symposium: Breakthroughs in Nanoparticles for Bio-
imaging, AIP Conf. Proc. 2010, 1275, 63-70.
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Abstract. Single silicon nanocrystals (Si NCs) and SiO, nanoparticles (SiO, NPs) have been
studied by confocal laser scanning microscopy with the goal to compare both kinds of NPs and
to determine to what extent quantum confinement or surface-related defect centers are responsi-
ble for the strong photoluminescence (PL) of Si NCs. Using special laser polarization tech-
niques, the transition dipole moment (TDM) for the excitation of individual NPs (Si and SiO,)
could be shown to be stable and one-dimensional. The single particle spectra of Si NCs and SiO,
NPs are composed of a zero-phonon line and one or two phonon bands, which are associated
with LO; phonons in SiO,, and reveal in every detail an amazing similarity. Both systems reflect
the same dynamical behavior (blinking, bleaching, and TDM flipping). Spectrally resolved fluo-
rescence decay measurements yield the important result that the direct and phonon-assisted re-
combination processes occur on the same nanosecond timescale (~4 ns). These experimental ob-
servations suggest that the PL of the Si NCs observed in this study is governed by defect lumi-
nescence.

Keywords: Silicon nanocrystals, silica nanoparticles, single particle spectroscopy, confocal laser
scanning microscopy, electron-phonon coupling, defect luminescence, quantum confinement.
PACS: 87.64.mk, 78.55.Ap, 78.55.Qr, 78.67.Bf, 78.67.Hc

INTRODUCTION

Since more than two decades, there has been an ongoing discussion on whether the
photoluminescence (PL) from nanostructured silicon originates from intergap transi-
tions assisted by quantum confinement (QC) [1] or whether it is governed by surface-
related defect centers (DCs) [2]. Very recently, it was shown [3] that it is possible to
control the origin of the PL of silicon nanocrystals (Si NCs) and to switch between
quantum confinement and defect-based PL by hydrogen passivation and UV irradia-
tion, respectively. Investigations of naturally oxidized Si NCs selected in size (2.5 — 8
nm) revealed that the PL is caused by quantum confinement, with some slight devia-

*This paper comprises results of the oral contribution of Anna M. Chizhik (S3-10) and the poster
presentation of Alexey 1. Chizhik (P3-24).
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tion occurring for small NCs (2 — 3 nm in diameter) [4]. This observation was con-
firmed by Wolkin ef al. [S5] who compared the PL of Si NCs passivated by hydrogen
and oxygen with theoretical results. They concluded that defect PL via oxygen-related
inner-gap states becomes dominant when quantum confinement causes the band gap to
exceed a certain energy. Furthermore, Martin et al. [6] showed that the emission from
Si NCs is governed by quantum confinement for the larger particles, while in smaller
Si NCs defect-based luminescence is dominant. The defect PL in oxygen-passivated Si
NCs originates from localized states in the SiO; shell surrounding the crystalline sili-
con core. Removing the entire Si core, for example by full oxidation, the same states
should still be operative. Therefore, the question arises whether the same defect lumi-
nescence can also be observed in SiO, NPs which are prepared by intentional and
complete oxidation of Si NCs. Strong visible luminescence observed from hollow
SiO, NPs which had been obtained by full oxidation of Si NCs in water was reported
by Colder et al. [7]. Surprisingly, the PL spectra of such SiO, nanopowder are very
similar to the ones recorded from Si NCs, giving rise to the assumption that the origin
of the PL can be attributed to the same operating mechanism, which would then obvi-
ously be related to defect PL. Thus, in spite of the extensive results on Si NCs, the ori-
gin of the emission is still under debate. The observations suggest that there is not a
strict separation between quantum confinement-induced PL and defect PL but rather a
gradual transition.

With the purpose to shed some new light on the origin of the PL in oxidized Si
NCs, we have carried out a comparative study of the optical properties of single Si
NCs and single SiO, NPs employing confocal laser scanning microscopy.

EXPERIMENTAL

Silicon nanocrystals (Si NCs) with diameters between 3 and 10 nm were produced
by laser-induced pyrolysis of silane (SiH4) in a gas flow reactor. The dissociation of
the SiH4 molecules is initiated by the radiation of a pulsed CO, laser providing very
sharp temperature gradients in a wall-less environment. The decomposition is fol-
lowed by the condensation of the nascent silicon atoms in the gas phase and the forma-
tion of liquid nanoparticles (NPs). Upon cooling in the carrier gas stream, the NPs
crystallize to form Si NCs. Finally, the Si NCs are collected on a filter mounted into
the exhaust line of the flow reactor. When the Si NCs are removed from the vacuum
chamber and stored in the laboratory, they are oxidized and covered by a thin layer of
Si0s.

Amorphous SiO; NPs were prepared according to the recipe of Colder ef al. [7].
About 20 mg of freshly prepared Si NCs are dispersed in 1 ml doubly distilled water
applying ultrasonic treatment for 10 min. The beige viscous solution is stored at room
temperature for several days without any further treatment until the yellowish color
has turned into a transparent appearance, indicating that the crystalline Si NPs have
been transformed to amorphous SiO, NPs. Finally, the water is evaporated in a simple
non-evacuated oven at 95°C. The residue at the bottom of the vial is a white powder
exhibiting strong red-orange PL under the illumination of a laboratory UV lamp.

For the investigation of single Si NCs (and single SiO, NPs) in the confocal laser
scanning microscope, the particles are embedded in very low concentration into a thin
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polymer film. To produce suitable samples, a small amount of the silicon nanocrystals
(or the processed silica nanopowder) is dispersed in toluene and then mixed with a so-
lution containing the polymer [poly(methyl methacrylate), PMMA or polystyrene,
PS]. Then a droplet of the mixture is spin-coated onto a clean quartz cover slide. The
thickness of the polymer film is 50 — 60 nm, as determined by atomic force micros-
copy (AFM) measurements.

For the present study, we have used two slightly different confocal microscopy set-
ups (see Ref. [8] for details). The common scheme is shown in Figure 1a. The optical
measurements were performed with a modified inverted confocal microscope (Zeiss
Axiovert 135 TV) using a high-numerical aperture oil immersion objective (Zeiss Plan
Neofluar, 100/NA = 1.3). The term inverted refers to the fact that the polymer film
with the NPs was on the opposite side of the cover slide with respect to the objective.
A pulsed diode laser (Picoquant, model LDH-P-C470) operating at A = 473 nm (2.62
eV) and providing pulses at a repetition rate of 10 MHz with a width of 300 ps served
as excitation source for the measurements of fluorescence spectra. In order to dis-
criminate against the stray light from the laser, the setup was equipped with a long-
wave pass filter having its 50% transmission value at 510 nm. Fluorescence spectra
were acquired with the flipping mirror in the position indicated in Figure 1a, employ-
ing a spectrograph (Acton Research SpectraPro 300i) equipped with a CCD camera
(Princeton Instruments, model LNCCD-1340/100-EB/1).

