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Zusammenfassung

Das Forschungsgebiet der organischen Halbleitermaterialien erfreut sich stetig zu-
nehmender Beliebtheit. Organische Leuchtdioden werden bereits vielféltig in kom-
merziellen Anwendungen wie z.B. in Informationsanzeigen von Unterhaltungselek-
tronik eingesetzt. Erste kommerzielle organische Solarmodule wurden bereits ange-
kiindigt. Eine weitere Klasse organischer Bauelemente sind organische Halbleiter-
laser. Diese zeichnen sich gegeniiber herkommlichen Festkorperlasern insbesondere
durch die Moglichkeit aus, die Wellenldnge im gesamten sichtbaren Spektralbereich
frei einstellen zu konnen. Dariiber hinaus lassen sich organische Laser kostengiin-
stig auf vielen Tragermaterialien herstellen und einfach in mikrooptische Systeme
integrieren. Diese Eigenschaften pradestinieren diese Laser fiir den Einsatz in op-
tischen Spektroskopieanwendungen, insbesondere in Lab-on-a-chip Anwendungen.
Doch obwohl bisher vielfaltige Forschungserfolge bei der Entwicklung von effizienten,
niedrigschwelligen organischen Lasern publiziert wurden, blieb ein kommerzieller
Einsatz dieser bisher aus. Ein Grund hierfiir sind fehlende Moglichkeiten fiir eine
effiziente Entwicklung von Analyseanwendungen. Fiir einen kommerziellen Erfolg
einer solchen Analyse sollte diese im Idealfall den entscheidenden Vorteil von organ-
ischen Lasern ausnutzen: die freie Wahl der Wellenlénge.

Diese Arbeit befasst sich mit zwei Kernpunkten die fiir eine solche effiziente
Anwendungsentwicklung notwendig sind: Effiziente Prototypenfertigung von organ-
ischen Lasern mit den nétigen sub-Mikrometer Strukturgréfsen und Entwicklung
eines organischen Lasersystems zur Bereitstellung beliebiger Laserwellenldngen in
einer Entwicklungsumgebung.

Hierzu wurde die Verwendbarkeit eines Verfahrens zum dreidimensionalen di-
rekten Laserschreiben fiir die schnelle und kostengiinstige Prototypenfertigung von
Laserresonatoren und mikrooptischen Systemen untersucht. Durch die Optimierung
verschiedener Prozessparameter konnten Strukturen mit sub-Mikrometer Abmes-
sungen bis hin zu mehreren hundert Mikrometern mit der gleichen Technologie
hergestellt werden. Die Wahl geeigneter Schreibstrategien fiihrte zu einer deut-
lichen Verkiirzung der Prozesszeiten auf praxistaugliche Werte. Die Optimierung
des Verfahrens fiir die Verwendung eines Fotolackes mit glaséihnlichen optischen
und weitgehend physikalischen Eigenschaften unterstiitzt die Tauglichkeit fiir die
Prototypenfertigung.

Als weiteren Punkt wurde die Tauglichkeit organischer Laser fiir Spektroskop-
ieanwendungen in dieser Arbeit untersucht. Dazu wurden Aspekte wie die Opti-
mierung der operativen Lebensdauer und das Verhalten bei Temperaturdnderungen
sowie Konzepte zum Anregen und Durchstimmen von organischen Festkorperlasern
betrachtet. Im speziellen wurde die erste Anwendung eines durch mechanisch-
es Verschieben durchstimmbaren organischen Lasers fiir Transmission- und Fluo-
reszenzspektroskopie gezeigt. Weiterhin wurde ein Verfahren entwickelt, mit dem
die fiir einen Wechsel der Wellenldngen eines durchstimmbaren organischen Lasers
benotigte Zeit um Grofsenordungen auf wenige Millisekunden reduziert werden kon-
nte.

