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Abstract

This thesis deals with the use of microcavity resonators for the control of light in organic active
materials. In addition to the vertical confinement provided by highly reflecting mirrors in a
vertical cavity surface emitting laser (VCSEL), in-plane patterning facilitates additional ways
to manipulate the cavity dispersion and enables the observation of novel photonic modes in
highly confined systems and an improved performance of organic solid state lasers. Furthermore,
organic microcavities are employed for efficient spectrally sensitive photodetection in the near
infrared.

In microcavities comprising two dielectric distributed Bragg reflectors sandwiching an or-
ganic active blend of the matrix molecule Alq3 and the laser dye DCM, optically pumped lasing
is investigated, exhibiting a broad spectral tunability over 90 nm due to the large gain bandwith
of the laser dye. To directly influence the microcavity dispersion, different interlayers are in-
troduced into the system, facilitating a red-shift of the cavity resonance due to the formation
of Tamm-plasmon-polariton states (when using plasmonic Ag interlayers) or an increase of the
optical cavity thickness (when using non-absorbing layers such as SiO2). Both concepts are ex-
plored and enable strong spectral shifts on the order of 10 meV-100 meV when using interlayers
of only few tens of nm in thickness. In order to enhance the optical quality of metal-organic
microcavities, the growth of noble metal layers on top of organic films can be improved by the
use of diffusion barriers, stopping the diffusion of metal atoms into the organics, and seed layers
which provide an improved surface wetting. Both concepts in total lead to an enhancement of
the quality factor of such devices by a factor of two.

The manipulation of the cavity resonance using different interlayers provides the ability to
structure the photon energy landscape in the device plane on the microscale. Using photolithog-
raphy, photonic wires and dots are fabricated to laterally restrict the photons in potential wells,
leading to the observation of discretised energy spectra in two and three dimensions. To facilitate
an in-depth investigation, dispersion tomography is utilised and yields the angle resolved emis-
sion of multi-dimensionally confined photons in all directions. In metal-organic photonic dots
and triangular wedges, such three-dimensional trapping is exploited to reduce parasitic modes,
leading to reduced thresholds of an organic microlaser by one order of magnitude. Complex
transversal modes are observed in the device emission as a result of the strong lateral confine-
ment that is achieved by such patterning.

The manipulation of the photon energy landscape can not only be utilised for enhanced con-
finement but also for the introduction of photonic lattices. By adding periodic stripes of either
Ag or SiO2 into an organic microcavity, an optical Kronig-Penney potential is realised, directly
showing the formation of photonic Bloch states in the microcavity dispersion. Utilising a modi-



fied Kronig-Penney theory, photons are assigned a polarisation-dependent effective mass, facili-
tating a quantitative allocation of calculated and observed modes and explaining the emergence
of zero and π-phase coupling of spatially extended supermodes. Finally, by utilising an two-beam
excitation geometry, direct control over lasing from multiple discretised states can be exerted,
enabling spectral and angular tunability of devices on the microscale.

In an alternative concept, a full microcavity stack is deposited onto a periodic grating which
couples the waveguided (WG) modes in the active cavity layer to the vertical emission. Coherent
interaction between linear WG and parabolic vertical modes is indicated by anti-crossing points
where the dispersion of both overlaps. In this hybrid system, novel lasing modes arise not only at
the position of the VCSEL parabola apex but also at points of hybridization, showing a drastically
enhanced in-plane spatial coherence of at least 50µm.

Finally, the concept of organic microcavities is applied towards efficient and spectrally sen-
sitive photodetectors. Making use of the intermolecular charge transfer (CT) state in donor-
acceptor blends of organic solar cells, the strong field enhancement of a microcavity is exploited
to significantly increase the external quantum efficiency of the initially weak CT absorption at
resonance. Consequently, near-infrared photodetection is enabled by cavity-enhanced CT state
absorption, leading to devices showing competitive specific detectivities without the need of an
external voltage and an EQE above 20% (18% at 950 nm) with a full width at half maximum of
significantly below 50 nm. The detectors are shown to be tunable in a broad spectral range via
the angular dispersion of the optical microcavity or a thickness variation of the electron and hole
transport layers in the solar cell. These findings not only facilitate interesting applications but
also enable the direct excitation and observation of the CT state that is integral to the working
principles of organic solar cells.

Kurzdarstellung

Die vorliegende Dissertation beschäftigt sich mit der Kontrolle über Emission und Absorption
organischer aktiver Materialien mittels Mikrokavitätsresonatoren. Zusätzlich zum vertikalen
Einschluss der Photonen zwischen hochreflektierenden Spiegeln in oberflächenemittierenden
Mikrokavitäten (VCSEL, s.o.) werden Strukturierungen in der Bauteilebene hinzugefügt, um
eine direkte Manipulation der Photonendispersion zu ermöglichen. Resultierend aus diesen
Ergebnissen sind die Beobachtung neuartiger photonischer Moden sowie verbesserte Betrieb-
seigenschaften von organischen Festkörperlasern. Desweiteren wird das Konzept der organis-
chen Mikrokavität zur effizienten und spektral sensitiven Detektion von Nahinfrarot-Photonen
angewendet.
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In Mikrokavitäten aus zwei dielektrischen Bragg-Spiegeln (DBR), welche eine organische
aktive Schicht aus dem Matrixmaterial Alq3 und dem Laserfarbstoff DCM einschliessen, wird
optisch gepumptes Lasing beobachtet. Dabei ist die Emission spektral über einen weiten Bere-
ich von 90 nm stufenlos einstellbar, was durch die hohe optische Gewinnbandbreite des Laser-
farbstoffs ermöglicht wird. Um die Dispersion von Photonen in Mikrokavitäten direkt beein-
flussen zu können, werden verschiedene Zwischenschichten in den Laser eingebracht, welche
eine Rotverschiebung der Emission nach sich ziehen. In metall-organischen Kavitäten kann
dieser Effekt durch die Bildung von Tamm-Plasmon-Polariton Quasiteilchen erklärt werden, die
durch die Interaktion der optischen Moden mit den Plasmonen in einer dünnen Silberschicht
entstehen. Alternativ werden nichtabsorbierende SiO2-Zwischenschichten eingefügt, welche
die optische Kavitätsdicke vergrössern und ähnliche starke Rotverschiebungen der Emission
von 10 meV-100 meV nach sich ziehen. Um die optische Qualität metall-organischer Kavitäten
zu verbessern, wird das Wachstum der edlen Ag-Schicht auf amorphen organischen Schichten
mithilfe von Diffusionsbarrieren und Keimschichten kontrolliert. Die Kombination beider Kon-
zepte ermöglicht eine Verbesserung des Qualitätsfaktors solcher Bauteile um den Faktor 2.

Durch die Manipulation der Photonendispersion mithilfe dielektrischer und plasmonischer
Zwischenschichten wird eine Strukturierung der photonischen Potentiallandschaft in der Bauteil-
ebene auf Mikrometer-Skala ermöglicht. Mittels Photolithographie werden Photonische Drähte
und Punkte hergestellt, welche das Licht auch lateral in Potentialtöpfen einschliessen und zur
Beobachtung von diskretisierten Emissionspektren in zwei und drei Dimensionen führen. Um
diese Untersuchungen zu erweitern, wird eine tomographische Methode entwickelt, um die
winkelaufgelöste Dispersion dieser mehrdimensional eingeschlossenen Photonen in allen Rich-
tungen aufzunehmen. Die Ergebnisse dieser Untersuchung werden in metall-organischen pho-
tonischen Punkten und Dreieck-Strukturen ausgenutzt und führen dabei zu einer Verringerung
der Laserschwelle von bis zu einer Grössenordnung. Die dabei entstehenden komplexen Trans-
versalmoden sind ein Zeichen für die starke Konzentration des Lichts in solchen Strukturen.

Die laterale Strukturierung organischer Mikrokavitäten kann nicht nur für den vollständigen
Einschluss von Licht ausgenutzt werden, sondern ermöglicht weiterhin die Beobachtung von
photonischen Bandstrukturen in periodischen Gittern. Solch periodische Strukturen bestehend
entweder aus Silber oder SiO2 ermöglichen die Realisierung eines optischen Kronig-Penney
Potentials in Mikrokavitäten was schlussendlich zur Beobachtung optischer Bloch-Zustände in
der Dispersion fhrt. Durch eine Modifizierung der Kronig-Penney Theorie, bei der unter an-
derem den Photonen eine polarisationsabhängige effektive Masse zugewiesen wird, ist eine
quantitative Berechnung der Modenpositionen in solchen Systemen möglich. In Theorie und
experimentellen Untersuchungen wird dabei das Auftreten von 0- oder π-phasengekoppelten
räumlich ausgedehnten Supermoden erklärt. Mithilfe der Anregung durch zwei interferierende
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Laserstrahlen kann desweiteren eine direkte Kontrolle über die Wellenlänge sowie den Auskop-
plungswinkel der stimulierten Emission ausgeübt werden.

In einem alternativen Konzept der lateralen Strukturierung werden organische Mikrokavitäten
auf periodische Gitter aufgedampft, was zu einer kohärenten Kopplung von Wellenleitermoden
der aktiven Schicht in die vertikale Emission führt. Diese Moden treten als lineare Dispersion
in winkelaufgelösten Spektren auf und zeigen eine direkte Interaktion mit der parabolischen
Dispersion der VCSEL-Mode an (Anti-)Kreuzungspunkten. In diesem hybriden System lassen
sich neuartige Lasermoden beobachten, welche nicht nur am Scheitelpunkt der Kavitätsparabel
auftreten, sondern auch an Punkten, die durch die Hybridisierung beider Systeme entstehen.
Diese Kopplung von vertikalen und lateralen Lasermoden zeigt eine drastisch erhöhte Kohärenz-
länge von mindestens 50µm in der Probenebene.

Schlielich wird das Konzept einer organischen Mikrokavität noch in absorbierenden Syste-
men eingesetzt. Durch das Einbringen einer organischen Solarzelle in eine optische Kavität wird
eine starke Erhöhung des Felds im spektralen Bereich des sonst nur schwach absorbierenden in-
termolekularen Ladungstransferzustands in Donator-Akzeptor Mischschichten ermöglicht. Die
Ausnutzung dieses Zustands ermöglicht eine spektral scharfe (Halbwertsbreite deutlich unter
50 nm) Detektion von Nahinfrarotphotonen mit einer externen Quanteneffizienz von über 20%
(18% für 950 nm) und einer konkurrenzfähigen spezifischen Detektivität. In weiteren Unter-
suchungen zeigen sich diese Detektoren als spektral durchstimmbar, zum Einen durch die para-
bolische Dispersion der Mikrokavität, zum Anderen durch die Variation der Dicken der Elektron-
und Lochtransportschichten. Diese Ergebnisse ermöglichen nicht nur interessante Anwendun-
gen, sondern auch die direkte Beobachtung und Anregung des Ladungstransferzustandes, wel-
cher eine zentrale Rolle in der Funktion organischer Solarzellen spielt.
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khidov, Susanne I. Hintschich, Hartmut Fröb, Vadim G. Lyssenko, and Karl Leo, ”Dispersion
tomography of an organic photonic-wire microcavity“, Applied Physics Letters 103(18), 183302,
(2013).

[2] Andreas Mischok, Robert Brückner, Christoph Reinhardt, Markas Sudzius, Vadim G. Lyss-
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Fröb, and Karl Leo, ”Hybrid VCSEL and DFB organic microlasers“, Poster Presentation, Physics

of Light-Matter Coupling in Nanostructures, Montpellier, France 2014.

Christian Tzschaschel, Markas Sudzius, Andreas Mischok, Michael Bretschneider, Hartmut Fröb,
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1 Introduction

Since Albert Einstein proposed the existence of stimulated emission in 1916 [17, 18], the re-
alisation of a device based on this principle was a main goal of physicists worldwide. In 1953,
Charles H. Townes and his students produced the first Maser (microwave amplification by stimu-
lated emission of radiation), amplifying microwave radiation in the way Einstein described [19].
The first device working in the visible range (the Laser1) was finally realised by Theodore H.
Maiman in a synthetic ruby crystal, periodically pumped by an intense flashtube [20]. Follow-
ing this discovery, a multitude of materials were found to be capable of stimulated emission,
including He-Ne and other noble gas mixtures, fluorescent laser dyes, and other solid state ac-
tive materials such as doped yttrium aluminium garnet (YAG) crystals. Today, the laser is an
integral technological instrument. Its characteristic properties such as monochromatic emission,
spatial and temporal coherence and low beam divergence are used in a wide variety of applica-
tions including spectroscopy, material processing, or laser surgery in medicine. Recent research
has shown lasing from a single biological cell [21] and intracellular microresonators [22], the
realisation of a room temperature solid state organic maser [23], hybrid organic-inorganic per-
ovskites [24, 25], or colloidal quantum dots [26, 27] and platelets [28], proving that the interest
in the search for new materials is still high and that the end of new discoveries is far away.

Lasers consisting of inorganic semiconductor materials were quickly realised after Maiman’s
first ruby laser. In 1962 Robert N. Hall et al. presented the first coherent emission from a GaAs p-
n-junction [29]. Nowadays, semiconductor laser diodes utilise a double hetero-structure, where
a thin GaAs layer is sandwiched between two highly n- and p-doped AlxGa1−xAs layers. In the
resulting band structure, the quasi Fermi-levels lie inside the conducting band and the valence
band of the GaAs, respectively, thus creating the necessary population inversion. Today, laser
diodes are the most commonly used laser type. In contrary to the usual edge-emitting designs,
vertical cavity surface emitting lasers (VCSELs), as the name says, are able to emit on the device
surface, yielding higher output aperture. They consist of two highly reflective distributed Bragg
reflectors (DBRs), encasing a quantum well active region. Since the actual cavity thickness is
on the scale of a few wavelengths of emitted light, single mode operation is possible, and the
lasing threshold is reduced to a minimum. In the case of inorganic semiconductors, the mirrors

1light amplification by stimulated emission of radiation.
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1 Introduction

consist of doped GaAs blends (commonly AlGaAs), making electrical contacting over these mir-
rors possible. The design also allows an additional lateral structuring of the device, leading to a
confinement of the developing transversal electromagnetic (TEM) modes and, thus, to a further
reduction of the threshold. Such structuring is typically achieved by etching the entire stack into
circular micropillars, called mesas [30]. Inorganic VCSELs suffer from certain disadvantages.
Limited by the available laser transitions, their emission spectrum is restricted and not tunable
in the device. The epitaxial growth of such structures under clean-room conditions is expensive
and susceptible to disturbance in the process. Organic laser dyes can overcome those disadvan-
tages with their broad emission spectrum and comparably easy fabrication by physical vapour
deposition in a vacuum chamber.

Organic semiconductors have started to raise interest, when Ching Tang reported an efficiency
of an organic solar cell of 1% in 1986 [31]. Recently, organic solar cells have exceeded efficien-
cies of 12% for small molecules (Heliatek [32]), 13% for dye-sensitized cells [33], and above
19% for hybrid organic-inorganic perovskite cells [34]. Other applications of organic semicon-
ductors include organic light emitting diodes (OLEDs), already commonly used in displays and
light sources [35, 36], or electronic devices such as field effect transistors [37]. Their high ab-
sorption cross sections in turn also facilitate efficient photodetection over a broad spectral range,
making use of the advantages of organic materials such as tunability, flexibility and comparably
cheap processing. An electrically driven organic solid state laser however, has not been achieved
yet.

The VCSEL design is suitable for devices with an organic active layer (organic VCSEL or
OVCSEL). Here, the DBR mirrors typically consist of alternating stacks of dielectric materials
encasing the cavity that consists of a matrix material doped with an organic laser dye. The
first working, optically excited device was realised in 1996 [38, 39, 40, 41]. The fabrication of
OVCSELs is easily and cheaply done by evaporation techniques in a vacuum chamber.

One main obstacle on the road to an electrically driven device lies in the contacting of the
organic cavity for charge carrier injection. Since the dielectric mirrors are highly isolating, a
conductive material has to be introduced into the structure. Free charge carriers, however, are
commonly sources of high absorption, usually fatal for optical applications. The introduction
of a thin silver layer next to the active material can nevertheless yield a functioning cavity, as
recently shown by Brückner et al. [42], and leads to the formation of two coupled hybrid optical
Tamm states. Structuring techniques such as photolithography can be applied to shape the silver
layer and thus create photonic confinement comparable to aforementioned micropillars, so called
photonic dots [43], or more intricate structures.

Due to their versatility, organic microlasers offer an interesting playground for sophisticated
photonic systems. In high-quality vertical microcavities, large coherence lengths persist even
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1 Introduction

below the lasing threshold [44] and thus facilitate the formation of complex lateral modes. This
effect raises interest in the investigation of in-plane structures, where isolated photonic wires
and dots effectively confine photons in more than one dimension [45, 46, 47, 48], while periodic
arrays of structures enable observation of the coherent interaction of light in separated areas.
Interestingly, such behaviour follows analogies from other areas of physics, where especially in-
teresting quantum effects are more directly accessible on the length scale of visible photons. In
addition, it is possible to couple such microcavity photons strongly to excitons in the active ma-
terial by emission and re-absorption in a high-quality microcavity, creating exciton-polaritons
[49]. These quasiparticles offer a direct pathway for experiments on light-matter coupling at
the micro and nanoscale and exhibit bosonic behaviour, most prominent their ability to undergo
Bose-Einstein condensation [50, 51]. Complex photonic structures play a great role in manipu-
lating such particles and facilitate further experiments regarding quantum information transport,
spin optics [52], the investigation of magnetic properties [53, 54, 55] , propagation of excitons
in such potential landscapes [56], their detailed understanding being key aspects for applications
e.g. in Spin-Optronics such as the optical spin Hall effect [57] and the recent proposal of a Z
polaritonic topological insulator [58].

This dissertation is structured as follows: Chapter 2 provides the physical fundamentals of this
work, with a focus on microcavity optics. The transfer-matrix algorithm is derived and utilised
to describe different microcavity systems, including conductive materials. The fundamentals
of organic semiconductors are presented and their application towards lasers, solar cells, and
photodetectors are introduced. Finally, the theoretical concept of electronic and photonic Bloch
states is provided. Chapter 3 describes the exerimental methods and materials used through-
out this thesis, focusing on the fabrication of organic microcavities including micrometre-scale
photolithography as well as spectroscopy and imaging. In Chapter 4, the emission properties of
planar microcavities are explored in terms of tunable lasing and the influence of plasmonic or
dielectric interlayers in the system. For this purpose, avenues for improved growth of thin silver
films with high optical quality are presented. Chapter 5 deals with two- and three-dimensional
photonic confinement of photons in microcavities with added photonic wires and dots. Here,
a powerful dispersion tomography technique is utilised to highlight the multidimensional con-
finement in momentum space. Furthermore, lasing modes in such highly confined systems are
investigated regarding their input-output behaviour, lasing thresholds, and transversal mode pat-
terns. Photonic Bloch states are explored in detail in Chapter 6, showcasing their observation in
periodic arrays of both plasmonic and dielectric photonic wires and providing a detailed theoreti-
cal model. A high degree of control over different lasing modes in those systems is demonstrated,
including multimode- and tunable lasing. To conclude the investigation on organic microlasers, a
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different kind of patterning is introduced in Chapter 7, where a periodic grating on the substrate
facilitate coherent coupling between waveguided and vertical modes in an organic microcav-
ity evaporated on top. Spontaneous and stimulated emission from hybrid modes is observed in
spatially and angle-resolved spectroscopy demonstrating a macroscopic increase of the coherent
mode extension. Finally, the concept of organic microcavities is expanded towards absorbing
systems in Chapter 8. Here, the charge transfer state absorption in a donor-acceptor blend of an
organic solar cell is optically enhanced by a microcavity to facilitate efficient photodetection in
the near infrared. The resulting detectors are characterised and pathways for further improve-
ment are given.
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2 Fundamentals

2.1 Optics in Layered Media

This section gives an introduction to the principles of optics as utilized in this work, the goal be-

ing the derivation of the Fresnel formulae and their application in the transfer-matrix algorithm

which will become invaluable for the description of optical fields inside multilayer systems later.

Starting with the Maxwell equations in media in Section 2.1.1, the principle fields are intro-

duced and continuity conditions at material interfaces are found. After the derivation of the

wave equation for the electric field, the polarisation of light in relation to a material boundary

is introduced. As the use of metals inside resonator systems is of special interest to this work, the

optical properties of metals are briefly discussed using the free electron model starting in Section

2.1.2, and in particular surface plasmon resonances are derived, which will be of importance

when investigating the optical properties of ultra thin metal films later.

Finally, the Fresnel formulae are derived in Section 2.1.3 and the reflection and transmission

at material interfaces is discussed and quantified as the corresponding coefficients, with their

ultimate application for the transfer-matrix algorithm in Section 2.1.4.

2.1.1 Maxwell Equations in Dielectric Media

To describe the propagation of light as an electromagnetic wave in layered media, one has to
start at Maxwell’s equations (James Clerk Maxwell1) describing the electric field ~E, the mag-
netic induction ~B, the electric displacement ~D, and the magnetic field ~H in a medium. The
electromagnetic field as described by the vectors ~E and ~B is connected to the fields inside a di-
electric medium ~D and ~H via the orientation of electrical and magnetic dipoles described by the
polarisation ~P and magnetisation ~M as follows:

~D = ε0 ~E + ~P = ε0ε ~E (2.1)

~H =
1
µ0

~B − ~M =
1
µ0µ

~B = . (2.2)

1James Clerk Maxwell, 1831-1879, Scottish physicist, his equations lay the foundation for electromagnetism as it
is known today.
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2 Fundamentals 2.1 Optics in Layered Media

Here, we introduce the permittivity of free space (ε0) and material (ε) as well as the permeability
of free space (µ0) and material (µ), which are the basis for the universal constant of the speed of
light

in vacuum: c0 =
1
√
ε0µ0

in materials: c =
1

√
εµ · ε0µ0

=
1

ñ ·
√
ε0µ0

=
c0

ñ
. (2.3)

With ñ = n + iκ we denote the complex refractive index of the material with its real part n, the
linear refractive index, and the extinction coefficient κ. As magnetic materials are not investi-
gated in this thesis, the magnetic permeability µ is set to unity in the following.
Having these relations in mind, and allowing for external charges ρext and currents jext, one can
formulate Maxwell equations in media [59]:

div ~D = ρext (2.4)

div ~B = 0 (2.5)

curl ~E = −
∂~B
∂t

(2.6)

curl ~H = ~jext +
∂~D
∂t

. (2.7)

Material Interfaces

In layered media, the behaviour of electromagnetic fields at interfaces is especially of impor-
tance. Let two materials with differing permittivity and permeability be aligned with their in-
terface in the x − y plane and growth direction z. Considering the interface between these two
media, we can apply Gauss’ theorem (Johann Carl Friedrich Gauss2) to the second Maxwell
equation (2.5) in a volume including the interface with surfaces in both material 1 and 2 (S 1 and
S 2) and infinitely small height to obtain:∫

div ~BdV =

∫
~B ·~ez(dS 1 + dS 2) = 0 , (2.8)

where ~ez is the unit vector normal to the surface. As both surfaces differ only in orientation, we
obtain:

(~B1 ·~ez1 + ~B2 ·~ez2)dS = ~ez · (~B2 − ~B1)dS = 0 , (2.9)

2Johann Carl Friedrich Gauss, 1777-1855, German mathematician, with important contributions to many mathe-
matical and physical fields, he is lauded as one of history’s greatest mathematicians.
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2 Fundamentals 2.1 Optics in Layered Media

which consequentely means that the normal component of the magnetic induction is continuous
across the surface. Similar considerations can be done for the first Maxwell equation (2.4),
leading to:

~e · (z2~B2 − ~B1)dS = 4πρsurface , (2.10)

showing that the normal component of the electric displacement field changes according to a
surface charge density ρsurface.

For the behaviour of the tangential component, we utilise the Stokes theorem (Sir George
Gabriel Stokes3), applied to the third Maxwell equation (2.6) across a closed loop with two
tangents to and two normals crossing the interface:∫

curl ~E ·~exdS =

∮
~E · d~r = −

1
c

∫
~̇B ·~etdS , (2.11)

where~ex is a unit vector tangential to the material interface. In the limit of infinitely small vectors
normal to the surface, we obtain:

(~E1 ·~ex1 + ~E2 ·~ex2)d~r = ~ex(~E2 − ~E1)d~r = 0 . (2.12)

As ~ex = ~ey × ~ez, we follow: ~ez × (~E2 − ~E1) = 0, leading to the conclusion that the tangential
component of the electric field is continuous across the surface. Again, similar derivations for
Maxwell equation (2.7) yield:

~ez( ~H2 − ~H1)d~r =
4π
c
~jsurface , (2.13)

showing that the tangential component of the magnetic field changes according to a surface cur-
rent density ~jsurface. Following this, under the consideration that the velocity of light is depending
on the medium in which the fields propagate, one can derive Snell’s law (Willebrord Snellius4),
relating the angles of incident (ϑ1) and transmitted (ϑ2) field at the interface between dielectric
media ñ1 and ñ2:

sinϑ1

sinϑ2
=

c1

c2
=

ñ2

ñ1
. (2.14)

Wave Equation

While the Maxwell equations describe the behaviour and interaction of different electric and
magnetic fields, one can derive differential equations describing each field separately. To derive

3Sir George Gabriel Stokes, 1819-1903, Irish mathematician and physicist, most notably known for his works in
fluid dynamics (the Navier-Stokes equations) and mathematical physics (the here mentioned Stokes theorem).

4Willebrord Snellius, 1580-1626, Dutch astronomer and mathematician, rediscovered the law of refraction in 1621.
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2 Fundamentals 2.1 Optics in Layered Media

the wave equation for the electric field ~E, we take the curl of the third Maxwell equation (2.6):

curl ( curl ~E) = grad ( div ~E) − 4~E = − curl
∂~B
∂t

= −µ0
∂( curl ~H)

∂t
.

Under the absence of external charges ρext = 0, the electric displacement is free of sources
( div ~D = 0), making the electric field (~E = εε0 ~D) free of sources, if the material permittivity
ε changes only slightly over small distances. Finally, by inserting the fourth Maxwell equation
(2.7), under the assumption that no external currents are present, we arrive at the wave equation
for the electric field:

4~E −
1
c2

0

ε
∂2 ~E
∂t2 = 0 . (2.15)

This equation relates the spatial distribution 4~E of a field to its time propagation d2 ~E/dt2 and
thus gives access to the dispersion relation of an electromagnetic wave ω(~k), which relates its
momentum or propagation vector ~k to its oscillation frequency in time ω.

The easiest solution of the wave equation for the electric field is the plane wave with harmonic
time dependence:

~E = ~E0 · exp (i(~k ·~r − ωt + ϕ)) , (2.16)

with the constant phase factor exp (iϕ). Inserting the plane wave into the wave equation, we
arrive at the dispersion relation of photons in media:

− k2 ~E +
εω2

c2
0

~E = 0 ⇒ ω = ñc0k . (2.17)

This relation holds true in most cases, where effects such as interference do not play a major
role. However, in more complex structures such as thin films and their multilayer structures,
conductive media, or metamaterials, the photon dispersion can severely alter and has to be treated
individually.

Following analogous steps, the wave equation for the magnetic field ~H can be derived as well:

4 ~H −
1
c2

0

ε
∂2 ~H
∂t2 = 0 . (2.18)

Polarisation

The polarisation of light in general describes the oscillation direction of the electromagnetic
fields (by convention mostly described by the electric field oscillation), which can be linear (os-
cillating in a plane along the direction of propagation), circular (rotating at constant amplitude),
or elliptical (rotating and oscillating). Here, the polarisation of light in relation to material inter-
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2 Fundamentals 2.1 Optics in Layered Media

faces will prove to be of special importance. As already evidenced above, the field components
in relation to an interface between media play an important role when electromagnetic waves
cross or reflect from such an interface. To derive the polarisation, we assume again an interface
between media ñ1 and ñ2 in the x-y plane, such that ñ = ñ(z). For a plane wave propagating in
x-direction (~k = (kx, 0, 0)), the Maxwell equations (2.6) and (2.7) reduce to their components:

∂Ey

∂z
= −iωµ0Hx ,

∂Ex

∂z
− ikxEz = iωµ0Hy , ikxEy = iωµ0Hz

∂Hy

∂z
= iωε0εEx ,

∂Hx

∂z
− ikxHz = −iωε0εEy , ikxHy = −iωε0εEz . (2.19)

It can be shown that this system allows two sets of solutions [60]. The first set requires Ey = Hx =

Hz = 0 to be zero and only Ex, Ez,Hy have a nonzero value and is called transverse magnetic
(TM- or p-) waves. The second set requires Ex = Ez = Hy = 0 to be zero and Ey,Hx,Hz have
a nonzero value and is called transverse electric (TE- or s-) waves. The full set of equations for
either case includes the corresponding wave equations and leaves a full set of equations:

TM: 0 =
∂2Hy

∂z2 + (k2
0ε − k2

x)Hy

Ex = −i
1

ωε0ε

∂Hy

∂z

Ez = −
kx

ωε0ε
Hy (2.20)

TE: 0 =
∂2Ey

∂z2 + (k2
0ε − k2

x)Ey

Hx = −i
1
ωµ0

∂Ey

∂z

Hz = −
kx

ωµ0
Ey . (2.21)

The interaction of electromagnetic waves and matter strongly depends on the polarisation, which
has to be very carefully treated and taken into account for all kinds of application.

2.1.2 Optics in Metals

The behaviour of light in conductive media differs fundamentally from the propagation of light
in dielectrics. In the presence of free charge carriers, an oscillating electromagnetic field induces
an oscillation of charged particles also, leading to an interaction between electromagnetic wave
and oscillation of charge carrier density.
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Free Electron Gas

To derive the behaviour of light in metals, we describe the motion of free charge carriers (elec-
trons) by the model of the free electron gas. Here, free electrons in the conduction band of the
metal move according to the differential equation:

m~̈r + mγ~̇r = −e~E = −e ~F(~r) · e−iωt , (2.22)

where m is the material specific effective electron mass, and γ is the collision frequency with
which the electrons scatter and lose all momentum inside the material, dampening the oscilla-
tion. The electron is then subject to an external stimulation in form of an electric field oscillating
harmonically −e~E(~r, t) = −e ~F(~r · exp (−iωt)). Solving this equation, we can calculate the mate-
rial polarisation by multiplying the charge carrier position vector with the electron density ρ:

~P(t) = −eρ ·~r(t) = −
ρe2

m(ω2 + iγω)
~E(t) , (2.23)

and thus also calculate the dielectric displacement field to extract the permittivity ε:

~D(t) = ~P(t) + ε0 ~E(t) = ε0

1 −
ρe2

mε0

ω2 + iγω

 ~E(t)

ε = 1 −
ω2

p

ω2 + iγω
=

1 − ω2
pτ

2

ω2τ2 + 1

 + i
 ω2

pτ

ω(ω2τ2 + 1)

 , (2.24)

with the plasma frequency ωp = e
√
ρ/mε0. This frequency describes the oscillation of the

plasma of electron density inside a metal, its quantisation being the plasmon. For low frequencies
of lightω << γ, the permittivity becomes ε ≈ 1+iω2

p/γω, exhibiting a significant imaginary part,
and thus leading to a large extinction coefficient κ. In this region, conductive media are largely
absorbing. For the high frequency limit ω >> γ, the permittivity becomes ε ≈ 1 − ωp/ω

2. Here,
the imaginary part vanishes, and the metal behaves like a transparent dielectric. In real materials
however, interband transitions result in an increased absorption and thus raise the imaginary part
of the permittivity again at higher frequencies [61]. For common metals, the plasma frequency
lies typically in the ultraviolet regime.

Conductivity and permittivity are closely connected, as free charge carriers always interact
with oscillating fields around them. Consequently, by linking the dielectric constants of the free
electron gas to the Drude model (Paul Drude5), one can relate the conductivity σ to the complex

5Paul Drude, 1863-1906, German physicist specializing in optics, most famous for his work relating optical and
electrical properties and the structure of substances.
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permittivity:

ε = ε′ + iε′′ = ε′ + i
σ(ω)
ωε0

, (2.25)

where the complex conductivity becomes σ = ε0ω
2
p/(γ − iω).

Surface Plasmon Polaritons

The oscillating fields of electromagnetic radiation cause an oscillation of charge carrier density in
conductive media which, in turn, causes the emission of electromagnetic waves. In special cases,
this back and forth coupling between two oscillating waves, described by their quantisations
plasmon (charge carrier density) and polariton (electromagnetic field or material polarisation)
will travel along the surface of a conductive medium, such as a metal. The condition for the
observations of such surface plasmon polaritons shall be laid out in the following.

Considering similar boundary conditions to Section 2.1.1, we assume a material interface in
the x − y plane between a dielectric ε1 and a metal ε2. Sufficiently below the plasma frequency,
the real part of ε2 becomes negative, as evidenced by Equation (2.24). To first consider the case
of TM-polarised light, we calculate Equations (2.20):

z > 0, Dielectric:

Hy = A1 · exp (ikxx − k1z)

Ex = iA1
1

ωε0ε2
k1 · exp (ikxx − k1z)

Ez = −A1
kx

ωε0ε2
· exp (ikxx − k1z) (2.26)

z < 0, Metal:

Hy = A2 · exp (ikxx + k2z)

Ex = −iA2
1

ωε0ε2
k1 · exp (ikxx + k2z)

Ez = −A2
kx

ωε0ε2
· exp (ikxx + k2z) . (2.27)

According to the continuity conditions (2.13), (2.12) and the wave equation, we obtain:

A1 = A2,
k1

k2
= −

ε2

ε1
, k2

x − k2
0εi = k2

i , (2.28)
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which leads to the dispersion relation of the surface plasmon polariton travelling along the x-
direction:

kx, spp =
ω

c

√
ε1ε2

ε1 + ε2
. (2.29)

Following the same steps of calculating the surface plasmon polariton resonance as Equations
(2.26) and (2.27) in TE-polarisation, we arrive at the only possible solution of:

A1 = A2 = 0 , (2.30)

i.e. surface plasmon polaritons do not exist in TE-polarisation. Figure 2.1 (a) shows the disper-
sion relation of surface and bulk plasmon in relation to a surrounding medium of ε = 1. As the
frequency approaches the surface plasmon resonance ωsp, the in plane propagation diverges. The
field amplitude extends into both metal as well as dielectric and exhibits an exponential decay as
a function of the distance to the interface.

Localized Surface Plasmons

As derived, surface plasmon polaritons propagate along the surface between conductive and
dielectric media, when both materials are extended films. However, if small conductive islands
on the order of or smaller than the wavelength of light are present, all electrons of the conduction
band oscillate with the driving field. This non-propagating resonance is called a localized surface
plasmon (LSP) and exhibits strong extinction of the field depending on optical constants, size,
shape, and aspect ratio of the conductive nanoparticles. In the quasi-static approach, it can
be shown that the extinction cross section Cext of spherical nanoparticles behaves as follows
[60, 62]:

Cext(λ,V) =
18πε3/2

1 V
λ

ε′′2
(ε′2 + 2ε1)2 + ε′′22

, (2.31)

where V is the particle volume and ε1/2 represent dielectric (1) and metal (2), as above. It
becomes clear, that a maximum arises at the Fröhlich condition (Herbert Fröhlich6) ε′2 = −2ε1.
A more rigorous approach requires the use of Mie theory (Gustav Mie7), see e.g. [60, 63],
where it can be seen, that LSP resonances broaden and shift to the red with increasing particle
size [64]. Figure 2.1 shows the main extinction wavelength for gold nanospheres of different
radii, with maxima in the green to red regions of the spectrum. For small nanoparticles, large
linewidths on the order of 200 nm to 1000 nm are expected, leading to a broad extinction in the

6Herbert Fröhlich, 1905-1991, English physicist, known for his work on the theory of electrons in solid state
materials as well as for contributions to superconductivity, particle physics, and biophysics.

7Gustav Adolf Feodor Wilhelm Ludwig Mie, 1869-1957, German physicist, most known for his work on scattering
of electromagnetic waves at small particles.
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Figure 2.1: (a) Surface plasmon polariton dispersion at a metal-dielectric interface. Below
the surface plasmon resonance ωsp, the surface plasmon propagates along the x-
axis with arbitrarily high wavenumber. Above the plasma frequency, bulk plasmon
dispersion is visible. The linear dispersion of the dielectric with ε = 1 is added for
comparison as dash-dotted line. Inset shows the field distribution at the interface.
(b) Absorption peak wavelength of localized surface plasmons in gold nanospheres
of varying diameter. Inset shows schematic depiction of the LSP inside of sub-
wavelength sized metal nanospheres.

visible. To fully include all effects, the interaction and coupling between different nanoparticles
plays an important role and has to be taken into account [60] but shall not be discussed in detail
here.

Noble metals such as silver tend to show island-like growth (see Section 3.1.4), so the forma-
tion of LSPs and in turn their absorption will play an important role there. As cavity-based sys-
tems strongly decrease their performance in presence of parasitic absorption, island-like growth
and LSP absorption have to be avoided at all costs for the purpose of this work.

2.1.3 Reflection and Transmission

For practical purposes, the exact knowledge of field propagation through multilayer systems is
not of interest, instead more accessible values such as the overall reflection, transmission, and
absorption of the system are utilized to describe its behaviour under illumination. In general, one
distinguishes dielectric reflection and refraction, as observed at the interface between dielectric
media of differing refractive indices n, and metallic reflection at the surface of a conductor for
light below the plasma frequency. When entering a conductor, light is quickly absorbed due to
their high extinction coefficient, and conductors such as metals thus mainly exhibit (very good)
reflection of light. For very thin films of absorbing medium, however, there remains a finite
transmission, which can be enhanced by interference in multilayer systems, as will be discussed
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in the following Section.

Considering the continuity conditions at material interfaces, already Snell’s law has been given
in Equation (2.14), detailing the angle of refraction in a medium as a result of the material
polarisation and thus the change of the speed of light in the medium. In similar fashion, the
relation between the angle of incident (i) and reflected (r) light can be found [59]:

sin θi

sin θr
=

ci

cr
=

ci

ci
= 1 and cos θi = − cos θr , (2.32)

showing that the reflected angle and the incident angle are the same when mirrored at the inter-
face normal: θi = π − θr.

By considering the incident, reflected and transmitted fields ~Ei, ~Er, and ~Et, the Fresnel equa-
tions (Augustin-Jean Fresnel8) can be found.

Fresnel Equations

Let a plane wave be incident on a material interface in the xy-plane as above. The fields can then
be split into their TE- and TM- polarised parts:

Incident Field:

Ei
x = −ATM cos θi exp (−iω (t − (x sin θi + z cos θi)/c1)),

Ei
y = ATE exp (−iω (t − (x sin θi + z cos θi)/c1)),

Ei
z = ATM sin θi exp (−iω (t − (x sin θi + z cos θi)/c1)) (2.33)

Transmitted Field:

Et
x = −TTM cos θt exp (−iω (t − (x sin θt + z cos θt)/c2)),

Et
y = TTE exp (−iω (t − (x sin θt + z cos θt)/c2)),

Et
z = TTM sin θt exp (−iω (t − (x sin θt + z cos θt)/c2)) (2.34)

Reflected Field:

Er
x = −RTM cos θr exp (−iω (t − (x sin θr + z cos θr)/c1)),

Er
y = RTE exp (−iω (t − (x sin θt + z cos θt)/c1)),

Er
z = RTM sin θr exp (−iω (t − (x sin θr + z cos θr)/c1)), (2.35)

8Augustin-Jean Fresnel 1788-1827), French engineer and physicist, established in part the theory of wave optics.
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and the corresponding magnetic fields can be calculated:

~Hl =
√
εl~el × ~El . (2.36)

Demanding continuity of the in plane components, we can split the fields into their TE- and
TM-polarised parts and calculate the amplitudes of the reflected and transmitted waves under
application of Snell’s law:

RTM =
tan (θi − θt)
tan (θi + θt)

ATM, RTE = −
sin (θi − θt)
sin (θi + θt)

ATE (2.37)

TTM =
2 sin θt cos θi

sin (θi + θt) cos (θi − θt)
ATM, TTE =

2 sin θt cos θi

sin (θi + θt)
ATE . (2.38)

These are the Fresnel equations for the reflection and transmission of fields regarding their po-
larisation. As becomes immediately obvious, under normal incidence (θl = 0 for all l), the
amplitudes of reflected and transmitted light are no longer dependent on polarisation (apart from
a phase shift of the reflected TM-wave), while under oblique incidence the polarisation strongly
influences the corresponding amplitudes. This will be of importance in the case of microcav-
ities later and will, among others, lead to the polarisation splitting of the microcavity disper-
sion. Furthermore, a special case emerges when θi + θt = π/2, the so-called Brewster angle (D.
Brewster9). Here, the TM-polarised part of the reflected light vanishes, and the reflected light
becomes exclusively TE-polarised.