To investigate the three-dimensional orientation of the nanoparticles’ transition di-
pole moment (TDM), we used a similar home-built confocal microscope setup addi-
tionally equipped with a mode conversion optical line for the generation of radially
and azimuthally polarized laser beams [8]. The nanoparticles were excited at A = 488
nm (2.54 eV) in the diffraction-limited laser focus of the NA = 1.25 immersion oil ob-
jective. The typical image size was 100 x 100 pixels distributed over 2 x 2 or 5 x 5
pm. For each pixel, the signal was integrated over 5 ms, resulting in an acquisition
time of 50 s. Monodirectional scanning process doubles this time to the value of 100 s
for one fluorescence image. When we recorded a series of images, the next scan was
started immediately after the previous one was finished.
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Figure 1. (a) The two versions of the confocal microscopy setup used in this study merged into one
figure. Panel (b) explains the conversion of linearly polarized laser light to higher-order laser modes.
In the present paper, we will concentrate on measurements using exclusively azimuthal polarization.
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The measurements of the nanoparticles’ TDM orientation were performed using
azimuthally polarized laser beams. Figure 1b schematically shows the optical setup for
the conversion of the linearly polarized Gaussian beam into a doughnut mode laser
beam. A key element is the mode converter consisting of four A/2 plates glued together
as shown in the figure. Passing the linearly polarized Gaussian beam through the mode
converter, we create a laser beam with either radial or azimuthal polarization. The col-
limated beam is reflected by a non-polarizing beam splitter and focused onto the sam-
ple through the microscope objective (see Figure 1a).

RESULTS

To compare the optical properties of single Si NCs with those of single SiO, NPs,
we have investigated both nanoparticle systems employing the following techniques:
(1) fluorescence imaging with higher-order laser modes, (2) monitoring the emission
as a function of time, (3) spectral analysis of the fluorescence, and (4) spectrally re-
solved excited state lifetime measurements.

Fluorescence Imaging of Single Si NCs and SiO, NPs

The excitation of a single Si NC or SiO, NP by scanning the sample through the fo-
cal region of an azimuthally polarized laser beam with doughnut-shaped intensity pro-
file (see Figure 1b), gives rise to an image consisting of two nearby bright spots of el-
liptical shape resembling a “coffee bean” [8]. An example of such image taken from a
single SiO, NP is given in Figure 2a. The peculiar shape can be explained by the inter-
action of a linear transition dipole moment (TDM) of the NP with the polarized laser
field. Assuming a parallel TDM, the dark gap of the coffee bean indicates the orienta-
tion of the projection of the TDM on the surface of the substrate to which the NP is
attached.

The other images (b) — (d) of Figure 2 were obtained by scanning the same area of
the substrate successively one after the other. The time needed to record one image
was 100 s, i.e., the entire observation time covered by Figure 2 was 400 s. As can be
seen, the TDM stayed stable during all the time. A more careful look on the images,
however, reveals some dark lines in images (b) and (c), indicating fluorescence inter-

(a) 400 nm 400 nm 400 nm 400 nm

1 e

H

Figure 2. Successive scans of a sample area containing a single SiO, NP in PMMA through the fo-
cus of an azimuthally polarized laser beam. Dark lines are associated with fluorescence intermit-
tence.

66

Downloaded 17 Nov 2010 to 134.2.177.66. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/about/rights_permissions



Figure 3. Series of three fluorescence excitation images recorded from a single Si NC embedded in
PMMA. Note the sudden change (flipping) of the transition dipole moment in image (b).

mittence during that time. This phenomenon, also referred to as blinking, is quite
common for single particle spectroscopy and is usually associated with an ionization
of the NP. Figure 2d demonstrates another dynamical effect, namely the sudden cessa-
tion of the fluorescence, giving rise to the so-called bleaching. Qualitatively similar
images were recorded for Si NCs. Comparing the images for Si NCs and SiO, NPs,
actually no difference was found. This refers to the shape of the coffee beans, the level
of fluorescence intensity, and the dynamical effects.

Figure 3 shows three successively scanned images of Si NCs in PMMA revealing a
sudden orientational change (flipping) of the TDM from 53° to 24° (with respect to the
y-axis) in image (b) [9]. It should be noted that such TDM flipping is observed quite
rarely but equally often for Si NCs and SiO; NPs.

Time Traces and Blinking

In order to monitor the above-mentioned dynamical effects (blinking and bleach-
ing) of Si NCs and SiO, NPs for spectroscopic issues, time traces were recorded with
a linearly polarized Gaussian laser beam for excitation (Aexc = 473 nm) [9]. Figure 4
shows a time trace acquired from a single Si NC with a dwell time of 100 ms. The
transient signal features two-level transitions of the emission intensity between the
background level (OFF state) to the ON state and backwards. This clearly demon-
strates that the emission originates from a single quantum emitter. Similar time traces
were recorded for SiO, NPs.

L L L L L R L AR AR ALY LR ALY AR

FTTRRNTAN] ARRRRRTRNA AARRCRRRNL ITRTRNUNT] ANRRNTTRTY FARURTRRRY FRTUNNSNTI ERRNRTTN) ANRNRRTRRY ARUNRRRERA FYTRNURTT AURURRRLTI

Count Rate (kcounts/s)

0 10 20 30 40 50 _ 60 70 80 90 100 110 120
Time (s)

Figure 4. PL time trace obtained from a single Si NC embedded in PMMA revealing fluorescence
intermittence (blinking) [9].
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Figure 5. PL spectra of individual Si NCs (left) and SiO, NPs (right) are displayed in color. The
broad spectra in gray are ensemble spectra taken from the Si and SiO, nanopowders, from which the
samples for confocal microscopy were prepared [8,9].

PL Spectra

Detailed information on the spectroscopy of individual NPs is obtained by measur-
ing their PL spectra. Using a fast diode laser (T = 300 ps, v =10 MHz, A = 473 nm) as
excitation source, we obtained the PL spectra displayed in Figure 5 as colored curves.
The left panel refers to Si NCs [9] while the right panel shows the results for SiO, NPs
[8]. The broad gray spectra reflect the ensemble spectra measured from the same
nanopowders, from which the confocal microscopy samples were prepared.

The single particle spectra are characterized by a zero-phonon line (peak with larg-
est amplitude) and one or two satellite peaks with smaller amplitude at smaller energy.
Interestingly, the spectra of Si NCs and SiO, NPs resemble each other so closely that
no difference can be stated. The energy spacing between the main and satellite peaks
varies between 140 and 180 meV. With this information, the satellite peak can be as-
signed to the excitation of longitudinal optical phonons in SiO,. For SiO, NPs, the
coupling with SiO, phonons can be easily understood. But the fact that the same pat-
tern is also observed for Si NCs reveals that the PL in these NPs is dominated by the
Si0; shell surrounding the crystalline Si core. In an earlier study on single Si NCs [6],
this observation was interpreted as exciton-phonon coupling supported by charge car-
riers trapped at the interface. The fact that the Si NC spectra are identical with those of
SiO; queries this interpretation and poses the question whether excitons are involved
at all. It could also be that defect centers in the SiO, shell were responsible for the
photon absorption.

PL Decay Lifetimes

We have also measured excited state lifetimes for single Si NCs and SiO, NPs [9].
The corresponding decay curves revealed single exponential decays yielding lifetimes
from 1 to 13 ns with a maximum of the lifetime distribution at 4 ns. Analyzing 156
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individual Si NCs and 43 SiO, NPs, no difference was found as far as the shape and
slope of the decay curves are concerned. In addition, by using band pass filters in the
fluorescence signal beam, we were able to measure the lifetimes for different emission
wavelengths. Interestingly, the same lifetime was observed for all emission wave-
lengths monitored [9]. This observation demonstrates that there is no phonon-assisted
effect.