Zur Einordung des Potentials eines solchen durchstimmbaren organischen Lasers
fiir eine kommerzielle Anwendung wurde ein solcher in Form einer Technologiedemon-
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stration entwickelt und aufgebaut. Dieser wurde mit etablierten Spektroskopielicht-
quellen hinsichtlich der reinen Leistungsdaten und der Anwendungstauglichkeit ver-
glichen. Das Ergebnis lasst die Schlussfolgerung zu, dass organische Laser das Poten-
tial einer wirtschaftlichen Losung fiir Anwendungen besitzen, fiir welche Monochro-
matorlichtquellen untauglich sind, die jedoch nicht das Leistungsspektrum auss-
chopfen, welches optisch parametrische Oszillatoren und Fliissigfarbstofflaser bie-
ten.




Chapter 1

Introduction

Abstract

The field of organic optoelectronic devices continues to enjoy steady growth rates.
Organic light-emitting diodes (OLEDs) are already used in small displays and OLED
based general lighting devices are on the verge of entering the markets. Organic de-
vices, including organic solar cells and photodetectors, can be fabricated on a wide
range of different substrates at relatively low-cost. A special type of organic light-
emitting devices, organic solid state lasers, garnered a lot of attention from the
research community in the recent years. Organic lasers can be tailored to emit any
wavelength in the visible spectrum with low cost fabrication methods. Also integrating
multiple of these laser sources with different wavelengths on a chip based microoptical
system is much simpler than with tnorganic semiconductor laser sources. Possible
applications are integrated analytical systems for use in medicine, drug discovery or
environmental monitoring which move the analysis closer to the point of care without
the need of a centralized full scale laboratory.




4 Introduction

The field of solid state lasers based on organic semiconductor gain materials gathered
great interest in research during the last decade. This is attributed to numerous
appealing properties these devices exhibit [1,2]. The most intriguing feature of
organic lasers is the possibility to tailor their emission wavelength on demand [3,4].
Optically pumped organic lasers have been demonstrated for the full visible range
[5-9], the near UV [10] and also for the near-infrared [11|. Even continuously tunable
devices have been demonstrated [12-14].

Organic materials can be processed easily at low temperatures on a wide range
of organic and inorganic substrates which allows to use low-cost fabrication methods
[15,16]. There has also been progress made on the monolithic integration of organic
lasers on polymer substrates [17-19]. Such integrated waveguide coupled lasers
would enable advanced on-chip sensing schemes beyond absorbance or laser induced
fluorescence [20]. Pumped with a low-cost laser diode [21,22] or even a light emitting
diode [23] such compact integrated analysis systems may be able to revolutionize
medical diagnostics [24].

However, despite these clear advantages of organic lasers over their inorganic
counterparts, there is still a lack of applications. The commercial breakthrough
of organic lasers is, hence, still holding back. Degradation issues due to photo-
oxidation or low output powers are often presented arguments for this situation.
Interestingly, these two arguments fail for the most promising application scheme
for organic lasers: the integrated sensor systems. These devices can be used as
disposables so degradation can be neglected. The reported microwatt peak pow-
ers for the first integrated waveguide coupled organic lasers [17, 18] should also be
sufficient regarding the progresses made on integrated single photon detectors [25].
Accordingly, there have to be other reasons.

Organic lasers can be realized with many different resonator geometries [26].
DFB resonators with mixed periods [27|, two-dimensional photonic crystals [21, 28]
or circular Bragg gratings [29,30| are just a few examples. Exploring different res-
onator geometries and optimizing the parameters for a specific application requires
the ability to rapidly transfer a new design into a working device. Traditional
photolithographic methods or imprinting techniques and elaborate electron beam
lithography are not economically applicable for this. A deficit in fabrication tech-
nology is even more evident for developing the integrated systems as this requires to
pattern sub-micron features and several tens of microns extending microoptics on
the same substrate. With conventional lithographic methods, this requires multiple
processing steps which slows down development and drives costs.

The great freedom in design application developers gain with organic lasers is
another problem. The major benefit of organic solid state lasers, the ability to tai-
lor their emission wavelength, is also the major obstacle for developing applications.
To exploit the wavelength design freedom, application developers require tunable
laser sources which allow them to identify promising wavelengths for advanced de-
tection schemes. Adequate tunable lasers sources like liquid dye lasers or optical
parametric oscillators are expensive and require specially trained personnel as well
as a specialized infrastructure.