When talking about the fraction of energy reflected or transmitted through an interface, one
needs to consider the Poynting vector (J. Poynting10), or its absolute value S = c/(4π) · EH.
By calculating the energy of the waves incident and reflected/transmitted at the boundary, the
reflectivity R and transmittivity T can be calculated:

RTM =
tan2 (θi − θt)
tan2 (θi + θt)

, RTE =
sin2 (θi − θt)
sin2 (θi + θt)

(2.39)

TTM =
sin 2θi sin 2θt

sin2 (θi + θt) cos2 (θi − θt)
, TTE =

sin 2θi sin 2θt

sin2 (θi + θt)
. (2.40)

These values provide the ratios of reflected and transmitted light at a boundary and are often
discussed as reflectance and transmittance (in percent). Following energy conservation, their
sum must be unity:

TTM + RTM = 1 , TTE + RTE = 1 , (2.41)

9David Brewster, 1781-1868, Scottish physicist, influential in experimental optics and inventor of many optical
applications (such as the kaleidoscope).

10John Henry Poynting, 1852-1914, English physicist.
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In conducting media these relations still hold, however all values become complex, leading to
the observation of absorption, greatly diminished transmission, and phase changes at the inter-
face.

Reflection and Transmission in Conductive Media

While the Fresnel equations do not require any assumptions on part of the refractive indeces
or permittivities of the materials and are thus universal in that regard, a few effects of conduc-
tive media in particular shall be discussed here. A main difference when observing conductive
compared to dielectric media is the complex value of the permittivity and thus a complex val-
ued refractive index ñ = n + iκ, which is closely related to the material absorption coefficient α
following the Beer-Lambert law (August Beer, Johann Heinrich Lambert11) for the transmitted
intensity IT :

IT = I0 · exp (−αr) = I0 · exp
(
−2κ(ω)

ω

c
r
)

. (2.42)

Here we see, that extended conductive media exhibit a vanishing transmission after only small
distances. The calculation of reflection and transmission of fields follows analogously to Equa-
tions (2.37), (2.38), by allowing for complex angles as obtained from the complex law of Snell.
This leads not only to a splitting of light in parts reflected and refracted at the medium, but also
to a phase change δr

j of the reflected amplitude:

rTM/TE =
RTM/TE

ATM/TE
= ρTM/TE exp (iδr

TM/TE) . (2.43)

As especially metals below the plasma frequency exhibit very high extinction coefficients (e.g.
silver at 600 nm, κ ≈ 4), light can only transmit through films much smaller than its wavelength.
The transmission through a thin conductive film of ε2 and thickness d sandwiched between
dielectric media ε1 and ε3 is then calculated as the product of the interface transmissions and the
propagation through the film [59]:

TTM =
n1 cos θ3

n3 cos θ1

TTM,12TTM,23 exp (−2κdω/c)1 + TTM,12TTM,23 exp (−4κdω/c)+

2
√
TTM,12TTM,23 exp (−2κdω/c) cos(δ12 + δ23 + 2κdω/c)

 (2.44)

TTE =
n3 cos θ3

n1 cos θ1

TTE,12TTE,23 exp (−2κdω/c)1 + TTE,12TTE,23 exp (−4κdω/c)+

2
√
TTE,12TTE,23 exp (−2κdω/c) cos(δ12 + δ23 + 2κdω/c

 , (2.45)

11August Beer, 1825-1863, German physicist and mathematician; Johann Heinrich Lambert, 1728-1777, Swiss
mathematician, physicist, philosopher and astronomer, the modern Beer-Lambert’s law was derived as a combi-
nation of both Beer’s and Lambert’s laws concerning the absorbance of transparent samples.
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Figure 2.2: Calculated reflection and transmission of thin silver films between air (n = 1) and
a dielectric substrate (n = 1.5). The optical constants of silver are taken from ref-
erence [61] (a) Transmittivity and transmitted phase of silver films of thicknesses
9 nm to 100 nm. Below thicknesses of about 40 nm, silver still exhibits a signifi-
cant amount of transmission, while virtually no light is transmitted for films above
100 nm. The transmitted light also experiences a phase shift as a sum of the phase
shifts at the air-silver and silver-dielectric interfaces and the phase of propagation
through the layer. (b) Reflectivity and reflected phase of silver films of thicknesses
9 nm to 100 nm. Above 50 nm film thickness silver exhibits very high reflectivities
in the visible and near-infrared part of the spectrum. Approaching the blue side of
the spectrum, the reflectivity drops closer to the plasma frequency of silver in the
ultraviolet. Due to the imaginary part of the permittivity, the reflected phase how-
ever does not amount to multiples of π, instead for thin films a significant phase
shift of the reflected light is observed.

consisting mainly of the interface transmission T12 and T23 and the attenuation after Beer-
Lambert: exp (−2κdω/c). The total transmitted phase can be approximated as a sum of the
interface phase change and the phase collected while travelling through the conductive medium:

δt
TE/TM = δt

TE/TM,12 + δt
TE/TM,23 + n2d cos θ2ω/c . (2.46)

Figure 2.2 shows the reflection and transmission of silver films of varying thicknesses from 9
nm to 100 nm, going from partly transparent to completely opaque and highly reflecting in the
visible spectrum. In addition, one observes an uneven phase shift when reflecting at thin silver
films, which becomes of immense interest for the realisation of metal-mirror-based resonators
and shall be kept in mind. The transmission through silver films causes a change in phase not
only by the optical path through the metal, but in addition also due to phase jumps at material
interfaces. In more complex thin film systems, the transmittivity of thin conductive films can be
strongly enhanced by interference effects in multilayer systems such as photonic crystals, where
the electromagnetic field will produce a field node at the position of the metal. An example of
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this is the formation of Tamm-plasmons (Igor Yevgenyevich Tamm12) at the interface between
periodic dielectric layer stacks and a metal film, which will be detailed later in this work.

2.1.4 Transfer-Matrix Algorithm

While the Fresnel equations provide all the tools necessary to describe multilayer systems of thin
films, applications often require the consideration of many layers (e.g. 43 layers for a standard
organic microcavity), demanding a formalism easily implemented into simulation. The treatment
of multilayer systems with i layers is possible via the transfer-matrix algorithm, relating plane
waves travelling forward (A) and backward (B) through an optical system:

Ei
z = Ãie−ikz + B̃ieikz = Ai(z) + Bi(z) . (2.47)

Then, the crossing of the interface between the (i − 1)-th and i-th layer can be described by the
interface matrix (Di−1):Ai−1

Bi−1

 = D

A′i
B′i

 ,with Di−1 =
1

ti−1,i

 1 ri−1,i

ri−1,i 1

 , (2.48)

where the reflection (r) and transmission (t) coefficients are acquired as the square root of Fresnel
equations (2.39) and (2.40). Light also has to travel through a layer i, which can be described by
the propagation matrix Pi:

Pi =

exp (−iδi) 0
0 exp (iδi)

 . (2.49)

Here, light acquires a phase δi during propagation through the layer given by δi = nidi cos θiω/c.
In total, travelling through a multilayer system with N layers is given by the multiplication of
transfer matrices Mi B Di−1Pi:A

B

 = D0P1D1...PN DN

A′N+1

B′N+1

 =

 N∏
i=1

Mi

 DN

A′N+1

B′N+1

 C M

A′N+1

B′N+1

 . (2.50)

If we assume a wave incident from the left side of the structure (B′N+1 = 0), the reflection and
transmission coefficients of the multilayer stack are then derived using the components of the
transfer matrix M:

|r| =
∣∣∣∣∣AN+1

A0

∣∣∣∣∣ =

∣∣∣∣∣M21

M11

∣∣∣∣∣ , |t| =
∣∣∣∣∣B0

A0

∣∣∣∣∣ =

∣∣∣∣∣ 1
M11

∣∣∣∣∣ . (2.51)

12Igor Yevgenyevich Tamm, 1895-1971, Soviet physicist, received the Nobel Prize in Physics jointly for the dis-
covery of Cherenkov radiation.
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While the transfer-matrix algorithm is analytic, in practice it is implemented in a simulation
software that numerically solves for the transfer matrices of a large number of layers. In this
work, self-written algorithms are used alongside commercial software13. Note, that all calcula-
tions made by the transfer matrix method consider only a one-dimensional sequence of layers
and typically do not include roughness, material variation, and patterning in plane.

2.2 Optics of Microcavities

The behaviour of light in resonator structures lies the fundamental principles investigated and

employed in this work. After having introduced the basic concepts in the previous section, here

follows a closer look into the optics of microresonators, with the vertical microcavity as its

central point.

After a brief introduction to microresonators in Section 2.2.1, the working principle of the

distributed Bragg reflector (2.2.2) and a microcavity comprising two of these mirrors follows

(2.2.3). Special interest here lies in the dispersion of microcavities and its behaviour under non-

ideal conditions, where detuning and phase shifts lead to changes in the resonant wavelength and

polarisation splitting (2.2.4). Subsequently, the concept of Tamm-plasmon-polaritons in metal-

organic microcavities is introduced (2.2.5) and the behaviour of multidimensional confinement

in photonic wires and dots is explored (2.2.6).

Finally, the basic processes in active laser media are surveyed and rate equations describing

the occurrence of lasing in microcavities are found (2.2.7).

2.2.1 Basics of Resonator Structures

Microresonators in use today may take many forms [65], where optical feedback is provided
either by highly reflective mirrors (plane-parallel such as Fabry-Pérot or confocal resonators),
or by means of trapping modes via total internal reflection in distributed feedback (DFB) or
whispering-gallery mode (WGM) resonators. The basic principle demands that light of a certain
(resonant) wavelength is enhanced, while non-resonant wavelengths are diminished and leave
the system. Vertical resonators typically consist of two highly reflecting plane, confocal, con-
centric, or other optically stable mirrors, facing each other. The optical feedback is provided by
the mirrors and the finite resonator length, selecting only resonant standing waves in between.
Typical examples include the Fabry-Pérot resonator and its special application, the vertical cavity
surface emitting laser (VCSEL) [66]. In waveguided systems, optical feedback can be provided
by an added grating as in DFB-resonators [67], where only resonant modes stay trapped and

13FilmWizard by Scientific Computing International and RSoft by RSoft Design Group inc.
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non-resonant modes leave the system due to the grating, or by means of continuous total in-
ternal reflection in spherical WGM structures [68, 69]. Further types include photonic crystal
resonators [70, 71], where defects in periodic wavelength-size microstructures can confine light
in analogy to trap states in defects of crystal lattices. The spectral behaviour of all microres-
onator structures strongly depends on their size, and resonance conditions directly relate to the
micro-scale dimensions of either vertical or lateral patterns. Often, some form of periodicity
plays a role in creating forbidden bands of photon energies, while defects such as a cavity layer
in a VCSEL or the defect in a photonic crystal form the cavity mode depending mainly on size
and position of the defect. Typical applications of those resonators range from interference mea-
surements, to wavelength-selective optical filters and monochromators, as well as laser cavities
and other systems where strong field-enhancement is desired.

In this work, special interest lies in plane-parallel Fabry-Pérot resonators as well as DFB
resonators, which will be discussed in the following sections.

Planar Fabry-Pérot Resonator

The type of resonator most commonly employed in this work is the coplanar Fabry-Pérot res-
onator, where two mirrors facing each other create standing waves between them. This leads
to a strongly altered behaviour of light, when (i) the optical distance n · d between mirrors is on
the order of magnitude of the wavelength of interest, (ii) the wavelength obeys the resonance
condition λ = m · d/2, (m ∈ N), and (iii) the coherence length of said light is larger than the
dimension of the resonator. If a plane wave of resonant wavelength λ inside of the resonator is
reflected and travels inside the resonator, it interferes with itself according to:

E(x) = E0 · exp (i(kx + ωt)) + E0 · exp (i(k(x) − ωt)) = E0 · exp (ikx) · 2 cos (ωt) , (2.52)

creating a wave that is stationary in space (exp (ikx)) and oscillating only in time (cos (ωt)), when
interference conditions are met.

In particular, the electric field of resonant modes is enhanced between the mirrors due to the
formation of this standing wave. If the mirrors are not perfectly reflecting and in fact exhibit even
a minimal transparency, the field enhancement will then lead to an enhancement of transmission
of resonant wavelengths, in a loss free system up to a transmission of 100%. Consequently, the
field amplification of resonant wavelengths reaches large numbers. Active materials inside of
such resonators can show a number of effects benefitting from an increased field strength, such
as lasing, higher harmonic generation, or other non-linear behaviour. Furthermore, the angular
distribution of these effects is interesting. The dispersion of such a resonator is given by its angle-
dependent variation of the resonance wavelength. Under oblique angles, the ~k vector receives a
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lateral component k‖ in addition to its vertical component kz. Consequently, the wavelength of
resonant modes shift to the blue, changing the resonance condition to:

λ =
2π√

k2
z + k2

‖

= md/2 · cosϑ = md/2 ·
√

1 − sinϑ2 . (2.53)

If the angle of incidence ϑ is small and thus the lateral k component is small compared to the total
wavevector, the dispersion of the resonator becomes parabolic λ = md/2 · (1 − ϑ2). The Fabry-
Pérot resonator is the basic principle behind the vertical microcavity, which will be discussed in
detail in the following sections.

Distributed Feedback Resonator

Instead of relying on high reflectivity of various mirrors, one can make use of the inherently
perfect total internal reflection in dielectric media. As discussed above, the reflection of light
travelling from an optically dense medium of high refractive index n1 to a less dense medium
of lower refractive index n2 exhibits total internal reflection at angles above the critical angle.
If an optically dense layer is then sandwiched between two less dense coplanar layers, modes
radiating in directions below the critical angle become trapped inside the optical waveguide.
Such behaviour can be exploited e.g. for optical telecommunication or illumination through
wires utilizing in- and outcoupling at the ends or via dedicated coupling structures in the system,
where the coplanar nature of the waveguide is interrupted by a structure that allows modes below
the critical angle to escape. A particular structure is the distributed feedback (DFB) structure,
employing a periodic modulation of the waveguide height or direction. In such systems, only a
small amount of modes, obeying the Bragg condition:

m · λC = 2nCΛ , (2.54)

remain trapped. Here, nC denotes the active layer refractive index, while Λ denotes the grating
period and m the scattering order. This can be exploited, as optical feedback is made possible
by such a periodic corrugation and distributed feedback resonators are among the most widely
employed laser resonators in applications. The nature of the resonator also means that in first-
order structures (m = 1), resonant wavelengths can only be coupled out in lateral direction, e.g.
at the end of the resonator, while in higher order structures, the additional higher order grating
facilitates a possible outcoupling in vertical direction. For example, second order structures
(m = 2) offer a pathway for modes to couple out normal to the surface. This can be utilized
in small areas of second order grating to allow emission of coherent light perpendicular to the

27



2 Fundamentals 2.2 Optics of Microcavities

waveguide. The theory of distributed feedback systems in multilayer systems quickly becomes
complicated and shall not be detailed here. Further information can be found in references
[72, 73, 74, 75].

2.2.2 Distributed Bragg Reflector

To facilitate a high quality of Fabry-Pèrot resonator and thus a large field enhancement, mirrors of
exceptionally high reflectivity and low loss are needed. While metallic mirrors provide sufficient
reflection for common applications, dielectric mirrors offer supreme performance for high-end
uses such as laser microresonators. These mirrors consist of periodically alternating layers of
dielectric materials with high (n1) and low (n2) refractive index, where each layer thickness
corresponds to λD/(4ni) of the so called design wavelength λD, starting and ending with the
higher n1 always. Such distributed Bragg reflectors (DBRs) provide very high reflectivity in
a spectrally selective area, exhibiting minimal losses if the materials used has only minimal
intrinsic absorption.

The working principle of these dielectric mirrors can be understood by examining the propa-
gation of phase ϕ inside such a multilayer system. If light of the design wavelength λD hits the
interface between low (n2) and high (n1) refractive index material, it splits into a transmitted and a
reflected wave. Upon reflection at the interface to an optically denser material, the light receives
an additional phase of π. This reflected wave now travels back through the low refractive index
material, receiving an additional propagation phase of ϕ = (dn2)/λD · 2π = (λD/4)/λD · 2π = π/2.
Upon reflecting at the back interface of the layer, an additional phase of π and subsequently an
additional propagation phase of π/2 are acquired, adding up to:

ϕT total n2 = ϕr21 + ϕprop2 + ϕr21 + ϕprop2 = π + π/2 + π + π/2 = 3π . (2.55)

Comparing this phase to the initially transmitted light (ϕ = 0), it becomes clear that destructive
interference occurs in layer n2 in transmission geometry. Waves propagating in layer n1 do not
receives additional phases on reflection at the interface, so the total phase of a wave travelling
back and forth in this layer amounts to:

ϕT total n1 = ϕr12 + ϕprop1 + ϕr12 + ϕprop1 = 0 + π/2 + 0 + π/2 = π . (2.56)

Again, destructive interference can be observed in transmission through layer n1. The uneven
phase change adds up at every interface of the periodic system, leading to a strong suppression
of the transmission through destructive interference for large numbers of layers.

In reflection, the phase behaves differently. Comparing light initially reflected at the interface
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Figure 2.3: (a) and (c) Simulated transmission spectrum of a distributed Bragg reflector made
of 21 (7, 11, 15) alternating layers of TiO2 and SiO2 and design wavelength 630 nm.
Around the design wavelength, a ≈ 150 nm wide photonic stopband exhibits very
low transmission, below 1% for 21 layers. (b) and (d) Simulated reflection spec-
trum of the DBRs. As almost no absorption is present, R + T ≈ 1. For 21 layers,
reflectivities above 99.9% are achieved.

from low to high refractive index (ϕ = ϕr21 = π) to light initially transmitted, propagating
through the optically dense material, reflected at the interface from high to low refractive index
and propagating back:

ϕR total n2 = ϕprop1 + ϕr12 + ϕprop1 = 0 + π/2 + 0 + π/2 = π , (2.57)

we see that the waves constructively interfere in reflection. In layer n1, the initially reflected
wave receives no change in phase, while the wave that is first transmitted and then reflected back
receives a total change in phase of:

ϕR total n1 = ϕprop2 + ϕr21 + ϕprop1 = π + π/2 + 0 + π/2 = 2π , (2.58)

again constructively interfering (0π vs 2π) in reflection. This seems obvious as, when transmis-
sion is strongly suppressed, reflection must be strongly enhanced if no parasitic absorption takes
place.

In total, this behaviour results in the formation of a photonic stopband of very high reflection
and very low transmission around the design wavelength λD of the mirrors. Figure 2.3 showcases
the reflection and transmission spectra of such a distributed Bragg reflector made of 21 (7, 11,
15) alternating layers of TiO2 and SiO2. Here, a maximum reflectivity of R = 99.96% can be
observed even in experiment. The width of this stopband depends mainly on the difference in
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refractive index of materials 1 and 2:

4λ ≈ λD ·
4
π

arcsin
(
n1 − n2

n1 + n2

)
, (2.59)

leading to a width of 4λ ≈ 150 nm for λD = 630 nm, n1 = 2.1, and n2 = 1.45, nicely coinciding
with the calculated spectra above.

If the refractive index dispersion and intrinsic losses of the materials stay favourable, such
mirrors can be arbitrarily tuned to any wavelength by changing the optical thickness of the layers.
The combination of TiO2 and SiO2 is especially suited for the visible and near-infrared spectral
regions.

2.2.3 Microcavities

Microcavities are resonators on the micron-scale, in particular on the scale of a few multiples of
λD/2, and thus strongly influence the light travelling in such structures. Typical Fabry-Pèrot type
cavities employ two coplanar metallic or dielectric mirrors encasing an active layer of λD/2 thick-
ness. Here, a standing wave forms inside of the resonator, exhibiting strong field enhancement
depending on the type of mirror. For high-performance microlasers, the microcavity consists of
two DBRs encasing an active material, which in this case is an organic emitter.

The introduction of a λC/2 layer in a DBR, with λC in the stopband of the DBR (λD−4λ < λC <

λD + 4λ), modifies the phase of light propagating through such a device. Here, the conditions
for constructive and destructive interference are switched at the cavity-DBR interfaces due to the
longer propagation through the cavity layer:

ϕprop, C = ϕ = (dC)/λC · 2π = (λC/2)/λC · 2π = π . (2.60)

Consequently, a cavity mode of high transmission and low reflection appears at λC inside the
optical stopband. The electric field of this wavelength is strongly enhanced in the cavity, fa-
cilitating the field density necessary for laser operation or enhancing absorption in a spectrally
narrow range. Both cavity spectrum and field distribution are depicted in Figure 2.4, for a cavity
comprising two 21 (7, 11, 15) layer DBRs as above and an λ/2 cavity, where we see a cavity
mode arising in the center of the DBR stopband.

Resonant light travels inside the cavity from mirror to mirror, strongly enhancing the inter-
action of light with the active material and thus artificially increasing the cavity thickness. The
number of round-trips a photon travels before being absorbed or leaving the cavity via the mir-
rors can be estimated via the quality factor Q of the microcavity. It is defined as 2π times the
number of oscillations before the field decays to 1/e of the initial value, and is connected to the
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Figure 2.4: (a) and (c) Simulated transmission spectrum of a microcavity comprising two 21
(7, 11, 15) layer DBRs and a λ/2 cavity layer at a design wavelength of 630 nm. A
sharp cavity mode arises in the center of the photonic stopband, exhibiting quality
factors of Q ≈ 8000 (21 layers), Q ≈ 1200 (15 layers), Q ≈ 260 (11 layers),
Q ≈ 50 (7 layers). (b) and (d) Simulated reflection spectra of the microcavities.

linewidth 4λC of the resonant mode in the cavity:

Q = 2π × # of Oscillations
until decay =

ωCε

−dε/dt
=
ωCτRT

L
=

ωC

4ωC
≈

λC

4λC
, (2.61)

with ε the energy stored in the cavity, the power dissipation dε/dt, the round-trip time τRT, the
fractional power loss per round trip L, and the resonance frequency ωC = 2πc/λC. All these
relations are equivalent definitions of the Q-factor.

Microcavities with high quality dielectric mirrors can reach Q-factors in the range of 104. For
the organic laser systems in this work, typical Q-factors are in the range of 102...7 · 103, while in
all-metal cavities, values of 101...2 · 102 are obtained. In Figure 2.4, a different number of DBR
layers and thus a different reflectivity leads to a drastic change in quality factor, from below 100
(7 mirror layers) to several thousand (>15 mirror layers).

Spontaneous Emission Enhancement

Microcavities enable strong enhancement of resonant wavelengths by suppressing non-resonant
modes and thus decreasing the total mode number in the system. When putting an emitting
dipole into such a system, it feels the enhanced field, leading to a strong interaction of both and
an enhancement of spontaneous emission at the resonant wavelength. In 1946, Purcell (Edward
Purcell14) described the ”Enhanced Spontaneous Emission Probabilities at Radio Frequencies”
[76], detailing this interaction and describing the Purcell factor comparing the spontaneous emis-

14Edward Mills Purcell, 1912-1997, American physicist, awarded the Nobel Prize in 1952 for the discovery of the
nuclear magnetic resonance, leading also to his discovery of the Purcell effect.
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sion rate in free space Γf to that in a resonant cavity ΓC:

FP =
ΓC

Γf
=

3λ3
CQ

4π2n3
CVeff

, (2.62)

where Veff is the effective mode volume of the resonant mode. Following this equation, the ratio
Q/Veff becomes especially important to improve microcavity performance. However, this is not
trivial to achieve, as a reduction in mode volume, e.g. by laterally confining photons in addition
to the vertical confinement, sets limitations on the Q factor that can be reached. The Purcell
effect enhances the performance of microcavity lasers by spectrally redistributing emission and
thus helps to increase important laser characteristics, enabling ultra-low nonlinear thresholds.

2.2.4 Microcavity Dispersion

In a microcavity, photons are confined in vertical direction between highly reflecting mirrors,
strongly altering their dispersion behaviour. The emission of the excited cavity layer with a
thickness dC propagates in (growth-) z-direction with a resonant wavevector kz = π/(nCdC) and
can propagate at an oblique angle ϑ with a longitudinal wavevector k‖. Such a microcavity then
exhibits a parabola-like dispersion E(k‖) in agreement to the Fabry Pèrot resonator discussed
above:

E(k‖) = ~c0

∣∣∣∣~k∣∣∣∣ = ~c0

√
k2

z + k2
‖

= ~c0

√(
π

nCdC

)2

+ k2
‖
≈
~c0π

nCdC
+
~c0dC

2πnC
k2
‖ . (2.63)

Here, the fundamental mode energy - or the apex of the parabola - is given by the energy
E(0) = ~c0π/(nCdC), while for higher k‖ the energy increases and the wavelength decreases,
correspondingly. The parallel component can be more readily accessed by the outcoupling angle
of the microcavity: sinϑ = k‖/kz = k‖nCdC/π. The dispersion relation of such a microcavity is
depicted in Figure 2.5 (a).

The discussion of the microcavity dispersion in this case is made under the assumption that
the field always has a node at the cavity-mirror interfaces. However, under real circumstances
this is not always the case. The two main influences that change this condition are the behaviour
of the phase at the interface and the penetration of light into the mirrors. As detailed in Section
2.1.3, the introduction of conductive, and thus absorptive, media introduces a phase shift of light
upon reflection and thus alter the resonance condition of the microcavity drastically. Depending
on the thickness of the absorptive mirror, and thus on the phase shift, the mode position shifts ac-
cordingly, e.g. metal cavities exhibit a blueshift of the resonance for increasing mirror thickness
(not to confuse with the redshift of metal compared to DBR mirrors). Here, an effective cavity
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Figure 2.5: Calculated angle-resolved transmission spectra of microcavities with SiO2-TiO2
DBRs and cavity layers of thicknesses λ/2 (a), 3λ/8 (b), and 5λ/8 (c). While the
λ/2-cavity in (a) exhibits a single narrow cavity mode comprising both polarisa-
tions, the positively (b) and negatively (c) detuned cavities show broadening of
the cavity mode and splitting into TE and TM polarisations. The sign of TE-TM
splitting changes going from positive to negative detuning. Dashed red lines show
parabolic approximations, valid for angles up to ≈ 45◦.

thickness can be determined, taking into account the effectively increased cavity thickness:

dC,eff = dC +
|δr

L|dC

π
+
|δr

R|dC

π
, (2.64)

with δr
L,R the phase change (in radians) at the left/right interface of the cavity. To preserve the

spectral position of the cavity resonance in metal cavities, the actual cavity thickness thus has to
be reduced compared to the dielectric case. In the case of a combination of thin metal films with
dielectric mirrors, additional interaction leads to the formation of a Tamm-plasmon-polariton
state which will be discussed in detail in the following section.

The second influence towards the microcavity resonance is the penetration of light into the
neighbouring mirrors. While in perfect microcavities (λC = λD), the field exhibits always a
node at the interfaces of the active layer and the DBRs and the calculation (2.63) is valid, a
detuning of the cavity resonance in respect to the DBR design wavelength (i.e. λC , λD) leads
to a penetration of light into the first dielectric layers. The resonance energy Eeff,TE/TM has to be
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modified [5, 77]:

Eeff,TE/TM = ~
dCωC + dTE/TM

DBR ωD

dC + dTE/TM
DBR

, (2.65)

with the polarisation-dependent penetration depth of light into the DBRs dTE/TM
DBR and the DBR

design frequency ωD = 2πc/λD. By expanding the transfer-matrix of this system, the expression
for the penetration depths can be found for the system n1 > n2 [77, 78, 79]:

dTE
DBR(ϑ) =

2
n2

1 − n2
2

(n2
1dn1 cos2 ϑ1 + n2

2dn2 cos2 ϑ2)

dTM
DBR(ϑ) =

2 cos2 ϑ1 cos2 ϑ2(n2
1dn1 + n2

2dn2)
cos2 ϑC(n2

1 cos2 ϑ2 − n2
2 cos2 ϑ1)

, (2.66)

with the DBR layer thicknesses dni , and ϑi the angle inside a DBR layer of refractive index ni.
As the penetration depth is dependent on the polarisation of light, this leads to a pronounced
polarisation splitting of resonator modes in detuned cavities at higher observation angles. If the
optical layer thicknesses n1dn1 , n2dn2 of either DBR material differ from the ideal case of λD/4,
the DBR design frequency also has to be parametrised:

ωTE
D (ϑ) =

πc0(n1 cosϑ1 + n2 cosϑ2)
n2

1dn1 cos2 ϑ1 + n2
2dn2 cos2 ϑ2

ωTM
D (ϑ) =

πc0(n1 cosϑ2 + n2 cosϑ1)
2(n2

1dn1 + n2
2dn2) cosϑ1 cosϑ2

. (2.67)

Figure 2.5 (b) and (c) shows the dispersion for cavities with different detuning towards their
optimal conditions. While for positive detuning (b), the TM polarised resonance lies energeti-
cally higher than the TE polarised one, the splitting changes sign for negative detuning (c). As
in both cases the resonance is shifted away from the stop band center, a reduction of Q-factor
is observed in detuned cavities. Figure 2.6 (a)-(d) shows the distribution of electric field inside
various cavities. Only for perfectly tuned DBR microcavities (at λC = 630 nm) do the field
nodes coincide with the interface between cavity and adjacent DBR layers. While for positively
detuned cavities, the field penetrates the DBR layers, for negative detuning (b) the field nodes
lie inside the cavity. Both cases lead to a spectral shift of the resonance (e.g. in (b) to 676 nm)
and polarisation splitting. The inclusion of absorptive mirrors such as 100 nm Ag leads to a
phase shift at the cavity-mirror interface as can be seen in (c) and (d) for full and half metal cav-
ities. Here, the field at the interface starts at an uneven phase and the imaginary field nodes lie
far outside the cavity. The inclusion of metal typically causes a significant red-shift and cavity
thicknesses have to be adjusted to preserve the spectral position of the resonance. Fig. 2.6 (e)
and (f) show the inclusion of a thin metal layer inside of a two-DBR microcavity, leading to the
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Figure 2.6: Field distribution in the cavity layer for different types of MC. (a) Perfectly tuned
MC with two DBRs. Field nodes are located exactly at cavity-mirror interface.
(b) Negatively detuned MC with two DBRs. Increased thickness of the cavity red-
shifts the resonance. Field nodes are located inside the cavity layer. For positive
detuning, field nodes lie in the DBR layers. (c) Two metal mirror cavity (2×100 nm
Ag). Phase shift at metal-cavity interface leads to strong red-shift of resonance.
Imaginary field nodes lie far outside the cavity and thus the resonant mode is red-
shifted. (d) DBR-Metal MC. The field node at DBR side lies inside the cavity,
while the imaginary node at metal side is outside the cavity. (e) and (f) Two-DBR
MC with added 30 nm silver layer. Both TPP states exhibit phase shifts at the
interface to the metal layer.

formation of two Tamm-plasmon-polariton states. Also here, phase shifts at the metal interfaces
occur.

2.2.5 Metal-Organic Microcavities: The Tamm-Plasmon-Polariton State

Introducing thin absorptive layers such as metals into a DBR-based microcavity leads to a funda-
mental change of the cavity behaviour, described as the formation of Tamm-plasmon-polariton
(TPP) states [42, 80, 81]. As detailed in Section 2.1.3, the high absorption and vanishing optical
thickness of the metal (e.g. nAg ≈ 0.1) induce a change of phase of light at the interface to the
adjacent layers and two coupled modes are generated, the TPP state 1, which resides mainly in
the cavity layer still, and the TPP state 2, which resides in the first high refractive index layer
of the DBR next to the metal[42]. Both of these states are red-shifted compared to the original
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Figure 2.7: (a) Dispersion of a microcavity with and without an additional 30 nm silver layer.
On the right, parabolic Tamm-plasmon-polariton (TPP) states appear, red-shifted
compared to the original cavity mode. TPP state 2 exhibits a pronounced polari-
sation splitting due to its detuning from the DBR design wavelength. (b) Electric
field distribution in a microcavity with 30 nm of silver next to the cavity layer.
The original cavity mode (620 nm) is not resonant, while two TPP states (642 nm
and 685 nm) emerge on either side of the metal film. (c) Change of microcavity
transmission for increasing silver thickness. TPP state 1 stems from the red-shifted
original cavity resonance, while TPP state 2 emerges from the red sideband of the
DBR.

cavity mode. The distribution of the electric field can be calculated using the transfer matrix
method and is depicted in Figure 2.7 (b) (and for the cavity layer in Fig. 2.6 (e) and (f)).

Calculating the spectral position of modes in such a metal-DBR cavity requires solving the
coupled resonator equation [82]:

−
t2

r2 = (1 − (rDBR,Are2iφDBR,A)−1)(1 − (rDBR,Cre2iφDBR,C)−1), (2.68)

where r and t are the reflection and transmission coefficients of the metal layer, rDBR,A and rDBR,C

the reflection coefficients of the adjacent DBRs on the side facing away from (A) and towards
(C) the active layer. φDBR,A and φDBR,C represent the phases of propagation through the adjacent
layers, respectively. A full calculation of these properties can be found at Brückner et al. in [82].
The mode positions can then be determined analytically by a transfer matrix algorithm, while for
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practical purposes a numerically solved algorithm including all microcavity layers is used. Of
interest is the polarisation splitting that also occurs here, similarly to Equation (2.65) for similar
detuning of modes, due to the polarization-dependent reflectivities of the DBRs.

The effect of introducing a thin silver film of 30 nm thickness into an organic microcavity is
shown in Figure 2.7 (a). The original cavity mode at 620 nm redshifts and splits up into two TPP
states 1 (642 nm) and 2 (684 nm). The states still follow a parabolic dispersion as in the case of
metal-free cavities. Similarly to detuned cavities, polarisation splitting becomes clearly visible
for TPP state 2. Furthermore, the behaviour of resonant modes for increasing silver thicknesses
can be understood from Fig. 2.7 (c), where the origins of the TPP states become clear. While
TPP state 1 shifts from the position of the original cavity mode to the red, TPP state 2 emerges
from the red side band of the DBR and shifts towards the blue. At thicknesses >50 nm, the
resonances decouple and preserve their spectral distance [42].

Here, we are interested in the TPP 1 state, which resides mainly in the active layer and enables
a strong interaction with the active material. Although the TPP states are strongly influenced
by the metal layer, this state still exhibits a considerably high quality factor for thin silver films,
profiting from the high quality DBR behind. Utilizing this property, lasing from Tamm plasmon
polariton states has been recently demonstrated in inorganic [83] and organic [84] microcavities.
The strong interaction of cavity photons and metal plasmons and the resulting large spectral
shift for very thin silver films further opens up the possibility to structure the cavity dispersion
laterally by patterning the silver film.

2.2.6 Multi-Dimensional Photonic Confinement

Confining light in z-direction inside of a microcavity strongly affects its dispersion, going from
the typical linear dispersion E(k) = ~ck to the parabolic dispersion observed in the preceding
sections. Consequently, even further manipulation can be achieved by trapping photons in more
dimensions.

Typically, such confinement is reached by laterally etched MCs into micron-size photonic
wires [85, 86] or micropillars [87, 88], leading to an additional trapping of modes inside of
the device and thus facilitating reduced mode volumes or ultra-high quality factors [89] as well
as the ability to control the modes in lateral direction. Other types of structuring include the
deposition of metal stripes on top of the full microcavity stack [90] or the use of surface acoustic
waves [91, 92]. Photonic boxes[3, 45, 93, 94] and wires[1, 4, 5, 6, 95], and arrays of these are
investigated regarding their confining properties and exhibit more complex mode dispersions.

Interestingly, large coherence lengths in microcavity systems allow the investigation of the
formation of photonic bands in various photonic crystal structures patterned into the device.
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Figure 2.8: In-plane dispersion of microcavities with multi-dimensional confinement. (a) 1D-
confined microcavity with infinite extension in x- and y-direction showing isotropic
parabolic dispersion. (b) Photonic wire microcavity with infinite extension in y-
direction, confined in x-direction to x = LW. Due to the 2D confinement, the
momentum in x-direction is discretised according to kx = qm with mode number
m. (c) Photonic dot microcavity, confined in x-direction to LW and in y-direction
to LL. In full 3D confinement, both in-plane wavenumbers are confined to kx = qm,
ky = pl.

Periodic photonic wires[96] are investigated as well as square-[56, 97, 98] or hexagonal[99]
lattices leading to clear band structures as commonly observed in solid-state physics. Typically, a
weak modulation of the cavity facilitates the formation of extended bands, while deep potentials
lead to mode localization and confinement in lateral direction. Both types will be studied in
detail in the course of this work.

The confining properties of singular wires and dots lead to differing dispersion properties as
depicted in Figure 2.8 for 1D, 2D, and full 3D photon confinement.

Photonic Wires

While the confinement in z-direction traps photons in two dimensions and leads to an isotropic
dispersion paraboloid, the creation of photonic wires and thus the reduction to a one-dimensional
system leads to an anisotropy of the system, splitting the parallel k-component. Let the wires
be aligned along the y-direction, leading to a confinement in x-direction and consequently a
discretisation of those states, as standing waves form in the confined region. The dispersion in
photonic wires of width LW and thickness dW then changes to [45]:

Em(ky) = ~c0|~k| = ~c0

√
k2

z + k2
x + k2

y = ~c0

√(
π

nCdC

)2

+

(
π(m + 1)

nCLW

)2

+ k2
y , (2.69)
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where the index m describes the index of discrete states from ground (m = 0) towards higher
excited states, exhibting m + 1 antinodes of the standing wave. In y-direction, the photons propa-
gate unhindered and thus still a parabolic dispersion is observed regarding ky, following the same
arguments as Section 2.2.3. Again, a full analysis includes also the penetration of light into DBR
layers, as discussed in Equation (2.65).

The spatial field distribution F(x) can now be expressed as standing waves with discrete
wavenumbers qm = π(m + 1)/(nCLW):

F(x) ∝ cos (qmx) or sin (qmx) , (2.70)

for symmetric (cos) and asymmetric (sin) modes. Subsequently, the angular distribution of the
emission intensity Im(kx) can be obtained by the Fourier transformation of the spatial distribution
[48]:

Im(kx) ∝ cos2
(

LWkx

2
−

mπ
2

)
·

q2
m

(q2
m − k2

x)2 . (2.71)

Figure 2.8 (b) shows the dispersion in both kx and ky directions, comparing the unconfined,
continuous parabolic dispersion along the wire to the discretised flat dispersion of standing waves
perpendicular to the wire orientation.

Photonic Dots

Structuring the dispersion further consequently requires the reduction of dimensionality to a
fully three-dimensionally confined photonic dot. Possible geometries include circular and elliptic
dots, leading to the formation of Mathieu-modes [3, 100] with radial and angular mode numbers,
which will be detailed in Chapter 5. Here, the simplified case of a rectangular photonic box of
width LW and length LL shall be briefly discussed. Naturally, the full confinement leads to a
discretisation in both parallel directions with discrete wavenumbers qm = π(m + 1)/(nCLW) and
pl = π(l + 1)/(nCLL)[48]:

Eml = ~c0|~k| = ~c0

√
k2

z + k2
x + k2

y = ~c0

√(
π

nCdC

)2

+

(
π(m + 1)

nCLW

)2

+

(
π(l + 1)

nCLL

)2

, (2.72)

with integer mode numbers m in kx-direction and l in ky-direction. Figure 2.8 (c) shows the
discrete dispersion in both directions, where for differing dimensions of the box (LW , LL),
different intermode spacing is observed.
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2.2.7 Basics of Laser Operation

The basic principle of the laser is based on the interaction of strong light fields with active lumi-
nescent media exhibiting two or more energy levels. The name-giving principle15 of stimulated
emission directly couples the external light field to the internal energy distribution of the medium,
where typically excited electrons, electron-hole plasmas, or bound excitons can be stimulated to
annihilate under emission of photons showing the same frequency, directionality, polarisation,
and phase as the initial stimulator. A basic laser consists of this active medium inside of an op-
tical resonator, providing the optical feedback necessary for stimulated emission to completely
take over. The active medium needs to be pumped in order to supply the necessary amount of
excited states, typically by optical or electrical excitation. A multitude of laser media are in
use and application, starting from mixtures of gases (e.g. He-Ne laser, CO2 laser [101]), liquids
(e.g. dye-lasers [102]), solid state materials (e.g. doped alumina crystals such as Ti:Sa [103])
to semiconducting materials (e.g. GaAs microcavities [104]) and more exotic systems such as
biological (e.g. single cell laser [21]) and organic emitters.