DISCUSSION

We have performed a comparative study of the PL properties of single Si NCs and
SiO, NPs using confocal laser scanning microscopy. The single particle character is
evidenced by the following observations: (1) Using azimuthally polarized laser beams,
the orientation of the transition dipole moment of single nanoparticles could be visual-
ized. (2) PL time traces show the switching between ON and OFF states, characteristic
for fluorescence intermittence in single nanoparticles. (3) PL spectra reveal narrow
zero-phonon lines (< 100 meV) and well-separated phonon bands. Finally (4), in a
semi-logarithmic representation, the measured decay curves can be fitted by straight
lines, indicating that the excited state can be associated with a single lifetime.

In what follows, we will discuss the implications of the present study on the ques-
tion whether the PL of the Si NCs is governed by quantum confinement (QC) or defect
centers (DCs). The fluorescence study on single Si NCs using higher-order laser
modes reveals that the transition dipole moment (TDM) for excitation is linear. In con-
trast, for exciton creation in spherical or nearly spherical semiconductor quantum dots,
we would expect a 2-dimensional or 3-dimensional transition dipole moment [10].
Since this is not the case we can conclude that the PL results from another mechanism
than recombination of charge carriers in a QC system. Although, in most cases, the
TDM stays rather stable, we sometimes observe a sudden flipping of the TDM which
is also not compatible with the QC picture. In contrast, TDM flipping can be under-
stood if defect centers are responsible for the PL as it is very likely that several DCs
exist in the shell of the same particle and may contribute to the PL. TDM flipping can
then be explained by charge fluctuations in the environment of the NP affecting the
energy levels of the DCs and thus favoring the activation of different DCs depending
on the situation.

The typical PL spectrum observed in this study is composed of a zero-phonon line
and up to two phonon bands at lower energy which can be associated with the excita-
tion of longitudinal optical phonons in the SiO; shell. In the earlier study on single Si
NCs [6], this observation was interpreted as exciton-phonon coupling supported by
charge carriers trapped at the interface. The fact that identical PL spectra are observed
from single SiO, NPs [8] queries this interpretation and suggests that DCs in the SiO,
shell are responsible for the photon absorption.

In comparing Si NC and SiO, NP results, we found many close agreements: (1) The
experiments visualizing the TDM for excitation deliver exactly the same results. (2)
No difference is found as far as the activation of dynamical processes (TDM flipping,
fluorescence intermittence, and bleaching) are concerned. (3) The shape of the spectra
is identical; both are composed of a zero-phonon line and two phonon bands associ-
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ated with the excitation of phonons in SiO,. Finally (4), both Si NCs and SiO, NPs are
characterized by the same rather short lifetime of approximately 4 ns.

Summarizing the experimental results, we found evidence that the PL of single Si
NCs as prepared for this study is governed by defect luminescence. This conclusion is
based on the close resemblance of Si NC and SiO, NP spectra, on the TDM images,
and on the short lifetimes around 4 ns, incompatible with radiative recombination of
charge carriers in a quantum-confined system. These findings, however, should not be
generalized since the present technique is better adapted to processes with short life-
times and may therefore overlook PL processes with long timescale. Thus, for exam-
ple, the quantum-confined nature of the PL of larger size-selected Si NCs [4] is not
questioned. In the near future, efforts should be undertaken to improve the signal-to-
noise level in order to search for single Si NCs revealing QC PL with long lifetime.
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Chapter 8

Dynamical effects of defect photoluminescence from
single S10, and Si nanoparticles

In this chapter, we discuss details of fluorescence dynamics of single SiO, NPs and single
Si NCs. A redistribution of energy of defect states caused by charge fluctuations in the
surrounding of the embedded NP is investigated.

This chapter is based on:

Chizhik, A.I., Schmidt, T., Chizhik, A.M., Huisken, F., Meixner, A.J. “Dynamical effects
of defect photoluminescence from single SiO, and Si nanoparticles” Physics Procedia
2011, /3, 28-32.
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Abstract

We present results of photoluminescence (PL) studies of single SiO, nanoparticles (SiO, NPs) and single Si nanocrystals (Si
NCs). Single particle spectroscopy reveals almost identical PL spectra for both kinds of nanosized systems. The emission curves
exhibit a zero-phonon line and one or two phonon bands, which can be assigned to longitudinal optical phonons in SiO,. Using
cylindrical vector beams for imaging the fluorescence of single particles we show that they possess a linear excitation transition
dipole moment (TDM). Furthermore, the single particle fluorescence patterns demonstrate upon continuous excitation dynamical
effects such as blinking, bleaching, and flipping of the TDM. The latter is related to a redistribution of defect states caused by
charge fluctuations in the surrounding of the embedded NP. Excitation fluorescence images visualize the intermediate state
resulting from the TDM flipping.

(© 2011 Published by Elsevier B.V.

Keywords: Silicon nanocrystals; Silica nanoparticles; Defect luminescence; Single particle spectroscopy; Electron-phonon coupling; Transition
dipole moment.

1. Introduction

Since the first observation of photoluminescence (PL) from porous silicon by Canham et al. [1], silicon-
based nanostructures gained an increasing interest for the researchers. Being an outstanding electronic material, it is
a poor light emitter due to an indirect bandgap. Improving the interface between silicon electronics and photonics
would lead to a new breakthrough in information processing technology, moving towards entirely optical computers
[2,3]. In spite of a growing volume of investigations, the PL origin from porous silicon [4] and silicon nanocrystals
(Si NCs) embedded in an amorphous SiO, shell [5] is still under a long-running debate [6-10]. One possible origin is
the radiative recombination of the quantum confined electron-hole pairs (excitons). According to the interpretation
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of quantum confinement, reducing the size of the core-shell nanoparticle (NP) leads to an increase of the conduction
band energy, while the valence band energy decreases. The barrier, standing on the way of tunability of the PL from
Si NCs, arises from defects in the SiO, structure [11]. With decreasing size of the NP, the defects may appear as
inner band gap states and drastically change the optical properties of the particle. Thus, fundamental knowledge of
the defect-related PL mechanisms is very important for controlling optical characteristics of the quantum-confined
systems. As has been shown in recent investigations, both SiO, NPs and Si NCs exhibit defect-based PL [12,13]. In
this work we present new results on single nanoparticles PL dynamics.

2. Experimental

Silicon nanocrystals (Si NCs) with diameters between 3 and 10 nm were produced by laser-induced
pyrolysis of silane (SiH4) in a gas flow reactor according to the procedure, described elsewhere [14]. Amorphous
Si02 NPs were prepared by full oxidation of freshly prepared Si NCs according to the recipe of Colder et al. [16].
Samples for single-particle PL measurements were prepared by spin coating. The polymer poly(methyl
methacrylate) (PMMA) was used to immobilize the particles on the sample surface. For recording fluorescence
excitation patterns the NPs were excited with an argon ion laser (Aex. = 488 nm). A pulsed diode laser (Picoquant,
LDH-P-C-470, Aexe = 473 nm, repetition rate: 10 MHz, pulse width: 300 ps) was used for acquisition of single
particle PL spectra and time traces. Further details about the home-built confocal microscope setup and sample
preparation for single-particle PL measurements are describe elsewhere [12,13,15].