In summary, it is therefore assumed that two issues are currently hampering the
commercial breakthrough of organic laser based sensing applications:




e Optimization of organic laser resonator geometries requires the ability for low-
cost and rapid prototyping.

e Developing applications that benefit from the unique properties of organic
lasers requires organic lasers applicable for development.

This doctoral thesis addresses these two aspects and is structured as follows: Chapter
2 lists, as a brief reference, general principles of optics and photonics responsible for
the effects observed in the later studies. The materials and processing technologies
which were used during this work will be introduced in chapter 3. It focuses on
alternative fabrication methods to costly electron-beam lithography.

Chapter 4 explores the applicability of a three dimensional direct laser writing
technology for rapidly prototyping DFB laser resonators as well as microoptical sys-
tems with extents of multiple millimeters. A major part of the chapter describes
optimization strategies for shortening the processing times and for patterning mul-
tiple feature scales in a single automated process run. To satisfy the prototyping
aspect, the process is based on a novel hybrid inorganic-organic polymer. Due to
its high chemical and thermal resistance this material can be used directly after
development.

Chapter 5 investigates the applicability of organic lasers for spectroscopy appli-
cations. It deals with improving the operational life time obtainable from organic
lasers and their sensitivity to temperature changes which are key questions for any
sensing application scenario. In particular, a spectrophotometer based on a through
physical displacement tunable organic laser is developed. It is applied for absorp-
tion spectroscopy and fluorescence excitation of dyes which marks the first usage of
organic lasers for sensing applications.

A novel nonlinear tuning approach for position-dependent distributed feedback
lasers is proposed in Chapter 6 which allows to accurately change the emission
wavelength over a broad spectral range in a couple of milliseconds with low-cost
mechanics. This enables to use organic lasers for high throughput screening at
multiple laser lines.

Chapter 7 discusses the commercial potential of tunable organic semiconductor
lasers for sensing applications. This includes a review of current competing tech-
nologies and the technology demonstration of a benchtop tunable organic laser.

This work was kindly supported by a PhD fellowship granted by the Agilent
Technologies Foundation.
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Chapter 2

Fundamentals

Abstract!

This chapter lists fundamental principles of optics and photonics applied during the
work on this thesis as a brief reference. Particular attention is paid to organic
semiconductor lasers which, due to their unique features, will play a prominent role
in this work.

IParts of this chapter have already been published in:
T. Woggon, M. Punke et al., Organic Semiconductor Lasers as Integrated Light Sources for Optical
Sensors in: Organic Electronics in Sensors and Biotechnology, 265-298, Mcgraw-Hill, ISBN-10:
0071596755, (2009)
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2.1 Optics

The field of optics usually describes the behavior of visible, ultraviolet and infrared
light but is not limited to these. In general, optics is defined as the branch of physics
which studies the behavior and properties of electromagnetic waves. These studies
also include the interaction of electromagnetic waves with matter. Due to the nature
of light, optics provide the ability to conduct measurements without the need for
a mechanical interface and thus to measure at atomic scales as well as over astro-
nomical distances. Optical science is therefore relevant in many disciplines including
natural sciences, engineering, photography and medicine. Practical applications of
optics can be found in a variety of technologies and everyday objects.

2.1.1 Snell’s law and total internal reflection

Light travels in a vacuum at a fixed speed of ¢y = 2.99792458 x 10 ms~! . In any

other medium the speed of light ¢ is directly proportional to ¢q with the proportion-
ality constant n called index of refraction:

n=— (2.1)

It has to be noted that albeit this definition for n suffices for the considerations
in this section it is not complete. The refractive index depends in general on the
frequency w of the light. To also include additional optical effects like extinction
due to absorption and scattering the refractive index can be defined as a complex
number:

N(w) = n(w) + ik(w) (2.2)

With the imaginary part S(N) = k(w) being the wavelength dependent extinction
coeflicient.