Basic Processes in Active Media

In active media, three fundamental processes influence the distribution of unexcited and excited
states and transitions between them, as depicted in Figure 2.9 (a)-(c). Considering a two-level
system of a ground state (EG) filled with electrons (population number NG) and an empty excited
state (EE, NE), the absorption of light with a frequency ~ω0 = EE − EG allows an electron to
populate the excited state. This transition is described by the Einstein coefficient (A. Einstein16)
BAbs: (

dNG

dt

)
= −

(
dNE

dt

)
= −BAbsNG · ρω(ω0) , (2.73)

where ρω(ω0) is the radiation density of the surrounding field at ω0. An excited electron is able
to spontaneously decay to the ground state under the emission of a photon of ω0 after the mean
decay time τSp, described by the Einstein coefficient ASp = 1/τSp:(

dNE

dt

)
= −

(
dNE

dt

)
= −ASpNE . (2.74)

Here, the surrounding field does not influence the transition. An alternative way for an excited
electron to decay is provided, if a photon of ω0 can stimulate the transition before spontaneous
emission occurs. Here, the photon emitted by this stimulated transition is an exact copy of the

15LASER - light amplification by stimulated emission of radiation
16Albert Einstein, 1879-1955, German theoretical physicist, revolutionized many fields of physics. Among his

many achievements is the first description of stimulated emission in “Quantentheorie der Strahlung”[18].
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Figure 2.9: Energy level schemes for physical processes in active media. (a) Absorption of
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excited electron to the ground state under emission of a photon ~ω = EE − EG.
(c) Photon stimulates an excited electron to decay under emission of a second,
similar, photon. (d) Schematic energy scheme of a 4-level laser system, where
τSp21 >> τ1G, τE2.

initial photon. The transition is described by the Einstein coefficient BSt:(
dNE

dt

)
= −

(
dNE

dt

)
= BStNEρω(ω0) . (2.75)

Einstein showed that in thermodynamic equilibrium, where Boltzmann’s law (L. Boltzmann17)
for the distribution of excited electrons is valid, the coefficients relate to one another and espe-
cially BAbs = BSt. In order for stimulated emission to dominate the system, as is wanted for laser
operation, the system therefore has to be inverted, i.e. the population of the excited state has to
surpass the population of the ground state. In equilibrium however, Boltzmann statistics describe
the population of a two level system as:

NE

NG
= exp

(
−
~ω0

kBT

)
≤ 1 , (2.76)

with Boltzmann’s constant kB and the temperature T . In a two level system in thermal equilib-
rium, population inversion can thus never occur even for infinite temperatures. For real laser
operation, one either has to leave the equilibrium or utilize systems with further energy levels,
the example of the 4 level system shall be given here.

The 4 Level System

One of the most commonly employed systems in laser operation is the 4 level system which, in
addition to ground and excited state has two intermediate levels (N2 and N1) between which the

17Ludwig Eduard Boltzmann, 1844-1906, Austrian physicist, laid the groundwork for statistical mechanics.
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laser transition occurs. Figure 2.9 (d) schematically shows the energy scheme. This way, the
pumping mechanism from EG to EE is separated from the actual laser transition. Desirable are
fast decay rates τE2 and τ1G, populating the upper laser level from the excited state and quickly
depopulating the lower laser level to the ground state. This way, population inversion N2 > N1 is
reached much more easily and re-absorption of emitted photons is minimised. However, intrinsic
loss is introduced in this system as the transitions to and from the laser levels can not be harnessed
- in certain lasers (e.g. the HeNe-laser) this constitutes a major part of energy loss in the system.

The interaction between laser field and active 4 level system can be described by the rate
equations:

∂n2

∂t
= RP −

σcqn2

V
−

n2

τSp21

∂q
∂t

=
σc
V

(q + 1)n2 −
q
τγ

, (2.77)

where n2 is the population density of the upper laser level, q is the photon density in the sys-
tem, σ is the stimulated emission cross section, and τγ is the photon decay rate, describing
optical losses in the cavity. Plotting this behaviour in Figure 2.10 (a), we see the emergence of
two linear regimes, where the output intensity increases linearly with the input intensity in the
spontaneous emission regime at first, before a strongly non-linear transition to the stimulated
emission regime, where again a linear behaviour is observed. The input power necessary to
reach this stimulated emission regime is denoted as the lasing threshold of the system. Here, the
external electric field is intense enough that photons stimulate the energy transition faster than
spontaneous emission can occur and thus almost all emission from excited states contributes
to the laser mode. The resulting emission shows all properties of stimulated emission, such as
monochromaticity, directionality, polarisation, and coherence.

Input-Output Behaviour of Microcavity Lasers

The input-output behaviour of a lasing 4 level system behaves differently if put into a microcav-
ity. A direct interaction between the optical cavity and the active medium leads to enhancing
effects such as the Purcell effect (see above) and increases spontaneous emission of light into
the laser mode as opposed to other modes in the system. The rate equations are modified to
[105, 106, 107]:

∂n2

∂t
= RP − (1 − β)Γfn2 − βΓCqn2 − Γn2

∂q
∂t

= βΓC(q + 1)n2 −
q
τγ

, (2.78)
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Figure 2.10: (a) Input-output characteristics of a microcavity laser for SSR= 0.01 and γ =

0.0003. After a linear increase of the spontaneous emission intensity, a strong
nonlinear increase of output intensity occurs at the threshold, followed by again
a linear increase of stimulated emission intensity. Dashed lines with slope 1 are
guides to the eye. (b) Input-output characteristics for γ = 0.0003 and varying
SSR. With increasing SSR, the threshold decreases drastically. When no non-
radiative losses are present, SSR = β. (c) Input-output characteristics for SSR=

0.01 and varying γ. For decreasing γ, losses in the system decrease, leading to a
decrease in threshold and an increase in output intensity. The stimulated emission
threshold follows Pthr ∝ γ/SSR.

where Γf is the emission into free space, ΓC = Γf · FP is the spontaneous emission into the cavity
mode, Γ is the non-radiative loss of population, and β = ΓC/ΓTot is the spontaneous emission
coupling factor, the ratio of emission into the laser mode to the sum of emission into all modes.
In practice, it becomes obvious, that the lasing threshold of the system strongly depends on the
factor β, to the point that a ”thresholdless“ laser may be obtained, if β reaches unity [108]. In
small mode volume microcavities, a finite number of exciteable emitters furthermore modifies
the rate equations, as the pumping of an absorbing level ng to ne has to be taken into account.
Resulting from this effect, the laser emission saturates above the threshold, when all absorbers
in the system are excited [105].

While these rate equations describe a 4 level microcavity system very well, the situation be-
comes more difficult, when significant non-radiative losses are present. Here, the β factor can no
longer be directly obtained from the fit of the rate equation model to the experimentally measured
input-output behaviour. Such losses are often introduced by absorptive layers such as metals and
therefore make an quantified analysis of the rate equation difficult. To fit experimental data, the
empirical formula [3, 107]:

q̃ = (2γ)−1

P − γ

SSR
+

√(
P −

γ

SSR

)2
+ 4γP

 (2.79)

is used. Here, q̃ and P are dimensionless parameters corresponding to the output and input
intensity, respectively. The cavity decay rate, including all losses, is denoted by γ, while SSR
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denotes the spontaneous-to-stimulated emission ratio, which can be obtained from the distance
between linear fits to the spontaneous and stimulated emission regimes in the double-logarithmic
input-output plot.

In the ideal case without non-radiative losses, the SSR approaches the β-factor. In the presence
of non-radiative losses however, β becomes more insensitive to the lasing threshold and cannot
directly be obtained from the relation between spontaneous and stimulated emission intensity.
Such a laser may even show threshold behaviour for β = 1 [109]. Since for our system, it is not
possible to easily quantify the additional absorption, we can not directly extract β. The lasing
threshold is mainly dependent on this ratio, as well as the cavity photon lifetime 1/γ, in the way
that the threshold pump intensity Pthr ∝ γ/SSR. This dependence is depicted in Figure 2.10 (b)
and (c), where both parameters are varied over several orders of magnitude. While increasing the
SSR shifts the spontaneous closer to the stimulated emission and thus reduces the threshold, an
increase of γ drastically decreases the overall output intensity of the system and in turn increases
the threshold power.

2.3 Basics of Organic Semiconductors and Devices

Here, I will introduce the basic principles of organic semiconductors, their composition, and

physical properties as well as the working principles of standard organic devices featured in the

thesis. I will provide the basis for all active materials and device concepts employed throughout

this work.

In Section 2.3.1, I start with the general structure of organic materials, their basic properties

and energetic and electronic composition and give a special focus on the formation of charge-

transfer states in blends of organic materials in Section 2.3.2. Following this, I will introduce

organic lasers in Section 2.3.3, detailing the working principle of an active organic material

in resonator structures. Finally, in Section 2.3.4, I will feature organic solar cells and organic

photodetectors as device concepts.

2.3.1 Organic Small Molecule Semiconductors

The class of organic materials comprises molecules made up of the building blocks carbon (C)
and hydrogen (H), where typically other atoms such as nitrogen (N), oxygen (O), sulphur (S)
or various metals are added, changing elementary properties. The basic working principle en-
compasses the energetic setup of the valence electrons in the carbon atoms. Exemplarily, the
benzene molecule that is made of a ring of six carbon atoms shows a sp2-hybridization of three
of the molecular s and p orbitals, which form strong σ bonds between the atoms in the plane.
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The free pz orbital then lies orthogonal to this plane and can form π bonds with neighbouring
atoms. Here, this π system is not localised on a single bond, but instead all orbitals form a conju-
gated system delocalised over the entire molecule (see Figure 2.11 (a)). The coupling gives rise
to the formation of a binding π and an antibinding π∗ orbital, which fundamentally influences
the optical properties of the molecule. Energetically, the π orbital is the highest occupied level
in the system and thus is called highest occupied molecular orbital (HOMO). Consequently, the
lowest unoccupied molecular orbital (LUMO) is the antibinding π∗ level. The delocalisation of
the π orbital gives rise to high polarisability and thus strong interaction with external fields. The
energetically small HOMO-LUMO transition (few eV) is in turn exploited to absorb (or emit)
light in the visible range, creating charge carriers in the system. Due to weak intermolecular
coupling, excited charge carriers stay strongly localised benefiting low dielectric constants in
the organic solid, and consequently lead to a Coulomb-interaction between excited electron in
the LUMO and leftover hole in the HOMO, forming a bound quasiparticle - the neutral exciton.
In contrast to inorganic semiconductors, where large dielectric constants efficiently screen the
charge and thus lead to low exciton binding energies (≈ 10 meV) and large exciton radii (larger
than the lattice spacing) creating the Wannier-Mott exciton (G. Wannier, N. Mott18), in organic
semiconductors tightly localised (one molecule) and strongly bound (few 100 meV to > 1 eV
[110]) Frenkel excitons (Y. Frenkel19) dominate. The high binding energies facilitate excitons
also at room-temperature, where inorganic semiconductors typically operate with electron-hole
plasmas and exhibit exciton formation under very low temperatures. Furthermore, the strong
localisation of the Frenkel exciton gives rise to large oscillator strengths, which together with
potentially large photoluminescence quantum yields, make them ideal emitters in a wide range
of applications. The large size of organic molecules and involvement of many bound atoms gives
rise to a multitude of vibronic modes, with typical separations of few hundred meV. Strong struc-
tural disorder in amorphous organic films leads to different polarisation environments and finally
causes a wide inhomogeneous broadening of the transition spectra of non-crystalline organic
solids.

As the intermolecular van der Waals interaction (J. van derWaals20) in organic solids is weak,
comparably low processing temperatures can be utilised for the fabrication of organic devices.
Furthermore, very high grades of purity can be achieved by repeated vacuum sublimation, as is
necessary for highly efficient devices.

18Gregory Hugh Wannier, 1911-1983, Swiss physicist and Sir Nevill Francis Mott, 1905-1996, English physicist,
known for their work on crystals and semiconductors and excitons therein.

19Yakov Il’ich Frenkel, 1894-1952, Soviet physicist, well known for his work in condensed matter physics and
discovery of the exciton.

20Johannes Diderik van der Waals, 1837-1923, Dutch physicist, most famous for his work of the equation of state
for ideal gases and liquids and his contributions to forces between molecules.
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Figure 2.11: (a) Illustration of benzene molecule, where the free pz-orbitals form a conjugated
π-system, delocalised over the molecule. Adapted from [111]. (b) Illustration of
the optical transitions in molecules. The Franck-Condon principle demands that
optical transitions occur only vertically in the energy-space diagram, giving rise
to a Stokes-shift (Eabs − Eem) of absorption (blue) and emission (red) after fast
nonradiative transitions (green).

Optical Transitions

The absorption and emission of photons and corresponding electronic transitions leads to a dis-
placement of charges on the molecule and a resulting shift of atomic coordinates. In Born-
Oppenheimer approximation however, electronic transitions happen orders of magnitude faster
(10−15 s) than vibronic relaxations (10−13 s), and atomic positions can be regarded as constant for
the processes of absorption and emission [112]. This Franck-Condon principle is visualised in
Figure 2.11 (b), where electronic transitions can occur only vertically in the plot of energy over
atomic position. The relaxation of nuclei to the vibronic ground state happens subsequently and
is still fast compared to the radiative transition (emission, 10−9 s) of electrons from the excited
state into the vibronic modes of the ground state. Resulting from this principle is the Stokes-shift,
a red-shift of emitted wavelengths compared to absorbed wavelengths. Typically, absorption and
emission spectra appear nearly mirrored and can exhibit Stokes shifts ranging from tens to hun-
dreds of nm, aiding laser operation as self-absorption of emitted photons is minimized. The
process of absorption - fast vibronic relaxation - slow fluorescence - fast vibronic relaxation to
ground state facilitates an ideal intrinsic 4-level system in fluorescent organic thin films.

Molecular Doping

One of the main drawbacks of organic semiconductors is their low conductivity, going down
to values as low as 10−10 S/cm (zinc-phtalocyanine in vacuum, [113]). For electrically oper-
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ated devices, the charge carrier concentration has to be increased to facilitate efficient transport,
typically achieved by molecular n- and p-doping. Similarly to doping of inorganic semiconduc-
tors, dopand molecules exhibit energy levels close to the transport levels of the host (n-doping:
HOMODopand >LUMOHost; p-doping: HOMOHost >LUMODopand), facilitating the creation of free
charge carriers at room temperature. As very high HOMO levels are required for n-dopands,
they easily oxidize under ambient conditions and have to be handled and protected carefully.
Utilising molecular doping, the conductivity can be increased by several orders of magnitude
to 10−5 S/cm...1 S/cm. Compared to inorganic semiconductors, where doping concentrations are
typically much lower than 0.01%, doping concentrations for organics lie in the range of one to
few tens of percent.

In contrast to electrical doping, different guest molecules can be introduced that predominantly
effect the optical properties of the film. A typical example is the inclusion of a highly efficient
laser dye in a matrix grid, as will be detailed in Section 2.3.3 or the mixing of electron donor and
acceptor in bulk heterojunctions of solar cells. Here, another optical effect becomes visible, as
the formation of an intermolecular charge transfer state at the interface between such molecules
enables additional optical transitions.

2.3.2 Charge-Transfer States in Blends of Organic Semiconductors

In neat layers of organic molecules, excitons are mostly generated by band to band absorption
of photons, exciting electrons from the HOMO to the LUMO of the same material. Here, the
band gap of the material determines the energy of allowed transitions, i.e. only photons with
sufficient energy can be absorbed and generate excitons in the material. In organic solar cells,
these excitons diffuse to the interface between donor and acceptor material, where the charge
separation takes place. An intermediate state is formed, when the exciton is not located on a
single material, but instead comprises the hole on the donor and the electron on the acceptor,
forming an intermolecular charge-transfer (CT) state [114, 115]. From there, charge separation
takes place as the charges move further away from each other and finally free charge carriers
are transported to the electrodes, generating the photocurrent. Here, the CT state still allows an
optical transition to the ground state, one the one hand leading to a loss of excitons while on the
other hand enabling the direct excitation of CT excitons at the interface. As the band gap between
LUMO of the acceptor and HOMO of the donor is smaller than the band gaps of the single
materials, energies of the CT state manifold lie lower than typical absorption bands and may
extend into the NIR for standard donor:acceptor blends. Consequently, this state can be optically
excited by illumination of light in that spectral range, exhibiting low but measurable absorption
due to the restriction of CT exciton generation to the interface and low oscillator strengths.
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Figure 2.12: (a) EQE and energy diagram of a neat layer of C60. Above the band gap of 540 nm,
excitons are generated by band to band absorption of light in the green, blue, and
ultraviolet part of the spectrum. (b) EQE and energy diagram of neat ZnPc. Here,
the smaller band gap at of 815 nm allows the generation of excitons via band to
band absorption peaking in the red part of the visible spectrum. (c) Sensitive
EQE spectrum and energy diagram of a blend of C60:ZnPc at a volume mixing
ratio of 1:1. Apart from the contributions of the constituents of the blend, a low
energy absorption shoulder arises due to intermolecular charge-transfer state ab-
sorption, where excitons are formed at the interfaces between C60 (electron) and
ZnPc (hole). Figure adapted from [13].

Compared to direct band to band absorption of organic molecules, the absorption coefficients
for CT absorption are up to two orders of magnitude lower and range from 104 cm−1...103 cm−1

[115].

The Charge-Transfer State in the Blend C60:ZnPc

The blend of fullerene (C60) as electron acceptor and zinc-phtalocyanine (ZnPc) as electron
donor is commonly employed in bulk heterojunction organic solar cells as the complementary
absorption spectra of C60 (< 540 nm, EGap = 2.3 eV) and ZnPc (500 nm...815 nm, EGap = 1.5 eV)
cover the whole visible range and both materials show preferable mixing in the final film. While
the neat materials exhibit only their direct band to band absorption and the EQE drops drastically
above 815 nm, sensitive EQE measurements [115, 116, 117] reveal the appearance of another
broad absorption band reaching far into the NIR when blending both materials by thermal co-
evaporation in a volume ratio of 1:1. Here, CT excitons are generated directly at the C60:ZnPc
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interface as the difference LUMOC60-HOMOZnPc is lower than the band gaps of neat layers.
Figure 2.12 compares the absorption spectra (recalculated to EQE, see Section 2.3.4) of the neat
materials C60 and ZnPc to the sensitive EQE measured in a ZnPc:C60 bulk heterojunction. Here,
for the mixed layer a broad shoulder at low energies (>800 nm) extends above the values for neat
materials and shows an additional absorption facilitated by the interaction of both molecules. In
correlation to the energy levels of ZnPc and C60, their intermolecular CT state energies lie above
850 nm and thus extend into a range typically not covered but very interesting for application.

2.3.3 Organic Lasers

Organic semiconductors offer significant advantages for laser operation as the Frenkel excitons
in organic semiconductors inherently exhibit large binding energies on the order of few hundred
meV to more than 1 eV [110], making them stable under room-temperature conditions and thus
facilitating lasing without the formation of an electron-hole plasma as in inorganic semiconduc-
tors. There, Wannier-Mott excitons typically offer binding energies below 20 meV and are easily
dissociated at room-temperature. Large binding energies furthermore strongly localise the exci-
ton on one molecule, giving rise to large oscillator strengths and susceptibilities g. Consequently,
the β factor is enhanced [107]:

β =
2g2

γ‖γ⊥
, (2.80)

where γ‖ and γ⊥ are the longitudinal and transverse relaxation rates of the organic emitters, di-
rectly leading to lower lasing thresholds PThr ∝ 1/β. In addition, the fluorescence spectra are
broadened by vibronic transitions, enabling high optical gain in a wide continuous spectral range
and allowing tunable lasing from organic molecules [118], in addition to the previously men-
tioned advantages in fabrication. Consequently, these properties attracted considerable interest
in the investigation of organic lasers.

State of the Art of Organic Microlasers

Organic dyes have been employed for lasing only a short time[119] after the first report of lasing
action in a ruby crystal by Maiman [20] due to their high photoluminescence quantum yield,
albeit in liquid form. Here, the formation of long-lived triplet states requires a constant pump-
ing of the solution, bringing unexcited molecules in the focus of the pump spot [120]. How-
ever, advantages such as the broad spectrum have made them an important part of research and,
among other, make them ideal for ultrashort pulse generation. Despite early interest, it took
until the 1990s[38, 39, 40, 41] before a solid state organic laser was realised. Those lasers
were and still are optically excited, despite efforts towards electrical pumping. At most, mono-
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lithic devices can achieve lasing from an organic microlaser while being optically pumped by
an integrated inorganic light emitting diode [121]. Nevertheless, solid state organic lasers show
interesting properties and applications such as tunable lasing achieved by changing the resonator
[122, 123, 124, 125], the pump spot [118] or the geometry of pumping conditions [6]. In micro-
laser systems, lasing thresholds can be extremely low [3, 125, 126, 127, 128], especially when
taking into account additional confinement. Here, the broad gain spectrum enables fabrication
within a certain margin of error, typically not possible in inorganic quantum well or dot lasers,
and low threshold lasing over a large spectral range will be presented in Chapter 4.

Organic microlasers are employed for Raman spectroscopy [129], being able to compete with
conventional HeNe lasers, in biological systems [22], where they enable the observation and
tracking of cell movement, in sensing [130, 131], reacting strongly to the presence of explosives
or illegal drugs in air, or for the integration in photonic circuits [132]. Future prospects lie also
in short range optical data transfer [133], and current fields of application for solution-based
dye lasers, such as spectroscopy and ultrafast investigation, especially due to the possibility of
miniaturisation.

Recently, organic media also have been utilised to facilitate strongly coupled systems, where
excitons strongly couple to cavity photons, forming a polariton quasiparticle [134, 135, 136, 137]
and are able to show Bose-Einstein condensation of such particles even at room-temperature
[138, 139, 140].

The Host:Guest System Alq3:DCM

In organic microcavity lasers, the host:guest system Alq3:DCM is widely employed and has been
known for a long time [141, 142, 143]. Here, the matrix molecule Tris-(8-hydroxyquinolinato)-
aluminium (Alq3) is doped by 2 wt% with the laser dye Dicyanomethylene-2-methyl-6-p-di-
methylaminostyryl-4H-pyran (DCM) by thermal coevaporation of the molecules under ultra-
high vacuum. Both molecular structures can be found in Figure 2.13 (a). The low concentration
of guest molecules inhibits their aggregation and luminescence quenching, enabling high pho-
toluminescence quantum efficiencies [144] and large stimulated emission cross sections. The
absorption and emission spectra of both molecules are shown in Fig. 2.13 (b). Both molecules
exhibit significant Stokes shifts of more than 100 nm. Due to a large overlap of emission from
Alq3 and absorption from DCM, a highly efficient Förster resonant energy transfer (FRET) be-
tween both molecules facilitates a direct transfer of excitation from the matrix to the lasing dye.
In this system, the Förster radius, i.e. the radius in which the FRET is efficient, lies in the range
of ≈ 30 Å, which at typical doping concentrations of around makes this transition preferable
(transition rate 5 · 1010 s−1) to the direct fluorescence of Alq3 (7 · 107 s−1). Consequently, upon
excitation of the matrix around 400 nm, almost all energy is transferred to the DCM [145]. Al-
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Figure 2.13: (a) Absorption and emission spectra of neat materials Alq3 and DCM. Large over-
lap between Alq3 emission and DCM absorption facilitates efficient FRET be-
tween both. (b) Optical constants of neat Alq3. (c) Calculated extinction co-
efficient of the organic emitter system for different fractions of excited DCM
molecules. Apart from the absorption of Alq3, centered at 400 nm and the ab-
sorption of DCM at 510 nm, we see the occurrence of gain (negative absorption)
around 630 nm, for higher fractions of excited molecules. Dashed lines: measured
absorption of pure Alq3 and DCM (green); photoluminescence intensity of 2wt%
DCM in Alq3 (orange). Figure (c) reprinted with permission from reference [6].

ternatively, a direct excitation of DCM is possible via illumination around 500 nm. Here, Alq3

acts only as matrix, diluting and preventing aggregation of the laser dye.

Gain

A key factor for active laser media is the optical gain, as lasing starts precisely when the gain
of the system is able to overcome the total of losses. The calculated extinction coefficient in
Fig. 2.13 (c) shows the transformation of absorption into gain even for small percentages of
excited DCM molecules. From previously published data (e.g. [146]) and our own experimen-
tally obtained spectra, we estimate the oscillator strengths of the corresponding transitions per
DCM molecule. An excitation at power P of a fraction N(P)/N(0) of the DCM molecules then
proportionally decreases the absorption spectrum and increases the emission spectrum assum-
ing roughly equal oscillator strengths, resulting in normalized absorption/net gain spectra with a
maximum on the order of ∼ 400 cm−1-600 cm−1 in the bare film [9, 146]. At higher excitation,
this gives access to a gain-spectrum spanning over 150 nm, allowing for tunable devices and
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direct observation of the full cavity emission spectrum in real- and k−space. By off-resonantly
exciting either the AlQ3 matrix at 405 nm or the laser dye DCM at 532 nm, a broad gain spec-
trum forms around 630 nm in an inherent 4 level system of the organic dyes in the weak coupling
regime.

As the reverse process of absorption, gain occurs as the absorption coefficient (or extinction
coefficient κ) turns negative when the material is pumped. Characterising the optical gain in a
medium is thus of importance for lasing applications and typical methods to measure gain in thin
films are the variable stripe length method [147, 148] and the method of Hakki and Paoli [149]
in Fabry Perot geometry. However, neither of these methods can reliably be applied to study
losses and gain in strongly confined systems such as microcavities, as the number of optical
modes is severly limited and thus an enhanced coupling of spontaneous emission into these
modes is observed. The radiative transition is further influenced by the Purcell effect, making a
measurement of in situ optical gain in microcavities desirable. A novel method to characterise
the net gain coefficient in small mode volume microcavities has been developed by us and is
detailed in reference [9], but shall not be the focus of this work. From this method, we estimate
the peak net gain of Alq3:DCM inside a VCSEL configuration to be at least larger than 380 cm−1,
establishing a very good basis for laser operation.

2.3.4 Organic Solar Cells and Organic Photodetectors

Since the first report of a working organic solar cell by Ching Tang in 1986 [31], they have at-
tracted considerable interest, reaching record efficiencies of 12% for small molecules (Heliatek
[32]), 13% for dye-sensitized cells [33], and above 19% for hybrid organic-inorganic perovskite
cells [34]. Here, the focus lies on small molecule cells which typically comprise a small molecule
absorber layer sandwiched between organic transport materials and a transparent and an opaque
electrode in a planar thin film geometry. Usually, the organic layers are evaporated under ultra-
high vacuum on a substrate with an indium tin oxide (ITO) transparent electrode, forming an
amorphous or nanocrystalline thin film stack in vertical direction that is finished with a ther-
mally evaporated opaque metal electrode. Typically, organic molecules exhibit extremely large
absorption coefficients around 105 cm−1, compared to silicon (50 cm−1-100 cm−1) or direct inor-
ganic semiconductors such as Ge (103 cm−1-104 cm−1) at their corresponding absorption edges
[150], making them ideal for ultra-thin device production, where typical solar cells range in few
hundred nm in thickness and are able to be produced with less than 1 g/m2 of active material.
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The p-i-n Concept

The basic small molecule organic solar cell follows the p-i-n concept [151, 152, 153], where an
intrinsic absorber layer (i) is sandwiched between electron- (n) and hole- (p) transporting materi-
als. Under illumination of the device, excitons form by absorption of photons, lifting an electron
from the LUMO to the HOMO of an absorbing molecule. To facilitate the dissociation of bound,
neutral excitons, the absorber layer often comprises an electron donating (such as ZnPc) and
an electron accepting (such as C60) material, where an exciton formed in either material can be
separated at their interface. While flat heterojunctions provide such an interface in the center
and efficient transport of the free charge carriers to the transport layers, the diffusion length of
excitons typically is not large enough to reach the interface here. Instead, a bulk heterojunction
(BHJ) is employed, where both donor and acceptor are co-evaporated at comparable volume
ratios, creating islands of both molecules and strongly increasing the area of, while decreasing
the distance to, an interface. At this interface, an exciton formed on the donor molecule is able
to dissociate, as the HOMO and LUMO levels of the donor lie energetically higher than those
of the donor. Thus, electrons are prompted to move onto the acceptor, while the hole prefers
to stay on the donor to minimize the energy of the system. An intermolecular charge-transfer
state is formed in the process of fully separating the charge carriers, and finally the free charge
carriers can be transported towards their respective transport layers. Forming an exciton on the
acceptor follows a similar route, as the hole is prompted to move onto the donor, while the elec-
tron remains on the acceptor. At the electrodes, the free charge carriers can be collected as the
photocurrent of the device.

The schematic of a typical organic solar cell is depicted in Figure 2.14 (a), comprising a
transparent electrode of either ITO or a thin metal film, a p-doped hole transport layer (HTL), a
photo-active BHJ, n-doped electron transport layer (ETL), and an opaque Al electrode on top.
In the dark, the device exhibits a current-voltage (IV) characteristic of a pn-diode - in backwards
direction (negative voltage) no current is flowing, while in forward direction (positive voltage)
the current increases exponentially. Under illumination, the IV-curve shifts negative current as
free charge carriers are created in the device, building up either an open circuit voltage VOC at
zero current or flowing as a short circuit current density jSC at zero voltage. The real operating
conditions of the solar cell then lie somewhere in between these values, at the maximum of j ·V ,
the so-called maximum power point (MPP). The ratio of jMPPVMPP/( jSCVOC) is then called the
fill factor (FF) of the device as a measure for the efficiency of charge carrier transport, exhibiting
values around 40% − 70% in organic solar cells - depending strongly on the device architecture
and quality. To determine the efficiency of absorption and charge carrier transport, the external
quantum efficiency relates the number of photons at a given wavelength shining onto a solar cell
(via the incident light power Pillu(λ)) to the number of collected charge carriers (the photocurrent
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Figure 2.14: (a) Schematic structure of a p-i-n organic solar cell. On top of a glass substrate, a
transparent contact is deposited, followed by an n-doped electron transport layer
(ETL), an intrinsic absorber blend of donor and acceptor molecules, and a p-doped
hole transport layer (HTL). The solar cell is commonly finished by an opaque top
electrode such as a thick (∼100 nm) aluminium layer. Adapted from [13]. (b)
Current-voltage characteristics and characteristic quantities of an organic solar
cell with and without illumination of a Xenon lamp (1000 W/m2). The inverted
stack contains: 100 nm Ag bottom contact | 35 nm Bis-HFl-NTCDI:W2(hpp)4 n-
ETL | 60 nm ZnPc:C60 i-active layer | 32 nm BF-DPB:NDP9 p-HTL | 10 nm Ag
top contact. (c) External quantum efficiency (EQE) of the cell from (b).

I(λ)):

EQE(λ) =
hc · IPC(λ)
qλ · Pillu(λ)

=
hc
qλ

R(λ) , (2.81)

where q is the elementary charge and R is the spectral responsivity. Finally, the power conversion
efficiency (PCE) of a solar cell gives the ratio of electrical power produced under MPP conditions
to the total power of light illuminating the cell: PCE = Pel,MPP/Pillu.

Figure 2.14 (b) shows the jV curve for a cell comprising a ZnPc:C60 active layer, exhibiting
a FF of 47 % and a PCE of 2.15 % at an illumination of 1000 W/m2. The spectrally resolved
external quantum efficiency can be seen in Fig. 2.14 (c), where the absorption of C60 provides
EQE at the lower wavelengths, while ZnPc gives a maximum EQE of 50 % in the red spectral
region.

Photodetectors

In contrast to solar cells, the power conversion efficiency is not of primary interest for photode-
tectors, where the detection of a wide range of intensities is required. High external quantum
efficiencies are desired and often achieved by applying a negative bias voltage that aids in charge
carrier collection. The basic composition is similar to a solar cell, where an active absorber layer
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is sandwiched between transport layers and electrodes. The important and optimised parameters
however can differ, as detectors require a high signal to noise ratio (S/N = jI/ jD), high external
quantum efficiencies, fast time response, and in the best case spectral selectivity. The NIR range
is especially important for applications such as optical data transmission, medical diagnostics,
food quality control and many more. Due to their high absorption coefficients, organic materials
can utilised for photodetectors [154, 155] and offer all advantages of organic semiconductors and
low conductivities can be overcome by thin film production and bias voltages. Today, printable
[156, 157, 158], flexible [159], transparent [157, 160], and highly responsive [158, 161, 162]
detectors based on small molecules or polymers are available, as well as wavelength-tunable de-
vices based on hybrid organic-inorganic perovskites [163, 164]. The spectrum that is covered by
different molecules reaches from ultraviolet [161, 165] and x-ray [166] detection, over the whole
visible (VIS) spectrum [167] into the near infrared (NIR)[160]. However, organic NIR detectors
still can not reach far into longer wavelengths and typically offer only broadband detection, in-
cluding sensitivity in the VIS. Wavelength-selectivity is often achieved by adding a spectrometer
setup including a grating or prism in front of the detector, or might be achieved by adding filters
but is usually not inherent to the device.

An important parameter is the specific detectivity D∗ in units of Jones (cm ·
√

Hz/W, Robert
Clark Jones21), combining important properties such as EQE and noise [160, 168]:

D∗ =
R
√

A
S N

=
EQE · q

√
A

~ωS N
=

EQE ·
√

q

~ω
√

2 jD

, (2.82)

with the responsivity R = EQE · q/(~ω), electron charge q, the noise spectral density S N, the
detector area A, and the dark current density jD. Typically, large bias voltages (up to the order
of 100 V) can be applied to enhance EQE even in regions of low absorption, however leakage
currents might limit the application of those. Good detectors reach values of D∗ > 1012 J.

In this work, detectors mimic the composition of an organic solar cell, where two electrodes
sandwich a stack of ETL, active absorber layer, and HTL in the typical diode configuration.
Consequently, under illumination the diode curve shifts downwards and an intensity-dependent
current can be measured at zero or negative bias voltage, as long as leakage currents remain
low. As the total power conversion efficiency is no longer important, and layer thicknesses as
well as electrodes can be more freely varied, wavelength selectivity as well as an enhanced
detectivity can be inherently realised by creating an optical microcavity where metal electrodes
(or additional DBRs) provide highly reflective mirrors and variable thick transport layers are
utilised to spectrally tune the cavity resonance.

21Robert Clark Jones, 1916-2004, American physicist, known for his work on polarisation of coherent light and
photodetection.
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Cavity-Enhanced Detectors

Optical microcavities may strongly increase the electric field density inside and thus not only
benefit emitting devices such as lasers, but can be utilised to increase field density to enhance
nonlinear effects, or in this case enhance low absorption. First cavity enhanced detectors have
been realised a long time ago [169, 170] and today inorganic semiconductor devices employ this
principle to great effect [171, 172]. More recently, graphene has been utilised as active absorber
material in a AlAs/AlGaAs DBR microcavity, leading to strong enhancement of the inherently
weak absorption of graphene [173].

An inherent property of microcavities is their aversion to absorption, which means that highly
absorptive layers will severely inhibit the cavity resonance and thus such devices can not profit
from their advantages. A weakly absorbing material can however benefit greatly from cavity
enhancement as the increased field leads to high EQE even for very low absorption coefficients.
The selectivity enables wavelength multiplexing, as non-resonant modes are inhibited at the
mirrors, while a finely tunable resonance is enabled by either a variation of cavity thickness or
tuning the angle of incidence according to the microcavity dispersion.

In cavity-enhanced devices, the waves propagating forwards (EF) and backwards (EB) in the
device result from the incident field Ei transmitted through the illuminated side and the feedback
from one round trip in the cavity:

EF = t1Ei + r1r2EF exp (−
αETL

2
dETL −

αHTL

2
dHTL −

αAbs

2
dAbs) exp (ikdTot + δ1 + δ2) (2.83)

EB = r2EF exp (−
αETL

2
dETL −

αHTL

2
dHTL −

αAbs

2
dAbs) exp (−ikdTot + δ2) (2.84)

with transmission t and reflection r coefficients and phase changes δ from mirrors 1 and 2 and
absorption coefficients α and thicknesses dTot = dETL + dHTL + dAbs of the transport layers and
active absorber layer (Abs). With these fields, the absorbed power in the active layer PAbs can be
calculated [174]:

P = (PF exp (−αETLdETL) + PB exp (−αHTLdHTL))(1 − exp (−αAbsdAbs)) = ηAbsPi , (2.85)

with the absorption efficiency ηAbs:

ηAbs =(1 − r2
1)(1 − exp (−αAbsdAbs)) ·(

exp (−αETLdETL) + r2
2 exp (−αHTLdHTL + αTotdTot)

1 − 2r1r2 exp (αTotdTot) cos (2kdTot + δ1δ2) + r2
1r2

2 exp (−2αTotdTot)

)
, (2.86)

where αTot = (αETLdETL + αHTLdHTL + αAbsdAbs)/dTot. This formula gives the efficiency of ab-
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sorbing an incident photon in the active layer of the detector. A sharp and high resonance arises
for large reflectivities r1, r2, and low parasitic absorption αETL, αHTL. However, mirror 1 still
needs to exhibit some transmission (see factor 1 − r2

1) to allow for incident light to enter the
device. Furthermore, the absorption in the active layer needs to be small in comparison to typi-
cal absorption in solar cells as large absorption coefficients or layer thicknesses strongly inhibit
the cavity effect. Absorber materials in OPV exhibit absorption coefficients of α > 105 cm−1,
requiring layer thicknesses below 2 nm to achieve Q-factors on the order of 100 for reasonable
mirror reflectivities of r2

1r2
2 = 0.97. The charge-transfer state absorption (Section 2.3.2) however

exhibits coefficients in the range of 104 cm−1 > α > 103 cm−1, where viable layer thicknesses of
> 50 nm result. In this range, the thickness is large enough to avoid shunts, but small enough to
result in full carrier collection. Improving the CT absorption by microcavity field enhancement
thus provides a way to extend the sensitivity of organic absorber materials into the infrared, to
wavelengths of important applications.

2.4 Bloch States

This section delivers a theoretical basis for eigenstates of particles with a parabolic dispersion

inside of a periodic potential. While the most famous application of this principle is the descrip-

tion of electrons in a crystal lattice, I will show that similar effects can be observed for photons

and polaritons inside microcavities.

Starting with the dispersion relations of both electrons in media and photons in planar cavities

in Section 2.4.1, introducing the realisation of periodic potentials for both particles. Finally,

the one-dimensional case is solved in the famous Kronig-Penney model and the formation of

Bloch states is discussed in Section 2.4.2. The observation of photonic Bloch states in patterned

microcavities will then be discussed in Chapter 6.

2.4.1 Electron and Photon Dispersion

In vacuum, electrons and photons behave quite differently, especially regarding their dispersion
relations E(k), that govern many physical properties of the particles. Electrons obey Schrödin-
gers equation (Erwin Schrödinger22), leading to a dispersion relation for free electrons:

Eel(k) =
~2k2

2mel
, (2.87)

22Erwin Rudolf Josef Alexander Schrödinger, 1887-1961, developed the basics for wave mechanics in quantum
physics. Awarded the Nobel prize in physics for his Schrödinger equation in 1933.
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with mel, the free electron mass.

Photons on the other hand obey Maxwell’s equations and the corresponding wave equation
(2.15) leading to a linear photon dispersion:

Ephot(k) = ~ck . (2.88)

However, when the boundary conditions change for both particles, their dispersive behaviour is
strongly influenced as a result of a direct interaction between particle and surrounding medium.
Surprisingly, the interaction between an electron in an atomic crystal lattice reveals many analo-
gies to the behaviour of cavity photons in a photonic crystal and enables the transfer of basic
experimental and theoretical concepts from one system to the other.

Electrons in Solid State Materials and their Effective Mass

In a crystal lattice, electrons are influenced by a rigid formation of positive atomic cores. Their
wave function alters in a way, that unhindered propagation through such a lattice becomes pos-
sible. Resulting from this behaviour is the formation of energy bands as described further in this
section. In particular, charge carriers change their mass as the dispersion differs from the free
parabola and thus the effective mass m∗ is defined as:

m∗−1
i j =

1
~2

∂2E
∂ki∂k j

. (2.89)

As the dispersion might differ in directions i, j, the effective mass depends on the orientation of
interest. Here, the one-dimensional case is mainly of interest, so that m∗ = ~2 · 1/(∂2E/∂k2).The
effective mass may vary strongly in different materials and show values greater or lower than
the free electron mass, in special cases the effective mass can become very light (e.g. GaAs
m∗ ≈ 0.07mel). In semiconductors, missing electrons in the valence band can be described as
holes, which exhibit negative effective mass as the dispersion curves downward there.

Microcavity Photons

For photons inside of a microcavity, the linear dispersion alters. Assuming the growth direction
of the microcavity to be in z-direction, the wavevector splits in its kz- and parallel k‖ components.
As the z-component is fixed in the cavity, we obtain an altered dispersion relation for cavity
photons:

Ecav(k) = ~c
∣∣∣∣~k∣∣∣∣ = ~

c0

nC

√
k2

z + k2
‖

, (2.90)
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where kz is fixed and k‖ is typically small in comparison. If the cavity is not detuned with respect
to the DBR design wavelength, the z-component can be expressed as kz = π/LC. Then, the
dispersion can be approximated by:

EC(k‖) =

√(
π~c
ncLc

)2

+
~2c2

n2
c

k2
x ≈ EC(0) +

~2k2
x

2mx
(2.91)

assuming a photon effective mass: mx = π~nc/cLc, and the photonic ground state energy:
EC(0) = π~c/ncLc. The introduction of an effective mass for photons here is just a mathe-
matical tool for simplification, but it showcases the strong analogy between electrons and cavity
photons. They exhibit similar parabolic dispersion relations, where cavity photons experience a
finite constant ground state potential EC(0), above which they propagate like free electrons.