3. Results and discussion

Fig. 1 shows examples of two PL spectra acquired from one single Si NC (solid curve) and one SiO, NP
(dashed curve) embedded in a PMMA matrix. The amazing similarity of the curves suggests for both spectra a
common origin of the PL. The curves typically reveal two sharp bands. The separation between the peaks lies within
the range 140 — 180 meV for all investigated particles [12,13]. Such energy separation is very close to the energy of
the longitudinal optical mode of SiO, at 156 meV [17]. In some spectra the intensity was sufficient to distinguish a
third feature at the red side of the spectrum. It is remarkable that the three bands turned out to be equidistant. This
allows us to assign the satellite bands at the low-energy side to phonon- and double-phonon-assisted recombinations,
respectively, while the most intensive band is related a to zero-phonon recombination. A large number of measured
single particle PL spectra showed that the distribution of the zero-phonon band maxima of both types of NPs covers
the range between 1.8 and 2.8 eV. According to Glinka et al. [18] we attribute the observed PL to hydrogen-related
species (£Si-H and =Si-OH) on the surface of the nanoparticles.
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Figure 1. PL spectra of a single Si/SiO, core-shell nanoparticles (NP) (solid line) and a SiO, nanoparticle (NP)
(dashed line) in PMMA matrix. The represented data are averaged over 6 data points.

Recent investigations of the excitation transition dipole moment (TDM) of single SiO, NPs using
cylindrical vector beams (CVB, also known as higher-order laser modes [12,13,15,19]) revealed the presence of a
one-dimensional TDM. Furthermore, we found that the TDM is randomly oriented with respect to the sample



30 A.I Chizhik et al. / Physics Procedia 13 (2011) 28-32

surface. Fig. 2(a) demonstrates an example of an excitation fluorescence image of two individual SiO, NPs excited
in the focus of a radially polarized laser beam. Simulated patterns, giving the best fit to the experimental (Fig.
2(b),(c)) data allow us to determine the three-dimensional orientation of the TDM. Remarkably, studies of the
emission TDM using polarization microscopy [12] revealed that the TDM for excitation and emission have the same
orientation. This result suggests that the PL photon arises from the same defect which was excited.

Figure 2. (a) Fluorescence excitation images of two SiO, NPs embedded in a PMMA matrix and excited in the
focus of a radially polarized laser beam (A.y. = 488 nm). Images (b) and (c) show simulated fluorescence patterns,
giving the best fit to the experimental data. Angle values for the TDM orientations are given below the patterns
according to the coordinate system (d).

The excitation of a single NP, possessing a linear TDM, by scanning it through the focal region of an
azimuthally polarized laser beam (APLB) with doughnut-shaped intensity profile always gives rise to an image
consisting of two nearby bright spots of elliptical shape resembling a “coffee bean” [12,13,15]. The projection of the
transition dipole moment on the substrate is oriented along the dark gap between the two halves of the “coffee
bean”. Fig. 3(a)-(c) shows a series of images, taken one after another and exhibiting the same Si NC immobilized in
a PMMA matrix and excited with APLB. The time between two consecutive samplings of the area is 100 s. Images
(a) and (c) show bright two-lobe patterns, demonstrating that the NP’s TDM flips from one orientation to another.
This phenomenon can be explained by a redistribution of defect states caused by charge fluctuations in the
surrounding of the NP such that another defect becomes energetically more favorable.. Image (b) shows an
intermediate state without a definite orientation of the TDM. If the energy levels of the defects are very close, a very
fast flipping of the TDM can occur, which can be seen in image 3(b). At the same time, as has been observed in the
majority of cases [13], the particle, possessing a linear TDM, can exhibit fast switching from one defect to another.

Figure 3. A set of excitation images obtained from one and the same single Si NC embedded in a PMMA matrix.
As an azimuthally polarized laser beam was employed, the images reveal the projection of the TDM on the
substrate. Images (a) and (c) show that the orientation of the TDM changes by 60°. In image (b), an intermediate
state, reflected by the ring-like structure, is observed. It is caused by the overlapping of two “coffee bean” -like
patterns arising from the first and last image.
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Fig. 4 shows a time trace, acquired from a single SiO, NP embedded in PMMA by binning the photon
counting events into 100 ms slots. The particle was excited with a linearly polarized Gaussian laser beam (Aey, = 473
nm, repetition rate: 10 MHz, pulse width: 300 ps). The time trace shows two “on” states of the NP associated with
an emission intensities near 11000 (active during 23.5 s) and 5500 (active during 5.2 s) counts per second. The
background signal of 3500 counts per second originates from some weak fluorescence of the polymer matrix
representing the “off” state. Although the curve exhibits two different optically active states, the transition between
them occurs through the “off” state, which lasts 0.6 s (i.e., not related to the noise artifact). This shows that the two
levels of the signal are not related to the overlap of the PL arising from two NPs, but can be attributed to the
transition between different optically active defect-related states within one emitter. Since the particle was excited
with the linearly polarized beam, the strong difference between the intensities of the two “on” states can be
attributed to the states, possessing a different orientation of the TDM for excitation, and, hence, a different
excitation efficiency.

Count Rate (kcounts/s)

0 10 20 30 40 50 60
Time (s)

Figure 4. PL time trace obtained from a single SiO, NP embedded in PMMA. The NP was excited with a linearly
polarized Gaussian laser beam (Ao, = 473 nm). Two “on” states are characterized by count rates of nearly 11 and 5.5
kcounts/s. The background signal of ~3.5 kcounts/s is attributed to the polymer matrix.

4. Conclusions

Comparing single particle PL spectra, we have shown that the emission of SiO, NPs and Si NCs originates from
defect states related to the silica structure. We observed that both types of the NPs exhibit flipping of the TDM. The
phenomenon is related to a redistribution of defect states caused by charge fluctuations in the surrounding of the NP.
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Chapter 9

Modification of electron-phonon coupling in single
Si0, nanoparticles with a tunable optical
subwavelength micro-resonator

In this chapter, using a tunable optical subwavelength microcavity, we demonstrate
controlled modification of the electron-phonon coupling in a single SiO, nanoparticle. By
varying the distance between the cavity mirrors we change the electromagnetic field
mode structure around a single nanoparticle, which results in modification of probability
of electron-phonon coupling in the particle. Experimentally, we demonstrate
redistribution of the photoluminescence spectrum between zero-phonon and phonon-
assisted bands and modification of excited state lifetime of the same individual SiO,
particle measured at different cavity lengths. Mono-exponential character of the single-
particle decay curves shows that zero phonon, phonon- and double phonon-assisted
transitions occur from the same energy level but possess different transition probabilities,
which are related to the probability of electron-phonon coupling.