The relation 2.1 implies a change of ¢ when light passes an interface between two
different media. As the angular frequency w of the light is constant the wavelength
Ao of the light in a vacuum has to change with n:

€o

o = 2m— 2.3

0 Ww (2.3)

= A =27 2 (2.4)
nw

This change of ¢ is responsible for the refraction of light depicted in figure 2.1 that
can be observed at an interface when light passes from one medium to another. The
relation of the transmission angle 65 of the light into the second medium is related
to the incidence angle 6; by Snell’s law?:

sin 01 C1 Mo

sin92 N Co ny
& nysinf; = nysin b, (2.5)

2named after Willebrord Snell Van Royen, Leiden, Netherlands, 1581 +1626
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¢, <c,
n,<n,

interface

C,

6,

Figure 2.1: Refraction of light at an interface between two materials with different refrac-
tive indexes.

Total internal reflection

Snell’s law (2.5) states that light crossing an interface into a medium with a higher
index of refraction is bend towards the normal. Vice versa, light propagating from
a higher refractive index region to a lower one will be bend away from the normal.
This implies that under a specific critical incident angle 6., light traveling from
a medium with higher n; to a medium with ny < n; will be refracted along the
interface, i.e. 05 = 90°. Inserting 0 = 90° in Eq. (2.5) yields:

fc = arcsin (@) (2.6)
ny

For any incident angle 6 > 6. Snell’s law lacks a solution for the refraction angle. In

these cases the incident light is totally reflected off the interface, obeying the law of

reflection as depicted in figure 2.2.

A 4

(ny>n,)

Figure 2.2: For angles above 6. the incident light is totally reflected at the interface to the
lower refractive index medium. According to the law of reflection the incident
angle is equal to the reflected beam angle.

Fresnel equations

The Fresnel equations® extend Snell’s law with a formalism which describes the
degree of reflection and transmission of electromagnetic waves at a dielectric in-
terface. The equations can be derived from the Maxwell equations by applying

3named after Augustin Jean Fresnel «May 10th, 1788, +July 14th, 1827
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boundary conditions for electromagnetic waves at an interface with no free charges
or currents. In the special case of the two media having the same permeability and
with the use of Snell’s law (2.5) the reflection and transmission coefficients can be
calculated according to:

E, .y B 2N, cos 0, (2.7)
Ei ) g — ™ T N cos @y + Ny cos by '

E, Nj cos 0y — Ny cos b,
B =T fr—
Ei ) g T N cos B + Ny cos b,

(2.8)

For transversal electrical or s-polarized light and transversal magnetic or p-polarized
light respectively:

2N, cos 6,
t = 2.9
™ N5 cos 01 + Ny cos 0y (2.9)
N. 0, — N )
S 2 COS 1 CO8 U (2.10)

~ Nycos b + Ny cos by

2.1.2 Optical waveguides

Optical waveguides are structures which are able to guide light in a defined direction.
The effect of wave guiding in optical thin films plays an important role for the
practical realization of organic distributed feedback lasers. The following elucidates
the theoretical concept for the understanding of light guiding in thin films. The
considerations will be briefly extended to the special case of an square shaped rip
waveguide. The argumentation is a brief summary derived from the book Integrated
Optics: Theory and Technology by R.G. Hunsperger [31].

Planar waveguides

The three layer system as depicted in figure 2.3 represents the simplest case of a
planar waveguide. In this case the waveguide is the middle layer with the refractive
index ny. It is limited by two parallel interfaces to the layers n; and nsz. For the
theoretical discussion it is convenient to assume an infinite thickness and lateral
extension of these outer layers.