When the cavity is detuned with respect to the DBR design wavelength, still a parabolic dis-
persion will be observed, however the expressions for the photon effective mass, corresponding
to the curvature of the parabola, and the ground state energy will be affected. In particular, the
effective mass will become depended on the polarisation of light, as to correctly reflect the po-
larisation splitting observed in detuned microcavities at larger angles. When adding additional
interlayers, a detuning is impossible to avoid and in fact desired, so for a quantitative mode al-
location, this needs to be taken into account. To derive the correct effective mass, we need the
cavity thickness, as well as thickness and penetration depth of light into the adjacent DBR layers,
as discussed in Section 2.2.4. The effective mass can then be written as:

m∗ =
~ω2

0

2ω1c2 with ω1 =
∂2ωeff,TE/TM

2∂(sinϑ)2 . (2.92)

Here, ω1 is the coefficient of the second-order Taylor approximation of the effective frequency
ωeff,TE/TM = (dCωC + dTE/TM

DBR ωD)/(dC + dTE/TM
DBR ), as defined in Equation (2.65). Effective photon

or polariton masses are incredibly light compared to electron masses in different materials and
reside around 10−5 ·mel, which results in interesting properties such as low nonlinear thresholds.
Note that the effective mass is dependent on the polarisation of light and depending on the sign
of detuning, either TE or TM -polarised photons can be “heavier”.

It becomes clear, that both the photon effective mass as well as the photonic ground state
strongly depend on the cavity thickness. The ground state energy in particular shifts toward
lower energies for an increasing cavity thickness and higher energies for smaller thicknesses.
Adding a low refractive index interlayer that is otherwise optically inactive, such as almost non-
absorbing SiO2, can in turn increase the cavity thickness and thus lower the ground state energy
significantly for only very small interlayer thicknesses. Adding a plasmonic interlayer such as
silver does not significantly increase the optical thickness of the cavity, but causes a phase shift
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Figure 2.15: Sample schematics and photonic potential for (a) standard microcavity, (b) mi-
crocavity with added interlayer and (c) microcavity with periodically patterned
interlayer. An added interlayer shifts the photonic potential to the red by V0, cre-
ating a periodic Kronig-Penney potential for periodically patterned layers.

of the light at the cavity-silver interface. Here, again the addition of a thin silver film into a cavity
will lead to a decrease in the ground state energy of the system, albeit smaller for comparable film
thicknesses in the purely dielectric case. Taking into account the phase shift at the metal-cavity
interface, an effective cavity thickness can be defined as follows:

dTPP,eff = dC +
|δr

Ag|dC

π
, (2.93)

with δr
Ag, the phase change at the metal-cavity interface. A full calculation requires solving

the coupled resonator equation for both Tamm plasmon polariton states as detailed in Section
2.2.5, utilizing the transfer matrix algorithm. For practical purposes, this algorithm is solved
numerically and the ground state energy, or effective cavity thickness, are obtained empirically
from there.

In total, the ground state energy of a modified cavity can be given as:

EC(0) =
π~c

nCdC + nIdI + |δr
I |dC/π

, (2.94)

where dI and δr
I are the thickness of the added interlayer and the phase change at the interface

between this layer and the original cavity. Figure 2.15 gives the sample structures and photonic
potential for microcavities without (a), with (b) and with a patterned (c) interlayer.

When describing the photonic potential in a patterned system, the lowest energy , correspond-
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ing to areas with additional interlayers, will be arbitrarily set to zero, while areas of higher ener-
gies, corresponding to the pure cavity, will be described by an additive potential V0. In the case
of infinitely high barriers, the solutions of photonic wells from Section 2.2.6 are valid, for the
real case of finite potentials, the dispersion transforms into electronic or photonic Bloch states.

2.4.2 Kronig-Penney Model and Bloch States

Schrödinger Equation for Parabolic Particles in a Periodic Potential

Calculating the dispersion relation of electrons - and via analogy photons or polaritons in mi-
crocavities - requires solving the Schrödinger equation in the potential of interest. The time
independent Schrödinger equation for the wave function ψ in a rectangular potential as shown in
Figure 2.15 (c) is given by:

∂2

∂x2ψ +
2m∗E
~2 ψ = 0 for 0 + l · (a + b) < x < a + l · (a + b))

∂2

∂x2ψ +
2m∗(E − V0)

~2 ψ = 0 for − b + l · (a + b) < x < 0 + l · (a + b). (2.95)

This equation holds true for both cases of either electronic or photonic wave functions, if the cor-
responding effective masses are used. In fact, an equivalence between both Schrödinger equation
and the wave equation derived from Maxwell’s equations can be shown [175]. If all assumptions
made prior are followed (in particular small outcoupling angles and small cavity detuning), this
derivation will give correct results for photonic modes in microcavities.

Utilizing the Kronig-Penney model (Ralph Kronig23 and William Penney24), the equations
for both areas can be solved by the ansatz of plane waves with the propagation constants α, β for
both areas (1) and (2):

ψ1 = Aeiαx + Be−iαx; with α =

√
2m∗E
~

ψ2 = Ce−iβx + Deiβx; with β =

√
2m∗(E − V0)
~

. (2.96)

For solving this set of equations for the amplitudes A, B,C, and D, we employ further boundary
conditions.

23Ralph Kronig, 1904-1995, German physicist, discovered the particle spin and developed a theory for x-ray ab-
sorption.

24William George Penney, 1909-1991, English mathematician, provided fundamental applications of quantum me-
chanics to crystal physics.
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The Bloch Theorem and Continuity Conditions

It can be shown that the eigenfunctions describing waves in a periodic potential have to satisfy
the Bloch theorem(F. Bloch25):

ψ(x) = u(x) exp (ikx) with u(x + (a + b)) = u(x) , (2.97)

i.e. the wavefunction has to satisfy the condition ψ(x+(a+b)) = exp (ik(a + b))ψ(x). In particular,
this leads to the following boundary conditions for the functions (2.96) and their derivatives
(denoted by u′):

u(−b) = u(a) and u′(−b) = u′(a) . (2.98)

As the full wavefunction shall be continuous and smooth, we obtain further continuity conditions
for the wavefunctions in areas (1) and (2):

ψ1(0) = ψ2(0) and ψ′1(0) = ψ′2(0) . (2.99)

Equations (2.98) and (2.99) provide now four equations to solve for the amplitude vector Â =

(A, B,C,D), and can be written in the form of a coefficient matrix M̂:

M̂ =


1 1 1 1
β −β iα −iα

exp (i(k − β)b) exp (i(k + β)b) exp (−i(k − α)a) exp (i(k + α)a)(
−i(k−β) ·

exp (i(k−β)b)

) (
−i(k+β) ·

exp (i(k+β)b)

) (
−i(k−α) ·

exp (−i(k−α)a)

) (
−i(k+α) ·

exp (i(k+α)a)

)
 (2.100)

where M̂ · Â = 0̂ . (2.101)

Solving the Transcendental Equation of the Dispersion Relation

If a nontrivial solution of Equation (2.101) shall exist, the determinant of the coefficient matrix
(2.100) has to be zero: ∣∣∣M̂∣∣∣ = 0 , (2.102)

leading to the equation:

β2 − α2

2αβ
sinh (βb) sin (αa) − cosh (βb) cos (αa) = cos ((a + b) · k) , (2.103)

25Felix Bloch, 1905-1983, Swiss physicist, known for his contributions towards explaining the behaviour of elec-
trons in crystal lattices.
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Figure 2.16: (a) Left side of transcendental Equation (2.103) as f (E) over E/V0. As the right
side of the equation, cos ((a + b)k) has only solutions between −1...+1 and values
outside are forbidden (grayed out area), gaps in the dispersion appear. (b) Disper-
sion of waves in a periodic potential. Below V0, discrete states represent the parti-
cles confined in the potential well, e.g. core electrons in solid state crystal. Above
V0, a more extended dispersion showcases allowed energy bands of extended par-
ticles such as valence electrons. (c) Bragg-scattered replica at kl = k + l · π/(a + b)
fill the whole momentum-resolved spectrum.

directly describing the dispersion relation E(k), as the particle energy is included in the propaga-
tion constants α(E), β(E). This equation, while being the analytical formula for the dispersion,
is transcendental, i.e. can not be solved in terms of algebra. A correct solution can be obtained
graphically as visualised in Figure 2.16 (a), where the left side of Equation (2.103) is plotted
as f (E) over the particle energy. As the equation’s right side can only have values between
−1 < cos ((a − b)k) < +1, the dispersion exhibits gaps in energy, where no eigenstates of the
system exist. In particular, below the potential barrier (E/V0 < 1), almost dispersion-free dis-
crete states are obtained, while above the barrier (E/V0 > 1) more extended ranges of energies
become allowed, leading to the formation of energy bands and their corresponding band gaps.
For practical purposes, the transcendental equation is calculated numerically.

Bloch States

As mentioned above, Equation (2.103) already delivers the desired dispersion relation, which
can be calculated numerically for a certain set of parameters and is depicted in Figure 2.16 (b).
Here, we observe a set of discrete states below the potential barrier, exhibiting a flat dispersion
and large energy gaps in between. These states represent localized solutions of the system, re-
siding mainly in the wells of the potential used. In a solid state system, they represent the core
electrons bound to the ionic cores of the crystal lattice, while in a photonic system they appear
localized at the position of the photonic well created by a patterned interlayer. Here, they form

63



2 Fundamentals 2.4 Bloch States

standing waves inside their confining potential. The states above the barrier however exhibit
much stronger dispersion, albeit interrupted by energy gaps. These states form the band struc-
ture of the material with their corresponding band gaps and are extended over larger areas above
the potential wells. Both form the Bloch states of the one-dimensional periodic potential, as an
accessible description of many physical properties such as the formation of energy bands, the
origin of band gaps in the energy spectrum, or the dispersion of electrons and holes in semicon-
ductors. In the photonic system, the formation of such states will be shown later in this thesis,
fundamentally altering the behaviour of light, creating forbidden energies for photons and pro-
viding a high density of states at points of low dispersion as ideal condensation cores for lasing.
The full description of the microcavity dispersion will include a more complex treatment of the
photon effective mass leading to, among other effects, a dependence of photonic Bloch states on
the polarisation and will be detailed in Chapter 6. It shall be noted that adding an additional lin-
ear potential V = V1 · x, such as applying a voltage to a crystal, leads to many new observations
such as Bloch oscillations of charge carriers, which have been experimentally demonstrated for
semiconductor superlattices [176], but also for photonic lattices [177, 178, 179] as well.

Bragg-Scattering in Periodic Optical Gratings

In periodic systems, the scattering points repeat after every period and thus the scattered momen-
tum vectors repeat periodically also in reciprocal space. To describe the dispersion in a crystal
lattice, usually only the first Brillouin zone (L. Brillouin26) is given, as all necessary information
are included there. In optics, Bragg scattering (W.H. Bragg, W.L. Bragg27) leads to a repetition
of features at wavenumbers

k′ = k + l ·
π

a + b
, (2.104)

with l as an integer, leading to a periodic repetition of all features observed in the far field
spectrum in every Brillouin zone. However, Bragg scattering can only occur if the coherence
length dCoh is larger than the l-th spacing of the grating dCoh > |l|π/(a + b). When observing the
full momentum space, this behaviour leads to the observation of extended states filling the whole
dispersion as shown in Figure 2.16 (c). After every π/(a + b), features repeat and energy bands
with distinct band gaps become visible above the potential.

26Lèon Nicolas Brillouin, 1889-1969, french physicist, known for his theoretical contributions to solid state quan-
tum physics.

27William Henry Bragg, 1862-1942, British physicist; and his son William Lawrence Bragg, 1890-1971, Aus-
tralian/British physicist, they were awarded the Nobel price in physics ”For their services in the analysis of
crystal structure by means of X-ray”, jointly.
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3 Experimental Methods

This chapter serves as an overview over different experimental methods used to fabricate, struc-

ture, and investigate organic microcavities. The first part focuses on device fabrication, detailing

different evaporation methods, such as electron beam- and thermal physical vapour deposition,

as well as the materials that are utilised in Sections 3.1.1 and 3.1.3. Special care is given to the

thermal evaporation of the noble metal silver and steps to increase the quality of thin silver films

in microcavities.

Section 3.2 gives an overview over the photo-patterning of interlayers in the microcavity, pre-

senting different methods centered around photolithography and structuring techniques, such as

lift-off and etching processes. The optical characterisation of the patterned layers is presented,

as the micron-scale optical quality is decisive for the performance of the final samples, and

different challenges in high-resolution structuring are discussed.

The final Section 3.3 presents different characterization methods important for the investiga-

tion of organic microcavities and gives a brief overview over spectroscopic and imaging meth-

ods, the confocal microphotoluminescence setup, and the electrical characterisation of photode-

tectors.

3.1 Sample Fabrication

3.1.1 Resonator Materials

For the production of high-quality organic microlasers, a multitude of different methods have to
be employed, optimized for each constituent of the device. For the resonator mirrors, typically di-
electric DBRs are utilised which here consist of the optically favourable oxides of silicon (SiO2)
and titanium (TiO2), exhibiting low absorption in the red spectral region and a high refractive
index difference, needed for a broad and deep stopband. For lasing, these mirrors are essential
and provide ultra-high reflectivity in the spectral design window as well as enable transmission
of the pump laser to excite the system.

As an ideal material to influence and structure the microcavity dispersion, silver has proven to
be widely applicable as well as easily patterned using various etching methods. For applications
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Figure 3.1: Optical constants (refractive index n - black, extinction coefficient κ - red) of (a)
TiO2, (b) SiO2, (c) bulk silver.

requiring lower reflectivities, silver itself can serve as the microcavity mirror on one or both sides
of the devices, additionally providing high conductivity for electrical contacting. To obtain very
high qualities of thin silver films, various sublayers such as aluminium, molybdenum oxide, or
gold are employed (see Section 3.1.4).

Figure 3.1 provides the optical constants of the mirror materials. For the dielectric mir-
rors, TiO2 provides a very high refractive index and reasonably low extinction (n = 2.15,
κ = 1.35 · 10−4 at 630 nm), while SiO2 provides a low refractive index and exceptionally low
extinction (n = 1.45, κ = 2.53 · 10−6 at 630 nm). While SiO2 is feasible in the whole VIS and
NIR range, care has to be taken for TiO2 in the blue part of the visible spectrum, as the extinction
coefficient increases strongly there. For DBRs in the blue, other dielectrics such as zirconium
oxide or tantalum oxide prove useful, albeit exhibiting lower refractive indices. Silver exhibits
a vanishing refractive index and very high extinction coefficient (n = 0.05, κ = 4.2 at 630 nm,
[61]), as most metals below the plasma frequency. Compared to other metals, silver exhibits
favourable optical properties, such as reflectivities above 95% in the red for thicknesses above
50 nm (compare 100 nm Ag: R ≈ 98%; 100 nm Au: R ≈ 90%; 100 nm Al: R ≈ 88%).

3.1.2 Organic Molecules

The organic materials used in devices in this work comprise only small molecules and can be
categorised into active emitters, absorbers, transport layers, and p- and n-dopands. While the
active emitter system Alq3:DCM is already discussed in Section 2.3.3, and the absorbing bulk
heterojunction ZnPc:C60 is briefly discussed in Section 2.3.4, all optical properties shall be pre-
sented here for sake of completion. As constituents of the cavity layer, all organic molecules
are required to show low absorption at the design wavelength, if the optical quality of the cavity
shall not suffer. As an exception, the absorbing layer in cavity-enhanced photodetectors has to
exhibit a minimum of absorption (see Section 2.3.4), albeit still orders of magnitude lower than
for typical absorbers at their maximum.
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Figure 3.2: Molecular structures of (a) tris (8-hydroxy-quinolinato)-aluminium (Alq3),
(b) 4-(dicyanomethylene)-2-methyl-6-[p-(dimethylamino)- styryl]-4H-pyran
(DCM), (c) zinc-phtalocyanine (ZnPc), (d) buckminster fullerene (C60), (e)
N,N’-((Diphenyl-N,N’-bis)9,9,-dimethyl-fluoren-2-yl)-benzidine (BF-DPB),
(f) 2,2’-(perfluoronaphthalene-2,6-diylidene)dimalononitrile (F6TCNNQ),
(g) 4,7-diphenyl-1,10-phenanthroline (BPhen), (h) N,N-Bis(fluoren-2-yl)-
naphthalenetetracarboxylic diimide (Bis-HFl-NTCDI), and (i) ditungsten-
tetra(hpp) (W2(hpp)4). Not shown is the proprietary dopand NDP9.

Figure 3.2 shows the molecular structures and full names of the emitter system of Alq3 and
DCM, the absorber materials ZnPc and C60 the hole transport material BF-DPB and p-dopand
F6TCNNQ, the electron transport materials Bis-HFl-NTCDI and BPhen, and the n-dopand W2-
(hpp)4

1. Note, that ZnPc and C60 can be additionally utilised as hole transport and electron
transport materials, respectively, if their parasitic absorption is not detrimental to the device, or
even desired for visible blind detectors. Not shown is the proprietary p-dopand NDP92

Figure 3.3 in turn presents the optical constants of the organic layers utilised for detectors,
considering dopands, where possible. The optical constants for the laser matrix and dye are
presented in Section 2.3.3 for varying fractions of excited DCM molecules. These values are of

1Alq3 - Sigma Aldrich, 2× sublimated IAPP; DCM - Radiant Laser dyes, 2× sublimated IAPP; ZnPc - TCI Europe,
3× sublimated IAPP; C60 - CreaPhys; BF-DPB - synthesised and purified IAPP; F6TCNNQ - Novaled AG; Bis-
HFl-NTCDI - synthesised and purified IAPP; BPhen - Sigma Aldrich; W2(hpp)4 - Novaled Ag.

2NDP9, Novaled AG.
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Figure 3.3: Optical constants (refractive index n - black, extinction coefficient κ - red) of (a)
bulk heterojunction ZnPc:C60 (volume ratio 1:1), (b) neat ZnPc, (c) neat C60,
(d) caesium-doped BPhen (1:1), (e) NDP9-doped BF-DPB (10 wt%), (f) Bis-HFl-
NTCDI.

great importance for the design of microcavities and the distribution of electric field inside the
cavity, and are employed in transfer matrix simulation to optimize all layer thicknesses.

3.1.3 Physical Vapour Deposition

Physical vapour deposition describes the thin film deposition of materials from vapour by phys-
ical processes, such as thermal evaporation. All evaporation techniques for the fabrication of
samples are contained in a single multi-purpose vacuum chamber (LAB500), as schematically
depicted in Figure 3.4. For small molecule organic microcavities, two methods are used for the
deposition of small molecules on the one hand and DBR oxides on the other. Organic molecules
exhibit much lower sublimation points and are not suited for electron beam evaporation as they
are potentially damaged and fragmented by high kinetic energies of the accelerated particles.
The purified organic materials are instead sublimated in a heated crucible (e) under ultra high
vacuum, at base pressures in the range of 5 · 10−7 mbar to 8 · 10−8 mbar. Under these conditions,
the organic small molecules form amorphous or nanocrystalline films on the substrate (d)[180],
ideally suited for application. Evaporation rates and film thicknesses are controlled by a quartz
crystal microbalance (f)3 and evaporation is started and stopped by opening or closing a shutter.
For microlasers, the host:guest system Alq3:DCM is co-evaporated at 10 Å/s and 0.2 Å/s, re-
spectively, to achieve the desired weight ratio. Here, the crucial optical thickness is additionally

3QCM CNT-06IG, Beamtec
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Figure 3.4: Schematic of the Lab500 evaporation chamber. (a) Electron beam evaporator. A
tungsten filament emits electrons that are accelerated and guided into a crucible
containing raw materials. (b) Quartz crystal microbalance controlling the oxide
rate and thickness. (c) Shutter or rotating shutter. (d) Samples, movable above dif-
ferent evaporation sources. (e) Thermal crucibles for sublimation of organic mate-
rials and evaporation boat for thermal evaporation of metals. (f) QCM for thermal
sources. (g) In-situ light transmission measurement. An optical fibre sends the
light collected here to a spectrometer, controlling the transmission spectrum dur-
ing evaporation. (h) In-situ transmission at 630 nm during evaporation of 800 nm
Alq3:DCM (red circles) and corresponding simulation of layer thickness (black
line).

controlled by an in-situ transmission measurement (g), where the transmission at a given wave-
length is monitored during the whole evaporation process. Here, thin-film interference leads
to a characteristic transmission behaviour over time that accurately can be assigned to the film
thickness, as depicted in Figure 3.4 (h). To obtain wedged layers, a rotating shutter is placed in
front of the sample, that partially shadows the evaporation source and thus enables varying film
thicknesses on one sample. For photodetectors, organic layers are evaporated at rates of 0.3 Å/s
to 0.6 Å/s, or by thermal co-evaporation of matrix and dopand for transport layers, or thermal
co-evaporation of donor and acceptor for the bulk-heterojunction. Often, devices containing or-
ganic molecules are encapsulated by adding an encapsulation glass in nitrogen atmosphere, as
the influence of water vapour and oxygen prove detrimental to their performance.

As oxides such as SiO2 and TiO2 require high temperatures of several thousand Kelvin[181],
they are typically evaporated from liquid (TiO2) or sublimated (SiO2) under ultra high vacuum
using an electron or ion beam. Here, the oxide films are prepared in a vacuum chamber via
electron beam evaporation (a) under a base pressure of 5 × 10−7 mbar and a partial oxygen pres-
sure of 2 × 10−4 mbar. Here, the additional oxygen pressure prevents the formation of unwanted
suboxides in the TiO2 vapour, as these leads to uncontrolled changes of the refractive index and
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parasitic absorption in the mirror. A heated tungsten filament emits an electron current which
is accelerated to 8 kV and guided via magnetic fields into the different crucibles, containing the
oxides in purified granulates or pellets4. On the substrate (d), the oxides form amorphous thin
films. A constant rate of 2 Å/s for both oxides is again controlled by a QCM (b).

Metal thin films can be produced by either thermal or electron beam PVD, under a base pres-
sure of 1×10−6 mbar. For the evaporation of silver films, high deposition rates (2 Å/s to 6 Å/s) are
desirable, as the remaining kinetic energy of silver atoms at the sample surface enables a random
walk and promotes aggregation and clustering of silver into small islands [63, 182], which is
counteracted by a high evaporation rate [183].

3.1.4 Growth of Metal Layers

For the application in microcavities, the optical quality of all layers involved determines the
device performance and requires careful optimisation. Here, especially the thin film behaviour
of metal layers can make the difference between high reflectivity or high absorption and thus
has to be carefully examined for achieving best devices. The growth of incomplete layers or
islands of conductive materials gives rise to the formation of localised surface plasmons (LSP)
that cause strong extinction of light in the visible range and thus are often undesired in optical
devices (see Section 2.1.2).

The growth of thin films can be categorised into three mechanisms strongly depending on the
materials and conditions involved: In Frank van der Merwe growth (Figure 3.5 (a)), the material
forms a closed monolayer, filling all gaps before the growth of a second layer starts. Resulting
from this mechanism are very low roughness and minimal parasitic optical absorption by LSPs.
Conductive paths through layers are reached at very low thicknesses here. On the contrary,
Volmer-Weber growth (Fig. 3.5 (c)) features the clustering of material and the formation of iso-
lated islands, giving rise to high roughness and less favourable optical conditions among which
is the pronounced excitation of LSPs. Furthermore, as metal- or TPP-based cavities strongly
depend on the thickness of the metal film involved [7, 42], high surface roughness on the micro-
scale (where typical laser mode volumes reside) leads to a broadening of the optical resonance
and thus a decrease of quality factor. An intermediate process is the Stranski-Krastanov growth
(Fig. 3.5 (b)), where the material forms a closed monolayer first, when the wetting of the surface
is energetically desirable, and continues with island growth on top. Typically, all processes take
place in different magnitudes, depending on the experimental conditions.

To promote the desired Frank van der Merwe growth where possible, favourable evaporation
conditions have to be found as well as the substrate or underlying layer have to be considered

4TiO2, 99.9% Prof. Feierabend GmbH; SiO2, 99.997% Prof. Feierabend GmbH.
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Figure 3.5: Illustrations of monolayers (blue, green, red) showing (a) Frank van der Merwe
growth with smooth and closed layers, (b) Stranski-Krastanov growth with islands
after a closed monolayer, and (c) Volmer-Weber growth with predominantly island
formation. (d) Cluster formation of material on a substrate depending on their sur-
face energies. (e) SEM micrograph of 7 nm silver on a low surface energy substrate,
showing pronounced island growth. Figure (e) adapted from [185].

for optimisation. During growth, evaporated atoms hit the sample surface with a remaining ki-
netic energy and propagate along the surface towards places with lowest energy. To influence
this behaviour, either the ability of atoms to perform this random walk has to be inhibited, or
the energetic landscape of the surface must be considered. Ostwald-ripening (Wilhelm Ost-
wald5) describes the formation of clusters in presence of a saturated gas of atoms utilising the
Kelvin equation [63]. Here, a low temperature favours the formation of smaller and more densely
packed islands, which tend to coalesce earlier than large, spread-out ones. Additionally, a low
substrate temperature inhibits diffusion, as the diffusion coefficient decreases. Furthermore, a
high deposition rate proves favourable for an early point of percolation [184], the point where a
closed layer is formed.

Seed-Layer and Diffusion Barrier

Finally, the energetic landscape of the surface, especially the surface energy γ, needed to create
a new unit of surface area A plays an important role:

γ = lim
dA→0

dW/dA , (3.1)

where W is the work done creating a new surface. When evaporating thin films, it is important
how the surface energy of the substrate or underlying layer γsub relates to the surface energy

5Wilhelm Ostwald, 1853-1932, German chemist, received the Nobel Prize in Chemistry in 1909 for his work on
catalysis, chemical equilibria and reaction velocities.
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of material clusters γmat. Figure 3.5 (d) showcases that if γsub < γmat, the energy needed for
the material to wet the substrate is greater than the energy needed to attach to a cluster of ma-
terial. Islands that form under this condition cover little area and show large contact angles
> 90◦. If γsub > γmat however, the wetting of the surface is favourable and islands grow ex-
hibiting small contact angles and cover large areas. As silver exhibits a large surface energy
γ ≈ 1.25 J/m2, compared to the typical layers and substrates in organic microcavities such as
SiO2 (γ ≈ 0.31 J/m2), TiO2 (γ ≈ 0.38 J/m2) [186] and most organics (γ < 0.1 J/m2), it tends
to show unfavourable growth on those materials, and thin film formation is inhibited, as shown
in a scanning electron micrograph (SEM) in Figure 3.5 (e). Instead, thin high surface energy
seed-layers such as Al (γ ≈ 1.15 J/m2) and Au (γ ≈ 1.8 J/m2) [187] are utilised below the silver
to improve the optical and electrical quality of the thin film [185, 188].

In addition, noble metals often do not react strongly with surfaces of organic thin films [188,
189] and tend to diffuse into the organic layer. Here, a diffusion barrier layer of either base
metals such as Al or thin oxides such as MoO3 (γ ≈ 0.06 J/m2) can be utilised below the metal
layer, and strongly improve the layer formation and device performance [190].

3.2 Photo-Patterning of Interlayers

Controlling the photon dispersion in more than one dimension requires the patterning of micro-
cavities also in-plane. Here, thin interlayers of either SiO2 or Ag are used in conjunction with
photolithography to create micron-scale patterns and thus facilitate photonic confinement in the
lateral direction. While maskless photolithography6 proves a flexible way to expose the photore-
sist, creating patterns > 10µm, for most applications a mask aligner7 with corresponding contact
photomask8 is required for highest resolution exposure.

3.2.1 Photolithography

On top of the bottom DBR, a patterned interlayer is produced by two types of photolithography.
For metal layers, an etching process is feasible to use, as depicted in Figure 3.6. A thin metal
layer is deposited on the mirror via thermal deposition in vacuum, under a base pressure of
1×10−6 mbar. A commercial negative tone photoresist 9 of 2µm thickness is spin-cast on top and
annealed for 1 min at 110◦ C. After UV-exposure through a chrome contact-mask, the exposed
parts of the resist crosslink, which is further enhanced by the post-exposure bake at 100◦ for 1

6Maskless Exposure System SF-100 Extreme, Intelligent Micropatterning LLC
7Mask Aligner MJB4, SUESS Microtec AG.
8Photronics Dresden GmbH and Compugraphics Jena GmbH.
9AZ nLOF2020, MicroChemicals
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Figure 3.6: Photopatterning of interlayers. (a) Photolithographic etching process used for
metal layers. After deposition of a bottom DBR and a thin metal layer, a pho-
toresist layer is deposited on top via spin-casting and exposed by i-line UV light
(365 nm) through a contact shadow mask. After development, the resist serves as a
protection for the underlying metal during the etching process. Finally, the resist is
stripped after structuring. (b) Photolithographic lift-off process. Here, the resist is
deposited on the DBR itself and, after exposure and development, serves as a lift-
off resist for material deposited on top. The resulting image will be the negative
compared to process (a). Reprinted from [7].

minute. For very high resolutions, and thus small structure sizes, care has to be taken during
exposure to avoid unwanted interference of light refracted at the mask. Here, an unwanted
substructure can appear and influence the final pattern (see Figure 3.8 (b)). Subsequently, the
non-crosslinked parts can be dissolved during development in tetramethylammonium hydroxide
(TMAH). For wet-etching, the remaining resist is further fixed by heating at 120◦C for 3 minutes
in a hardbake step to increase its resistance to the etchants. The patterned resist layer serves
as a protection of the underlying silver which can now be wet-etched using either in nitric acid
(HNO3), or plasma-etched using Ar ions. Finally, the remaining resist can be removed in various
solvents, such as N-methyl-2-pyrrolidone (NMP), leaving the DBR with patterned silver on top
for further deposition of the cavity. Figure 3.8 (c) shows a silver layer on top of a DBR, patterned
into an array of 2×2µm wide squares, showing excellent quality over the whole macroscopic
structure.

Here, wet etching proves successful for larger patterns >5µm, while smaller patterns suffer as
the etchant can creep below the resists and leads to significant damage of the protected area as
well. Etching with an accelerated Ar ion beam proves a superior method for the high-resolution
patterning of silver, as the directed nature of the ion beam makes the pre-patterned photoresist an
ideal aperture. Here, a direct transfer of the pattern from resist to underlying layer is provided.
However, the ion beam exposure leads to increased temperatures, which becomes especially no-
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Figure 3.7: (a) Lift-off process utilising additional lift-off resist. Before the deposition of the
imaging resist, a non-photoactive lift-off resist (e.g. a highly flourinated resist)
is deposited via spin-casting. After deposition, exposure and development of the
imaging resist on top, the lift-off resist is developed through the imaging resist. (b)
Molecular structure of the HFE comprising two isomers of C5H3F9O. Figure (b)
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Figure 3.8: (a) Unsuccessful lift-off of SiO2 on a single resist layer. The layer deposited on
top cracks but does not lift off completely. (b) Interference effects in developed
photoresist. For small structures in high resolution lithography, an additional sub-
structure may appear in the photoresist due to interference during the exposure step.
(c) Micrograph of 2µm square-patterned Ag on a DBR made by standard (bottom)
and polarisation contrast imaging (top).
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ticeable on the edges of the photoresist, where high peak temperatures lead to a hardbake of the
resist, as the grade of crosslinking increases. The highly crosslinked resist becomes increasingly
difficult to strip, requiring the use of additional mechanical forces (such as ultrasonic bath) or
higher process temperatures in the final solvent which may lead to damage of the essential mi-
crocavity layers. As dielectric materials such as SiO2 are not easily etched, especially without
damaging the DBR, a lift-off process is used for them (Fig. 3.6 (b)). The photoresist is cast
directly onto the DBR and, after development, serves as a deposition mask for the SiO2 layer.
After deposition, the resist and SiO2 on top of it can be lifted off in appropriate solvents. As
this step is less controllable and prone to errors, lift-off processes are not used for the metal
layer. Additionally, layers deposited on top of the imaging resist and high process temperatures
during electron beam evaporation can again lead to a strong crosslinking and hardening of the
resist. Figure 3.8(a) shows the unsuccessful lift-off of a SiO2 layer on a DBR, where the resist
is only removed in a small area overall but remains as a cracked layer together with the oxide
film on top. To improve the lift-off, a double resist system with a fluoropolymer layer as bottom
resist can be used [191], which is soluable in hydrofluoroethers (HFEs, [192]). As detailed in
Figure 3.7, the highly fluorinated resist10 is cast directly on the DBR. After annealing at 80◦ C
for 1 minute, the imaging resist is cast on top and annealed for 1 minute at 110◦ C. The imaging
resist can then be exposed and developed as usual, as the fluorinated resist is inert to TMAH
and is subsequently etched by an HFE11. Similarly to the lithographic etching process above, the
imaging resist serves as a protection layer to the SL1 in this step. The pattern transfer between
the resists has to be carefully controlled, as for the final lift-off an undercut is required, i.e. the
fluorinated resist has to be etched below the edges of the imaging resist also. Here, an insufficient
etching will not yield the necessary undercut and lead to problems in the final lift of, while an
overestimated etching can lead to a folding down of the imaging resist, which can attach to the
sample surface and leave unwanted residue. After lift-off, we obtain a DBR with patterned SiO2

layer for further use.

3.3 Optical and Electrical Characterisation

3.3.1 Micro-Photoluminescence

For below and above threshold investigations of our microcavities, we use either a 405 nm cw
laser diode12, or a pulsed 532 nm solid state laser (1.5 ns pulse length @ 2 kHz, (a))13. In our mea-

10SL1, Orthogonal Inc.
11HFE 7100, Orthogonal Inc.
12Coherent CUBE 405-50C
13CryLas, FDSS-532-Q2
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(a)

(b) ND Filters
(f) Filters

Excitation Sources

(d) Sample
(h) CCD+

Spectrometer

(g) NF/FF 
Lenses

(c) Focusing Objective (e) Imaging Objective

(i)
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Figure 3.9: Micro-photoluminescence setup. (a) Excitation sources 405 nm cw laser; 532 nm
pulsed ns laser. (b) ND filters to decrease excitation pulse energy. (c) Objec-
tive (25×, NA=0.5) focusing the excitation onto the sample to spot sizes 2µm to
20µm. (d) Sample in movable x − y stage. (e) Imaging objective (63×, NA=0.8)
collecting emission/transmission from the sample. (f) Excitation light filter and
polarisation filter. (g) Near-field and far-field lenses, imaging either the spatially
(NF) or angularly (FF) resolved emission onto the entrance slit of (h) 0.6 m imag-
ing spectrometer. Additionally, the direct image can be recorded via a CCD. Figure
reprinted with permission from reference [7]. (i) and (j) Ray sketches of near-field
and far-field spectroscopy, respectively. Adapted from [90].
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surement setup in Figure 3.9, they are focused onto the sample (d) in spot diameters from 2µm
to several tens of µm to observe photoluminescence (PL) and lasing of the organic microcavity.
Using either the near-field or the far-field lens (g), we get access to the spatially or angularly re-
solved spectrum, respectively, by focusing either the image plane or its Fourier-distribution[90]
onto the entrance slit of a 0.6 m imaging spectrometer recorded by a cooled charge-coupled de-
vice (CCD) camera (h). The spectra are recorded unpolarized or in different polarizations using
the filter (f). The excitation intensity can be tuned via a neutral density filter wheel (b). All
experiments are performed at room-temperature under ambient conditions.

To observe the cavity dispersion, the far-field lens images the Fourier space instead of the
image space (see Fig. 3.9 (i) and (j)) onto the spectrometer and in turn allows an angle-resolved
measurement, up to angles according to the numerical aperture of the imaging objective. Here,
a NA of 0.8 corresponds to a maximum angle of ϑ = arcsin (NA/nair) ≈ 53◦.

3.3.2 Further Methods

Imaging and Spectroscopy

In addition to the micro-photoluminescence setup, samples are investigated regarding their op-
tical properties and transmission as well as reflection spectra. To investigate the quality of pho-
tolithographic structuring, an inverted confocal microscope 14 is used in either transmission or
reflection geometry. Furthermore, the use of polariser, analyser and Wollaston prism allows for
the observation of thin films in polarisation contrast imaging [193], creating differently coloured
images depending on film thickness. Here, it is especially useful to distinguish the lithography
photoresist or thin patterned layers from the sample surface as these provide a good contrast in
the micrograph. Figure 3.8 (c) shows the comparison between standard and polarisation contrast
imaging.

To investigate the transmission and reflection of samples, a two-beam UV-VIS-NIR spectrom-
eter15 is utilised. Here, three different detectors enable the detailed spectral investigation in the
UV and visible range (photomultiplier) and the near infrared (InGaAs and PbS detectors).

While Fourier-space imaging gives easy access to the angle resolved spectrum, the angle is
restricted by the numerical aperture of the imaging objective. To observe large angles, a go-
niometer16 is utilised, where two arms for illumination and detection are rotated around the
sample.

14Nikon Eclipse Ti LV100D
15SolidSpec-3700/3700DUV, Shimadzu
16HZG-3, Freiberger Präzisionsmechanik
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External Quantum Efficiency in Solar Cells and Photodetectors

While microlasers are investigated optically, the characterisation of photodetectors requires mea-
suring the current-voltage characteristics and external quantum efficiency of the devices. The
IV-curve is measured under no illumination (dark), under the illumination of a sun simulator
at 1000 W/cm2 with the spectrum of a Xe lamp, and under monochromatic illumination of an
infrared light emitting diode. As the solar cell behaviour of samples investigated here is not of
importance, the IV characteristics are not mismatch-corrected.

To obtain the EQE, the solar cell is illuminated by monochromatic light modulated by a chop-
per wheel and the resulting photocurrent is preamplified by a transimpedance amplifier and
recorded with a lock-in amplifier [194]. All EQE measurements are carried out under short-
circuit conditions without additional bias illumination. To characterise a large number of devices,
the measurement is carried out with the help of a specially configured robot.
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4 Planar Microcavities with Dielectric

and Plasmonic Interlayers

This chapter serves as an introduction into the experimental part of this work, detailing the

behaviour of planar and wedged microcavities and the manipulation of the cavity resonances

via different interlayers. In Section 4.1.1, lasing of an organic microcavity with a thickness

gradient is investigated, showing tunability of the laser mode over 90 nm.

In the following, plasmonic (Section 4.1.2) and dielectric (Section 4.1.3) interlayers are in-

troduced next to the cavity layer, facilitating a shift of the microcavity resonance as the result

of either the manipulation of the cavity layer thickness or the behaviour of the phase at the

cavity-interlayer interface.

In the final Section 4.2 of this chapter, the growth of high quality thin silver films in organic

microcavities is investigated, leading to the use of both a diffusion barrier and seed layer to

double the optical quality of silver desposited on top of an organic cavity layer.

4.1 Microcavity Dispersion and Lasing

4.1.1 Planar and Thickness-Gradient Microcavities

Planar microcavities have been investigated for a long time and apart from their inorganic coun-
terparts, microcavities comprising an organic active layer exhibit interesting properties. The
large spectral width of the photoluminescence provides a large gain bandwith, exploited in dif-
ferent types of resonators. A way of realising a continuously tunable single device was provided
by Schütte et al. [118], comprising not a planar but wedge-shaped active layer. Such archi-
tectures can be realised by evaporation under oblique substrate positioning, but a more elegant
and controllable way is to use of rotating partially covering shutter mask [195], restricting the
amount of material passing through based on spatial position on the sample and shutter geome-
try. Resulting from this technique is a thickness gradient dependent on the type of mask used.
Here, an Alq3:DCM cavity layer with varying thickness from 485 nm to 650 nm is fabricated
on top of a high quality DBR. The thicknesses correspond to 3λ/2 for differing cavity mode
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Figure 4.1: (a) Schematic for the wedged organic cavity with a 3λ/2 cavity layer for continu-
ously varying cavity wavelengths. Shifting the excitation spot over the sample en-
ables cavity lasing in a wide range of different wavelengths. (b) Emission spectra
of lasing from different tunable wavelengths covering almost 90 nm from 590 nm
to 678 nm.

wavelengths. To achieve the largest spectral range of lasing in the system, highest gain values
and lowest lasing thresholds are sought. It has been shown that 3λ/2 cavities outperform 1λ/2
cavities in this regard [9, 196] although higher material usage results. Fabricating a high quality
DBR on top, the finished microlaser, depicted in Figure 4.1, exhibits quality factors ranging from
Q = 450...1050 (limited by spectral resolution) for different wavelengths. As the DBR design
wavelength is fixed for the whole device, the lasing mode shifts within the stop band, resulting in
different degrees of confinement due to varying DBR reflectivity and thus decreasing Qy factors
when approaching the stop band edge.