This chapter is based on:

Chizhik, A.IL., Chizhik, A.M., Schmidt, T., Huisken, F., Meixner, A.J. “Modification of
electron-phonon coupling in single SiO, nanoparticles with a tunable optical
subwavelength micro-resonator” in preparation.
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Abstract

Using a tunable optical subwavelength microcavity, we demonstrate controlled
modification of the electron-phonon coupling in a single SiO, nanoparticle. By varying
the distance between the cavity mirrors we change the electromagnetic field mode
structure around a single nanoparticle, which results in modification of probability of
electron-phonon coupling in the particle. Experimentally, we demonstrate redistribution
of the photoluminescence spectrum between zero-phonon and phonon-assisted bands and
modification of excited state lifetime of the same individual SiO, particle measured at
different cavity lengths. Mono-exponential character of the single-particle decay curves
shows that zero phonon, phonon- and double phonon-assisted transitions occur from the
same energy level but possess different transition probabilities, which are related to the
probability of electron-phonon coupling.

Keywords: Defect luminescence; -electron-phonon coupling; microcavity; silica
nanoparticle; single particle spectroscopy, radiative transitions.

Introduction

Photoluminescence (PL) of nanostructured silicon dioxide (SiO,) has attracted a great
deal of attention for its applications in microelectronics [Wilk-JApplPhys-2001],
fabrication of fluorescent quantum dots [Huisken-PhysRevB-2000] and biological
labeling [Lu-Nanolett-2007]. In the past decades, significant efforts have been devoted to



understanding fundamental mechanisms of the PL in SiO, [O’Reilly-PRB-1983, Kirk-
PRB-1988, Glinka-APL-1999, Tohmon-PRB-1989, Munekumi-JApplPhys-1990,
Godefroo-Nature, Goesele-Nature]. It has been shown, that defects in a silica bulk
structure induce localized states in the band gap of SiO, which are possible sources of
radiative recombination [Reilly-PRB-1983]. Although details are still unclear, a
consensus has emerged that the PL from SiO, structures in the visible spectral range can
be related to non-bridging oxygen centers [Skuja-1994, Munekuni-JApplPhys-1990],
neutral oxygen vacancies [Tohmon-PRB-1989] and hydrogen-related species [Glinka-
APL-1999]. Recently it has been shown that PL in single SiO, nanoparticles (NPs),
which were obtained by full oxidation of silicon nanocrystals [Colder-Nanotech-2004],
originates from localized states in the silica structure [SiO,-Nanolett-2009]. Furthermore,
the single particle PL measurements revealed a strong coupling between the electronic
transition and a collective vibration in the SiO, NP due to a sudden relaxation mechanism
involving charges [SiO,-Nanolett-2009]. In particular, the PL spectra of single SiO, NP
exhibit, besides a narrow zero-phonon line, one or even two satellite peaks on the lower-
energy side, related to the excitation of one or two longitudinal optical (LOs) phonon
quanta in a SiO; NP [Goubrilleau-APL-2001] (Fig. 1(a)). As a result, the single SiO, NP
emits the light in a broad range of wavelengths. One of the techniques which allow one to
confine the PL of a quantum emitter to a narrow spectral range is embedding it inside an
optical microcavity [ Vahala-Nature-2003]. Placing an emitter within a confined geometry
modifies its emission properties [Purcell], in particular, spectral and spatial distribution of
the radiation. According to Fermi’s golden rule, the density of modes of the
electromagnetic field inside a cavity is changed with respect to the free space, and hence,
the coupling of the dipole transition of an emitter to this field. Recently, extensive
experimental studies of the cavity-controlled PL have been conducted for single quantum
dots [Santori-Nature-2002, Englund-PRL-2005, Huisken-MatSciEng-2003, Huisken-
JApplPhys-2004, Kazes-AdvMat-2002], molecules [Steiner-CPC-2005, Our-PRL-2009,
Baer-ABC] and atoms [Aoki-2006-Nature].

In the present Letter we demonstrate the modification of the electron-phonon coupling in
a single SiO, NP, embedded in a tunable subwavelength microcavity. By varying the
distance between the cavity mirrors we change the electromagnetic field mode structure
around the single NP, which results in a modification of the probability of electron-
phonon coupling. This allows us for the first time to demonstrate a redistribution of the
PL spectrum and modification of the excited state lifetime of the same individual SiO;
NP measured at different cavity lengths. These findings is a new step forward in
experimental quantum electrodynamics on individual emitters and are of fundamental
importance for phonon-assisted chemical reactions [Schuster-2004-JACS, Utz-2008-
Science], electron-defect scattering in plasmonic nanostructures [Link-1999-
JPhysChemB] or in recombination processes where the assistance of a phonon changes
the rate of the electron-hole recombination [Alivisatos-1996-JPhysChem] as well as for
the development of a single SiO; particle tunable laser.

Results and discussions

Fig. 2(a) shows a schematic of the experimental setup with the tunable microcavity. The
cavity mirrors were fabricated by placing thin silver layers (50 nm bottom and 100 nm



top) on a glass substrate [Steiner-CPC-2005, Chizhik-SPIEcavity-2009]. The bottom
semi-transparent silver mirror was covered with a 30 nm SiO, layer which acts as a
spacer between the NPs and the silver surface. The cavity length was adjusted with a
piezo actuator and the width value was determined by measuring the white light
transmission spectrum [Steiner-CPC-2005, Chizhik-PRL-2009, Chizhik-SPIEcavity-
2009]. Between the top of the polymer layer and the top cavity mirror was air. SiO, NPs
were obtained according to the recipe of Colder et al. [Colder-Nanotech-2004] by full
oxidation of silicon nanocrystals, freshly synthesized by CO, laser pyrolysis [Huisken-
AdvMat-2002, Huisken-ApplSurfSci-2000] and embedded in very low concentration into
a 50 — 60 nm thick polymer film (as determined by atomic force microscopy, AFM).
High-resolution transmission electron microscopy images, shown in fig. 2(c), reveal the
complete amorphous structure of the as-synthesized silica nanopowder. Further details on
the sample preparation and the confocal microscopy setup can be found in the
experimental section.

The design of our tunable micro-resonator gives a cavity quality factor of Q=45, which
allows us to fit an individual band of the single SiO, NP PL spectrum within a mode of
the cavity. After selecting a single SiO, NP, we acquired PL spectra for the same particle
at different cavity lengths. For each acquisition, the cavity length was adjusted in
resonance with one of the spectral bands of the single particle spectrum. Since the cavity
length is reduced down to the range of one half of the emission wavelength, there is only
one resonator mode which overlaps with the emission spectrum of the particle. Therefore,
the enclosed quantum object is forced to emit photons within a narrowed energy
distribution, determined by the A/2-resonator mode. This allows us to select those
transitions, where the PL will mostly occur (Fig. 1(b)), which leads to a modification of
the emission spectrum of a single SiO, NP. In total, we collected spectra for 14 particles.
Fig. 3 shows three spectra (red curves) of the same individual SiO, NP, recorded at
different cavity lengths. The spectra exhibit a clear modification upon tuning the local
cavity mode. In particular, fig. 3(a) demonstrates an enhancement of the zero-phonon
band, while the phonon-assisted transitions are inhibited. Adjusting the cavity mode in
resonance with the spectral bands, originating from phonon-assisted transitions (fig. 3 (b)
and (c)) results in their enhancement and suppression of the zero-phonon band. It should
be noted, that the redistribution of the spectrum is exclusively determined by the coupling
of the SiO, NP to the cavity mode, while plasmonic effects do not play a significant role,
since the particles are separated from the surface of the bottom mirror with a spacer layer.
For better comparison of the measured single particle spectra and a free space spectrum,
the latter was shifted along the wavelength axis to fit the maxima of the cavity-controlled
spectra. The position of the single SiO, NP PL spectrum in free space depends not only
on the type of the defect, but also on its local environment in the SiO; structure, which
can vary from one particle to another. Therefore, as has been recently observed [SiO»-
Nanolett-2009], the single SiO, NP PL exhibits a spectral shift, individual for each
particle. The free space spectrum was arbitrarily normalized to obtain an equal area for
the zero-phonon line with the spectrum shown in figure 3(b).