Figure 2.3: Schematic drawing of a three layer planar waveguide. The two depicted curves
represent the electrical field distribution along the z-axis for different waveguide
modes

For a closer view on the waveguide properties it is assumed that an electromag-
netic wave propagates along the z-axis. The spatial distribution of the electrical
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field E(r, t) is a solution of Maxwell’s equations and called a waveguide mode:

V2E(r,t) = (n (Qr)) 0 Eag’t) (2.11)

€o

with the position vector r and the refractive index n(r). For monochromatic waves
the solutions of this Helmholtz-type equation (2.11) have the form of:

E(r,t) = E(r)e™", (2.12)
By substituting (2.12) in (2.11) one derives
V?E(r) + k*n*(r) E(r) =0 (2.13)

with & = w/c. For simplification the propagating wave is assumed to be homoge-
neous and planar:

E(r) = E(z,y) e,

with the propagational constant 8. Equation (2.13) can thus be transformed to

O?E(x,y) N O?E(z,y)

0” o+ (ki) = 5) Br.y) =0. (2.14)

Because of assuming the waveguide being of infinite extent along the y-axis equation
(2.14) can be separated to different forms for each regions ni, ny and ns:

0*FE
ny 78(;2’ v) + (kn3 — %) E(z,y) =0
2
ng % + (k*n3 — 8%) E(z,y) =0 (2.15)
2
ns : O Ez,y) + (k*n3 — 8%) E(z,y) = 0.

or?

Possible solutions for the terms in equation (2.15) are either sinusoidal oder expo-
nential functions of x, depending on the sign of the term

E°n? — B i=1,2,3.

Due to the continuity conditions at the interfaces for E(x,y) and 0E(x,y)/0x the
possible waveguide modes are restricted to the ones depicted in figure 2.4.

The shown variants of waveguide modes depend on the propagation-constant and
can be categorized accordingly:

B > knsy:

E(z) is of exponential type in all three refractive index regions. The conti-
nuity conditions at the interfaces can be only fulfilled with an electrical field
distribution like it is displayed at the outer right side in figure 2.4. Such a
distribution of the electrical field is, however, not physically possible as the
electrical field in the layers n; and ng is not limited. This would require an
infinite amount of energy.
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Figure 2.4: Schematic drawing of the possible modes for a planar waveguide structure. The
frequency w of the wave is constant. (adapted from Integrated Optics: Theory
and Technology by R. G. Hunsperger [31])

VARVARVAVAV
\

kny < kng < B < kno:

Modes with this propagation-constant 3 are guided inside the waveguide layer
ng. The two modes shown in figure 2.4 are referred to as transversal electrical
modes of zero (TEj) and first order (TE;). Waveguide modes of higher order
are respectively possible.

kni < B < kng < knao:

This type of modes is restricted in their propagation at the interface to the
lowest refractive index region (typically air). On the substrate side, however,
they are sinusoidally shaped. These modes are guided inside the waveguide but
they continuously loose energy through radiating into the substrate. Therefore
these modes are also referred to as substrate radiation modes.

B < kny:
The solutions of E(x) are sinusoidal in all three refractive index regions. The
modes are not guided by the waveguide.

Mostly guided modes are relevant for organic distributed feedback lasers. A formal
calculation of the solutions of (2.11) results, due to the boundary conditions, in
discrete values for f3,,,. These represent the different modes TE; (7 = 1,2,3,...).
The number of guided modes in such asymmetrical waveguides is linked to the
thickness d of the wave-guiding layer. For fixed values d, ni, no and ng there is a
minimal frequency w,, the so called cut-off frequency. No guided modes exist below
this frequency.

For the magnetic field distribution H(r,¢) the discussion can be conducted in
the same way as for the electrical field. The resulting modes are called transversal
magnetic modes (TM). This indicates, that the electrical field of a TM-mode is
polarized perpendicular to the waveguide plane.
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The propagation of a guided mode inside the waveguide can be described by
introducing an effective refractive index neg. It accounts for the distribution of the
mode over the regions with different refractive indexes:

B

Meft = — - with ni, N3y < Neg < Mo (2.16)

Rip waveguides

A rip waveguide is defined over a refractive index profile as it is shown in figure 2.5.
An analytical deviation of the possible modes in such a profile is not trivial. An
approximation which works for most applications, however, can be done by assuming
two different sets of guided modes. The first one can be calculated the same way as
a planar waveguide with the refractive indexes ni, ny and ny. The second one can
be calculated accordingly but with the refractive indexes ni, n3z and n;. A much

more detailed discussion of the optical properties of rectangular shaped waveguides
can be found in [31] and [32].