Here, the wedge introduced in the active and top DBR layer is comparatively small on the full
scale of the 2.5 cm wide sample (on the order of 10−5 rad) and thus does not negatively influence
the performance of the device on the lateral length scale of lasing modes [9, 118, 197] which
can be described as locally planar. Exciting the DCM directly with a 2 ns laser pulse at 532 nm,
the stimulated emission regime can be reached for a wide range of emission wavelengths at
different pump positions over the full spatial width of the device. Figure 4.1 shows laser mode
spectra from 590 nm to 678 nm for a multitude of different excitation spots. This ultra-wide
range spanning over almost 90 nm is achieved on a single device comprising the same emitting
molecules and completely covered by the DBR stop band. Continuous tuning is realised by small
shifts of the pump spot, 22 different lasing wavelengths are exemplarily shown here. While
the DBR in principle allows an even wider range of wavelengths, decreasing quality factors,
increasing self-absorption, and, most of all, the limited gain band width of the dye restrict further
tunability. A fabrication of wedged DBR layers can facilitate a tunable mirror stop band and thus
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Figure 4.2: (a)-(f) Far field emission spectra of tunable lasing from a wedged organic microcav-
ity. The cavity mode shifts according to the changing cavity thickness at different
points of excitation. Lasing can be observed as the intensity concentrates at the
dispersion parabola apex in all figures. The copy of the dispersion curves at larger
positive angles is an artifact of the measurement setup. (g) Lasing thresholds for
different wavelengths in the same sample. Lasing threshold decreases towards the
gain maximum of Alq3:DCM around 630 nm.

further widen the spectral range, although additional emitters for longer/shorter wavelengths
might be required.

For all tunable wavelengths, a parabolic cavity mode dispersion can be observed in angle-
resolved spectroscopy. The varying cavity thickness leads to a shift of the full cavity parabola
within the spectral range observed. Figure 4.2 (a)-(f) shows just-above-threshold spectra of
different cavity wavelengths. For comparison, lasing thresholds of all modes are presented in
Figure 4.2 (g). Here, it becomes obvious that the threshold decreases towards the wavelength
of optimum photoluminescence of the active system at 630 nm, where a threshold pulse energy
of 2 nJ is observed. Between 610 nm and 650 nm, a plateau forms (in the limited resolution of
the threshold measurement) beyond which the threshold drastically increases by up to more than
one order of magnitude compared to best conditions. Nevertheless, stable operation is achieved
for all wavelengths and excitation energies at repetition rates of 2 kHz, corresponding to total
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excitation powers of 4µW to 70µW focused in a spot of few µm in diameter (corresponding to
≈100 W/cm2...2000 W/cm2).

In addition to changing the apex wavelength of dispersion for different active layer thicknesses,
the shape of the parabola differs as well. For decreasing wavelengths, an increase of the opening
angle can be seen in the far field spectra, especially visible in Fig. 4.2 (f), where the 3λ/2 mode
at 590 nm and the 2λ/2 mode at 700 nm are visible in the same spectrum. The large wavelength
parabola appears significantly narrower than the one at smaller wavelengths. This observation is
a direct result of the shift of the mode inside the DBR stop band and thus varying penetration of
the laser mode from the active into the DBR layers. As detailed in Section 2.2.4, this penetration
is especially important when the cavity mode approaches the edge of the stop band, and in turn
modifies emission wavelength and dispersion of the microcavity. While in typical devices a
large detuning is not desired, it has to be taken into account here. This effect alters the dispersion
relation in Equation (2.63), where ideal conditions are assumed, according to the calculations of
Panzarini et al. [77]. Thus, care has to be taken when leaving such ideal conditions and a more
dramatic manipulation of the cavity dispersion is desired. Such manipulation is manifested in
the introduction of various interlayers of plasmonic or dielectric nature, as a change in cavity
thickness or phase distribution in the cavity lead to significant spectral shifts.

4.1.2 Metal-Organic Microcavities

The first method to influence the cavity spectrum is the inclusion of thin metal films into the
microcavity. While it seems counterintuitive to include a highly absorbing layer into a high-
performance DBR microcavity, the use of a highly conductive layer promises interesting in-
vestigations on the interaction of light and plasmons, as well as pathways for future electrical
excitation in direct applications. Here, silver is used due to its favourable properties of high
reflectivity in comparison to other noble metals in the VIS and the possibility to structure thin
films under ambient conditions. As detailed in Section 2.2.5, adding a thin metal film into a
microcavity leads to the formation of Tamm-plasmon-polarition (TPP) states, as the interaction
of light in the cavity and plasmons in the metal layer facilitates a phase shift at the interface
of the organic active layer to the silver film. In the experiment, a standard organic microcavity
with 2×21 layer DBRs and an organic active layer is fabricated. In addition, half of the cavity is
covered by a 30 nm thick silver film to directly compare the bare cavity mode to the TPP states
in the same sample. In Figure 4.3, we clearly see the parabolic cavity mode with a high qual-
ity factor, starting at 620 nm in the silver-free area in both simulation and experiment. Adding
30 nm of silver, the cavity state shifts by approximately 70 meV (22 nm) to the red, forming the
TPP state 1, still exhibiting significant quality factors of about 700. Furthermore, a second TPP
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Figure 4.3: (a) Schematic of sample with and without metal layer in the cavity. (b) Simulated
transmission (left) and experimental emission (right) spectrum of the microcavity
at excitation in and outside of the metal-covered area. Tamm-plasmon-polariton
states appear when adding a thin metal film, in agreement with theory. TPP state 2
shows a pronounced polarisation splitting.

state appears at 685 nm, showing pronounced polarisation splitting [82] and much lower quality
factors due to its origin in the adjacent DBR layer (Section 2.2.5) and detuning towards the DBR
stop band.

It is important to note that the resonances of either area are suppressed in their corresponding
non-resonant area, e.g. the TPP modes are not resonant in the metal-free section of the sample.
Although in the experiment, emission from the cavity mode is visible in the metal-covered area
as well, this signal represents light scattered into lateral direction, showing up as cavity state
emission from the metal-free part even tens of µm away from the silver edge, and does not
originate from the TPP area.

This spectral shift opens up the possibility to manipulate the cavity dispersion on a small lat-
eral scale. Instead of utilising a wedged cavity, which by its nature is restricted to very small
gradients, the resonance can be shifted on the micro-scale by adding a thin silver film. Pat-
terning said film can thus lead to much higher degrees of optical control and facilitate optical
confinement (Chapter 5) and the formation of photonic lattices (Chapter 6).

For the formation of TPP states, the thickness of the silver film plays an important role [42].
Here, different thicknesses of laterally extended (> 200 × 200µm2) metal patches are deposited
in a single organic microcavity to directly study the dependence of the far field emission spectra.
Figure 4.4 shows such spectra for varying thicknesses from ≈10 nm to 40 nm, taken at the edge
of the metal patch and the metal-free area. Here, emission into negative angles represents the
cavity state emission into the metal-free side, while positive angles are directed into the metal
patch and thus show emission of the TPP state 1. The variation of metal films facilitates a
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Figure 4.4: Far field emission spectra at the edges of metal layers of differing thicknesses ((a)
≈10 nm (b) 20 nm (c) 30 nm (d) 40 nm). While the cavity state retains its spectral
position, the TPP state 1 red-shifts for increasing metal thicknesses, according to
expectation.

variation in coupling strength, shifting the mode by 39 meV (≈10 nm metal), 48 meV (20 nm
metal), 63 meV (30 nm metal), and 70 meV (40 nm metal). As expected, an increase in silver
film thickness leads to a stronger red shift of the TPP state compared to the constant position of
the cavity state emission. Here, the shift observed strongly depends on a multitude of factors,
including design of the DBRs, position and detuning of the original cavity mode, and optical
quality of the silver film. Each variation requires solving the coupled resonator equation (2.68)
using transfer matrix methods, for the exact thicknesses of each layer involved, while the general
trends observed here are valid.

The inclusion of thin metal films proves a reliable and controllable way to manipulate the mi-
crocavity dispersion on the micro-scale. While small losses in optical quality are unavoidable,
the rich physics of coupling to plasmons as well as pathways to application make this never-
theless an important area of investigation. When a loss-free manipulation is sought, dielectric
interlayers such as SiO2 can be used, influencing the dispersion in a similar way although through
fundamentally different properties.

4.1.3 Microcavities with SiO2 Interlayers

The formation of a microcavity can be explained optically by the introduction of a l × λ/2 layer
of a low refractive index material into a periodic DBR structure, where the breaking of the
periodicity introduces an optical trap state much like the formation of trap states between energy
bands in condensed matter. Following this analogy, the position of the trap state can be altered by
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Figure 4.5: (a) Schematic of sample with and without SiO2 interlayer in the cavity. (b) Simu-
lated transmission (left) and experimental emission (right) spectrum of the micro-
cavity at excitation in- and outside of the SiO2-covered area. The added interlayer
locally increases the cavity thickness and red-shifts the original resonance from
623 nm to 649 nm. The combined SiO2-organic cavity state exhibits pronounced
polarisation splitting, as expected from far-detuned modes.

changing the shape of the defect, such as the thickness of the cavity layer. As shown in Section
2.2.3, a variation in thickness of the cavity layer only can move the position of the resonance
inside the mirror stop band and thus enable again the direct manipulation of dispersion by adding
a patterned interlayer in the system. While a microstructuring of the organic active layer is
possible [191, 192], inserting a non-absorbing low refractive index dielectric film provides the
same optical effect (except for optical net gain) and can locally increase the cavity thickness.

Here, the low index mirror material SiO2 is utilised as a thin interlayer between bottom DBR
(with TiO2 as topmost layer) and organic layer, creating a combined SiO2-organic cavity with an
effective thickness

dC,eff = nAlq3dAlq3 + nSiO2dSiO2 , (4.1)

leading to an approximate resonance shift of E0 ≈ π~c/(nAlq3dAlq3 + nSiO2dSiO2). The resulting
far field spectra can be seen in Figure 4.5, showcasing the significant spectral shift induced by
adding only 15 nm of SiO2 in the cavity. Optically increasing the cavity thickness leads to a very
efficient manipulation, decreasing the resonance by ≈ 85 meV for such a thin interlayer. The
detuning of the cavity furthermore leads to a penetration of light into the DBR layers. For far-
detuned cavities, the resonance energy is strongly influenced by this effect which has to be taken
into account for a correct mode description. Here, the resonance condition alters according to
Equation 2.65 in Section 2.2.4, leading to additional spectral shifts and a splitting of the cavity
mode into its two polarisations at higher angles. The combined SiO2-cavity mode in Fig. 4.5 (b)
exhibits a very strong polarisation splitting, the upper branch belonging to TE, the lower branch
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to TM polarisation. Such effects have been observed and explained in detuned cavities [198] and
metal-organic cavities [82] before.

Nevertheless, the introduction of thin SiO2 layers proves a very successful way to manipulate
the cavity dispersion with a loss-free material capable of retaining high quality factors for lasing
in patterned and unpatterned areas. While the result of both plasmonic and dielectric interlayers
is very similar, the nature of the resonance shift is fundamentally different. While SiO2 increases
the cavity thickness and thus facilitates the change in cavity dispersion, plasmons at the interface
to metal layers generate a change of phase and form red-shifted TPP states. Both methods prove
useful for controlling light in microcavities and shall be used throughout this work to facilitate
different types of applications.

4.2 Growth of High-Quality Thin Silver Films for

Microcavities

In order to fully utilise the potential of metal-organic microcavities, the optical quality of the
silver layer is of critical importance. Previous work has shown that the growth of very thin silver
films is not ideal when deposited on organic layers [199]. The high surface energy of the metal
promotes island growth upon thermal evaporation, leading to a rough layer with open holes.
Additionally, the noble nature of silver inhibits interactions with the surface of the underlying
organics and thus facilitates diffusion of metal atoms or clusters into the active materials. Both
these properties are potentially fatal for the realisation of high-quality microresonators. Apart
from the rough nature of such silver films and the resulting lowered optical quality, the growth
of nano-scale islands leads to strong parasitic absorption, as conductive nanoparticles enable the
excitation of localised surface plasmons (LSPs) under direct illumination of light in the VIS. As
detailed in Section 3.1.4, the use of a high surface energy seed layer can improve the quality of
a silver film deposited on top. For this purpose, very thin layers (1 nm...3 nm) of gold can be
utilised, benefitting the silver film on top without having a significant influence on the optical
properties.

The morphology of thin conductive films can be observed in scanning electron microscopy as
depicted in Figure 4.6 (a)-(d). Here, 25 nm of silver are deposited on a 3 layer DBR (TiO2|SiO2|-
TiO2, (a) and (b)) with and without the use of a seed layer of 2 nm Au. While usually the
percolation behaviour of ultra thin films (< 10 nm silver) is of interest, here the optical quality of
much thicker films is addressed. While for the deposition on top of a TiO2 layer, the difference of
using a seed layer is not significant and not clearly resolved on this scale of SEM measurements,
the deposition on top of organics shows a more explicit effect. Here, even for 40 nm of silver on
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Figure 4.6: (a)-(d) SEM micrographs of silver films on different substrates. (a) 25 nm Ag on
a 3-layer DBR (TiO2|SiO2|TiO2). (b) 25 nm Ag on a 3-layer DBR with a 2 nm Au
seed layer. (c) 25 nm Ag on a 3-layer DBR and 50 nm of Alq3:DCM. (d) 25 nm Ag
on a 3-layer DBR and 50 nm of Alq3:DCM with a 2 nm Au seed layer. The addition
of a gold seed layer promotes a more uniform and closed silver film on top. SEM
micrographs are taken at similar settings, providing a qualitative comparability of
the images. (e) In-situ transmission spectra of Ag on glass during evaporation
(red, blue) and calculated transmission of different silver film thicknesses (green).
Compared to the simulated spectrum, pronounced dips in transmission stem from
parasitic absorption by localised surface plasmons. The addition of an Au seed
layer promotes a closed layer at lower thicknesses > 10 nm. Insets show the full
transmission spectra during Ag growth.
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top of Alq3:DCM (Fig. 4.6 (c) and (d)), a clear difference on film quality can be observed on the
few-wavelength length scale. While a more in-depth analysis is not possible in this resolution, a
tendency of the film quality is made possible.

In-situ optical transmission measurements allow more insight into the growth of such layers
by monitoring the transmission through a thin silver film on a glass substrate during evapora-
tion. Here, in Fig. 4.6 (e), the absorption of LSPs becomes directly visible when comparing the
observed transmission data (red, blue, and insets) to the simulated spectrum (green) of a perfect
silver layer. During growth, nano-scale islands of silver form on the surface of the substrate,
leading to a very pronounced deep dip in the transmittivity. While a decrease of transmittivity
is expected for an increased thickness of metal, such sharp drops as observed can only be at-
tributed to additional parasitic absorption. Remarkably, the transmittivity in the experimental
spectra even increases again during silver growth when islands connect, the whole layer closes
up and LSP absorption is inhibited again as the film becomes conductive as a whole. While for
the sample without seed layer (red), this point is reached at 15 nm and the transmission curve
coincides with the simulated spectrum, the use of a 2 nm Au seed layer improves silver growth,
and a closed layer can be expected at 10 nm already. Other investigations have shown that under
perfect experimental conditions even lower thickness are possible [189, 200, 201]. While the
initial dip is even higher when using the seed layer, for thicknesses above 10 nm a better growth
behaviour can be expected here.

When processing noble metals on top of organics, individual metal atoms can easily diffuse
into the organic film as they are not reactive enough to strongly interact with the surface [199,
202]. This leads to an increased parasitic extinction of light inside the organic layer and provides
recombination centers for different molecules. A diffusion barrier can be utilised to prohibit this
behaviour. Its atoms or molecules impede diffusion by binding themselves chemically to the
organic molecules of the layer below and promote metal growth on top [203]. Here, a thin 4 nm
MoO3 layer is utilised as a diffusion barrier between the Alq3:DCM cavity layer and a seed and
silver layer on top. In a full microcavity stack, their impact on the formation of TPP states and
the overall optical quality of metal-organic devices are investigated. Figure 4.7 shows far field
emission spectra of such cavities without (a) and with (b) additional diffusion barrier and seed
layers. While both cavities show the formation of TPP states, their separation differs significantly
even though the same silver thickness is used for both. The much smaller separation of the device
with seed and barrier layer suggests the formation of a much thicker complete silver film on top
of the organic layer, as both TPP states spectrally approach each other for increasing metal layer
thickness (see Chapter 2 Fig. 2.7). While the added 2 nm of gold certainly enhance the TPP, they
are not sufficient to explain the strong spectral difference alone. A diffusion of metal into the
organics and impaired growth without the seed layer therefore negatively effects the formation
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Figure 4.7: (a) Far field emission spectrum of an organic microcavity with 20 nm silver on top
of the active Alq3:DCM cavity layer. (b) Far field emission spectrum of an organic
microcavity with 20 nm silver, a 4 nm MoO3 diffusion barrier and a 2 nm Au seed
layer on top of the active Alq3:DCM cavity layer. The added barrier and seed layers
drastically improve the quality of the TPP states and indicate a more homogeneous
and thicker layer on top of the organics. (c) Cross sections of both spectra at 0◦

showing TPP state 1. Utilising seed and barrier layers doubles the quality factor.

of TPP states, in addition to a significant broadening of resonances. Parasitic absorption of both
LSPs and diffused metal atoms strongly decrease the quality factor of organic microcavities.
Here, the use of a 4 nm MoO3 and 2 nm of Au can effectively double the quality factor from
Q = 215 (without seed or barrier) to Q = 430 (with seed and barrier). This is to date the highest
reported quality factor of a top metal layer on an organic microcavity. Both barrier and seed
layers will be used, where appropriate, throughout all further devices in this work.
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5 Multidimensional Photonic

Confinement

In this chapter, the addition of a laterally patterned interlayer is used to facilitate photonic

confinement in photonic wires and dots of both metal and SiO2 structures. As this experiment

arises interest in the full in-plane dispersion for both kx and ky direction, a tomography method

is employed in Section 5.1 to map emission into all angles. This method finds application in both

the investigation of photonic wires in Section 5.1.2 as well as photonic dots in Section 5.1.3,

where full three-dimensional confinement of photons is experimentally demonstrated.

The mode confinement in such photonic patterns furthermore facilitates a strong reduction of

lasing threshold in elliptic holes and triangular wedges in an additional metal layer. In Section

5.2, such structures are investigated regarding the formation of confined modes in the near-field

and drastically reduced lasing threshold in their input-output behaviour.

The contents of this chapter have in part been published in reference [1] c© 2013 AIP Pub-

lishing LLC; in reference [3] c© 2014 AIP Publishing LLC; and in reference [2] c© 2014 Society

of Photo Optical Instrumentation Engineers.

Parts of the data presented in Figures 5.2, 5.3, and 5.6 - 5.8 have been obtained and used

for the author’s diploma thesis work entitled ”Resonator Modes in Organic Microcavities with

Patterned Metal Layers” and are presented here within the greater context of the doctoral work.

5.1 Dispersion Tomography of Multi-Dimensionally

Confined Photons

The inclusion of different interlayers into a microcavity facilitates a spatially-selective resonance
shift of the main optical mode in the system. If the in-plane extension of the interlayer then ap-
proaches the order of magnitude of the wavelength of resonant light, a further manipulation of
the MC energy landscape becomes possible. Such confinement breaks the in-plane symmetry of
the system and leads to discretisation of modes perpendicular to the wire orientation. State of the
art nanofabrication techniques facilitate an almost arbitrary three-dimensional device design. In
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single[204] and coupled[205] photonic dots or photonic crystals[47], increasingly complex mode
engineering is realised. Besides, spectroscopy of such photonic trap structures provides funda-
mental insight into the optical confinement of photons or exciton-polaritons[94] and, by analogy,
into the quantum confinement of other particles. Patterning of the optically active area can be
achieved by various means. Full cavity stacks are etched into inorganic micropillars via electron-
beam lithography and subsequent reactive ion etching, resulting in ultra-high quality (Q) -factors
[85, 89] and very low lasing thresholds. Furthermore, organic small molecules can be structured
by shadow mask evaporation, showing reduced threshold and substantially enhanced β-factors
[195]. Due to the large photonic stop-band created by DBRs, a manipulation of only the cavity
layer is sufficient to shift the cavity mode out of the original resonance. A micron-scale topog-
raphy can be created for the active region, by photolithographic structuring of the cavity layer or
bordering mirror layers, which is sufficient to confine light and show discretization of modes [1].
Here, it will be demonstrated how full spectral and momentum coverage is obtained via µ-PL
tomography by mapping the mode dispersion of MC photonic wires in both lateral dimensions.
To investigate the complex mode structure in microcavities with multidimensional confinement,
the energy dispersion for one ~k vector component is directly recorded while the second lateral ~k
component is scanned, obtaining a detailed dispersion tomogram of the cavity resonances.

5.1.1 Setup for Dispersion Tomography

In far field geometry, an additional lens images the Fourier plane of the collecting objective
onto the vertical entrance slit of a spectrometer, which selects the outcoupling angle along the
y-axis and, thereby, ky. After wavelength dispersion in the spectrometer, a cooled charge coupled
device (CCD) records the emission wavelength versus the outcoupling angle, ϑ, along the x-axis
(sinϑ ∝ kx). The far field lens is moved along the y-axis by an offset, h, to scan the ky component
of the ~k-vector across the spectrometer slit (see Fig. 5.1 (b)), again ultimately limited by the
numerical aperture of the outcoupling objective. The ky component scanned can be obtained by
a simple geometrical consideration and is only dependent on the offset h:

ky = kz tan
(
arcsin

(
1

nO
sin

(
arctan

(
h
f ′1

))))
=

kz × h√
(n2

O − 1)h2 + n2
O f ′1

(5.1)

with the focal length f ′1 as indicated in Fig. 5.1 (a).
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Figure 5.1: (a) Scheme of the sample and the relevant dimensions. d is the thickness of the
cavity layer, L the width of the SiO2 stripes (thicknesses not to scale). (b) Ray
scheme demonstrating how the optical axis is shifted by moving the farfield lens.
The focal lengths of the lenses are indicated as fi for the front and f ′i the back
focal length. From the focal lengths of the lenses and the offset from the optical
path, h, we derive the ky vector shift. (c) Spatially resolved emission spectrum
of a photonic wire. Both, strong spatial confinement and mode discretisation can
be directly observed. Intensity is colour-coded as in Fig. 5.3. Reprinted with
permission from reference [1].

5.1.2 2D - Photonic Confinement in Photonic Wires

To exhibit the confinement of photons, the spatially resolved PL-spectrum is presented in Figure
5.1 (c). The addition of SiO2 wires next to the cavity layer results in the formation of photonic
potential wells, according to the thickness of such a wire. Neglecting the very small absorption
of the wires, this potential can be easily calculated as by Equation (6.8). As seen in Fig. 5.1 (c),
light in the spectral range of 645 nm...620 nm (1.91 eV...2.00 eV) is effectively laterally trapped
and develops standing waves with discrete energy gaps. This will be even clearer in the far field
spectrum below. Only photons with sufficient energy (&2 eV, λ <620 nm) can exist above the
barrier and form a continuous mode spectrum there. Such easily obtainable photonic structures
may be utilized, with possibly more sophisticated lateral patterning, to suppress losses by waveg-
uiding in the system and decrease mode volume with the prospect of lower lasing thresholds.

Accessing the dispersion of such laterally inhomogeneous cavities requires multidimensional
angle-resolved measurements. With Fourier-space spectroscopy and tomography[90, 206] as
deployed in this work, these features are readily accessible as demonstrated in the following.
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Figure 5.2: (a) Tomography sections from a ky scan of the photoluminescence from a photonic
wire. (b) Tomography sections made by rotating the sample by an angle ϕ, about
the axis perpendicular to the x − y plane. Left panels show the measurement and
right panels the corresponding simulation. Intensity is color-coded as in Fig. 5.3.
Reprinted with permission from reference [1].

Figure 5.2 (a) shows the µ-PL measurement for the microcavity containing periodic SiO2 wires.
The emission follows the typical parabolic dispersion seen in unstructured MCs, albeit broken
up into discrete resonances by the optical confinement in kx-direction, i.e. perpendicular to the
stripes of the grating. On the ky-axis, i.e. with the entrance slit parallel to stripes, the parabolae
remain continuous due to the lack of optical confinement. This is revealed by scanning the
ky-axis as described above (Fig. 5.2 (a)). The spectral distance between the discrete states is
directly connected to the stripe width L, as equation (5.3) shows. Utilizing the broadband and
unpolarized emission of the laser dye, further optical properties like polarisation splitting at
higher k-values[82] can be mapped as well.

For a theoretical description of the mode structure, we assume standing waves between wires
(comparable to perfect reflectivity) for confinement in x-direction, which will prove to be suffi-
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cient for the fit to the experimental data. The boundary condition for the electric field therefore
is Fx(0) = Fx(LW) = 0. With LW = LnO as optical stripe width and nO ≈ 1.75 the constant
refractive index of the active layer, we obtain Fx,m ∼ sin[x/LWπ(m+1)] with m ∈ N0 as the mode
number. For the unconfined y-direction, the mode decays exponentially within 5µm [207], much
larger than the 2µm Gaussian excitation spot. Therefore, the electric field is Fy ∼ exp(− |y| /a),
where a is the extent of the field in y-direction. Fourier transformation of these electric fields
leads to the field distribution in ~k space and thus to the intensity distribution I:

Im(kx, ky) ∼
[

LWa × (m + 1)
L2

Wk2
x − π

2(m + 1)2

]2

×
[
1 − (−1)m+1 × cos(kxLW)

]
×

[ √
2/π × a

a2k2
y + 1

]2

(5.2)

This intensity distribution is calculated along the energy dispersion relation Em(kx, ky) in the right
halves of the panels in Figure 5.2 (b), in excellent agreement with the experimental data. The
dispersion relation is gained from the relation E(k) = ~c0|~k| with appropriate expressions for the
|~k| components leading to

Em(ky) = ~c0

√
k2

y

n2 +

(
(m + 1) × π

LW

)2

+

(
π

dM

)2

, (5.3)

where c0 is the vacuum speed of light and dM = nOdO + nSiO2dSiO2[45].

An alternative way of slicing the two dimensional dispersion relation into planes is facilitated
by rotating the sample by the angle ϕ around the optical axis, or, more adeptly, rotating the image
of the sample by use of a Dove prism[208]. Then, the entrance slit of the spectrometer selects a
line in the kx − ky plane, indicated by kϕ in Fig. 5.2 (b), related via geometrical consideration.

Figure 5.2 (b) shows the resulting tomography images, which finally lead to an identical com-
posite dispersion tomogram as obtained via the ky scan. The theoretical model for this rotation
scan is in analogy to the procedure above, albeit transformed into spherical coordinates including
the sample rotation angle ϕ and the outcoupling angle ϑ . Clearly, the rotational scan offers a
more gradual view at the transition from continuous parabolae (entrance slit parallel to wires) to
discrete states (entrance slit perpendicular to the wires), illustrating that the type of scan (rotation
or translation) should be chosen appropriate for the sample geometry.

The above tomography images for fixed ky are combined into a dispersion tomogram in Fig-
ure 5.3, giving illustrative access to the full dispersion relation. Since the complete dispersion
relation is measured, detailed information can easily be extracted using any program capable
of three-dimensional visualization. The multidimensional view can be understood better in a
rotating animation (see http://dx.doi.org/10.1063/1.4827820.1 c© 2013 AIP Publishing LLC).

The tomographic scanning of a non-isotropic photon dispersion reveals the discretisation of
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Figure 5.3: Reconstructed dispersion tomogram gained from ky scan method shown in Fig-
ure 5.2 (left) and theoretical model (right). Reprinted with permission from
reference [1]. Enhanced in the online version of the published article, see
http://dx.doi.org/10.1063/1.4827820.1 .

states in ~k-space by translating the far field lens out of the optical axis or by rotating the sample
image using a Dove prism. Thereby, mode dispersions of a high quality are visualised, depict-
ing the emission of an organic photonic wire microcavity in a single tomogram. The strong
optical confinement shown here is not restricted to the wire geometry, but may be exploited
further in sophisticated designs to decrease the lasing threshold or expanded towards a fully
three-dimensionally confined system.

5.1.3 3D - Confinement in Metal-Organic Photonic Dots

In addition to the z - confinement in vertical direction by the highly reflective DBRs, photonic
wires facilitate another restriction of the mode formation in one lateral direction. Consequently,
the fabrication of photonic dots should provide a complete three-dimensional trapping of photons
and in turn result in a quantum-like discretisation of modes in all directions of momentum.
Such patterning provides highly localised standing waves with discrete propagation angles in all
directions.

Similar to the photonic wires above, such photonic dots are fabricated by lithographically
patterned interlayers. In this experiment, 25 nm of silver (on 2 nm of gold) are added on top of the
bottom DBR and patterned into rectangular patches of 1.8µm × 2.2µm size, before finishing the
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When discrete levels of x and y confinement overlap, a ring-like mode formation
is observed (green circle). Wavevector scale is similar to Fig. 5.3. Inset shows a
micrograph of the photonic dot.

microcavity as usual. As discussed in the previous Chapter 4, this introduction of silver facilitates
the formation of red-shifted Tamm-plasmon polariton (TPP) states locally at the position of
the metal patches. Due to the small lateral extension of the silver area, the TPP states in turn
experience a strong confinement to the position of the metal-organic photonic dot that is created.
Consequently, TPP states discretise into standing waves in both planar directions. Corresponding
to Equation (2.72), in rectangular dots both directions can be handled independently and lead
to the formation of fully confined modes also in momentum space with discrete wavevector
components: kx = qm = π(m + 1)/(nCLW) and ky = pl = π(l + 1)/(nCLL)[48]. Both confined wave
vectors now combine to the discretised energy dispersion of Equation (2.72):

Eml = ~c0|~k| = ~c0

√
k2

z + k2
x + k2

y = ~c0

√(
π

nCdC

)2

+

(
π(m + 1)

nCLW

)2

+

(
π(l + 1)

nCLL

)2

. (5.4)

The fully confined nature of these modes raises interest in the measurement of the full mo-
mentum space via dispersion tomography. Figure 5.4 shows the reconstructed dispersion to-
mograph of such metal-organic photonic dots as viewed under different angles. Here, the full
extent of mode discretisation becomes apparent. While in photonic wires, the parallel com-
ponent stays unconfined and still shows a continuous parabola with discrete multiples in the
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perpendicular k−component, in photonic dots no continuous modes remain in the TPP states.
Instead, different types of discrete modes appear. Starting at the ground state of the system, at
kx = ky = 0, λ = 675 nm (blue circle in Fig. 5.4), a disk-like flat mode is visible, which extends
in both momentum directions. Compared to a planar cavity, this ground state is raised by the
contributions of both wavevector components q0, p0, which hold finite values. As the width and
length of the dots differ only by a small amount, the first excited state of the system is degenerate
to represent both the q1, p0 and q0, p1 states (green circle). Here, this combined state forms a
donut-like mode at 670 nm. If the dots is less square, i.e. |LW − LL| is larger, no degenerate states
may appear. The separation between discrete states increases with increasing mode number m

or l, facilitating full confinement of non-degenerate modes at higher quantum numbers q > 1,
p > 1. These fully discrete states fill the rest of the spectrum below the potential barrier at
650 nm. As an example, mode q2, p1 is highlighted by a red circle. This mode exists only at
an oblique angle in both directions and would otherwise not be present, when observing inde-
pendent kx or ky spectra. The dispersion tomogram proves the existence of such fully confined
modes, which is facilitated by an only weak intervention into the whole sample composition, and
further manifests the analogies of such confined photonic systems as a playground to directly ob-
serve quantum behaviour. Furthermore, such strong three-dimensional confinement can aid in
the improvement of microcavity performance.

5.2 Exploiting Photonic Confinement in Laterally

Patterned Metal-Organic Microcavities

Creating fully three-dimensionally confined modes in structured silver layers can severely im-
pact the lasing threshold in organic microcavities. Here, the lasing of Mathieu-modes in elliptic
holes and more complex transversal modes in triangular wedges is investigated. The input-output
characteristics are modelled using a set of rate equations (see Section 2.2.7), fitting perfectly to
the measured data. As previously discussed, adding thin metal layers into such a MC leads to a
coupling of cavity photons to plasmons in the metal and thus the formation of Tamm-plasmon-
polaritons (TPP) [42, 82, 209] showing TPP lasing [83] as well as macroscopic coherence in
structured silver layers implemented into a cavity [210]. Fabricating elliptic holes in such a metal
layer shows strong transversal confinement into Mathieu-modes, in perfect agreement with theo-
retical prediction [43, 211]. The effect of such confinement on the lasing action however has not
been investigated previously. Similar confining effects are observed for nanoscale deformations
of one DBR mirror, investigated theoretically [212], and realized by focused ion beam milling
of such deformations on a substrate [213].
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Figure 5.5: (a) Sample schematic. An organic cavity layer of the host:guest system Alq3:DCM
is encased between two dielectric distributed Bragg reflectors (DBR). A thin sil-
ver layer is added onto the bottom DBR and structured by photolithography to
yield metal free holes (Area (1)) and metal free lateral wedges (Area (2)) on the
micrometer-scale. The same sample also contains extended metal free areas for
comparison. The layer thicknesses are shown not to scale. (b) Transmission micro-
graphs of the silver structures in a MC. Reprinted with permission from reference
[3].

5.2.1 Mathieu-Modes in Elliptic Holes of Silver Interlayers

The metal layer leads to the formation of Tamm-plasmon-polariton (TPP) modes [42]. The first
one is red-shifted (639 nm) in comparison to the original cavity mode (621 nm), a second TPP
state emerges from the red side band, shifting to the blue with increasing silver thickness. In a
structured cavity, three modes are observable, the original cavity mode and the two TPP modes,
albeit spatially separated in transversal direction.

To describe laser transitions in microcavity devices, the data are fitted with commonly used
rate equation models, such as the Maxwell-Bloch model described by Rice and Carmichael [107]
or the rate equations described by Björk and Yamamoto [109] (see also Section 2.2.7).

The presence of silver causes splitting of the original cavity to TPP modes [42]. This leads to a
strong light confinement inside of elliptic holes in the silver layer, incorporated into the cavity as
shown in Figure 5.5. The solution of the Helmholtz-equation in elliptic coordinates gives even or
odd Mathieu functions (for the angular part) and even or odd modified Mathieu functions (for the
lateral part) [214]. Assuming lateral boundary conditions, i.e. the electric field has a node at the
metal edge, these functions and the corresponding energetic spectrum discretize with angular (l)
and radial (n) mode numbers [43]. Figure 5.6 (a)-(c) shows these transversal modes for different
mode numbers as observed in the samples. These perfectly clear and confined modes already
give an impression of the lateral optical trapping achieved in a perforated silver layer MC.

Selective excitation of these modes can be achieved by a two-beam interference experiment.
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(a) (b) (c)
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Figure 5.6: (a)-(c) Even Mathieu-modes in elliptic holes of the metal layer in the sample. Via
selective excitation, modes of different radial (n) and angular (l) mode number can
be excited. Insets show calculated Mathieu-modes. (d)-(f) Emission from confined
modes in lateral wedges of the sample’s metal layer. The modes form according to
the spot of excitation (in the image center) in relation to the wedge tip. Different
modes exhibit significantly different lasing thresholds, decreasing towards the tip,
down to 1/6 of the unstructured cavity’s threshold P0. White lines illustrate the
edges of the metal layer. Reprinted with permission from reference [3].

Via movable mirrors, two beams can be focused onto the sample under an oblique angle towards
each other. The resulting interference pattern is then used to selectively excite only certain areas
inside a metal hole. Such a tunable pattern favors certain transversal modes in terms of lasing
action, by tuning the interference angle of the excitation spots, different Mathieu-modes can
therefore be obtained (see Fig. 5.6).

Apart from the change in transversal mode behaviour, the confinement also leads to a inten-
sity concentration due to standing waves inside such holes as well as a suppression of modes
traveling in the cavity plane. Such waveguided or leaky modes are usually undesired and lead
to significant losses in microlasers with vertical geometry, transporting photons away from the
excitation center, leading to a reduction in spectral field density and a direct increase of the lasing
threshold.

Figure 5.7 shows a comparison of the input-output characteristics on metal-free and metal-
near areas, measured in elliptic- (a) and triangle- (b) shaped structures. The investigated areas
lie only 50µm apart from each other. This allows a direct comparison of lasing characteristics
in two areas with different amounts of lateral confinement.

The input-output characteristics show a linear increase both below and above threshold in ei-
ther case, with increasing excitation power. The stimulated emission threshold is clearly reduced
at least three times for the confined mode (PThr = 0.6 nJ), in comparison to a metal-free area
(PThr = 1.8 nJ). The data for unconfined emission is verified in several spots on the sample to
ensure that no artificial influence of fabrication impurities or scattering effects on specific sample
positions takes place.
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Figure 5.7: (a) Input-Output curve of emission from a metal-free hole and a corresponding
extended metal-free area on the same sample. The lateral confinement leads to a
significant decrease of lasing threshold in the hole. (b) Input-Output comparison of
a triangle-structure and an unstructured area on the same sample with correspond-
ing rate-equation model. The lateral confinement at the tip of the triangle improves
the lasing threshold by 6 times. In both cases, the behaviour can be approximated
well by a standard rate equation model. Reprinted with permission from reference
[3].

A standard rate equation model (detailed in Section 2.2.7) describes these input-output curves
very well, confirming the nonlinear transition into the laser regime (solid lines in Fig. 5.7).
From this measurement, one can extract the spontaneous to stimulated emission ratio (SSR).
The approximation of the input-output curves in Figure 5.7 yields a comparable ratio for both
experiments, with SSR = 4.9 × 10−4 for the confined and SSR = 5.0 × 10−4 for the uncon-
fined excitation. In the ideal case without nonradiative losses, the SSR approaches the β-factor,
while in the presence of nonradiative losses, β becomes more insensitive to the lasing threshold
and cannot directly be obtained from the relation between spontaneous and stimulated emission
intensity. As for the investigated system it is not possible to easily quantify the additional ab-
sorption, β can not be directly extracted. However, clearly the formation of discrete modes can
be observed in Figure 5.6, which leads to the conclusion that a definite improvement of mode
confinement can be achieved. The reduction is supported by k-space spectroscopy, where gaps
in the energy dispersion are observed for similar structures [43]. A clear experimental distinc-
tion can be seen in the lasing threshold, where Pthr, unconfined/Pthr, confined ≈ 3. This behaviour is
confirmed for different sizes of the excitation spot, where always the same reduction in threshold
is observed.

The use of elliptic holes for multidimensional confinement shows an improvement in device
characteristics, however other geometries are also of interest. The field enhancement at the tip
of triangular structures is well known, and utilized for example in plasmonic nanostructures
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[215, 216]. Such triangular cuts are fabricated into a metal layer (see Fig. 6.1(b)) via the same
photolithographic etching technique to investigate transversal mode development and the influ-
ence of positioning on the emission characteristics of the sample.

Figure 5.6 (d)-(f) shows the formation of transversal modes of the cavity state, bordered by
silver, illustrated by the continuous white line. As already experienced in the previous mea-
surement, a strong confinement of the mode creates a complex standing wave. Tuning between
different states is achieved by an exact positioning of the pump spot. Starting at around 12µm
distance to the triangle tip, an extended transversal mode becomes visible, exhibiting at least five
distinct antinodes in the field distribution. Shifting the excitation towards the apex of the cut,
the spatial extension as well as complexity of the mode decreases, until we arrive at a strongly
confined state extended only 5µm in each direction.

The input-output characteristics of these wedges again reveal a strong decrease of lasing
threshold for the confined mode. In the best case scenario, these structures show a threshold
reduction of one order of magnitude, depending on the inclination angle of the triangle. A repre-
sentative curve, showing emission from the modes presented above, can be seen in Fig. 5.7 (b),
and is again modelled via the Maxwell-Bloch equations. A higher inclination here still provides
an improvement of the lasing threshold by six times in comparison to a completely unconfined
spot on the same sample. Although the transition from the spontaneous emission regime to las-
ing is again very similar in both cases (SSRunconfined ≈ 7.3× 10−4) despite additional nonradiative
losses, the lasing threshold shows a decrease of almost one order of magnitude in a near-metal
cavity region.

The geometry of this structure also allows the investigation of the development of confinement
in detail. As already seen in Fig. 5.6 (b), the lasing mode switches for different pump positions
moving from unstructured to most confined area. The lasing threshold behaves accordingly, as
apparent in Figure 5.8. In connection to the distance from the apex of the triangle x, modes
with different emission energy are excited. While the wavelength changes stepwise between the
unconfined area (λ = 624.2 nm) and three distinct modes (λ1 ≈ 624.6 nm, λ2 ≈ 625.7 nm, λ3 ≈

626.6 nm), each mode shows a minimum in the lasing threshold (x1 ≈ 12.5µm, x2 ≈ 7.0µm,
x3 ≈ 2µm) for ideal excitation conditions. Looking again on the intensity distribution in Fig.
5.6 (d)-(f), mode λ1 corresponds to (d), mode λ2 to (e), and mode λ3 to (f). In total, the lasing
threshold drops by a factor of six, with several preferred mode positions in between.