Whereas the long-wavelength side of all the spectra is determined by the cavity mode,
spectra shown in fig. 3(b) and (c) feature blue-shifted emission with respect to the
resonance wavelength. As the high NA objective lens was used for efficient light
collection, some part of the off-axis emission is also collected, giving rise to a broadening



of the spectrum. This is a feature of the Fabry-Perot type microresonator [Our-SPIE-
cavity], used in this study. A direct suppression of the off-axis emission requires a three-
dimensional confinement, e.g., in photonic crystals [Campbell-Nature-2000].

Figures 3(d)-(f) show the photographs of the SiO, NPs ensemble PL taken through the
eyepiece of the microscope at the respective cavity white light transmission profiles,
visualizing the spectral modifications, shown in figures 3(a)-(c). It should be noted, that
for this purpose the concentration of the NPs has been significantly increased with
respect to the single particle level until an observation of the PL with the unaided eye was
possible.

The spectral distribution of the PL of a single particle is related to its excited state
lifetime, which can be acquired by time correlated single photon counting of an emitter.
Let us consider transition of the electron from an initial excited state to a ground state of
a quantum emitter. The number of the transition events dN from an initial level 1 to a
final level 0 expected to occur within a time interval df is proportional to the
instantaneous population of the upper level N; and the transition probability 1, [Istratov-
RevSclnst-1999, Enderlain-OptComm-1997]:

AN ()
dt

_/110N1 (1)

If the transition occurs from a level m to n cascading levels, Equation (1) can be rewritten
as:

dN(t) _ <
i z“v )

where N, is the instantaneous population of the initial level and 4; is the probability of the
transition from a level m to a level i. The solution of Equation (2) is an exponential decay
of the form:

N(t)= Aexp(—iit]+3 (3)

Such monoexponential transients are typical for the PL of a single organic dye molecule,
where different vibronic transitions occur from the lowest excited state. The situation
becomes more complicated if we consider a scheme shown in Figure 1(a), where the
transition may occur from different initial levels to a single ground level. Let us denote
the instantaneous populations of the upper levels as Nj;, N, and N3 and respective
transition probabilities as A9, A0 and A3. Then we come to the following form of
Equation (1):

dN,(1)  dNy (@) | dN, () _
dt dt dt

_ﬂ‘ION] _/120N2 _/130N3 (4)



which generally results in a multiexponential decay. Along with the single SiO, particle
PL spectra we have recorded decay curves from the same individual NP which was used
for measurements of the spectra. Figures 3(g)-(i) show the single particle transients
acquired at the same cavity lengths as were selected for measurements of spectra (figures
3(a)-(c), respectively). The red curves indicated in the graphs represent the result of
fitting the experimental data by a single-exponential decay function, yielding the excited
state lifetime of the NP. We employed a bootstrap algorithm [Efron] for estimating the
mean square deviation of the fitted lifetime obtained for each of the three cavity widths.
Fitting 100 decay curves obtained by random selection of one of each ten points from the
measured decay curve results in a probability density plot, shown in the column graphs in
Figure 4(a)-(c) for the decays D1, D2 and D3, respectively. The distributions could be
well fitted by a single Gaussian function, giving the mean square deviation of the single-
particle lifetime values, which vary from 0.1 (decay curve D2) to 0.15 ns (decay curve
D3).

The quality of the single-exponential fit has to be compared with fitting by higher orders
of exponential decay. Figure 5 shows a plot of the relative residual obtained upon fitting
the experimental data versus the order of the exponential decay used for the fitting
procedure. For better comparison of the obtained values the relative residual function R;
is given by the following expression:

[D-F|

R =——%100% 5)

- Ip-F]
where i is the order of exponential fitting function, D is the experimental decay curve and
F; is the fitting function, respectively. According to this formula the residual in case of
the single-exponential fit is equal to 100%, while the residuals obtained by the fits of
higher orders are represented as its percentage. As depicted in Figure 5, the residuals,
obtained upon fitting the experimental data with an exponential decay of second and third
order turned out to be equal and varied between 98,0% and 99.9%. Thus fitting the
measured single SiO, NP transients with exponential functions of orders higher than two
does not decrease the residual. In other words, the quantum system does not exhibit more
than two processes running on different time scales. The difference between the residuals,
obtained upon fitting the experimental curves with exponents of first and second order of
exponents does not exceed 2% and equals to 0.01% for the curve D2, which exhibits the
highest signal to noise ratio. Hence, the quality of both fits is actually identical. This
allows us to conclude that depopulation of all three levels of the quantum system at one
particular cavity mode can be described by the same single-exponential function.
Therefore, the excited-state lifetime for all three levels L;, L, and L; is the same.
According to formula (4), this means, that the instantaneous populations N, N, and N3
are equal and related to the same energy level. Since recombinations P; and Py; denote
phonon-assisted recombinations (Figure 1(a)), they can be considered to occur from the
level L; possessing a common instantaneous population N;, while respective transition
probabilities 4,) and 43p describe the probability of electron-phonon and electron-double-
phonon coupling.
In free space, different values of 1;9, 429 and A3 determine different intensities of the
zero-phonon, phonon-assisted and double phonon-assisted band of the single SiO, NP



spectrum. However, when the particle is embedded in the microcavity, the transition
probabilities, and hence, probability of the electron-phonon coupling is modified, which
results in variation of single particle fluorescence lifetime and spectral distribution of the
emission.

In summary, by placing the single SiO, NP in the tunable subwavelength microcavity we
modified the probability of electron-phonon coupling in the particle by varying the cavity
mode structure. Experimentally, we demonstrated a redistribution of the PL spectrum and
modification of excited state lifetime of the same individual SiO, NP at different cavity
lengths. Moreover, all measured decay curves could be well fitted by a single-exponential
function, which proves that zero-phonon, phonon- and double phonon-assisted transitions
occur from the same energy level but possess different transition probabilities, which are
related to the probability of electron-phonon coupling. Modification of the electron-
phonon coupling can be used for applications, where the control of the electron-phonon
coupling is required, e.g. phonon-assisted chemical reactions [Schuster-2004-JACS, Utz-
2008-Science], electron-defect scattering in plasmonic nanostructures [Link-1999-
JPhysChemB] or in recombination processes where the assistance of a phonon modifies
the rate of the electron-hole recombination [Alivisatos-1996-JPhysChem]. Modification
of single-particle PL spectrum can be considered as a new step toward a single SiO;
particle tunable laser, which can become an alternative way towards silicon
optoelectronics [Ball-2001-Nature]. Combining the crystalline silicon, which possesses
the exceptional electronic properties but is a poor light emitter due to an indirect band
structure, with SiO; structure can allow for converting the electronic signal from silicon
chip to the light and back.
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Experimental Section (Goes to Supporting Information)