\

n,

n, n, b n,

I

n1> n2! n3: n4: n5

Figure 2.5: Refractive index profile of a rectangular rip waveguide which is surrounded by
lower refractive index regions

2.1.3 Geometric etendue and resolution limits

The french word etendue translates literally to extend or space. In radiometry the
geometric etendue, (G, specifies the ability of an optical system to accept light. It is
a function of the area S of the emitting source and the solid angle @) it emits into.

d*G = dSdQG = // dsdQ (2.17)

The numeric value of GG is a constant of an optical system and is determined by
the least optimized segment. The relevance of the geometric etendue for designing
an optical system can be clarified by considering the simple setup shown in figure
2.6. The setup comprises a spherical lens which creates an image of a light emitting
diode (LED).

By approximating a conical beam and integrating, the etendue for this setup
results in:

G = 7Ssin® df2 (2.18)

The geometric etendue can thus be considered as the maximum beam size an optical
system is able to accept. Therefore, when designing an illumination system it is
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Figure 2.6: Example optical system for the geometric etendue. The light emitted by an
LED with the active area Sj is imaged by a spherical lens with the image
spanning the area S

necessary to start at the light source and ensure that the optical system including
ancillary optics collects and propagates the maximum amount of light.

According to equation (2.18) G is minimized by minimizing S and (2. Reduc-
ing the light emitting area requires a higher radiation energy density for the same
performance. The use of a parabolic reflector can reduce {2 but will increase S.

Another important implication of Eq. (2.18) is that focusing a light source below
the initial area S without losses can only be achieved if it matches the etendue of the
focusing system. As the size of lenses in an optical system is limited, typically low
diverging light sources like lasers are preferred as they simplify the optical design
significantly.

2.1.4 Optical resolution limits

The fabrication of microoptical devices often relies on optical lithography (see Sec.
3.2.1, p. 42). With the steady downsizing of pattern features this technology is
constantly pushed towards the physical limits [33]. Modern lithography systems use
the optical system of a microscope (inverse telescope) to project a reduced image
of a mask onto the photoresist. The achievable feature size is therefore determined
by the microscope resolving power. It is typically determined by the quality of
the lenses used. But, apart from such fabrication-induced limitations the resolving
power is ultimately limited by diffraction.

To illustrate this limitation of the resolving power it is expedient to take a closer
look on the diffraction pattern generated by a circular aperture which is illuminated
with parallel light. The resulting circular intensity pattern shown in figure 2.7 is
known as an Airy pattern with the central bright lobe being called called an Airy
disk. Both were named after George Biddell Airy* who gave the first first full
theoretical explanation of the phenomenon in 1835 [34].

The diffraction pattern generated by light which passes through a circular aper-
ture is rotationally symmetric. The intensity distribution can be expressed in terms
of the Bessel function of the first kind J;(6):

2
1(0) = I - (M) with r = kasiné, (2.19)

r

where k is the wave number of the light and a the radius of the aperture.

44 July 27th, 1801, +January, 2nd 1892
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Figure 2.7: Calculated square root of the Airy intensity pattern generated by diffraction at
a circular aperture which is illuminated with parallel light. The pattern would
be hardly visible at a linear scale.

A generally accepted criterion for the minimum resolvable distance dy between
two adjacent points in the object was defined by Lord Rayleigh®. The Rayleigh
criterion says that two point sources are regarded as just resolved when the principal
diffraction maximum of one image coincides with the first minimum of the other as
it is illustrated in figure 2.8a. If the distance is greater than dy, the two points are
well resolved (Fig. 2.8b) while they are regarded as not resolved if it is smaller (Fig.
2.8¢).