This result demonstrates the engineering of the photonic field distribution by structuring thin
silver films utilising photolithography. The formation of Tamm-plasmon-polaritons in the silver
is exploited to confine lasing modes and significantly reduce losses by leaky modes in the system.
Such confined modes exhibit discrete energy levels, and the confinement leads to the formation
of distinct transversal modes and a reduction of lasing threshold up to one order of magnitude.
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Figure 5.8: Lasing threshold and wavelength of microcavity emission depending on the dis-
tance to the triangle tip. Approaching the tip, the threshold decreases with several
local minima at 12.5µm, 6.5µm and 0µm. They correspond to the standing waves
observed in Fig. 5.6 (d)-(f). The lasing wavelength changes stepwise between these
modes and the free cavity mode at distances ≥ 15µm. Reprinted with permission
from reference [3].

The transition into the laser regime is supported by the fit with standard rate equations and
even though highly absorptive silver is introduced into the cavity, the spontaneous to stimulated
emission ratio remains unchanged. The introduction of highly conductive - but highly absorptive
- silver and subsequent patterning via comparably simple techniques proves useful and, in future,
can help in the realization of an electrically driven organic laser diode.
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6 Photonic Bloch States

In the previous chapter, it was shown how the microcavity photon dispersion can be manipulated

using different interlayers to create a micrometre-scale confinement in single photonic wires and

dots. Based on these results, the concept of lateral structuring is continued towards periodic

lattices of plasmonic and dielectric photonic wires.

Starting with silver photonic wires in Section 6.1, the formation of the corresponding Kronig-

Penney potential landscape is observed and explained by modifying the theory towards photonic

systems. Section 6.1.2 provides the observation of photonic Bloch states in both spatially and

angle-resolved µ-photoluminescence spectroscopy, showing the formation of localised discrete

states and extended minibands in the microcavity dispersion. The modified analytical Kronig-

Penney theory is first introduced in Section 6.1.3, accompanied by numerical simulations, and

applied to explaining the emergence of zero- and π-states above the potential barrier.

Similar observations of Bloch states can be made in photonic wires of non-absorptive SiO2

wires, as introduced in Section 6.2. Here, the high optical quality of the resulting modes al-

lows an in-depth characterisation of arrays with different wire widths and periods in Section

6.2.2. Based on these results, the modified Kronig-Penney theory is extended by the concept of

a polarisation-dependent effective photon mass in Section 6.2.3, allowing a quantitative alloca-

tion of mode positioning including effects such as mode penetration into DBRs and the resulting

polarisation splitting.

The high optical quality of SiO2 wires allows for the application of photonic Bloch states

towards a more direct control of lasing in the system. In first above-threshold investigations

in Sections 6.2.4, the dependence of lasing on the spatial positioning of the excitation beam is

established and the ability to screen the gain distribution of the active layer is demonstrated. By

exciting the sample with two interfering excitation beams, creating a fixed in-plane momentum,

a full control over the stimulated emission is demonstrated in Section 6.2.5.

Finally, Section 6.3 serves a comparison of lasing modes in both plasmonic and dielectric

systems.

The contents of this chapter have been published in parts in reference [4] c© 2014 John Wiley

and Sons; in reference [6] c© 2015 American Physical Society; in reference [5] c© 2015 Elsevier;

and in reference [7] c© 2015 Society of Photo Optical Instrumentation Engineers.
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6.1 Photonic Bloch States in Metal-Organic Microcavities

A one-dimensional periodic rectangular potential, also known as the Kronig-Penney (KP) po-
tential, transforms the parabolic dispersion of a free particle into a set of bands separated by
bandgaps. In the case of deep wells, the lowest bands converge into a set of single discrete
states, enumerated by j = 1 to j = jmax, representing states confined of the position of the
well. Such states can be found for example in the core electrons in condensed matter crystals,
or confined photons as discussed in the previous section. Above the well potential, continuous
extended states form the bands of valence electrons or extended photonic modes in laterally pat-
terned microcavities. Due to the microscopic nature of electronic confinement, the KP potential
and resulting mode structure is difficult to observe in experiments. Here, the formation of such
a potential and the experimental observation of discrete and continuous KP states is presented
within a periodically modulated metal-organic microcavity. The large coherence length of the
vertically confined system facilitates the observation of photonic energy bands resembling lo-
calised and extended Bloch states in such deep potential wells. Depending on the width of the
photonic wires, the thickness of the cavity layer and the additional metal grating, the parity of the
highest localised state jmax can be either even or odd, leading to a complementary parity of the
first continuous mode. Such modification in turn effects the apex of the first extended Bloch-like
state above potential, which in turn either starts at k = 0, or a π-state at the edges of the Brillouin
zone formed by the periodic metallic wires.

6.1.1 Microcavity Dispersion and Kronig-Penney Model

Microcavity photons exhibit a dispersion relation similar to electrons, due to their confined nature
between highly reflective mirrors. If the cavity is not detuned with respect to the DBR design
wavelength, the kz-component can be expressed as kz = π/LC. Then, the dispersion can be
approximated by Equation (2.91):

EC(k‖) =

√(
π~c
ncLc

)2

+
~2c2

n2
c

k2
x ≈ EC(0) +

~2k2
x

2mx
, (6.1)

where π~c/ncLc = E(0) is the energy of the fundamental mode, mx = π~nc/cLc, while kx =

ω sin (θ)/c is related to the angle θ of the emitted light [217]. In angle-resolved reflection, trans-
mission, or emission spectra of MCs, one can thus restore the true dispersion curves of cavities
or e.g. exciton-polaritons and their nature. Bringing together several confined modes enables
a coupling between spatially overlapping photons and polaritons in a periodic chain of square
photonic boxes [218, 219, 220], showing the creation of photonic bands and bandgaps at the
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Brillouin zone boundaries, resembling crystalline solids.

In subsequent investigations of such periodic arrays, new extraordinary features of the polari-
ton dispersion were observed experimentally [86, 92, 221, 222]. In particular, the spontaneous
build-up of coherent in-phase zero- and anti-phase π-states was observed in an exciton-polariton
condensate array and explained as the result of coupling with weak periodic potential barriers
within a semiconductor MC [49, 90]. Further investigations of polaritons in 2D square- [46, 97],
triangular- [223], and honeycomb [99, 224] lattice potentials confirmed the coherent emission
of π-states at edges of the Brillouin zones (including d-waves and K-states), and formations of
Bogoliubov [225, 226] and Dirac [223] dispersions were observed. Note that the most of the
investigated [49, 90, 97, 223, 224, 225] shallow periodic arrays are produced by thin, patterned
metal structures with periods of a few µm, evaporated on top of the full MC stack. This cavity
manipulation produces a weak potential of 200µeV, resulting in typical 1D or 2D Bloch waves.

In this experiment, a periodic array of one-dimensional photonic wires is created by the de-
position of periodic 40 nm thick silver stripes at the interface between the organic cavity layer
and the top surface of the bottom DBR. As discussed previously, this leads to the formation of
the Tamm-plasmon-polariton states (TPPs), red-shifted by ∼ 77 meV to lower energies. Such
patterned metallic stripes create deep photonic wires, unlike the shallow potentials observed be-
fore (Refs [90, 97, 223, 224, 225]), which demonstrate the simultaneous existence of discrete
modes confined in photonic wells, and extended Bloch waves from high-index photonic bands,
propagating above the barrier potential. The large exciton binding energy in combination with
broad emission spectra of organic semiconductor dyes allow an observation of a broad energetic
range of states at room temperature. The KP model can be used to analytically describe the
peculiarities of the MC modes and, in particular, the phase-locking of the laser modes to either
zero- or π-phase.

Structured metallic wires are of interest for future electrical excitation of organic microcav-
ities and semitransparent conductive wires for display applications. The understanding of the
complex modes formed in such a device seems integral for the optimal design, regarding direc-
tionality, confinement, and the optical and electrical excitation of luminescence in the system.

6.1.2 Photonic Bloch States

In the investigated sample (see Fig. 6.1) an array of silver stripes of ∼ 40 nm thickness, with
different periods LP = 7.4µm or 11.1µm, is created by a photolithography lift-off process
(Fig. 6.1 (a)). Due to limitiations in precision, the resulting periodicity may vary by few per-
cent. Here, silver is used due to its high reflectivity of R ≈ 0.96 in the spectral region of interest.
The resonant wavelength λc ≈ 656 nm, (Ec(0) = 1.8895 eV) of the metal-free cavity is deter-
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mined by the optical thickness ncLc and the penetration depth of light into the DBRs [77, 198].
The embedding of the 40 nm silver layer between the cavity and the bottom DBR red-shifts the
cavity resonance by V = Ec(0) − ETPP(0) ≈ 77 meV to λTPP ≈ 684 nm, (ETPP(0) = 1.8121 eV)
due to the additional shift of phases at the interfaces between the metal, the adjacent organic
cavity, and TiO2 layers of the DBR[42].

DBR

DBR

Alq3:DCM Cavity

x

(b)

(c)

Ag
metal-free Cavity

(a)

Lc

Figure 6.1: (a) Top view micrograph of the microcavity with the periodic array of metal-
organic photonic wires, consisting of silver stripes of ∼ 40 nm thickness, the width
a from ∼ 2 to ∼ 10µm, patterned by photolithography (periods LP = 11.1µm)
between the bottom DBR and the organic cavity layer. (b) Sample schematic cross
section. (c) Spatial distribution of the 1D periodic rectangular potential, consist-
ing of potential barriers of height V of the Alq3:2%DCM organic layer (with the
refractive index nb = 1.75 and thickness hb = 186 nm) and potential wells of Ag
stripes (with thickness 40 nm and width a from ∼ 2 to ∼ 10µm). Reprinted with
permission from reference [4].

Fig. 6.2 (a) shows the spatially-resolved emission spectra of a periodic structure measured by
PL spectroscopy at 405 nm cw excitation. These NF spectra consist of two qualitatively different
distributions: discrete TPP modes are confined within the photonic wires above silver of width
a ∼ 3µm, emitting in the spectral range of 684−656 nm (1.8121−1.8895 eV) below the barrier.
Above the barrier, extended continuous Bloch-like modes propagate at shorter wavelengths λ ≤
656 nm (1.8895 eV), with comparable intensities. Figure 6.2 shows spectra with a higher spatial
resolution. In Fig. 6.2 (c), the discrete modes (at 684−656 nm) start from the localized ground
state centered at k = 0 and go up to jmax = 9 (highest “odd” localized mode). This highest
mode localized below the barrier has 9 extrema, including the weakest satellite maximum at
k = 0. The dispersion of the extended modes, starting at λ ≈ 656 nm, splits into subbands,
separated by small bandgaps, or a set of anticrossing parabolas with much steeper slopes. The
estimated period of the dispersion curves - as visible by the separation between shifted parabolas
- is inverse to the spatial period LP, decreasing when LP changes from 7.4 to 11.1µm.
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Figure 6.2: Spatially-resolved below-threshold (a, b) and angle-resolved above-threshold (c)
emission spectra of the organic MC with an embedded 1D grating of metal stripes.
The spectra were taken from two different areas with (a = 4.0µm (a) and a =

7.7µm (b, c)). For both areas the grating period is LP = 11.1µm. Both NF and FF
images reveal discrete TPP modes (localized in the photonic wires and separated by
potential barriers), emitting in spectral range 684 nm...656 nm. Bloch-like extended
modes, periodic in real and k-spaces, propagate above (<656 nm) the periodic array
of metal-organic potential wells and organic-dielectric potential barriers. Reprinted
with permission from reference [4].

6.1.3 Modified Kronig-Penney Model - Zero and π-states

It is important to note that the (energetically) lowest Bloch-like extended mode from the lowest
above-barrier ( jmax + 1)-subband depends on the parity of the highest below-barrier mode. The
apex of the extended dispersion parabola is therefore located at either k = 0 or at the edge of
the first Brillouin zone, at k = π/d, opposite to the parity observed for the mode jmax. At high
excitation intensities (above lasing threshold), the coherent emission arises from several apex
points of these parabolas of the lowest ( jmax+1) subband, marked in Fig. 6.2 (c) as yellow spots.
Similar coherent phenomena were presented earlier [82], resembling the coherent emission of
zero- or π-states in a periodic array of an inorganic MC [49]. Here, the aim is to explain which
type of phase-locking will occur and how to analytically describe the formation of zero or π-
states.

In the following, a simple KP-calculation according to Section 2.4 is used to derive analytical
criteria for the jmax+1 state. According to the KP model, in a 1D rectangular periodic potential
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Figure 6.3: Analytical calculation of localized and extended Bloch states for potential widths
5.2µm, 5.5µm, and 5.8µm and periods 8.7µm, 9.0µm, and 9.3µm. The in-
creasing potential width increases the number of below-barrier states from 8 to 10,
switching the first extended state from zero- to π- to zero-type. The number of
extended states is conserved due to the constant barrier width of 3.5µm, their ap-
pearance however changes due to the shift of parity in the below-barrier states. The
third graph shows dispersion replica, Bragg-scattered at the Brillouin zone bound-
aries for comparison with the experimental data. Reprinted with permission from
reference [4].

the dispersion relation transforms into Equation (2.103) [227]:

β2 − α2

2αβ
sinh (βb) sin (αa) − cosh (βb) cos (αa) = cos (kd) (6.2)

where α = (2m∗aE)1/2/~ and β = (2m∗a(V − E))1/2/~. The “wavevector” α is real, while β is
real for the eigenvalue energies E ≤ V or imaginary for E > V . Eq. (6.2) implicitly relates the
eigenvalues E in the left-hand side, via α and β, with the corresponding wavevector k. It follows
from Eq. (6.2) that the eigenvalues E j(k) = E j(k + 2π/d) are periodic in momentum space, with
a reciprocal wavevector 2π/d. The energies E j(k) associated with the jth-subband vary contin-
uously with the wavevector k, spanning within the first Brillouin zone −π/d ≤ k ≤ π/d. For a
large potential height V and/or wide barrier width b, each subband in a photonic well collapses
to an energy level E j with vanishing bandwidth, similar to the discrete modes of the single pho-
tonic wire. For such discrete modes with energies 0 < E j ≤ V , the field amplitudes Ψa j(x) are
essentially confined within the photonic wire with photon wave numbers α j = jπ/a, j = 1, 2...
and of either even or odd parity [228]. The index j gives the number of intensity maxima and
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( j − 1) the number of nodes of the spatial field distribution in the unit cell - as can be extracted
from Fig. 6.2 (a). The corresponding discrete energies are described by Equation (2.69) [45]:

E j(kx) � (π~c/nc)
√

1/L2
c + j2/a2. (6.3)

Here, both the cavity thickness Lc as well as the wire width a play a key role in determining
the number of confined states. The angular distribution of the emission from discrete modes
confined in the photonic well is given by the Fourier transform Ψ̃a j(k) of the field amplitude
Ψa j(x) [48]:

Ψ̃a j � 2A jπa
cos (ak/2) sin ( jπ/2) + sin (ak/2) cos ( jπ/2)

( jπ − ak)( jπ + ak)
. (6.4)

The highest below-barrier mode jmax and the lowest extended mode jmax +1 satisfy the following
relation [229]:

jmax < a(2m∗aV)1/2/π~ < jmax + 1. (6.5)

Of special interest is the case where the energy of the lowest extended Bloch wave precisely
coincides with the barrier (i.e. E jmax+1 = V, β = 0), expressed by the condition [228]:

cos (Ka) −
bK
2

sin (Ka) = cos (kd), (6.6)

with the “wavevector” K = (m∗aV)1/2/~. Equivalently, the lowest extended state ( jmax +1) appears
at E = V when the following condition is satisfied:

( jmax + 1)2π2~2/2m∗aa2 = V. (6.7)

In that case, zero-states appear at Ka = 2πn, (n = 0, 1, 2 . . . ), while π-states appear at Ka =

π(2n + 1). The extended Bloch waves appear at E j > V . Photonic bands are formed with par-
ticular subbands, continuing the discrete state index j. These subbands are separated by the
bandgaps at the Brillouin zone boundaries. The extended Bloch waves consist of two parts:
a wavefunction cos (qx − ( j + 1)π/2) with j nodes within the well, surrounded by propagating
waves exp(±ikx), resulting in the energies ~2(k ± π j/d)2/2m∗a. They resemble either a zero- or
π-Bogoliubov-like dispersions [225], depending on the parity of the mode jmax.

Fig. 6.3 shows the analytic dispersion of such photonic Bloch waves for three different wire
widths. Increasing the size of the potential well brings the states below the barrier closer together
and also leads to an increase of jmax. While the number of extended states above the barrier
remains the same due to the constant barrier width of 3.5µm, their shape changes significantly,
driven by the spectral shift of confined states. Especially the switching from zero- (for jmax =

8, jmax = 10) to π-mode ( jmax = 9) can be clearly distinguished. In the experimental spectra,
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Figure 6.4: Calculated angle-resolved spectra of the periodic array of deep photonic wires with
the potential widths a = 5.4µm, 5.2µm, and 5.0µm for (a), (b) and (c) respectively
(LP = 14µm for all figures). The magenta dashed horizontal line marks resonance
energy of the planar organic MC without metal at λc ≈ 656 nm, as a guide for the
eye, separating discrete modes, confined in the wires, at λ ≥ 656 nm, from prop-
agating extended waves above the barrier with anticrossing bands, at λ ≤ 656 nm.
The slight decreasing of the wire width results in decreasing of the total number of
localized modes from odd n = 9 to even n = 8. Hence the nearest lowest extended
Bloch wave-like modes switch from the odd (π-type) mode to the even (zero-type)
mode. Reprinted with permission from reference [4].

the dispersion is enriched by highly efficient Bragg-scattering of features at the Brillouin zone
boundaries. For comparison, this effect is added in Fig. 6.3 (c) by backfolding the analytically
calculated spectrum at the boundaries nπ/d.

For the lasing states, one has to consider that the density of the states in one dimension is given
by the equation [230]: ρ(E) = 2(dk/dE)/π, which, for a π-state, reaches maxima at the bottoms
of the ( jmax + 1)-subband at k = nπd or its tops at k = 0, where the Van Hove singularity occurs
due to vanishing of the group velocity. The lasing threshold for the particular state is determined
by the interplay of absorption and optical gain.

While the analytical equations (6.2) - (6.7), described above, allow qualitative understanding
of the formation of the state manifold and dispersions, they do not take into account effects
such as metal absorption, residual absorption of the organic semiconductor, gain, polarization
splitting, and so on.

In order to obtain a more realistic FF picture, numerical calculations are performed based
on the Rigorous Coupled Wave Analysis method. These numerical simulations of the periodic
arrays of deep photonic wires with identical periods LP = 14µm and three different widths
a = 5.4µm, 5.2µm and 5.0µm are presented in Fig. 6.4 (a), (b) and (c), respectively. These
calculations confirm the analytical model and show the difference between the localized, dis-
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crete states below the barrier, and the extended continuous subbands above, separated by mini-
bandgaps. For the discrete modes in the spectral range of 655 nm...685 nm, Fig. 6.4 illustrates
the narrow energy levels characterized by the index j, the energy E j(k) and their flat wavevector
distribution, entirely determined by the well width a. These modes are neither influenced by the
barrier width b nor the period LP, which affect the energy band distribution above the barrier.
The amplitudes of the wavevector, the distribution of the confined modes, the positions of the
nodes, the main and satellite maxima and their half-widths, as well as their alternative even and
odd parities, are all confirmed in the numerically calculated spectrum, exactly as predicted by
the analytical relations. In particular, the decrease of the well width a from 5.4 to 5.0µm leads
to a gradual short-wavelength shift of all levels with indices j ≤ jmax. Moreover, the number
of discrete modes changes from 9 to 8, wherein the parity of the highest localized - jmax - mode
changes from odd to even. In addition to the analytical formulas, the numerical simulations also
include the spectral broadening of the confined modes. Additionally, the numerical simulation
predicts the angular and spectral distributions of the amplitudes and half-width of cosine-like
dispersion curves E j(k).

Organic microcavities with embedded periodically distributed thin metal stripes serve as an
excellent playground to experimentally demonstrate the energetic dispersions of arrays of deep
photonic wires. One can observe coexisting discrete modes, confined mostly within the photonic
well between the barriers, and extended continuous Bloch waves propagating above both wells
and barriers. The KP model allows for a simple analytical description of the system. According
to this model, the highest localized mode jmax can be even or odd, depending on relation (6.5).

An even or odd parity of the highest discrete mode jmax confined in the photonic wells deter-
mines the parity of the lowest ( jmax+1) extended in-phase zero- or anti-phase π-modes, propagat-
ing above the energy barriers. Above the barrier, the extended Bloch waves Ψa j(x) form photon
bands (with j indexing the particular subband) separated by the bandgaps at the Brillouin zone
boundaries. While the use of metal-organic photonic wires here opens the direct path to the elec-
trical injection of excitons for this system, alternative routes can be found that further preserve
the high optical quality and low absorption of the devices. It has to be noted that the KP model in
this section, in particular the simplified approximation of the photon effective mass, is only valid
when the cavity resonance is not detuned with respect to the DBR wavelength. A more in-depth
quantitative analysis will follow in the next section.
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6.2 Control of Lasing from Bloch States in SiO2-patterned

Microcavities

This section addresses the spontaneous and coherent stimulated emission of SiO2 photonic wires
in a MC with an organic active medium. Under spatially selective excitation, the possibility to
precisely control the spectral and angular position of lasing from the wire and above the potential
barrier is demonstrated. Numerical simulations accompany the experimental results to further
showcase the effect of a selective gain distribution. Even though the presented MCs operate in
the weak coupling regime, such results are more generally applicable towards guiding, trapping,
and controlling photons or polaritons in organic or inorganic MCs.

Typically, lasing in VCSELs arises in vertical direction, from the apex of the microcavity dis-
persion parabola. In those cases, the coherent photons or polaritons emit from this mode under an
in-plane wavevector k = 0 from the lower polariton branch or MC photon dispersion. Coherent
emission from polaritons in non-ground states was observed under resonant pumping, explained
by an incomplete polariton down-relaxation and their short life time. Coherent emission from
excited states of planar MCs at resonant laser excitation has also been observed experimentally
[231, 232] and explained as the reemission of the excitation laser into a ring-like distribution
in k-space due to elastic resonant Rayleigh scattering at static disorder. Ring-shaped coherent
emission at nonresonant excitation was reported [233] and explained in GaAs MCs where ex-
cess energy was lost before being captured into a bottle-neck trap [234]. Ring-shaped coherent
emission has further been observed in CdTe [235] and organic [236] MCs, due to scattering of
light into multiple cavity modes at k , 0.

Periodically arranged photonic wires offer a possibility for studying the formation of Bloch-
states in ZnO [96] or GaAlAs MCs[56], showcasing coherent emission from non-ground gap
states in the Bloch-like polariton dispersion [86] or more exotic Fibonacci-sequence patterns
[237]. Cerna et al. [206] demonstrated the manipulation of confined polariton modes in a 0D
pillar by tuning either the incidence angle of the excitation beam and/or its energy at below-
threshold intensities. Moreover, optical structuring has been employed, where the formation
of an exciton population in a particular pumping geometry locally increases the cavity potential
and leads to emission from confined modes [238] or geometrical phase-locking of emission from
several excited spots [210, 239]. Furthermore, gain-induced trapping of exciton polaritons has
been utilized by Roumpos et al. due to the short lifetime and finite size of excitations [240].

A manipulation of coherence in ground- and excited- states could be shown in circular pillars
[241] and photonic wires [93, 221] by a controlled shift of the excitation spot position. Further-
more, a switching of coherent modes was demonstrated by spatially selective excitation under
nonresonant optical pumping in GaAs pillar MCs.
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6.2.1 Coexisting of Confined and Extended Optical Bloch States in a

SiO2 Photonic Wire Array

For 1D confinement in organic photonic wires with micron-size widths LW from ∼ 1µm to
∼ 10µm, optical lithography is utilised to add thin SiO2 stripes (nSiO2 = 1.45) via a lift-off

process. This patterning modulates the cavity thickness with an amplitude of dSiO2 = 15 nm
and periods of 3.7 - 14.8µm, sandwiched between two similar DBRs. Each photonic wire is
surrounded by barriers of only the organic cavity layer with a smaller height dO = λc/2nO and
width LB ∼ 2 to ∼ 10µm.

Microcavities exhibit a parabolic dispersion up to certain angles, above a constant potential
determined by the cavity thickness. An additional thin layer of SiO2 in this system causes a shift
in the MC energy landscape, i.e. the photon potential is red-shifted according to Section 2.2.4:

ECav =
π~c

nOdO + nSiO2dSiO2

, (6.8)

where ni and di are the refractive indices and physical thickness of the organic (O) cavity layer
and the SiO2 wires. Such a red shift in cavity resonance is already showcased in Chapter 4.
Please note that this equation is an approximation that is valid near the center of the DBR stop-
band, where the penetration into neighbouring mirror layers is minimal. A full calculation is
given later in this chapter.

In photonic wires, this shift causes an index-guided confinement which discretizes the MC res-
onance into several standing wave modes, exhibiting flat dispersion below the potential barrier.
Both red-shift and discretization are visible in the spatially-resolved µ-PL measurement in Fig
6.5 (a). Below the barrier, non-dispersive discrete states correspond to localised modes trapped
at the position of potential wells, and inner satellites (648 nm - 625 nm). Above the photonic bar-
rier potential, the dispersion is extended, with the appearance of photonic minibands (<623 nm).
Here, a multitude of Bragg-scattered extended states become visible, being repeated after each
reciprocal lattice constant 2π/(LW + LB).

To compare such patterning with the use of thin silver films in the previous chapter, Figure
6.5 shows the spatially resolved emission from such photonic wires for either TPP-based (a) or
dielectric (b) confinement.

In Fig. 6.5 (a), one observes a strong spatial confinement of photons in the spectral range
between 658 nm to 685 nm at the position of the 40 nm-thick metal layer. The emission from
photonic wires is discretized in energy and exhibits modes of increasing number of antinodes
that are directly observable in the emission of our sample. As only discrete k-values are allowed
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Figure 6.5: (a) Spatially resolved emission spectrum of a MC with 40 nm-thick metal stripes
of ≈7µm in width. In the range of 658 nm - 685 nm, confined Tamm-plasmon-
polaritons are visible as discrete standing waves with an increasing number of
antinodes due to the strong confinement below the barrier. Above the barrier, an ex-
tended Bloch-like state becomes visible. (b) Spatially resolved emission spectrum
of a MC with SiO2 stripes of ≈4.5µm in width. Here, confined states are visible in
the range of 649 nm - 622 nm. Despite their different physical origins, both types of
structuring produce similar strong lateral confinement. Reprinted with permission
from reference [7].

inside the well, the energies (at ky = 0) are qualitatively given by Equation (2.69):

Em = ~c
√

k2
z + k2

y + k2
z = ~c

√
k2

z +
(m + 1)2π

n2
Ca2

= π~c

√
1

(nCLC)2 +
(m + 1)2

n2
Ca2

, (6.9)

where nC and LC are the effective cavity refractive index and thickness, which has to be adapted
to the phase change at the metal interface, accordingly, and c is the speed of light in vacuum.
The index m describes the number of confined states from ground (m=0) to highest excited state
below the barrier. Above the barrier (< 658 nm), extended states fill the spectrum.

Similarly strong confinement can be observed now in SiO2 stripes, where a comparably small
physical thickness of only 15 nm is enough to create the deep potential of the photonic wire from
621 nm to 649 nm. In 4.5µm thick wires, again a discretization of modes is demonstrated below
the barrier. The calculation of their energy levels follows Equation (6.9) again, where the cavity
thickness nCLC is directly calculated from the optical thicknesses of organic and SiO2 layers
nAlq3 LAlq3 + nSiO2 LSiO2 . The smaller width of the wire here leads to a larger spacing between
discrete states. In addition, a detuning of this particular cavity with respect to the DBR design
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wavelength facilitates a splitting of each discrete mode into its respective polarization directions
TE and TM, where TE modes lie lower in energy than their TM counterparts. A full calculation
of these polarization-dependent mode positions requires a full consideration of the penetration
of modes into adjacent DBR layers.

The types of structuring employed here serve similarly well to confine light inside of mi-
crocavities, even though the physics behind the shift of the photonic potential is completely
different. Both, plasmonic and index-guided confinement, may be utilized to shape photon or
polariton dispersions towards interesting new experiments.

6.2.2 Photonic Bloch States in Metal- or SiO2-Patterned Cavities

While the spatially-resolved near field gives a good representation of the photonic well and its
corresponding modes and a direct observation of the photonic potential, the full observation
of Bloch-states can only be made in angle-resolved emission spectra. Figure 6.6 shows the
dispersion for both metal- (a) and SiO2 (c) cavities below and above their potential barrier. Below
the barrier, the discrete states exhibit a flat dispersion and (m − 1) submaxima inside the typical
cavity parabola, according to the index m of discrete state. While even states (m = 0, 2, ...)
exhibit always an antinode in the center, odd states (m = 1, 3, ...) show the first antinodes at
k = π/(a + b) and thus show no emission in normal direction to the sample surface.

Above the barrier, the formation of photonic energy bands with band-gaps becomes clear in
both cases. Here, the lowest above-barrier state starts, complementary to the oddity of the high-
est below-barrier state, either at k = 0 ((c), mbelow = 7) or at a π-state ((a), mbelow = 8). As
the intensity of light is dampened by the metal layer, the below-barrier states in the metal cavity
exhibit a lower intensity than the above-barrier states, while in the SiO2 cavity a more evenly dis-
tributed intensity can be observed. Nevertheless, both types of structuring do not only show the
formation of localized states below, but also a clear and directly accessible Bloch-like dispersion
above the photon potential barrier. Furthermore, this interaction between different optical states
of several periodic wires at macroscopic distances showcases the large spatial coherence in the
system, at room-temperature, even below the lasing threshold.

The formation of Bloch-like optical modes can be calculated using the modified Kronig-
Penney model given in Section 2.4. The cavity dispersion is related to the dispersion of a free
electron and receives an equivalent to the effective mass on the order of 10−5 ·mel. Utilizing this
analogy, the Kronig-Penney model can be computed from the time-independent Schrödinger
equation. Figure 6.6 (b) and (d) show this calculation for the corresponding samples (a) and (c),
reproducing number and positioning of localized states and formation of extended Bloch-like
states above the potential barrier. As the emission of microcavities is influenced by Bragg-
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Figure 6.6: Spontaneous emission spectra from laterally patterned microcavities. (a) Angle-
resolved emission spectrum of a MC with a 40 nm-thick silver layer of ≈4µm in
width. Below the barrier at 658 nm, discrete TPP states are confined within the
metal stripe, exhibiting a flat dispersion. Above the barrier, an extended Bloch-
like spectrum becomes visible. (b) Kronig-Penney calculation for (a) with Bragg-
scattering up to the eighth order. (c) Angle-resolved emission spectrum of a MC
with a 15 nm thick SiO2 layer of ≈4.5µm in width. Again, a discrete, confined
spectrum becomes visible below the barrier, albeit of higher quality owing to the
low absorption of SiO2 in comparison to silver. Above the barrier, a similar Bloch-
like band structure with clear bandgaps is visible. (d) Kronig-Penney calculation
for (c) with Bragg-scattering up to the eighth order. Reprinted with permission
from [7].

scattering at the boundaries of the Brillouin zones, this feature is included as scattered replica up
to order 8 in the calculation.

The patterning with SiO2 wires enables a thorough investigation of the behaviour of light in
corresponding cavities. For this purpose, different wire widths and periods are fabricated in
the same sample, comparing the formation of Bloch states here. Figure 6.7 gives the angle-
resolved emission spectra of different wire widths ((a) to (c)) and different periods ((d) and (e)).
It becomes clear that an increase in width of the potential well decreases the spacing of discrete
states, leading to an increased number of fully confined states from 8 (wire width 5µm) to 17
(11µm). It is remarkable that even for such large spacings, the Bloch state formation below and
above the potential barrier is still possible, owing to a large coherence length of the system even
in the spontaneous emission regime. When keeping the wire width constant and changing their
period, however, the localised states are not effected. Instead, the shape of the extended states
above-barrier and their Bragg-scattered replica can be manipulated.
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Figure 6.7: Experimental spectra, (a)-(e) angle resolved, (f) spatially resolved. (a) to (c): wire
widths LB = 5µm 7µm and 11µm, respectively, and a barrier width of LW = 3µm,
showing extended states above and localized states below the potential barrier. A
larger wire width leads to smaller energy gaps between the levels of localized states
resulting in more levels, see numbers 8, 11 and 17. (d) and (e): the same wire
width LB = 5.5µm and the periods LP = 11.1µm and LP = 7.4µm, respectively,
exhibiting no change in the localized states, but in the distance of the replica of
extended states to each other. Figure reprinted with permission from reference [5].

Both metal and dielectric structuring facilitate an engineering of the cavity dispersion despite
fundamentally different physical origins. While coupled Tamm-plasmon states enable interesting
insights into the coupling of photons to plasmons and a direct route to electrical excitation,
structuring via loss-less dielectric materials provides the highest optical quality of the sample
and very narrow modes with high quality factors both in vertical and lateral direction.

6.2.3 Quantitative Description of Coexisting Localized and Extended

Bloch States

Previous considerations only give an approximation regarding exact energetic positioning of
modes and do not take into account polarisation of light, they however are correct if the micro-
cavity is in tune with the stop-band of the DBRs and no polarisation splitting [77, 198] is present.
In all other cases, a more involved theory has to be applied. This fact becomes clear in Figure
6.8 (a) and (b), where polarisation-dependent angle resolved spectra of a SiO2-wire cavity are
shown. Here, the spacing of TM-polarised discrete states is larger than for TE-polarisation, even
leading to a different number of discrete states from 14 (TM) to 16 (TE) in total.

Such polarisation properties can be integrated into the existing theory by the concept of a
polarisation-dependent effective mass. The effective mass of a photon in a microcavity can be
obtained from the curvature of the derived energy dispersion. The dispersion by Equation (6.10)
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for microcavities with small to zero detuning is given by Equation (2.91):

E(kx) = ~c
√

k2
z + k2

x/n2
c ≈ E0 +

~2

2m∗
k2

x . (6.10)

There, kx is the wavevector parallel and kz = 2π/2ncLc perpendicular to the cavity plane.

More detuning between the distributed Bragg reflectors (DBRs) and the cavity layer results
in the aforementioned polarisation splitting. Since Equation (6.10) does not include the po-
larisation, the resonance calculations by Panzarini et al.[77] are employed here, which con-
sist of the cavity thickness Lc, the cavity-only resonance frequency ωc, the central DBR stop-
band frequency ωs, the penetration depth into the DBR LDBR and the effective cavity thickness
Leff = Lc + LDBR:

ω =
Lcωc + LDBRωs

Leff

. (6.11)

From Panzarini et al., we obtain parametrisations for each variable in Equation (6.11) depend-
ing on θ, the angle between the direction of the light propagation, the cavity plane normal (z-
direction), and even on the polarization. With the relation kx = k sin(θ), one can approximate
ω ≈ ω0 + ω1x2 to the second order of x = sin(θ), resulting in Equation (6.12) for the effective
mass, considering k ≈ kz = ω0/c:

m∗ =
~ω2

0

2ω1c2 . (6.12)

A direct Taylor approximation on ω is extensive, so Taylor approximations of all variables are
considered (see Equation (6.13)) and ω is calculated from Equation (6.11) stopping at terms of
x2:

ωc ≈ωc0 + ωc1x2 , ωs ≈ ωs0 + ωs1x2 (6.13)

LDBR ≈LD0 + LD1x2 ,
1

Leff

≈
1

Leff0
−

LD1

L2
eff0

x2 (6.14)

ω ≈
(
Lc(ωc0 + ωc1x2) + (LD0 + LD1x2)(ωs0 + ωs1x2)

)
·

(
1

Leff0
−

LD1

L2
eff0

)
≈

Lcωc0 + LD0ωs0

Leff0

+ x2
(

Lcωc1 + LD1ωs0 + LD0ωs1

Leff0
−

LD1(Lcωc0 + LD0ωs0)
L2

eff0

)
. (6.15)

Utilising this parametrisation, the effective mass of microcavity photons can be calculated with
high precision from Equation (6.12), obtaining values of m∗TE = 1.30 · 10−5 ·mel = 1.19 · 10−35 kg
and m∗TM = 1.04 · 10−5 ·mel = 9.45 · 10−36 kg. Such low masses aid in a multitude of interesting
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Figure 6.8: (a) and (b): measured angle-resolved spectra of TM- and TE-polarized emission,
respectively, both with wire width b = 11.1µm and period p = 14.8µm, show-
ing different energy levels depending on the polarization resulting in more discrete
levels for TE than for TM-polarized light. (c) and (d): numerically simulated trans-
mission of TM- and TE-polarized light, respectively, overlaid with the calculated
energy dispersion using the KP-model and the effective mass of a photon propa-
gating through a microcavity of the same design in black and the Bragg scattered
states in orange. Reprinted with permission from reference [5].

propositions, among them the Bose-Einstein condensation of quasiparticles formed by the strong
interaction between excitons and microcavity photons. While in the present case, the TE-mass
is larger than the TM-mass, this relation changes when the cavity-DBR detuning changes sign
as well.

Unfortunately, in the experiment, the photonic potential structure is not perfectly rectangular.
Irregularities in fabrication lead to a lateral deformation of the photonic wires by few tens to a
hundred nm. In turn, the Bloch state formation in the experiment does not perfectly follow the
theory presented here. To verify the analytical theory presented here, numerical simulations of
perfect structures are performed, closely resembling the real cavity conditions. By a commer-
cially1 implemented rigorous coupled wave analysis, a cavity with a wire width of 7µm and a
barrier of 1µm is simulated and compared to the mode positions of the effective-mass-corrected
Kronig-Penney model. Figure 6.8 (c) and (d) show an excellent agreement between this cal-
culation and the numerically simulated spectrum in both TE and TM polarisation. This further
validates the modelling and can aid in the prediction of further experiments exploiting the photon
effective mass.

1RSoft by RSoft Design Group inc.
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Figure 6.9: Bloch states calculated with effective-mass-corrected Kronig-Penney model with a
potential depth of 80 meV and photon effective masses of m∗TE = 1.30 · 10−5 ·mel
and m∗TM = 1.04 · 10−5 ·mel. The larger mass of TE-polarised photons leads to a less
steep dispersion curve and red-shift of discrete states compared to TM photons. (a)
Variation of photonic wire width LW at constant barrier thickness of LB = 3.0µm.
Increasing the width of the photonic well drastically increases the number of dis-
crete states below the barrier. At large wire widths, both polarisations may exhibit
a different number of discrete states. The above-barrier bands remain largely un-
changed during the variation. (b) Variation of the barrier thickness LB at constant
wire width LW = 3.0µm. While the below-barrier states show the same number
and spectral position of discrete states, the above-barrier bands transform into a
smooth parabola with only diminutive gaps for large barrier thicknesses. Interest-
ingly, for small barriers an interaction between photonic well states is possible and
a non-flat dispersion results also for below-barrier states.

In Figure 6.9, a large variation of both barrier and well widths is performed utilising this
model. Increasing the photonic wire width (Fig. 6.9 (a)), the number of discrete states rises as
their spectral distance decreases as expected for a larger quantum well. Starting from only two
discrete states for a wire width of LW = 1µm, a multitude of states appears in the following
calculations, until the below-barrier space is almost filled by a quasi-continuum at widths >
10µm. Here, only higher order states exhibit a significant spectral spacing, which increases as
the mode number becomes larger. Here, also a difference in the number of discrete states can be
made out for different polarisations. As in the present example the TE mass is larger than the
TM mass, the corresponding curvature is more flat and in turn a higher number of discrete states
may appear. This effect is visible for wire widths of 2µm, and 4µm...>10µm. Coincidentally,
for a width of 3µm, the discrete state number is the same. In special cases, dispersion features of
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both polarisations might overlap, as seen for a width of 6µm where a degenerate state between
mTE = 9 and mTM = 8 is formed. At such points, lasing in both polarisations may occur under
the right conditions. While the below-barrier spectrum is drastically altered, the above-barrier
states remain mostly the same. The position of photonic minibands is however influenced by
the below-barrier behaviour and, as explained in the last section, their parity can facilitate the
formation of zero and π-phase coupling in the first Brillouin zone (not depicted).