Cavity preparation: The bottom silver mirror and silica layer were prepared by vapor
deposition onto commercially available and cleaned microscope glass coverslides
(thickness 170 um) using an electron beam source (EB3, Edwards) under high-vacuum
conditions (= 10°® mbar). The top silver layer was prepared by vapor deposition of silver
on the surface of a plan-convex lens (focal length of 150 mm) under the same conditions.
Film thickness was monitored during vapor deposition using an oscillating quartz unit
(FTM7, Edwards) and verified by AFM measurements. The mirrors were fixed in a
home-built aluminum holder, equipped with the piezo actuators (PSt 150/3.5%3.5/20,
Piezomechanik GmbH) for adjusting cavity height. The white light transmission profiles
acquired with a spectrograph (SpectraPro 300i, Acton Research) in combination with a
CCD camera (LNCCD-1340/100-EB/1, Princeton Instruments)



Sample preparation: A small amount of the processed silica nanopowder was dispersed at
subnanomolar concentration in toluene and then mixed with a 1% solution of poly(methyl
methacrylate) (PMMA, [CsO,Hg],). A droplet (10 pl) of this mixture was spin coated on
the SiO, surface covering the bottom mirror (rotation speed 8000 r/min). To obtain a
reference spectrum of the PMMA-embedded SiO, NPs, a free space sample was prepared
by spin coating a droplet of the same polymer-SiO,-toluene mixture onto a glass cover
slide. For all the single particle measurements, the background PL which includes the
signal from the polymer and SiO; spacer layer was subtracted from the total signal.

All optical measurements were performed with a home-built confocal scanning
microscope based on a Zeiss Axiovert 135 TV with fluorescence lifetime imaging
extension (Picoharp 300, Picoquant GmbH, Berlin, Germany). Laser focusing and
fluorescence light detection were done with the same high numerical aperture (NA)
objective lens (Plan-Neofluar, 100%/N.A. = 1.25 oil immersion, Zeiss). Excitation light
and fluorescence light were separated by a dichroic beam splitter (Zeiss FT500). For
sample scanning, a feedback-controlled sample stage (PI, E-710.3CD) with nanometer
positioning precision was employed. Fluorescence excitation was done with the light of a
473 nm pulsed diode laser (LDH-P-C-470, Picoquant GmbH, Berlin, Germany). Back-
scattered excitation light was blocked with a long-pass filter (Semrock Razor Edge LP02-
473RU-25). Fluorescence spectra were acquired with a spectrograph (SpectraPro 3001,
Acton Research) in combination with a CCD camera (LNCCD- 1340/100-EB/I,
Princeton Instruments). For each spectral measurement, the cavity length was adjusted
via a defined voltage applied to the piezo actuator. For single-particle fluorescence
lifetime imaging collected light was focused onto the active area of a spectrally
integrating avalanche photo diode (APD) (SPCM 200, Perkin Elmer). Data acquisition
was accomplished with a commercially available software package (SymPhoTime,
Picoquant GmbH, Berlin, Germany).
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Fig. 1. (a). Diagram of zero-phonon (Py), phonon- (P;) and double-phonon- (Py;) assisted
recombination on a defect state in the band gap of SiO,. (b). Selecting those cavity
modes, which are in resonance with a particular spectral band of the single SiO,
nanoparticle, we can tune the spectral emission of the particle due to enhancement and
suppression of zero-phonon and phonon-assisted transitions.
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Fig. 2 (a). Scheme of the experimental setup. The tunable cavity consists of: Glass plates
(1); silver layers (2); a polymer layer with SiO; nanoparticles inside it (3), spin coated on
the surface of silica layer (4), acting as a spacer between the particles and the metallic
surface. The longitudinal position of the upper mirror is adjusted with nanometer
precision by a piezo actuator. The setup is equipped with an excitation laser source (@
473 nm) and a spectrometer with CCD camera. (b). A photograph of the tunable
microcavity. (c). The high-resolution electron microscopy image of a SiO, nanoparticle
reveals the complete amorphous structure of the particle.

11



o
=
=}

(a) ] (C)] (e) U]

Canvity-controlied single . .
— S0y nancparticle -

-

=3

=3
T

600 —
L phatoluminescence spectra | |

@
=
a

— Canity white light
transmission profiles

s
=
=

Typical free space specirum | <
of & single Si0, nanoparicle

o
[=]
o

Intensity (counls /5 s
2
=

200

I Aysx s =535 om
100

=3

400

300

a
T

200

100

Intensity (counts /5 s)

=1
T

400

1=

(=

o
T

Aaxg =631 nm-
200 -

2

=
3

Intensity (courts /5 5)
Intensity (counts /0.5 s} Intensity (counls / 0.5 5} Intensity (counts /0.5 s)

=
2
o-2

_L | |
500 550 600 650 700

5 10 15 20
Wavelength (nm} Time (ns)

Fig. 3. (a)-(c): Measured photoluminescence spectra (red curve) of a single SiO;
nanoparticle placed inside the micro-resonator at different cavity lengths. The blue curve
shows the cavity white light transmission profile, normalized to the respective emission
spectrum. The grey shaded area represents a typical photoluminescence spectrum of a
free space single SiO, nanoparticle, shifted along the wavelength axis to fit the position
of the cavity-controlled spectra. (d)-(f): Photographs of the emission of the SiO, particle
ensemble at respective cavity lengths taken through the eyepiece of the microscope. (g)-
(i): Transients (decay curves denoted in the main text as D1-D3, respectively) of the same
single SiO; nanoparticle inside the micro-resonator as was used for recording the spectra
measured at the. The decay curves (g)-(i) were acquired at the same cavity lengths, which
were selected for measurements of single particle spectra shown in figures (a)-(c),
respectively. All transients were fitted using a single-exponential decay function (red
curves).
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Figure 4. The column graphs (a)-(c) show a probability density distribution obtained
using a bootstrap algorithm for the decay curves D;, D, and Dj;, respectively. The
Gaussian fits (black curves) give a value of the mean square deviation of the single-
particle lifetime, which varies from 0.1 (transient D2) to 0.15 ns (transient D3).
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Figure 5. Relative residuals obtained upon fitting the decay curves D1, D2 and D3 with
exponential decay functions of the first, second and third order. The relative residual
values are determined as: (|D-F;|/|D-F;|)*100%, where D and F; are the experimental
decay curve and the fitting exponential decay function of i order, respectively.
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Instrumentation

Confocal microscope

The optical measurements were performed with a modified inverted confocal
microscope (Zeiss Axiovert 135 TV) using a high-numerical aperture oil
immersion objective (Zeiss Plan Neofluar, 100/NA = 1.3) (Figure S1). The term
inverted refers to the fact that the polymer film with the SiO2 NPs was on the
opposite side of the cover slip with respect to the objective. An ultrafast laser
system (Picoquant, model LDH-P-C470) operating at A = 473 nm (2.62 eV) and
providing pulses at a repetition rate of 10 MHz with a width of 300 ps served as
excitation source for the measurements of fluorescence spectra. In order to
discriminate against the straylight from the laser, the setup was equipped with a
long-wave pass filter having its 50% transmission value at 510 nm. Fluorescence
spectra were acquired with a spectrograph (Acton Research SpectraPro 300i)
equipped with a CCD camera (Princeton Instruments, model LNCCD-1340/100-
EB/1).