With Eq. (2.19) for a circular aperture this translates into the minimum angular

resolution:

A 2
sinf = 1.2205 with the wavelength A = % (2.20)

The factor of 1.220 originates from the first null of the Bessel function. Assuming a
small 6§ and hence the object distance being equal to the focal length f of the lens,
the spatial resolution, i.e. the size dy of the smallest object that the lens can resolve,
can be approximated to ;

do = 1.2205A (2.21)

The ratio f/D, the so called f-number is a characteristic value of a lens. Optical
systems, however, are often characterized by the numerical aperture (NA). It is
defined over the half-angle # of the maximum cone of light that can enter or exit
the system:
. D

NA = n-sind "2 nsinarctan (ﬁ) (2.22)
The coefficient n represents the refractive index of the medium from which the light
enters the optical system. With Eq. (2.21) the smallest resolvable distance between
two objects can then be expressed in terms of the NA with:

A
onsmd ~ OINA (223)

5xNovember 12th, 1842, +June 30th, 1919

dy = 1.220
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Figure 2.8: Diffraction patterns of two adjacent points in the object. According to

Rayleigh, the two points can be resolved in the image if the angular separation
of the two points is greater than dj.

When the system is operated in air the highest obtainable numerical aperture is
NA = 1. Immersing it in a liquid with a higher refractive index increases the NA.
Typical immersion oils have refractive indexes around 1.5 thus roughly speaking the
smallest resolvable distance is limited to half of the wavelength.

It has, however, to be noted that equation 2.23 has to be regarded as a rule of
thumb as the underlying Rayleigh criterion is somewhat arbitrarily. Also it fails
in predicting the three dimensional resolving power which is especially important
for two-photon absorption direct laser lithography (see Sec. 3.2.2, p. 42). A more
detailed theoretical discussion on the three dimensional focusing of electromagnetic
waves can be found in the studies of Richard and Wolf |35, 36].




2.2 Organic semiconductor lasers 17

2.2 Organic semiconductor lasers

This section introduces basic principles for lasers as well as terms and definitions
connected with them. Unless otherwise noted, the given explanations orient them-
selves on the extensive book Lasers by Anthony E. Siegman [37]. Building on this
knowledge and after a brief look on organic gain materials the organic distributed
feedback semiconductor laser is introduced. This section ends with elucidating dif-
ferent concepts for the emission wavelength tuning of organic semiconductor lasers.

2.2.1 Stimulated emission and the LASER principle

The term LASER is an acronym for “light amplification by stimulated emission of
radiation”. The LASER principle is based on interactions between light and matter
which induce transitions of electrons between different energy states. Figure 2.9a
shows a fundamental model for these interactions. It includes only two energy states:
a ground state and an excited state. The energy Fy equates to the ground state
energy eigen-value of the electron. In case of the excited state the electron energy is
increased from Fjy by the value AE to E;. The possible electron energy transitions
between these two states can be divided into three cases:

e Absorption, a photon with the energy hw = F; — Fy = AFE is absorbed by
lifting an electron into the excited state E; (Fig. 2.9a).

e Spontaneous emission, an electron drops from the excited state E; to the
ground state Ey and emits a photon with the energy hw = AFE (Fig. 2.9b).

e Stimulated emission, a photon with the energy hw = AF induces the transition
of an electron from the excited state E; to the ground state. A photon is
emitted which is coherent with the incident photon (Fig. 2.9¢).

E, & Fy & E —FE
photon T —> \l' —>
~~» | electron P
Ey — Ly —FE —~—F
(a) absorption (b) spontaneous emission
Ey Ey
~A~A~P ~A~A~P
Eo _ E()

(c) stimulated emission

Figure 2.9: Interaction processes of light and matter based on electron energy transitions
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Population inversion and four level systems

In an infinitely extended medium with unlimited excited electron states a sponta-
neously emitted photon can thus be amplified by repeated stimulated emissions. In
general, however, only a limited number of excited states is occupied. This results
in absorption losses due to the excitation of ground states. This in turn prevents
LASER operation in a two level system. Efficient amplification of photons thus re-
quires a system were the number of excited states constantly exceeds the number of
ground states. This condition is called population inversion and requires a system
with a minimum of three energy levels. A three level system, however, requires to
lift at least half of the ground state electrons into an excited state within a single
pump instance. A four level system as it is depicted in figure 2.10 represents the
ideal case due to lower requirements on the pump source.