The situation changes, when the barrier width is varied at constant photonic wire thickness (see
Fig. 6.9 (b)). Here, number and spectral position of the below-barrier discrete states is fixed by
the constant wire width. Above the barrier, the spectrum transforms from the photon miniband
structure with considerable gaps at low barrier thickness to a more or less continuous parabolic
spectrum for wide barriers. Even in this calculation, where perfect coherence is assumed, a
band structure is hardly visible above LB = 10µm. One of the most interesting features arises
here, when the barrier is very small compared to the wire thickness. Such thin barriers allow the
tunneling of photons between different photonic wires and enable an interaction between discrete
state also below the energy barrier. In the model, such interaction facilitates a dispersion of light
also for the otherwise flat, non-dispersive states at E/V < 1. While for LB = 1µm, this is the case
for the higher order discrete states, for very thin barriers (LB = 0.2µm), tunneling is possible
at almost all photonic energy levels. A coherent interaction between such otherwise confined
optical states may enable a multitude of new experiments, including the Bloch oscillation of
photons in these superstructures.

The large polarization splitting and its detailed understanding are furthermore key aspects for
applications e.g. in Spin-Optronics, such as the optical spin Hall effect [57] and the recent pro-
posal of a Z polaritonic topological insulator [58]. By adding a driving field to similar systems,
optical Bloch oscillations were observed and investigated [177, 242, 243, 244, 245, 246, 247].

6.2.4 Above-Threshold Investigation

The low absorption of the SiO2 photonic wire and the high quality of patterning not only en-
able the direct observation of the spatial distribution of light, from the ground state with one
antinode to higher excited trapped states with up to six antinodes visible in the experiment, but
furthermore aid in the transitioning to the stimulated emission regime. For (far-) above-threshold
excitation of the photonic wires, two types of lasing are observed, depending on the positioning
of the single pump spot. Figure 6.10 showcases both near and far field spectra of lasing modes
in such a system. While placing a single pump spot strongly focused over one photonic wire
(marked as a pink circle in Fig. 6.10 (a)), the coherent emission originates from the bottom of
the potential well, at 648 nm and k = 0 (see Fig. 6.10 (c)), where the parabola apex would appear
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in an unstructured MC. Shifting the excitation to the position of the barrier (Figs. 6.10 (b) and
(d), input-output curve (e)), the strong stimulated emission is now concentrated at 623 nm, as a
supermode above the left and right barriers at ± 5µm. In k-space, not only laser emission at zero
angle can be observed, but a strong scattering into the hybrid well-barrier state at angles ±30◦

takes place. An analogous behaviour can be observed in the formation of a Kastler ring in MCs
with multiple cavity modes [236]. The extended Bloch-states are illuminated more strongly for
an excitation of the barrier and show a first hint of the photon miniband structure.

Utilizing this spatially selective pump above-threshold, one can manipulate the coherent emis-
sion from discrete states confined in separated excited photonic wires, or from an extended Bloch
wave, propagating through excited barriers and neighboring non-excited photonic wires.

While the gain profile of the organic Alq3:DCM emitter system covers a broad spectral range,
its peak is centered at 630 nm. Utilizing the flat dispersion in photonic wires, there exists a possi-
bility to probe this distribution when exciting the wires only slightly above threshold. As lasing
starts at points of high photonic DOS, with ρ(E) = 2(dk/dE)/π, each discrete mode represents
a condensation point for the laser modes. In Figure 6.11, photonic wires of different widths
LW =1.0µm, 3.7µm, and 10.0µm exhibit coherent emission only at 630 nm ±3 nm for a pump
intensity at or slightly above the lasing threshold. The overall high density of photonic states
allows lasing from non-ground states, providing the peak gain value can overcome absorption
which happens only in higher excited modes closer to the emission maximum. For larger exci-
tation energies, the coherent emission shifts again towards the potential well or -barrier ground
state, where the highest Q - values are obtained.

All angle-resolved spectra here follow the same general sample composition, i.e. showing
confined wire states at 648 nm - 625 nm, while the different widths of the potential well strongly
influences the appearance and number of the discrete, flat modes. The distribution of these
states can be calculated using the modified Kronig-Penney model, where the particle energy and
effective mass are substituted by their photonic counterparts in MCs [4, 5]. For the approximation
of high barriers, the spatial mode distribution Fm(x) can then be expressed as

Fm(x) ≈ cos (qmx) or sin (qmx). (6.16)

Here, the discretized modes are labelled by an integer m = 0,±1,±2, ..., yielding the correspond-
ing wavenumbers qm = π(m+1)/LW. The analytical expression for the angular distribution (with
kx ∝ sin θ) of the emission intensity Im(kx) follows from the Fourier-transformation of the spatial
distribution [48]:

Im(kx) ∝ cos
(

LWkx

2
−

mπ
2

)2

×
q2

m

(q2
m − k2

x)2 . (6.17)
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Figure 6.10: (a), (b): Spatially resolved emission spectrum perpendicular to a photonic wire
for above-threshold excitation localized on the wire (a, LW = 3.7µm) and of
the barrier (b, LB = 7.4µm). The potential induced by the SiO2 wire laterally
traps photons in discrete standing wave modes. Lasing takes place either from
the lowest confined state (a), or the lowest extended above-barrier state (b) (deep
red). The excitation spot position is indicated in pink. (c), (d): Angle-resolved
emission corresponding to (a) and (b). The emission from the barrier exhibits a
flat dispersion, while the above-barrier states show a Bloch-like dispersion with
almost continuous spectra. The intensity is color-coded in logarithmic scale in
all figures. (e) Input-output curve for excitation of the barrier as in (b), (d) (red
squares) with a lasing threshold of 0.15 nJ (∼ 20µJ/cm2) and for the excitation of
the wire as in (a), (c) (blue circles) with a threshold of 0.1 nJ. Dashed lines with
a slope of 1 are added as a guide for the eye. Reprinted with permission from
reference [6].
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Figure 6.11: Angle-resolved emission from photonic wire arrays of different LW = 1µm (a),
3.7µm (b), and 10.0µm (c) for excitation on the wire. The width of the photonic
wire leads to a closer or wider spacing of the discrete modes below the barrier,
and a differing total number of confined states. Due to the flat dispersion of the
confined states, lasing originates from the modes closest to the gain maximum
of the organic emitter, even for different geometries. Intensity is color-coded as
in Fig. 6.10. Solid lines in (b) represent calculations of k-spacing according to
Eq.(6.17). Reprinted with permission from reference [6].

This equation yields the angle- and spectrally-resolved emission of the discrete modes in the
spectral range of 623 nm< λ < 643 nm.

Even though the width of the photonic wire LW does not influence the total red-shift of the
resonance (Eqn. (6.8)), it has a significant influence on the number and spacing of the discrete
modes, as apparent from Eqns. (6.9) and (6.17). Figure 6.11 showcases this behaviour for the
different widths of the potential well on top of the photonic wires. Here, it becomes obvious
that a smaller wire width leads to larger energetical gaps between and a smaller number of the
discrete states. For imperfect sample conditions, i.e. a not perfectly square potential, the spectral
position of modes differs. However, the k-space distribution after Eq. (6.17) still fits remarkably
well, since the lateral confinement is very strong. This is showcased in Fig. 6.11 (b) by solid
lines.

6.2.5 Control of Lasing by Selective Excitation

The spectral alignment of gain maximum and cavity modes, however, is not the only factor to
consider. In particular, the spatial position and distribution of gain can have a significant impact
on the spectral and angular distribution, or even the threshold of laser emission in such photonic
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Figure 6.12: Lasing from a photonic wire of LW = 10.0µm, for different gain distributions
created via two excitation beam interference. (a)-(d) show the angle-resolved
dispersion, while (e)-(h) show the corresponding modes in near-field. Here, the
x-coordinate is perpendicular, while the y-coordinate is parallel to the wire orien-
tation. By varying the angle of two excitation beams, and thus the spatial distribu-
tion of gain, modes with a corresponding field distribution are selectively excited,
from the ground state with one antinode (a), to higher excited states with m + 1
antinodes (b-d). Intensity in (a)-(d) is color-coded as in Fig. 6.10. Reprinted with
permission from reference [6].

wires. If a strongly focused (< 3µm) excitation spot is centered exactly in a photonic wire, only
symmetric (even) modes can overcome the threshold, while all antisymmetric (odd) modes only
show weaker spontaneous emission. In general, the excitation reaches the highest efficiency,
when its spatial distribution overlaps with the corresponding field distribution of the laser mode.
Utilizing this principle, the dependence of the near- and far-field emission spectra on spatially
selective excitation of photonic wires is investigated. When the excitation spot at above-threshold
intensity is focused into the center of the wire (see Figure 6.12(a)), coherent emission emerges
from the center of the excited wire with a wavelength λ0 = 643 nm at k = 0. The remaining -
higher - modes are still visible in spontaneous emission with significantly weaker intensity.
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In the approximation (6.16), the confined modes have a periodic modulation with a period
P = 2LW/(m + 1) within a wire of the thickness LW. For an optimal selective excitation of the m-
th confined mode, the pump laser beam is split into two to utilise the interference pattern created
by focusing those two beams onto the sample under an oblique angle. This scheme creates
the desirable periodic population of excitons in the DCM and provides gain in the photonic
wire that selectively excites certain modes. Changing the incident angles of the two excitation
beams, the period of the interference pattern changes accordingly, allowing the precise control
of the excitation geometry in the system and to create standing waves with a distinct transversal
wavenumber qm. This way, the occurrence of coherent emission can be switched from the wire
ground state (Fig. 6.12 (a) and (e)), to higher excited states. To demonstrate this concept, laser
emission from modes m = 1 (Fig.6.12 (b) and (f)), m = 5 (Fig.6.12 (c) and (g)), and m = 11
(Fig.6.12 (d) and (h)) is shown exemplarily. Here, the micrographs (e)-(h) show the near-field
emission of the confined modes in the photonic wires, where m nodes and m + 1 antinodes are
observed in the spatially resolved emission of the respective state. Each mode is optimized for
the lowest threshold of the non-resonant excitation. This allows not only the energetic tuning of
the laser, but furthermore enables a direct control over the main peak in the angular distribution
of the coherent emission from k = 0 in the ground state over angles of ±5◦ (m = 1), ±14◦

(m = 5), and ±23◦ (m = 11) to even higher angles. The satellite maxima of the higher excited
states also provide an outcoupled laser light at exactly (for m even) or close to (for m odd) k = 0.
The interference angles between the exciting beams outside of the cavity are: ≈ 10◦ (m=1, (b));
≈ 31◦ (m=5, (c)); ≈ 66◦ (m=11, (d)). The weak emission centered around (645 nm,+25◦) is an
artifact of the optical setup.

By utilising the broadband emission of the laser dye and exhibiting a fine control over the
spatial exciton distribution via a specific pump scheme, a highly tunable system results. As
the tunability of the system stems mainly from the confinement of the wires, an application
towards strong-coupling is straightforward by substituting the luminescent dye for a system with
sufficiently strong and narrow absorption in the spectral region of interest. This will further open
up fascinating new experiments such as spin-optics, the investigation of magnetic properties, and
propagation of excitons in such potential landscapes.

6.2.6 Numerical Simulation of Selective Excitation

To quantitatively confirm the experimental spectra, a numerical simulation is performed, show-
ing the emission from a periodic (P = 10µm) array of photonic wires with a width of LW = 5µm
using a rigorous coupled wave analysis. In the angle resolved image presented in Figure 6.13,
again the coexistence of confined and extended Bloch-states below and above the potential bar-
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Figure 6.13: Calculated angle-resolved spectra of emission from photonic wires under differ-
ent gain distributions. Intensity is color-coded as in Fig. 6.10. Reprinted with
permission from reference [6].

rier of the SiO2-wires is confirmed. As the simulation assumes a perfect sample condition, the
Bloch-like photonic miniband structure is well visible above the barrier here.

In this approach, the amplitude and spectral shape of gain is included into the considera-
tion, both dependent on excitation intensity. For the simulation, the sample is excited by an
array of different spatially distributed gain maxima amplitudes: gmax(626 nm) = 3 × 10−3 (a),
gmax(629 nm) = 3 × 10−3 (b), and gmax(631 nm) = 5 × 10−3 (c). As marked in red, lasing starts
from the confined modes that closely resemble the spatial gain distribution. The wavelength
and angular distribution of coherent emission can be easily tuned by switching between different
confined modes utilizing the excitation scheme.

In a photonic wire microcavity, one-dimensional confinement of photons can be realised in a
photonic potential well created by stripes of SiO2. The experimental observation of photonic
Bloch states as a spectral discretization of the cavity dispersion below and extended quasi-
continuous states above the confining potential is accompanied by a description of these modes
via a Kronig-Penney model tailored to the system. Using a broadband organic emitter, its gain
distribution is directly probed in differently sized wires with flat dispersion. By creating a spatial
distribution of excitons in a modified pump scheme, the wide spectral range of the emitter can be
taken advantage of to directly tune the laser emission from the ground state at k = 0 to arbitrarily
high excited states at smaller wavelengths and larger outcoupling angles. Therefore, such finely
tuned experimental conditions enable a direct control over the coherent emission in the device.
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6.3 Comparing Laser Modes in Periodically Patterned

Microcavities

While both SiO2 and silver photonic wires facilitate the formation of photonic Bloch states, their
above-threshold behaviour showcases their different composition. By increasing the excitation
intensity, both such MCs can be brought to lase at threshold energies on the order of the mag-
nitude of a few nJ/Pulse. The laser mode characteristics however differ strongly from planar
cavities, where stimulated emission takes place always at the bottom of the cavity parabola, at
k=0. There, the apex provides a high density of states (DOS) and therefore an accumulation of
field intensity necessary to overcome the lasing threshold.

The coherent interaction between states located in different photonic potential wells or on top
of the barrier in patterned MCs severely alters the photon dispersion as seen above and provides
a concentration of photon DOS ρ(E) = 2(dk/dE)/π [230] next to photonic bandgaps and at
discrete states below the barrier. This leads to a manifold increase of possible lasing modes both
on top of the structured areas and in between. Even though lasing in TPP structures has been
reported recently [83, 84], the additional metal absorption even in such optimised TPP states
makes lasing of this particular state difficult to observe. Here, the above-barrier extended Bloch
states provide the ability to observe unusual lasing modes of the cavity state at non-zero in-plane
momentum. Figure 6.14 (a) depicts a measurement above threshold, showing lasing (in red)
from an excited above-barrier state. Here, the laser mode is concentrated at k = ±π/(a + b)
and no emission in normal direction is observed. Due to its comparably weaker intensity, the
spontaneous emission of the TPP states is not visible here. By further increasing the excitation
pulse energy, even multimode lasing from up to 4 different modes at increasing k = ±mπ can be
observed, shown in Fig. 6.14 (b).

On the other hand, the almost loss-less SiO2 wires provide an ideal spot for tunable lasing
modes in their discrete states as described above. Fig. 6.14 (c) and (d), comparatively shows
the spatially and angle-resolved spectra of lasing from a high excited discrete state. Due to
polarisation splitting [5, 207], the discrete states split into TE- and TM-polarized modes and the
final lasing modes is split into the 6TE and 5TM mode due to their close spatial overlap.

The lateral patterning of microcavities provides an interesting playground for engineering co-
herent interaction of photons and polaritons at macroscopic distances. While metallic patterning
provides coherently coupled states above the potential barrier as well as a direct electrical access
for future charge carrier injection, SiO2 wires provide continously tunable coherent states[6] in
their deep photonic potential wells. Such patterning can be integrated into smallest devices on
the micron-scale in all dimensions.

Even though conceptually very different structured interlayers are employed to produce shifts
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Figure 6.14: Lasing spectra of patterned MCs. (a) Angle-resolved lasing of the second cavity-
state (m=1) in a MC with 40 nm-thick silver stripes of ≈4µm in width. The lateral
patterning enables lasing of non-ground modes in the cavity state at the position of
±1π. (b) Angle-resolved lasing of multiple states in the metal-cavity at k = m× π,
going up to m=3. (c) Lasing of a highly excited SiO2-cavity state in a MC with
15 nm SiO2 of ≈4.5µm in width. Due to the low absorption of SiO2 and the
flat dispersion provided by the confinement, higher order states can be excited.
(d) Angle-resolved image of (c), showing lasing at high m. Due to polarization
splitting in this MC, the lasing mode is split into the m=6 TE- and m=5 TM-
modes. Reprinted with permission from reference [7].

in the cavity potential, both facilitate the formation of localized and extended Bloch-like states.
In metal-organic MCs, the formation of Tamm-plasmon-polaritons is utilised, enabling the ob-
servation of photonic wells, Bloch-states and laser emission at non-zero in-plane momentum,
also showcasing their macroscopic coherence at room-temperature. Patterning the cavity using
the almost loss-less SiO2 the potential shifts due to an increased cavity thickness and Bloch-
states of very high optical quality are observed in all directions. Continuously tunable lasing
is enabled by exciting different discrete states in the system. The experimental observation of
Bloch-states is assisted by a modified Kronig-Penney calculation, giving an analytical model
for the complex dispersion in the cavities. Both types of structuring show promising features
for shaping photonic and polaritonic states in MCs and controlling the build-up of coherence in
those systems.
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7 Hybrid Waveguide-VCSEL Resonators

And Coherent Interaction

In this chapter, a different type of in-plane structuring is employed to manipulate the microcav-

ity dispersion. By fabricating a micrometer-scale grating on top of the substrate, a coherent

coupling between the VCSEL mode and waveguided modes in the active layer is realised.

Section 7.1 provides an introduction to the device architecture, showing that the lateral profile

is continued through to the top of the sample, facilitating efficient Bragg-scattering of modes in

the active area.

In Section 7.2, the polarisation- and angle-resolved spontaneous emission spectra are dis-

cussed. Here, the observation of anticrossing between VCSEL and scattered waveguided modes

demonstrates the coherent coupling between these regimes.

Finally, Section 7.3 investigates the coherent emission of such hybrid devices, showing the

emergence of hybrid lasing modes with a large lateral extension in real and sharp resonances in

k-space besides the typical VCSEL mode lasing.

The contents of this chapter have been published in parts in reference [10] c© 2016 John Wiley

and Sons.

7.1 Hybrid Device Architecture

Two of the most successful microresonator concepts are the vertical cavity surface emitting laser
(VCSEL), comprising a vertical cavity of highly reflective DBRs sandwiching an active layer,
and the distributed feedback (DFB) laser, where a periodic optical grating selects laser modes
from an active waveguide (WG) layer. Here, the concepts of VCSEL and waveguide are united
in a single device, facilitating coherent interaction between them via a periodic optical grating at
points of crossing dispersion relation.

While a first order DFB grating enables only edge emission of the device, higher order gratings
[248, 249, 250] scatter light also into the vertical direction and thus enable coupling to a VCSEL
mode in a combined device. Here, a | sin |-profile with a comparably large period of 1.1µm and
a modulation depth of ≈30 nm is etched into a silicon substrate providing a scattering of wave-
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Figure 7.1: (a) Sample schematic for the hybrid WG-VCSEL sample. A full microcavity stack
is deposited on top of a periodically patterned Si substrate, leading to a coupling
of in-plane WG and vertical microcavity resonator. (b) Atomic force microscope
image of the top DBR layer of the finished cavity showing that the patterning of
the substrate is continued through all 43 layers. (c) Contour profile of (b) with a
| sin |-like shape. Reprinted with permission from reference [10].

guided modes into the vertical resonator. The large period provides no direct optical feedback
for a DFB, but facilitates scattering of modes into surface emission. On top of this structure,
a full VCSEL stack of 2×21 layer SiO2-TiO2 DBRs encasing an active Alq3:DCM cavity of
185 nm thickness is deposited via thermal evaporation. The sample schematic is depicted in
Figure 7.1 (a). The deposition technique and rigid silicon substrate facilitate a continuation of
the pattern throughout the whole device up to the top DBR layer. On top of the finished device,
the morphology is scanned by atomic force microscopy (see Fig. 7.1 (b) and (c)), revealing an
almost perfect continuation of the pattern despite depositing 43 different layers (total thickness
≈ 4µm) on the initial structure. This fabrication provides a corrugated waveguide in the full
cavity, comprising the organic active and surrounding DBR layers.

7.2 Emission of Hybrid WG-VCSEL Resonators

The surface emission of the hybrid device is investigated in a micro-photoluminescence setup
(Section 3.3.1) with an additional polarisation filter for the emitted light. The device is excited
optically with a tightly focused spot (diameter 2µm) at 405 nm for below-threshold and 532 nm
for below- and above-threshold investigation. For this purpose, emission and excitation are
located on the same side of the sample (reflection geometry), where a beam splitter enables
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incoupling of the excitation light and outcoupling of the emission through the same high-NA
objective (63×, NA=0.8), as the opaque Si substrate allows no transmission at these wavelengths.
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Figure 7.2: Angle-resolved spontaneous surface emission from hybrid cavities. (a) Unpo-
larised emission. Lines represent guides for the eye for parabolic VCSEL and
linear WG modes. From the Bragg-scattering separation, a period of ≈1.0µm is
extracted. (b) TE and (c) TM polarised emission. While in TE polarisation, the
VCSEL mode and Bragg-scattered replica are still visible, in TM polarisation, the
linear WG modes dominate the far field picture. In all figures, a pronounced an-
ticrossing is facilitated by a strong coherent interaction between VCSEL and WG
modes. Reprinted with permission from reference [10].

While VCSEL modes exhibit parabolic dispersion, and waveguided modes show an almost
linear dispersion of their surface emission, the behaviour of the hybrid device is much more
complex. Figure 7.2 shows angle-resolved emission spectra below the lasing threshold in differ-
ent polarisations. In both TE and TM, modes of linear dispersion represent the corresponding
waveguide modes with large slopes of 2.4 nm/1◦ (TM) and 1.85 nm/1◦ (TE) cutting through the
far field. While in TE polarisation, the apex of the cavity parabola is visible at 628 nm and 0 ◦

(and Bragg-scattered to ±40 ◦), in TM polarisation the VCSEL mode is dominated by the WG.
The DBR sideband emission with an apex at 595 nm however is still recognizable in all three
figures, albeit strongly disturbed by the waveguided modes.

At crossing points of WG and VCSEL dispersion, the emission reveals a coherent interaction
between both modes, as modes overlap and exhibit a pronounced anticrossing. Interestingly,
this effect facilitates points of drastically increased density of states combined with the added
optical feedback from both resonators leading to increased emission intensity. Note that all
features are Bragg-scattered at angles: ϑ = ± arcsin (kBragg/kz) = ± arcsin (λC/a) ≈ 35 ◦ and
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Figure 7.3: Calculation of scattered waveguided modes for the hybrid device. Color scale in
(a) and (b) depicts the fraction of a mode residing in the active layer. (a) In TE-
polarisation, only weak modes with linear dispersion populate the far field. (b)
In TM-polarisation, strong and sharp WG resonances are scattered into the sur-
face emission, coinciding with experimental observation. (c) Extracted TE and
TM polarized modes and transfer-matrix calculation of VCSEL transmission. The
calculated far field provides a clear explanation for all modes observed in the ex-
periment. WG mode calculations have been performed by Tim Wagner (IAPP).
Reprinted with permission from reference [10].

thus appear twice in the angular range observed. From the experiment, we obtain a scattering
at ±38 ◦ which coincides well with the calculation bearing in mind uncertainties in angle and
period. Subsequently, WG modes interact with Bragg-scattered VCSEL modes and vice versa as
well, and in addition anticrossing is observed between different VCSEL modes (and WG modes)
themselves, facilitating a highly complex emission spectrum in the far field regime. In contrast
to the manipulation of the optical potential by inserting interlayers into the cavity, the photon
energy landscape is not changed here as the cavity thickness remains constant at all points. All
observed effects thus stem from the coherent interaction of different resonator types.

To unambiguously identify the modes appearing in the system, we numerically calculate
waveguided modes appearing in the stack. These modes are quantified by the amount of their
confinement in the active layer, i.e. modes that interact with the cavity layer show emission,
modes that predominantly appear in the mirror layers show none. The calculated modes are then
scattered at the Bragg grating to produce a far field image of the surface emission from the WG.
These calculations are depicted in Figure 7.3, showing a clear coincidence with the experimen-
tally obtained spectra. In TE-polarisation (Fig. 7.3 (a)), only weak modes appear in the surface
emission, leading to a weak modulation of the far field in the experiment. In TM-polarisation
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7 Hybrid Resonators 7.3 Stimulated Emission of Hybrid Resonators

(Fig. 7.3 (b)) however, the scattered WG modes show a significant distribution in the active
layer, which can be translated to a significant contribution towards the MC emission as previ-
ously observed in the experiment (Fig. 7.2 (c)). Here, the far field image is dominated by the
scattered WG modes. Fig. 7.3 (c) finally depicts a transfer-matrix calculation of the VCSEL
transmission with simulation parameters corresponding to the WG calculations, producing the
main resonance at 630 nm, the mirror sideband at 590 nm, and the second cavity mode in the
3/2λ cavity, visible at large angles above 660 nm. In addition, strong WG modes above a certain
threshold1 are overlaid in the picture. While the VCSEL calculation provides the expected cavity
mode position, it has to be noted that the WG resonances appear slightly blue-shifted when com-
pared to the experiment. Such variations can be explained by the incomplete knowledge about
the exact layer thicknesses of each mirror and cavity layer, where even small deviations have a
significant effect on the calculated WG modes. For the best fit, we obtain a thickness of 105 nm
for the SiO2, 86 nm for the TiO2 and 511 nm for the Alq3:DCM layer. Despite those deviations,
a convincing allocation of all modes observed in the system can be made.

7.3 Stimulated Emission of Hybrid Resonators

Increasing the excitation pulse energy, the system enters the stimulated emission regime at
thresholds on the order of 1 nJ/pulse. In contrast to planar microcavities, where lasing typi-
cally originates at the single point of the parabola apex in the far field emission, the hybrid
device offers a multitude of laser modes. The unpolarised picture in Figure 7.4 (a) already offers
two distinct lasing wavelengths at 624 nm and 628 nm, as well as a Bragg-scattered replica at
628 nm and ±40 ◦. At first glance, this mode corresponds with the expected VCSEL mode of an
undisturbed system and differs only in those large angle replica. Similar to the observation of the
Kastler ring [236], laser light can efficiently scatter into higher angle modes, even if lasing origi-
nally only takes place in normal direction. Here, the periodic corrugation provides an additional
outcoupling angle for the standard microcavity lasing.

The mode at 624 nm however can only be attributed to the hybrid system. The polarisation-
resolved far field in Fig. 7.4 (b) and (c) makes this observation more clear. As in the below-
threshold spectra, the TE polarisation shows the original cavity mode and corresponding lasing
from it. Interestingly, the presence of the WG mode at ≈25 ◦ enables another point of scattering
for the stimulated emission, not clearly resolved in the unpolarised image. The enlarged inset of
7.4 (b) shows a clear distinction between the scattered VCSEL and WG modes as the crossing
WG mode unsurprisingly provides another possibility of outcoupling. Here, no lasing mode is
observed at 624 nm. In TM-polarisation (Fig. 7.4 (c)), lasing of hybrid modes appears alongside

1i.e. modes that reside at least 20% inside the active layer
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Figure 7.4: Angle-resolved stimulated surface emission from hybrid cavities. (a) Unpolarised
emission. Laser modes are observed at 628 nm (predominantly VCSEL) at 0 ◦ and
Bragg-scattered replica at ±40 ◦ and at 624 nm (hybrid mode). (b) TE polarised
emission with the bare VCSEL mode as the only lasing mode. (c) TM polarised
emission, where lasing originates from both VCSEL and hybrid modes at crossing
points between the dispersions of both resonator structures. Here, both modes at
624 nm and 628 nm lase. Reprinted with permission from reference [10].

the cavity lasing. While again the cavity mode lases and scatters into TM-WG modes, the Bragg-
scattering of the bare VCSEL mode is much less pronounced than in the TE case and in fact not
visible in this resolution. At 624 nm, the hybrid modes start lasing at comparable thresholds and
similar peak intensity where the coupling of both resonators remains stable above threshold and
facilitates a splitting of 3 ◦. The laser mode forms at the position of high DOS at crossing points
of the dispersion curves and scatters into different bare WG and Bragg-scattered hybrid modes at
larger angles. These observations prove a clear coherent coupling of two fundamentally different
propagations of light. Apart from providing an avenue of combining different directions of laser
outcoupling this behaviour may facilitate additional optical feedback if a DFB laser is realised in
the device. One could imagine spatially separated dedicated coupling regions in a hybrid device
connected by a fully confining waveguide, enabling the transport of coherent emission from one
VCSEL to another similar to optical in- and outcoupling gratings in optical waveguides [251] or
surface plasmon-based devices [252].

The spatial extension of coherent emission furthermore emphasizes the different behaviour
of bare VCSEL and hybrid modes. Figure 7.5 (a)-(c) show the near field spectra of stimulated
emission in different polarisations showcasing a strong localisation of the VCSEL mode emission
in the TE polarised case. While a strong Bragg-scattering is apparent by the far field spectrum
as well as directly visible in the corresponding near field micrograph (Fig. 7.5 (e)), the mode
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Figure 7.5: Spatially-resolved stimulated vertical emission from hybrid cavities. (a) Unpo-
larised, (b) TE polarised, and (c) TM polarised emission. (d) Extracted spatial
intensity profiles of the laser modes. While the pure VCSEL mode in TM polar-
isation decays quickly and is barely visible 15µm away from the pump spot, the
hybrid modes in TM polarisation show a much broader extension in space and are
still visible at distances > 60µm. (e) and (f) near field micrographs of TE and
TM polarised emission, respectively. While the bare VCSEL mode in TE polari-
sation covers ≈10µm around the pump spot, the hybrid mode in TM polarisation
exhibits larger spatial extension. Inset in (c) shows the momentum-resolved hybrid
laser mode profile. Sharp resonances in k-space confirm the large coherent spatial
extension in real space. Reprinted with permission from reference [10].

extension of ≈10µm is that of a standard microcavity mode [197, 253]. Here, the lasing mode
forms in the vertical cavity around the position of the focused pump spot. For the hybrid modes
however, the situation changes. While the peak intensity is still observed at the position of the
pump spot (centre of Fig. 7.5 (c)), the spatial intensity decline is much more shallow than for
the bare cavity lasing. Figure 7.5 (d) shows extracted intensity profiles from the different lasing
modes, showing a broad mode extension of >20µm and a shallow decline after that (red line). In
contrast, the VCSEL mode (black line) exhibits a sharp peak around 0µm and drops off almost
completely in the first ±20µm. The near field micrograph of the hybrid mode lasing (Fig. 7.5 (f))
coincides with this observation, as virtually no intensity drop-off can be seen in the spatial region
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7 Hybrid Resonators 7.3 Stimulated Emission of Hybrid Resonators

shown. To compare this behaviour with the angle-resolved spectra, the stimulated emission
profile of the 624 nm hybrid mode is extracted from Fig. 7.4 (c) and plotted as an inset in 7.5 (c).
In k-space, sharp laser resonances arise from the different contributing modes, confirming the
large spatial extension in the real space emission. The combination of both resonators facilitates
very large mode volumes of the hybrid modes, increasing the coherent area by almost an order
of magnitude, opening the possibilities for interesting applications regarding the spatial transfer
of coherence.
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8 Cavity-Enhanced Charge-Transfer

State Absorption for Highly Efficient

NIR Detectors

In this chapter, the optical features of organic microcavities are employed for a different purpose.

Instead of aiding as a resonator for the stimulated emission in microlasers, the field enhancement

inside of such devices is exploited for cavity enhanced spectrally narrow photodetectors. For

this purpose, the intermolecular charge-transfer state in mixed layers of organic acceptor/donor

blends is utilised and efficient photodetection in the near-infrared is realised.

In Section 8.1 the general concept is introduced based on simulations of the optical field

distribution in such devices. By using two highly reflective silver contacts and comparably thick

transport layers, a field enhancement at >900 nm is realised here. Additionally, a passive filter

is integrated, showing reduced optical field of undesired wavelengths inside the detector.

In Section 8.2, cavity-enhanced detectors are fabricated and evaluated regarding their exter-

nal quantum efficiency (EQE) and current-voltage (IV) behaviour and compared to reference

devices optimised for solar cell performance. Furthermore, the thickness of the top contact is

varied and compared to optical simulations, showing a narrowing of the resonance for an in-

creased reflectivity of the top mirror.

The concept of an optical microcavity opens possibilities of spectral tunability for the nar-

rowband photodetection. In Section 8.3, the angular response is evaluated, showing the typical

parabolic cavity dispersion, opening an avenue for spectral tunability over 100 nm on a single

device. Varying the thickness of the transport layers, the resonance wavelength can be manipu-

lated further.

The results in this chapter have been achieved as the result of a cooperation with different

researchers. All EQE and IV measurements shown here have been performed by Bernhard Sieg-

mund. Angle-resolved optical measurements have been done in cooperation with Mathias Böhm.

Additional input towards the results in this chapter has been given by Johannes Benduhn, Donato

Spoltore, Christian Körner, and Koen Vandewal (all IAPP, TU Dresden).

141



8 Cavity-Enhanced CT Detectors 8.1 Design of Microcavities

8.1 Design and Optical Simulation of Optimised Metallic

Microcavities

8.1.1 Concept of Cavity-Enhanced Charge-Transfer State Absorption

Today, organic solar cells are widely researched regarding material classes, fabrication tech-
niques, and optical and electrical design, etc. In small molecule solar cells, the material com-
bination of Buckminster fullerene (C60) and zinc-phthalocyanine (ZnPc) is well established as a
lab standard for the active layer with well known properties and behaviour, despite limitations
in high-end performance. Both materials show desirable properties for efficient splitting of ex-
citons. By thermal co-evaporation, a favourable intermixing can be achieved [254] and power
conversion efficiencies of &4% are possible in optimised designs [255, 256], absorbing well in
the visible range of light (VIS). Here, this blend layer is utilised for the fabrication of organic
photodetectors in the near-infrared (NIR), a spectrum typically not covered by the absorption of
either molecule. In the mixed layer however, an intermolecular charge-transfer (CT) state forms
at interfaces between C60and ZnPc as an exciton can be created between a hole on the HOMO
of ZnPc left by the excitation of an electron to the LUMO of C60[115]. Typically, this state is
populated in the process of charge carrier separation, as excitons created in the bare films diffuse
to the interface and intermediately form the CT state in a non-radiative process before becom-
ing fully separated with the electron being donated to C60, the hole remaining on ZnPc [257].
In this process, the CT state can act as a pathway for direct optical transitions to the ground
state, leading to a loss of the excitation and an emission of a low-energy photon and is typically
undesired for solar cell operation [114, 115, 258]. The reverse process, absorbing low energy
photons to directly create a CT exciton must then be possible as well, however showing low
absorption coefficients on the order of 104 cm−1...103 cm−1 [115, 116] and is thus not commonly
considered. Compared to the neat materials, the CT absorption shoulder extends into the NIR
for the ZnPc:C60blend (see Section 2.3.2 and [13]) and opens the possibility for photodetection
in this spectral range, if the absorption can be enhanced.

By introducing the active blend into an optical microcavity, strong field enhancement can
be achieved at the position of the active layer, leading to significant contributions of the CT
absorption in the overall external quantum efficiency (EQE) of an organic solar cell. Cavity-
enhanced detectors utilise such enhancement to facilitate large, spectrally selective quantum
efficiency in very thin active layers. The resulting organic microcavity can be very lightweight,
flexible and integrated on small as well as very large scale.
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8.1.2 Device Design and Optical Simulation

Here, a standard small molecule solar cell represents the basis of the investigations for NIR
photodetectors. The full stack is deposited via thermal evaporation under ultra-high vacuum
and comprises two metallic contacts, the hole transport material N,N’-((Diphenyl-N,N’-bis)9,9,-
dimethyl-fluoren-2-yl)-benzidine (BF-DPB) doped with either 2,2’-(perfluoronaphthalene-2,6-
diylidene)dimalononitrile (F6TCNNQ, 10 wt%) or the proprietary dopand NDP9 (Novaled AG,
10 wt%), the active bulk heterojunction ZnPc:C60sandwiched by thin layers of either material as
a neat film, and the electron transport material N,N-Bis(fluoren-2-yl)-naphthalenetetracarboxylic
diimide (Bis-HFl-NTCDI) doped with ditungsten-tetra(hpp) (W2(hpp)4, 7 wt%). Due to the
volatility and limited availability of the n-dopand W2(hpp)4, other electron transport material
combinations are used in addition, namely C60:W2(hpp)4 (lower concentration, 3 wt%) and 4,7-
diphenyl-1,10-phenanthroline (BPhen), doped with Cs atoms. While often conductive oxides
(such as indium tin oxide) are utilised as transparent contacts, thin metal films can act as trans-
parent contacts for efficient cells as well [185, 259, 260].

For the photodetecting device however, two reflective silver films are employed to create an
optical microcavity inside the cell, enhancing the optical field of the resonant wavelength be-
tween them. For this purpose, a thick 100 nm silver layer is used as a bottom electrode and back
mirror, exhibiting reflectivities >99% in the NIR. The top contact comprises another silver elec-
trode of thicknesses between 9 nm...54 nm, acting as a semitransparent mirror on the side that
will be illuminated. To enhance the optical and electrical quality of this top silver layer, a seed
layer of 1 nm of gold and a diffusion barrier layer of 3 nm of MoO3 is used for all top contacts.

While very thin silver layers (such as 9 nm) facilitate sufficient electrical contact, their reflec-
tivity is low (< 50% in the NIR) and they are typically not suitable as cavity mirrors. These
devices serve a comparison by varying the transport layer thicknesses from optimised solar cell
to detector behaviour. A reference cell of these materials with the same stack design but opti-
mised layer thicknesses reaches power conversion efficiencies of ≈ 2%. Surrounding the active
layer of constant thickness (50 nm ZnPc:C60, volume ratio 1:1) are 5 nm of either neat material.
The transport layers act not only as charge transporters, but are utilised for the optical alignment
of the microcavity, meaning a variation in transport layer thickness to facilitate a spectral shift
of the cavity resonance. For this purpose, both layers exhibit rather large thicknesses, typically
above 60 nm, and are adjusted separately with the aim of keeping the optical field maximum
of the desired wavelength centred in the BHJ. Figure 8.1 shows the sample design and elec-
trical field distribution of the resonant wavelength in the device. Clearly, between both metal
electrodes a standing wave forms and exhibits its maximum enhancement at the position of the
active blend layer. As discussed in Section 2.2.4, the use of conductive mirrors facilitates a finite
field strength at the metal-organic interface, as phase shifts occur here. The use of a thick, highly
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Figure 8.1: (a) Schematic of sample design comparable to an organic solar cell. Transport
layers double as optical spacers to position the resonance in the centre of the active
BHJ. (b) Optical field distribution of resonant light in the cavity-enhanced device.

reflective and a thinner, semitransparent mirror furthermore leads to an asymmetric field distri-
bution in the device. For a well-designed device, both transport layers have therefore to be varied
independently, also taking into account their respective refractive indices. Resulting in this opti-
misation is an uneven layer thickness distribution under simulation of all included layers. Figure
8.2 (a) shows the full optical field distribution in the VIS and NIR in an optimised device, where
the resonance wavelength is centred at 900 nm. A comparably thick top contact of 30 nm Ag
is chosen, resulting in a decreased field strength in the VIS, decreasing the conventional power
conversion device of the device if used as a solar cell. However, a strong field enhancement
can be observed at the cavity resonance facilitating a spectrally localised enhancement of elec-
trical field at the position of the active layer. While such field enhancement and the formation
of an optical cavity is not possible for a highly absorbing device and a cavity resonance will not
form at the absorption maxima of either organic material, the positioning of the resonance in the
region of the weakly absorbing CT state enables such optical enhancement. Consequently, the
absorption of this state is strongly enhanced by the increased field strength and a direct excita-
tion of CT excitons is made possible with high efficiency. The low initial absorption of the CT
state furthermore facilitates a small spectral width (full width at half maximum, FWHM) of the
resonance, which opens interesting applications such as spectroscopy in the NIR. In addition to
the resonance at 900 nm, the second order resonance is visible at ≈450 nm exhibiting a field node
in the centre of the active layer, but still showing strong field enhancement with two antinodes in
the organic layers.

For small-band photodetectors, it is often desired to allow an unambiguous assignment of
photocurrent to a small wavelength interval. For this purpose, signals from other spectral ranges,
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Figure 8.2: (a) Simulated optical field of a cavity enhanced device comprising 100 nm Ag |
71 nm BF-DPB:NDP9 | 5 nm ZnPc | 50 nm ZnPc:C60 | 5 nm C60 | 63 nm Bis-HFl-
NTCDI:W2(hpp)4 | 3 nm MoO3 | 1 nm Au | 30 nm Ag. The silver electrodes dou-
ble as microcavity mirrors and facilitate a strong field enhancement at 900 nm in
the active BHJ region. A second order cavity state can be observed at 450 nm as
well. (b) Simulated optical field of the same device with an additional 200 nm C60 |

200 nm ZnPc passive absorber layer on top. The passive absorber strongly reduces
the internal electrical field at lower wavelengths, leading to a suppressed signal in
the region 300 nm...850 nm. The optical constants of the ETL used here are those
of the undoped layer. The optical field is depicted as false colours on logarithmic
scale in both figures.

especially in the VIS, should be suppressed. Fabricating such a visible-blind device with organic
small molecules is typically inhibited by their broad absorption bands. The materials used here
also show efficient absorption and charge carrier generation under illumination in the VIS, hence
their use as solar cell absorbers, and while the thick metal top contact facilitates a suppression
of visible photons entering the device, still a significant signal can be expected. Solving this
challenge requires the use of spectral lowpass filters, absorbing all high energy photons above
their respective bandgap and transmitting only photons of lower wavelength. While rigid filters
are commonly used in spectroscopy and readily available, it is possible to directly integrate a
flexible passive absorption filter of organic materials in the device. For this purpose, 200 nm
of both ZnPc and C60(or any other broadband VIS absorber molecule) are deposited on top of
the cavity-enhanced device as a flat heterojunction. The positioning of the filter outside of the
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device makes those layers electrically inert while they provide a sufficient absorption of high-
energy photons. The flat junction furthermore allows for only minimal CT state absorption in
this passive layers. Figure 8.2 (b) subsequently shows a strongly decreased field strength at the
position of the active BHJ in the VIS range, suppressing both intermediate wavelengths and sec-
ond order cavity. Designs with and without passive filters are employed in organic microcavities
with various optimisations towards their spectral and electrical behaviour.