Sample

Microscope objective

Beam Splitter Diode Laser
\ 473 nm
Focusing E Eyepiece / Flipping mirror

Notch filter

Flipping mirror \ Spectrometer ﬁresoenoe spectra

CCD camera \]

a
v

Fluorescence images
Avalanche
Decay lifetimes Photo Diode

Figure S1. Schematic diagram of the experimental setup.



Preparation of cavity

The bottom silver mirror and silica layer were prepared by vapor deposition onto
commercially available and cleaned microscope glass coverslides (thickness 170
pum) using an electron beam source (EB3, Edwards) under high-vacuum
conditions (= 10 mbar). The top silver layer was prepared by vapor deposition of
silver on the surface of a plan-convex lens (focal length of 150 mm) under the
same conditions. Film thickness was monitored during vapor deposition using an
oscillating quartz unit (FTM7, Edwards) and verified by atomic force microscopy
(AFM) measurements. The mirrors were fixed in a home-built aluminum holder,
equipped with the piezo actuators (PSt 150/3.5%3.5/20, Piezomechanik GmbH)
for adjusting cavity height. The mirrors were fixed in a home-built aluminum
holder, equipped with piezo actuators (Figure S2).
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Figure S2. a) Scheme of the experimental setup. The tunable microcavity consists of: 1.
Piezoelectric cell, 2. Immersion oil, 3. Silica layers, 4. Polymer (PMMA) layer with dye
molecules, 5. Aluminum holder, 6. Lens, 7. Silver layers, 8. Glass coverslide. Inset (right): A
photograph of the tunable microcavity.

Controlling the cavity geometry

The spherical shape of the upper mirror allows us to control the optical quality
and the tuning capability of the micro-resonator by imaging the cavity white-light
transmission patterns, see Figure S3(a). The Newton rings are a result of the
different resonator lengths due to the curved surface of the top mirror. The central
region of the micro-cavity (i.e., the region of minimum cavity length) remains
dark, as no visible light is transmitted there. Moving of the upper cavity mirror

leads to a shift of the transmission pattern.



The absolute values L of cavity length, see Figure S3(b), were determined using
on-axis white light transmission profiles acquired with a spectrograph (SpectraPro
3001, Acton Research) in combination with a CCD camera (LNCCD-1340/100-
EB/1, Princeton Instruments) and fitted by a Lorentzian line-shape function. We
calculate the local cavity length (in particular thickness of air layer) by comparing
the measured spectrum with a calculated spectrum using standard transfer-matrix
method for plane waves passing through a stratified medium.

All fluorescence measurements were performed in the A/2 region of the cavity,
close to the center of the lens, where the horizontal displacement within the focal
spot of our microscope objective (500 nm) results in a cavity length change AL of
about 1 nm, which is of the order of the surface roughness of our silver mirrors.

Therefore, our micro-resonator can be considered as a plane-parallel system.

|
0.8 l
S |
8064 |
= |
‘@ |
3 0.4 !
= |
0.2 :
|
T T T IAO T T
530 540 550 560 570
(b) Wavelength (nm)

580

Figure S3. (a) White light transmission patterns (Newton rings) of the micro-cavity. The inner
transmission ring shows the first order of interference. (b) Micro-cavity white light transmission
spectrum (©) fitted by a Lorentzian function (-).

Preparation a sample with single dye molecule concentration
A 10 pl droplet of a 10" M solution of the perylene derivative N-(2,6-
diisopropylphenyl)-perylene-3,4-dicarboxymid (abbreviated by PI in the

following) in dichloromethane was spin-coated on the surface of the silica layer at




a rotation speed of 1000 rpm. After evaporation of the solvent, spatially separated
molecules were covered with a layer of poly(methyl-methacrylate) (PMMA,
[C502HS]n). A droplet (10 pl) of a 1% polymer solution in dichloromethane was
spin-coated at rotation speed of 8000 rpm to deposit a 70 nm thick polymer film
as was subsequently determined by AFM.

Preparation a sample with single SiO; nanoparticles

Silicon dioxide NPs of the processed powder were embedded in very low
concentration into a thin polymer film covering a quartz cover slide of 170 pm
thickness. For this purpose, a small amount of the processed silica nanopowder
was dispersed at low concentration in toluene and then mixed with a solution of
poly(methyl methacrylate) (PMMA, [C502HS8]n) or polystyrene (PS, [C8H&]n).
A droplet (10 pl) of this mixture was spin-coated on a quartz cover slide to obtain
a 50 — 60 nm thick polymer film as determined by atomic force microscopy
(AFM). The use of the two polymers PMMA and PS was motivated by the desire
to obtain a polar (PMMA) and a non-polar (PS) matrix for the SiO, NPs. To make
sure that samples don’t contain impurities (e.g. dye molecules) a droplet of the
polymer without dissolved silica nanopowder was spin-coated onto a quartz cover

slide and spectroscopically verified.

Lifetime measurement

Fluorescence lifetime measurements were performed with a home-built confocal
scanning microscope based on a Zeiss Axiovert 135 TV with fluorescence
lifetime imaging extension (Picoharp 300, Picoquant GmbH, Berlin, Germany).
Laser focusing and fluorescence light detection were done with the same
objective (Plan-Neofluar, 100x/N.A. = 1.25 oil immersion, Zeiss). Excitation light
and fluorescence light were separated by a dichroic beam splitter (Zeiss FT500).
For sample scanning, a feedback-controlled sample stage (PI, E-710.3CD) with
nanometer positioning precision was employed. Fluorescence excitation was done
with the light of a 473 nm pulsed diode laser (LDH-P-C-470, Picoquant GmbH,
Berlin, Germany). Within the detection path, a steep edge filter (LP02-473RU-25



Semrock) was used to block back-reflected or elastically scattered light. Collected
fluorescence was focused onto the active area of a spectrally integrating
avalanche photo diode (APD) (SPCM 200, Perkin Elmer). Data acquisition was
accomplished with a commercially available software package (SymPhoTime,
Picoquant GmbH, Berlin, Germany). Fluorescence decay curves were fitted using
a mono-exponential function, 4 exp(-#/t + B), convoluted with the instrument
response function, which was recorded under comparable experimental
conditions. All fluorescence transients were recorded with an integration time of

five seconds.



List of the Abbreviations

AFM - atomic force microscopy

APD — avalanche photo diode

APLB — azimuthally polarized laser beam

CCD - charge-coupled device

DC — defect centre

DCM - dichlormethan

HRTEM - high resolution transmission electron microscopy
NA — numerical aperture

NC — nanocrystal

NP — nanoparticle

PI — perylene derivative N-(2,6-diisopropylphenyl)-perylene-3,4-dicarboxymide
PL — photoluminescence

PMMA - poly(methyl-methacrylate)

PS — polystyrene

PVA — polyvinyl alcohol

R6G — rhodamine 6G

TEM - transmission electron microscopy

QC — quantum confinement

QY — quantum yield
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