8.2 Enhancing the Absorption of the C60:ZnPc

Charge-Transfer State

8.2.1 External Quantum Efficiency of CT-NIR Detectors

The external quantum efficiency (EQE) of organic solar cells is an important measure combin-
ing the ability to absorb incident photons and generate, split, and transport charge carriers to
the respective electrodes. In photodetectors, the EQE as well as the noise current of the device
determine the performance in terms of specific detectivity, which depends on the wavelength
of incident light. In contrast to solar cells, a broad absorption and thus broad EQE is not re-
quired for detectors and narrowband EQE spectra can be desired for spectroscopic applications
or multiplexing. Here, EQE of cavity-enhanced devices is tailored to exhibit narrow resonances
at wavelengths in the NIR, while inhibiting contributions from other wavelengths. Figure 8.3 (a)
shows a device comprising 100 nm Ag | 79 nm BF-DPB:NDP9 | 5 nm ZnPc | 50 nm ZnPc:C60

| 5 nm C60 | 81 nm Bis-HFl-NTCDI:W2(hpp)4 | 3 nm MoO3 | 1 nm Au | 18 nm Ag, exhibiting a
sharp EQE peak at 950 nm. Here, the cavity-enhancement of the optical field at this wavelength
leads to an immense increase in signal from the CT absorption region, reaching a peak EQE
of 18% for a charge-transfer state in this sample, far away from the optical gap of either neat
material. While CT state absorption and resulting EQE has been reported multiple times be-
fore [115], at this wavelength it resides below 1% for the blend of ZnPc:C60[13]. Similarly, our
reference cell1 without cavity enhancement shows comparable values of ≈1% at 950 nm. The
reference features a transparent ultra-thin metal top contact and its transport layer thicknesses
are optimised for solar cell operation, as depicted in the inset of Fig. 8.3, reaching a PCE of
2%. Comparing EQE of both cavity-enhanced devices and reference (Fig. 8.3 (b)), an overall
drastic decrease of EQE (and thus performance as a solar cell) is observed as thick mirrors and
transport layers are not suited for the broadband conversion of light. However, at the resonance
wavelength, the cavity-enhanced detectors show a superior signal, more than one order of mag-

1100 nm Ag | 31 nm BF-DPB:NDP9 | 5 nm ZnPc | 50 nm ZnPc:C60 | 5 nm C60 | 36 nm Bis-HFl-NTCDI:W2(hpp)4
| 3 nm MoO3 | 1 nm Au | 9 nm Ag
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Figure 8.3: (a) External quantum efficiency (EQE) of a cavity-enhanced device (layer compo-
sition in text) with (blue) and without (red) passive filter. The EQE shows a strong
signal for enhanced CT state absorption at 950 nm. The passive filter is able to
suppress the signal in the VIS, while not harming the desired detector signal. (b)
EQE on logarithmic scale compared with a reference device (green). The refer-
ence EQE shows a strong drop off above 850 nm and no significant contribution
at 950 nm. Inset shows the optical field distribution of the reference device. EQE
measurements performed by Bernhard Siegmund.

nitude above the reference. Here, it becomes clear that the optical field enhancement works as
desired and is able to boost the CT state absorption into a region suitable for application.

The inclusion of the passive filter layers of 200 nm ZnPc, and 200 nm of P4-Ph4-DIP2 (instead
of C60) on top show furthermore the desired strong suppression of any signal from the VIS. While
the unfiltered sample shows EQE contributions up to 18% at 620 nm (absorption maximum of
ZnPc) even though the top mirror already decreases the illumination of organic layers outside of
cavity resonances, the passive filter manages to keep the EQE below 2% for all off-resonance
wavelengths. The remaining main peaks are the desired cavity resonance at 950 nm and the
second order mode at 475 nm which was already predicted in the optical simulation. Here,
a dedicated absorber in the blue can aid to further suppress this signal. For 18 nm of silver
as the top mirror, the CT-state resonance exhibits a full width at half maximum (FWHM) of
30 nm, coinciding well with simulation, while mirrors with higher reflectivities can facilitate
even narrower resonances. Remarkably, all values are reached without any bias voltage and thus
reliable photodetection is made possible without an external power source.

The diode behaviour of the devices can be seen in the current-voltage (IV) behaviour, plotted
in Figure 8.4. Here, a device with a cavity resonance centered at 910 nm3 is illuminated either
by a sun simulator (Xe arc lamp, 100 mW/cm2) or a narrowband light emitting diode (905 nm,

22,3,10,11-tetrapropyl-1,4,9,12-tetraphenyl-diindeno[1,2,3-cd:1’,2’,3’-lm]perylene
3100 nm Ag | 70 nm BF-DPB:NDP9 | 5 nm ZnPc | 50 nm ZnPc:C60 | 5 nm C60 | 71 nm Bis-HFl-NTCDI:W2(hpp)4
| 3 nm MoO3 | 1 nm Au | 18 nm Ag,
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Figure 8.4: (a) Current-voltage characteristics of a cavity enhanced device optimised for
910 nm (layer composition see 3) at illumination of (a) a sun simulator at 1 sun
(100 mW/cm2) (b) a narrowband light emitting diode at 905 nm and 3.6 mW/cm2.
IV measurements performed by Bernhard Siegmund.

FWHM≈50 nm, P ≈3.6 mW/cm2). In both cases, diode-like IV curves can be observed without
illumination (dark), shifting to negative current densities when exposed by light (bright). While
the unfiltered sample absorbs the broadband spectrum fully and reach short circuit current densi-
ties of jSC = −3 mA/cm2 under 1 sun, the sample with passive filter is spectrally selective to CT
absorption at the resonance and thus exhibits a current density of jSC = −1 mA/cm2, reaching an
on-off ratio of ∼104 here. Under illumination of the narrowband LED, both devices show similar
short circuit currents, showing that the passive filter has no significant detrimental impact on
the detection at the resonance wavelength. Compared to illumination under 1 sun (≈18 mW/cm2

between 880 nm and 930 nm, jSC = −1 mA/cm2), the filtered device shows a similar response un-
der LED illumination (3.6 mW/cm2, jSC = −0.2 mA/cm2), again emphasizing the functionality
of the monolithically integrated passive filtering.

In subsequent devices, different electron and hole transport layers are tested to test the adapt-
ability of the design. For electron transport materials, C60:W2(hpp)4 as well as Bis-HFl-NTCDI:-
W2(hpp)4 show comparable diode behaviour. Using BPhen:Cs as the electron transport layer can
even improve the saturation of the device. All ETLs show similar performance in the EQE. On
the p-side, BF-DPB can also be doped by the non-proprietary F6-TCNNQ, yielding working de-
vices with albeit slightly reduced EQE (0.8× EQE at resonance of devices with NDP9 dopand).

8.2.2 Dependence on Top Mirror Thickness

Cavity-enhanced device strongly depend on the quality of mirrors employed and the reflectivities
reached by them. Here, a trade-off between high mirror reflectivity and complete optical isolation
has to be found to optimise various parameters. While the bottom mirror is not being illuminated
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Figure 8.5: (a)-(d) Simulated optical field of a cavity enhanced device (composition as in Fig.
8.3) with varying top contact thicknesses. The top contact comprises 3 nm MoO3
| 1 nm Au and 9 nm (a), 18 nm (b), 27 nm (c), and 36 nm (d) of Ag. Increasing the
top mirror thickness leads to an increased Q-factor and blue shift of the resonance.
(e) Measured EQE of devices with varying top contact thicknesses. As expected
from simulation, increasing the silver film thickness leads to a narrowing and blue-
shift of the resonance. Best performance is achieved between 18 nm and 27 nm.
EQE measurements performed by Bernhard Siegmund.

and can be chosen arbitrarily thick, the top mirror still has to exhibit a certain transmittivity
in order for photons to enter the resonator. While dielectric resonators greatly benefit from
increased reflectivities, the additional absorption of metal layers limit the achievable peak EQE
and FWHM.

Figure 8.5 (a)-(d) shows the optical field distributions of a cavity enhanced device for differ-
ent thicknesses of the top contact. Here, the higher reflectivities of thicker silver films lead to a
spectral narrowing of the resonance as well as a blue-shift which can be explained by the phase
change of light at the organic - top silver interface (see Section 2.2.4), which varies consider-
ably with the thickness. In the simulation, a maximum field enhancement can be achieved for
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27 nm of silver (corresponding to R = 92.5% ), while further narrowing is possible for thicker
layers. Comparing the simulation to measured EQE values of corresponding devices, the general
trends can be confirmed. Both spectral narrowing and blue-shift are observed in the experimental
spectra, while here the maximum EQE is achieved for only 18 nm of silver (R = 83%). This
difference might stem from an additional parasitic absorption caused by the doped electron and
hole transport layers. As discussed in [169, 170] and Equation (2.86), higher parasitic absorp-
tion of transport layers causes a broadening of the resonance and different optimal conditions for
maximum signal. Increasing the parasitic absorption requires a lowering of the top mirror reflec-
tivity, as more light has to enter the device to make up for it, which is exactly what is observed in
the experiment. The optical effects of molecular doping are difficult to accurately measure and
include in the simulation, explaining the slight discrepancy between experiment and simulation.
Increasing the top mirror thickness further, quality factors of Q = 53 can be achieved in the
experiment.

8.3 Spectral Tunability

One of the major advantages of combining cavity based effects with a broad shoulder of charge-
transfer state absorption is the ability to spectrally tune the response by various means. While
the variation of the silver film thickness has already shown a blue-shift of the resonance, more
controllable options are sought. The use of a microcavity for field enhancement opens the obvi-
ous possibilities of tuning via either an increase of the cavity thickness or an exploitation of the
angular dispersion. Both methods shall be considered in the following.

8.3.1 Angular Response

The interference-based nature of microcavity effects makes them susceptible to variations in
the illumination or outcoupling angle, as discussed in Section 2.2.4. Cavity-enhanced detectors
show a similar behaviour, as long as the inherent absorption band is broad enough to support
the change in wavelength. As CT absorption extends as a broad shoulder next to the absorption
bands of the neat materials, such effects have to be taken into account. For extended light sources,
a collimation of light can aid in the narrowing of the measured signal, suppressing contributions
from larger angles which additionally measure smaller wavelengths in the same setup. However,
such a tunability can even be exploited for spectroscopic purposes. Here, we rotate a cavity
enhanced device with respect to the plane of incident light and measure corresponding absorption
and EQE spectra.

Figure 8.6 shows the angle-resolved absorption ((a) and (b)) and EQE ((c) and (d)) of such a
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Figure 8.6: (a) Simulated (left) and measured (right) angle-resolved absorption spectrum of the
cavity-enhanced device. The spectrally narrow cavity mode around 950 nm shows
strong absorption, in addition to the passive filter region between 550 nm...800 nm
and the second order mode at 480 nm. (b) Enhanced view of the cavity mode
(dashed region in (a)), exhibiting the typical parabolic dispersion. (c) Angle-
resolved external quantum efficiency (EQE) of the device. The passive filter sup-
presses all EQE signal apart from the cavity mode and a smaller contribution of the
second order mode. (d) Enhanced view of the cavity mode (dashed region in (c)),
showcasing spectral tunability of the EQE signal over 100 nm. Red line represents
the cavity mode extracted from (b). EQE measurements performed by Bernhard
Siegmund.
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sample, exhibiting a strong cavity resonance at 950 nm under normal incidence. The absorption
spectra reveal a multitude of absorption peaks, from the actual cavity mode (950 nm...890 nm),
the second order cavity (490 nm...450 nm), to the absorption of the passive filter evaporated on
top (800 nm...550 nm). While all features are well represented in both simulation (left) and ex-
periment (right), the experimental spectra show slightly smaller absolute values due to additional
scattering in the reflection measurement of the small-scale device in the goniometer setup. The
cavity mode shows strongly enhanced absorption compared to its spectral neighbourhood and
exhibits the typical parabolic dispersion curve of a microcavity. By turning the sample from 0◦

to 45◦, the resonant absorption peak shifts by ≈60 nm and shows only a slight drop-off in inten-
sity for larger angles (which is in part due to the measurement setup). Also, second order cavity
modes and passive absorption peaks exhibit a slight angle-dependence, agreeing in simulation
and experiment. Here, it has to be noted that the passive filter absorption will not be detected in
the actual electrical measurement.

The angle-dependent EQE in Fig. 8.6 (c) shows a similar image of parabolic cavity behaviour.
By measuring angles up to 70◦, a tunability of almost 100 nm is realised, supported by the broad
CT absorption band. While for large angles, the illumination reduces proportional to cos(θ) and
a drop in signal is observed, for angles below 50◦ an almost constant signal with corresponding
narrow FWHM can be observed. Here, the actual cavity resonance is the only significant con-
tribution to the signal, with only a slight addition by the second order cavity mode at 450 nm.
While the passive filtering obviously absorbs wide ranges of visible light, the actual detector
signal shows only the desired mode. The EQE coincides well with the absorption data, added as
a red contour line in Fig. 8.6 (d).

While such angle-dependent behaviour is unique to cavity-based devices, it has to be well
understood in applications and in the best case can aid finely tunable spectrally resolved pho-
todetection.

8.3.2 Variation of Transport Layer Thicknesses for Spectral Tunability

The nature of microcavity optics directly relates the cavity mode as a standing wave between to
mirrors to the distance between them. Consequently, a variation in their distance brings with it a
variation also in resonance wavelength. The cavity-enhanced organic photodetectors presented
here provide a very straightforward way of tuning the cavity thickness by changing the thickness
of the transport layers that, apart from charge carrier transport, act as optically inert spacer layers.
To preserve the position of the optical field maximum in the optical center of the cavity, and thus
at the position of the active BHJ, both transport layers have to be varied independently. As the
active volume in the cavity stays the same, no significant difference in signal is expected, as long
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Figure 8.7: (a) Simulation of cavity-enhanced device absorption for the design: 100 nm Ag |
(63, 70, 79) nm BF-DPB:NDP9 | 5 nm ZnPc | 50 nm ZnPc:C60 | 5 nm C60 | (65, 71,
81) nm Bis-HFl-NTCDI:W2(hpp)4 | 3 nm MoO3 | 1 nm Au | 18 nm Ag. The detec-
tion wavelength is tunable by changing the cavity thickness, varying both HTL and
ETL separately to keep the cavity mode in the centre of the device. (b) EQE of
various detectors with different wavelengths. Design for red devices according to
(a), blue devices show varying materials and top mirror thicknesses. Red devices
show a good agreement with theoretically expected mode positions and spectral
widths. EQE measurements performed by Bernhard Siegmund.

as the underlying absorption of the active material stays constant upon variation of the excitation
wavelength.

Figure 8.7 (a) shows the simulation of sample absorption while for a tunable device com-
prising 100 nm Ag | (63, 70, 79) nm BF-DPB:NDP9 | 5 nm ZnPc | 50 nm ZnPc:C60 | 5 nm C60

| (65, 71, 81) nm Bis-HFl-NTCDI:W2(hpp)4 | 3 nm MoO3 | 1 nm Au | 18 nm Ag. Increasing
the transport layer thicknesses brings about a red-shift of the cavity resonance, coinciding well
with the measured EQE spectra of actual devices in Fig. 8.7 (b). Here, the red curves corre-
spond to the simulation in (a), while other spectra are achieved with different transport materials
or a variation of top metal film thicknesses. Due to their comparably high refractive indices
(nETL ≈ nHTL ≈ 1.7) and the use of a λ/2 cavity, the cavity resonance increases by a factor of
∆λ = ∆d · 2 · nETL ≈ ∆d · 3.4 corresponding to the increase of transport layer thicknesses, as ob-
served in the experiment. This can be exploited not only in different samples, but opens the path
to a quasi-continuously tunable device by evaporating thickness-wedged layers onto an array of
independent contacts. This way, fully functioning IR spectrometers can be fabricated on a very
small scale.

Overall, the utilisation of microcavities for enhancing an otherwise very weakly absorbing
state opens a multitude of tunability via variation of mirror, active, or transport layers as well as
angle of incidence. Extending the CT state further into the NIR by exchanging the active BHJ
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or constituents thereof will enable a further red-shift of observable resonances, as the underlying
cavity concept is universal for all wavelengths.
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8.4 Distributed Bragg Reflector Cavities for High-Q

Photodetectors

Cavity-enhanced photodetectors based on thin-film metal mirrors allow for easy fabrication as
the mirrors double as electrodes for the device. However, the use of absorbing materials as cav-
ity mirrors leads to drawbacks in optical quality. The superior performance of distributed Bragg
reflectors (DBRs) can significantly enhance the quality factor (for Q > 100) due to their high
reflectance at the position of the stop band and vanishing absorption overall. Utilising this en-
hancement, the specific detectivity could be shifted further into the infrared, as the decrease in
CT state absorption can be compensated by high quality factors. For this purpose, it is how-
ever essential to decrease the parasitic absorption of all non-active materials, namely contacts
and transport layers, to very low values (k < 10−2). An elegant way to incorporate an electrical
contact directly into the DBR structure would be the use of transparent conductive oxides, which
can additionally serve as spacer layers, decreasing the thickness of the transport layers. Alterna-
tively, highly n-doped C60 has been investigated as a stand-alone electrode [261] and might serve
for a similar purpose due to its low sheet resistance and low absorption in the NIR. As a third
option, ultra-thin metal films show high conductivities above percolation threshold but influence
the cavity optics due to the formation of Tamm-plasmon-polaritons. It has to be noted that such
considerations only work if parasitic absorption of all layers can be kept at a minimum.

Here, the use of DBR mirrors for cavity-enhanced CT detectors is explored in optical simula-
tions for different design concepts. Figure 8.8 shows the distribution of the optical field around
the cavity resonance for a DBR-metal cavity (a) and a two-DBR cavity (b). The use of a metal
top mirror provides advantages in sample fabrication. A DBR of design wavelength 950 nm
can be prepared on a glass substrate and subsequently, a detector stack be prepared on top, fin-
ishing with a silver contact. This way, any harmful exposure of sensible organic molecules to
UV radiation and/or heat during DBR processing can be avoided completely. By electron beam
evaporation, such a DBR can be fabricated by adding quarter-wavelength (qwl) layers of TiO2

(high refractive index) and SiO2 (low refractive index) on top of each other. Less harmful ways
of producing a DBR might facilitate top mirrors, such as solution processing of TiO2 and SiO2

nanoparticles to form qwl layers [262, 263], or DBRs made completely of organic materials
[264]. As depicted in Fig. 8.8 (a), such a device already facilitates a sharp resonance as field
strength is accumulated with increasing amplitude in every SiO2-TiO2 pair. In this structure,
the bottom contact comprises an ultra-thin 9 nm silver film combined with a 3 nm MoO3 layer
and a 1 nm gold seed layer as utilised before. The organic stack follows similar considerations
as in the previous sections. A resonant mode forms at 970 nm exhibiting exceptional sharpness
(FWHM≈ 4.2 nm, Q ≈ 220) in the detector area, compared to the measured Q values of the
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Figure 8.8: (a) Simulated optical field of a cavity-enhanced detector comprising a DBR bottom
and a 50 nm metal top mirror. In addition, a thin metal contact of 9 nm thickness is
added on top of the bottom DBR. A high-quality cavity mode (Q ≈220) is observed
in the active detector area. (b) Simulated optical field of a cavity-enhanced detector
comprising two DBRs and ITO contacts. The high quality mirror and low-loss ITO
contacts facilitate a sharp (Q ≈330) cavity mode in the detector area in the centre
of the device.

previous all-silver-mirror devices of 53. However, due to the use of metal in this system, this is
not the only resonant mode developing. As discussed in previous chapters, the combination of
periodic photonic crystals such as DBRs and plasmonic interlayers leads to the build-up of two
Tamm-plasmon-polariton (TPP) resonances. Figure 8.9 (a) shows the absorption spectrum of
the device, clearly depicting both TPP1 mode as desired cavity resonance at 970 nm and a TPP2
resonance at 1089 nm. Here, the formation of both resonances is facilitated by the interaction
of light in the photonic structure with either metal-organic (TPP1) and metal-DBR (TPP2) inter-
face. The field distribution for both modes can be seen in Fig. 8.9 (b), showing the resonances
with maxima in the active area of the detector part. Note that this two-resonance behaviour is
caused by the bottom metal contact on the DBR and not by the top contact as the second surface
of the top mirror is not part of the optical resonator. Instead, only a TPP1 resonance is expected
for a device without plasmonic bottom contact. Nevertheless, the depicted device provides a vi-
able route for further enhancement of the CT-absorption based devices. While a parasitic signal
might be expected from the TPP2 resonance, its significant red-shift limits the overall impact.

Instead of a silver top contact, a second DBR can be utilised, if parasitic absorption in the
detector can be controlled. Figures 8.8 (b) and 8.9 (c) show field simulations of a device in-
corporating two DBR mirrors and transparent indium tin oxide (ITO) contacts, as commonly
employed in solar cell fabrication. Here, the use of two high-quality mirrors facilitates even
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Figure 8.9: (a) Simulated absorption spectrum of a DBR-metal cavity-enhanced detector. The
formation of Tamm-plasmon-polaritons when combining periodic photonic crys-
tals and metal layers facilitates two resonances in the spectrum. (b) Simulated
optical field distribution of TPP1 (970 nm) and TPP2 (1089 nm), both showing en-
hanced field strength in the detector area. (c) Simulated optical field at 947 nm of
a 2DBR cavity-enhanced detector with ITO contacts. Inset shows detailed view of
the active detector area. (d) Simulated optical field of TPP1 (950 nm) in a 2DBR
cavity-enhanced detector with 9 nm Ag contacts. Inset shows detailed view of the
active detector area. In this structure, TPP2 (1050 nm) is suppressed as it exhibits
a minimum in the centre of the device.

higher Q-factors (> 300) and increased field strength in the detector area. The use of 80 nm
thick ITO contacts instead of silver facilitates a largely plasmon-free behaviour and thus no TPP
resonances are observed here. While the use of ITO layers as both contact and spacer layers
reduces the necessary transport layer thickness, ITO exhibits finite absorption in the NIR as well
and thus contributes to losses in the system. Here, other oxides could be utilised for even higher
performance. Nevertheless, such devices show promising features if technological challenges in
preparation can be overcome.

As an intermediate concept, a two-DBR cavity can be combined with ultra-thin metal contacts
(3 nm MoO3, 1 nm Au, 9 nm Ag on both sides), surpassing even the performance of the ITO-
device and exhibiting quality factors Q > 500. Figure 8.9 (d) shows the optical field distribution
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of the device, at the resonance positions of TPP1 at 950 nm and TPP2 at 1050 nm. Again, the
interaction of metal contacts and DBR facilitates the formation of both TPP states. In this design
however, the influence of TPP2 is greatly reduced. The symmetric design of the sample leads
to the formation of only one degenerate TPP2 state for both metals which in addition exhibits
a minimum of the optical field between them, in the detector volume. This way, only the TPP1
resonance will be harnessed for photodetection.

While metal mirrors used previously show high reflectance in a broad spectral range, the use
of interference-based mirrors in a smaller range provides considerable transmission outside of
the stop band, especially in the VIS. Figure 8.10 (a) shows the measured transmission spectrum
of a NIR-DBR, exhibiting a stop band between 800 nm and 1000 nm of R & 99.9 % and a
transmission of T & 80 % in the visible range of the spectrum. The photograph shows said
DBR providing wavelength-neutral high transmission of all colours. Thus, utilising the right
organic materials, a visible-transparent NIR detector can be realised. For this purpose, the DBR
concepts are evaluated in transfer-matrix simulations regarding their full transmission spectrum.
All concepts introduced above exhibit a finite transmission in the visible (see 8.10 (b)). While the
DBR-metal cavity (with 25 nm top Ag mirror) shows rather low transmission only in the blue and
green regions of the spectrum, cavities with two DBRs and transparent contacts can still transmit
a significant amount of light. Utilising two 9 nm Ag contacts, the transmitted spectrum broadens
and shows values & 50% between 500 nm and 600 nm. Finally, the ITO-based device exhibits
broad transmission above 60 % over almost the whole visible range. Here, the transmittivity is
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essentially limited by the band to band absorption of ZnPc and can be enhanced further, if other
materials with desirable properties are found.

The use of DBR mirrors for high-quality cavity enhanced CT detectors promises enhanced
functionality of devices with high spectral selectivity and provides a route to visible-transparent
NIR detection. Resulting from this concepts, cost-efficient, lightweight, and high quality spec-
troscopic applications can be envisioned.
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Conclusion

In this dissertation, the behaviour of light in microcavity structures is investigated regarding two
main applications: The control and manipulation of stimulated, coherent emission from organic
microlasers, and the spectrally sensitive absorption of NIR photons in cavity-enhanced organic
photodetectors. The central point revolves around the application of dielectric microcavity res-
onators in combination with organic fluorescent emitters to facilitate lasers over a broad spectral
range and the direct intervention into their mode structure with in-plane microstructures.

Chapter 4 introduces the concept of organic microlasers, demonstrating the tunability of such
devices by introducing a wedge-shaped 3/2λ cavity layer to facilitate lasing over a broad spectral
range of 90 nm in a single device using the same emitter system. Furthermore, the concept of
planar interlayers directly between DBR mirror and organic cavity layer is introduced, allowing
a shifting of the cavity resonance within the mirror stop band. In metal-organic microcavities,
Tamm-plasmon-polaritons are formed when thin silver films interact with the photonic crystal
structure of a microcavity laser, showing a significant redshift of the original cavity resonance
due to the interaction with plasmons based in the metal and the resulting phase-shift of light.
In thin non-absorbing dielectric interlayers, such as SiO2, similar resonance shifts are observed,
however based on the increase of the optical cavity thickness by the added low refractive index
layer next to the organics. Interestingly, both conceptually very different types of interlayers
show similar behaviour and offer complementary routes of manipulating the cavity mode.

Finally, the growth of thin silver films for the application in organic microcavities is investi-
gated. Here, concepts first realised in the fabrication of ultra-thin metal contacts – namely the
use of growth-enhancing seed layers and diffusion barrier layers – are employed to significantly
enhance the optical quality of silver films in the system. The use of MoO3 diffusion barrier lay-
ers and Au seed layers directly shows reduced absorption induced by localised surface plasmons
in in-situ transmission spectroscopy during fabrication and facilitates a doubling of the quality
factor for thin silver films deposited on top of the organic layer in a metal-organic microcavity.

In Chapter 5 patterned interlayers are first utilised in organic microlasers. By locally chang-
ing the cavity, areas of different resonances are brought spatially close to each other, resulting
in the formation of in-plane standing waves. Such multidimensional photonic confinement is
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investigated in dielectric photonic wires and plasmonic photonic dots, both showing discreti-
sation of modes in the direction perpendicular to the patterning. To facilitate a full picture of
both in-plane components of the momentum vector, the concept of dispersion tomography is
introduced. Here, the kx-component is directly measured, while the ky-component is scanned by
means of sample rotation or shifting of the far-field lens in the micro-photoluminescence setup.
In the resulting tomograms, the two-dimensional photonic confinement in SiO2-wires and the
full three-dimensional confinement in silver photonic dots can be depicted vividly.

Finally, the confinement enabled by such metallic microstructures is applied to significantly
reduce the lasing threshold in the system. In elliptic holes in a silver film embedded in an organic
microcavity, the formation of coherent standing Mathieu-modes is observed at thresholds three
times lower than in a planar cavity. Even further, the fabrication of triangular structures in such
metal films enables the gradual observation of confinement in relation to the mode positioning in
the triangle. Here, lasing thresholds of one order of magnitude below the ones in planar systems
can be realised. Such advantageous metal patterning can be employed to introduce electrical
contacts in the system, opening a pathway for the realisation of electrically driven solid state
organic lasers.

In Chapter 6, periodic stripes of either silver or SiO2 are utilised for the observation of pho-
tonic Bloch states in organic microcavities. As vertically confined photons show a parabolic
dispersion above a potential energy defined by the cavity thickness, a red-shift of the resonance
can be analogously interpreted as a shift of this photonic potential. Thus, in periodic struc-
tures, a Kronig-Penney potential is realised enabling the direct observation of Bloch-states in
both spatially and momentum-resolved spectroscopy. The deep photonic wires used here show
a coexistence of localised modes at the position of wires as well as extended modes above the
photonic potential, corresponding to energy bands in condensed matter. The parity of confined
modes is investigated in metal-organic Kronig-Penney structures and correlates to the formation
of either zero- or π- phase coupled modes of the first above-barrier band. In dielectric periodic
structures, the high optical quality of the non-absorbing wires enables a detailed investigation
of different widths of the photonic potential well and barrier as well as the observation of lasing
from Bloch-states. Exciting the system with two interfering beams, a preferred in-plane momen-
tum vector is selected, enabling a direct control over lasing wavelength and outcoupling direction
of confined and extended Bloch-states. The experiments are accompanied by an analytical mod-
ified Kronig-Penney theory which introduces a polarisation-dependent effective photon mass to
quantitatively compute mode positions in these and related systems. All investigations are ad-
ditionally accompanied by numerical simulations using the rigorous-coupled-wave-analysis and
showing excellent agreement with both experiment and analytic modelling.

Chapter 7 introduces a different kind of in-plane patterning for such microlasers. Here, instead
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of manipulating the photonic potential landscape, all microcavity layers are deposited on top
of a periodically structured substrate. As a result, waveguided modes in the cavity plane are
scattered into the vertical direction and exhibit linear dispersion curves in addition to the original
parabolic cavity mode. A sufficient in-plane coherence length even below threshold enables a
coherent interaction of both resonators as observed in a pronounced anticrossing of waveguided
and VCSEL modes in the far-field spectrum. Resulting from this coupling, both original VCSEL
modes as well as hybrid WG-VCSEL modes show stimulated emission, where hybrid modes
exhibit a macroscopically increased spatial extension of the coherent laser mode, proven by both
spatially resolved spectra as well as sharp modes in k-space. The coherent coupling of two
conceptually different devices with perpendicular propagation directions facilitates a multitude
of new applications.

In Chapter 8, the microcavity concept is expanded towards absorbing systems to facilitate the
cavity-enhanced photodetection by utilising the intermolecular charge-transfer state in donor-
acceptor blends of organic materials. Organic bulk-heterojunctions exhibit optically accessible
charge transfer states when the electron is excited from the HOMO of the donor directly to the
LUMO of the acceptor. While the absorption coefficients for this transition are typically very low,
the optical field in the corresponding spectral range can be dramatically enhanced by the use of an
optical microcavity. Here, spectrally sensitive NIR photodetection is facilitated by enhancing the
charge transfer state absorption in ZnPc:C60 solar cells, reaching external quantum efficiencies
above 20% (18% at 950 nm) and spectral widths significantly below 50 nm. The detector is
tunable in wavelength by means of the angular dispersion or by changing the thickness of the
charge transport layers that double as optical spacers. Finally, concepts for further enhancement
utilising high-quality DBR mirrors are illustrated. The devices shown here present an accessible
way to reliably detect light in a wavelength range very interesting for application. In contrast
to using filters or gratings, here all necessary elements providing an electrical signal as readout
are already integrated on an extremely small scale which can be further minimised laterally.
Furthermore, the novel concept of directly accessing the charge transfer state absorption provides
a methodology for interesting fundamental experiments in the future.

Outlook

In this dissertation, it could be shown how microcavities offer an extensive playground to inves-
tigate light with varying degrees of confinement as well as extended macroscopic coherence and
the ability to directly observe analogies to quantum behaviour with optical waves. For organic
microlasers, multiple pathways of future investigation open.

Pursuing the goal of an electrically driven organic solid state laser, metal-organic microcavities
can be utilised in different geometries to minimise optical losses while maintaining an efficient
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Figure 9.1: Scheme for organic MC with directed
current flow in confined hole.

charge carrier injection. Here, patterned metal
layers can sufficiently confine photons on
small lateral scales while acting as electri-
cal contacts. Furthermore, by utilising lift-
off techniques to deposit a patterned silver
layer in combination with an insulating layer
above, the current flow can be directed into
small areas of metal-free holes, where opti-
cal confinement additionally complements the
performance (see Fig. 9.1). For this pur-
pose, lateral conductivity can be enhanced by
transparent conductive layers such as conduc-
tive oxides or highly doped organic transport
layers. In addition, exciting extended pho-
tonic Bloch states provides the ability to cou-
ple photons between metallic contacts and in
metal-free areas above the photonic potential
barrier. These patternings facilitate a spatial
separation of charge carrier injection, inevitably connected to optical losses, and the actual las-
ing modes in a future device.

The investigations on selective excitation of a multitude of different lasing modes can be
harnessed for tunable lasing on ultra-small scale. Unlike other tunable organic microcavities,
where gradual wedges provide tunability over a macroscopic lateral distance, with this concept
a wavelength-tunable laser can be realised on an area smaller than 10µm×10µm. Unlike most
other studies, the present experiments are performed at room-temperature under ambient con-
ditions, and are therefore easily accessible and adaptable to real-world applications.The precise
control over lasing wavelength and main outcoupling angle of coherent emission are highly de-
sired in applications. With the rise of new active material systems with broader gain profiles,
such as colloidal quantum dots [265, 266], nanoplatelets [28, 267], or hybrid organic-inorganic
perovskites [24, 25], a fine control of lasing seems more and more necessary. Furthermore, one
could imagine a precise screening of material gain profiles, as the high density of photonic modes
of discrete states allows for lasing at the gain maximum first, and not necessarily at the apex of
a cavity parabola.

While interesting applications arise from the investigation of patterned microcavities, op-
portunities for more fundamental research are present as well. By adding a periodic photonic
wire superlattice, an additional periodicity is brought into the system. While breaking the
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Figure 9.2: Sample schematic for the ob-
servation of photonic Bloch
oscillations.

vertical symmetry when inserting a λ/2 cavity layer
leads to the formation of the cavity mode as a kind of
optical trap state, the in-plane symmetry can be ma-
nipulated as well. By adding a driving field to a peri-
odic potential well structure, Bloch oscillations occur as
investigated in semiconductor superlattices [176, 268]
and optical systems [243]. Here, such a driving field
can be realised by evaporating a wedge-shaped cavity
layer on top of a photonic wire array. The change of
cavity layer thickness in turn leads to a change in res-
onant or base photonic energy in the system. The re-
sulting potential landscape, depicted in Figure 9.2, of-
fers the possibility to observe the Wannier-Stark lad-
der in micro-photoluminescence spectroscopy as well
as the direct observation of spatially, spectrally, and
temporally resolved oscillation using an ultrafast up-
conversion setup.

Coherently coupling two fundamentally different
types of light propagation such as waveguided and surface-emitted laser modes has been shown
to produce macroscopically coherent modes. It is possible to imagine an even further transport
of coherence in the sample plane. For this purpose, first order DFB gratings can be utilised to
transport light between coupling gratings of higher order to facilitate coherent transmission of
information. Coupling VCSEL and DFB resonators can result in higher optical feedback of the
hybrid device and consequently can increase critical properties such as the β factor of micro-
lasers.

Defects

Aperiodic Structures

Penrose Changing Period

Fresnel-like

Hexagonal

Graphene-likeCircular

Figure 9.3: Selection of photonic structures includ-
ing defects and aperiodic patterning.

The introduction of a strongly coupled ac-
tive system into the photonic structures pre-
sented here is straightforward (e.g. with or-
ganic strongly coupled systems [138, 139])
and facilitates the observation of confinement,
Bloch states and -oscillations, and selective
excitation of different modes in coherent po-
lariton condensates.

In addition, by further breaking the symme-
try and creating a multi-cavity system with a
varying detuning, an angular selectivity can be
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introduced. Light-guiding aperiodic patterning might furthermore be applied to concentrate
light, with future possibilities of non-linear interaction or incoupling to small fibre apertures
in small scale devices. Continuing this result, defect states in otherwise periodic lattices can
be investigated to create additional lateral field enhancement and strong confinement, similar to
the vertical confinement in the cavity layer between DBRs. Tuning these defect states enables
a high degree of control over the lasing wavelength. By more sophisticated lateral patterning, a
full 3D confinement can be achieved, enhancing the field in all three dimensions by preventing
and trapping wave-guided and leaky modes travelling in the sample plane.

Fabrication and investigation of metal-organic microcavities with spatially periodic patterning
and the systematic transition to aperiodic 2D- and 3D-microstructures, including quasicrystals,
spiral-like and Fresnel lenses, and defects in periodic patterns, and observation and characteriza-
tion of the corresponding lasing modes. In similar systems, graphene-like patterns [99, 269] and
their edge states [270, 271], quasicrystal Fibonacci- [237, 272, 273], Penrose- [274, 275, 276,
277], and Lieb-like [278, 279] patterns are already under investigation.

The application of microcavities for the cavity-enhanced charge transfer state absorption as
presented in this work is directly transferable to application. Large area, flexible, and lightweight
detectors can be realised with the proposed system, and high spatial resolution might be achieved
on a pixel grid of perpendicular top- and bottom electrodes as the lateral optical mode extension
remains on the single micrometer-scale for quality factors below 200. Utilising similar electrode
arrays, spectroscopic applications can be realised by creating wedged cavities, gradually varying
the thicknesses of transport layers as demonstrated in principle in this work. Finally, prospects
of further enhancement by using DBR mirrors have been explored in simulation in this work
already. Here, higher detectivity, sensitivity and visible transparent devices can be realised.
Apart from photodetection applications, the direct observation of charge transfer state absorption
opens up new ways to investigate in detail a fundamental process in organic semiconductors.
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Abbreviations

AFM ... Atomic Force Microscopy
Alq3 ... Tris(8-hydroxyquinolinato)aluminium, matrix material
β ... β-factor, fraction of spontaneous emission coupled into the

lasing mode
CCD ... charge-coupled device
dC ... cavity thickness
DBR ... distributed Bragg reflector
DCM ... Dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-

4H-pyran, laser dye, emitter material
DFB ... distributed feedback
~E ... electric field
ε0 ... vacuum permittivity, ε0 = 8.854 · 10−12F/m
ε; ε′, ε′′ ... relative permittivity; real, and imaginary part of ε
FP ... Purcell-factor, factor of spontaneous emission rate in a cavity

compared to the same transition in vacuum
FRET ... Förster resonant energy transfer
~k, k, k‖, k⊥ ... wavevector, wavenumber, parallel and perpendicular components
LW , ... photonic wire/ metal stripe thickness, optical thickness
l ... angular mode number of Mathieu-modes
λ, λD, λC ... wavelength, DBR design wavelength, cavity resonance
MC ... microcavity
µ-PL ... micro-photoluminescence
ñ(ω); n(ω), k(ω) ... complex refractive index; real part: refractive index,

imaginary part: extinction coefficient
n ... radial mode number of Mathieu-modes
ND, OD ... neutral density, optical density
OLED ... organic light emitting diode
OSOL ... organic solar cell
(O)VCSEL ... (organic) vertical cavity surface emitting laser
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PVD, EBPVD, TPVD ... physical vapour deposition, electron beam PVD,
thermal PVD

LP, p ... photonic wire period
q ... surface plasmon wavenumber
Q ... quality factor
R, T ... reflectivity, transmittivity
TE ... transversal electric
TM ... transversal magnetic
TS1, TS2 ... Tamm state 1, Tamm state 2
TPP ... Tamm-plasmon-polariton
ϑ ... cavity outcoupling angle
ϕ ... sample rotation angle/ double Dove prism rotation

angle
ωp ... plasma frequency
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“Lasing and macroscopic coherence of hybridized modes in coupled 2D waveguide-vcsel
resonators,” Advanced Optical Materials, DOI:10.1002/adom.201600282, 2016.

[11] T. Wagner, , M. Sudzius, A. Mischok, H. Fröb, V. G. Lyssenko, and K. Leo, “Hybrid
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hybrid DFB-VCSEL resonators,” in preparation, 2016.

[13] B. Siegmund, A. Mischok, J. Benduhn, D. Spoltore, H. Fröb, C. Körner, K. Leo, and
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