A

pumping
E, process
E,

K | ____ "population
laser inversion"
~action

E, L
ground
Eo | energy level

>

level populations

Figure 2.10: Four level laser energy diagram. Electrons are lifted into an excited state F3
by an external energy pump. Successively, they relax into the upper laser state
FE5. From there a transition to the E; energy band takes place either due to
stimulated emission or spontaneously after the average lifetime expired. After
a dwell time in the F4 state the electron finally drops into the ground-state.

Electrons are lifted into an excited state E3 by feeding energy from an external
source. This pumping process can be done with electro-magnetic radiation, direct
electrical injection of electrons, chemical reactions or even the kinetic energy of
nuclear fission fragments [38]. The excited electrons then relax with the average
lifetime 7 into the upper state E5 of the laser transition. From there transitions
to the F; energy band take place either due to stimulated emission or after the
average lifetime 7 expired. After the dwell time 735 the electrons finally drop into
the ground-state. Hence, for actually generating a population inversion the excited
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states life times have to fulfill the condition:
To > T1, T3 (2.24)

The majority of the known laser materials can be described as a four level system.
The main difference is, that generally more than a single discrete laser transition
exist. Additionally these materials exhibit optical gain over a more or less extended
wavelength region due to the broadening of the energy bands.

Optical feedback with resonators

The probability for a photon of inducing a stimulated emission is proportional to
the excited state population number and the photon dwell time in the active re-
gion. Providing an optical feedback by a resonant optical cavity as shown in figure
2.11a can, hence, increase the efficiency significantly. Due to the highly directional

mirror pump energy mirror

R=1 —] R=0.99

@ gain \ R i R cavity modes

optical gain medium | |","| | | | | \‘l I
q 91 g2 z)

L q+2 q+1

—
(a) (b)

Figure 2.11: (a) Resonant cavity for optical feedback. The active gain medium is enclosed
by a highly reflecting mirror and an out coupling mirror with a low transmit-
tance. (b) The possible laser modes are determined by the spectral gain and
the resonator length L.

feedback mechanism of such a resonant cavity it gives also the benefit of a very
low emission divergence. This is advantageous especially for the design of optical
systems (see section 2.1.3). In general, for the desired efficient amplification of a
discrete (vacuum-)wavelength A\, an oscillation build-up of additional laser modes
has to be suppressed. A straightforward approach for this is to shorten the resonator
length L to such an extent, that only the fundamental mode is located inside the
gain region of the laser material:

PR

= Nmedium = gain medium refractive index (2.25)
2nmedium

It has to be noted, that these contemplations provide only a basic view on the topic
of resonant cavities. A much more detailed essay on Laser Beams and Resonators
was published by Kogelnik and Li in 1966 [39].

Mirrorless lasing

The laser principle does not imply the need for a resonator. Increasing the excitation
energy and/or the excited volume increases also the probability of a spontaneously
emitted photon to induce a radiating transition before it is absorbed or scattered out
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of the optical gain region. Similarly to lasing with optical feedback this phenomenon
exhibits also a threshold characteristic and a spectral narrowing of the emission.
The latter originates from the fact, that modes with the highest spectral gain will
induce the majority of the radiating transitions. In return, this leaves only a small
probability for excited states to spontaneously emit into other modes. The spectral
narrowing of the emission bandwidth depends on the width of the spectral gain.
Materials with a broad gain spectrum exhibit a lower narrowing than materials
with a narrow gain spectrum.

Although this phenomenon is consistent with the LASER definition, it is com-
monly labeled separately as super luminescence or amplified spontaneous emission
(ASE). ASE requires high excitation energies and a large excited volume in the
gain material due to high radiation losses. Emitting a spectrally narrow laser line
also requires gain materials with discrete spectral lines. Despite the inefficiency,
the mirrorless nitrogen laser [40] shows that ASE allows to produce laser radiation
with simple means. A directed output is achieved with such lasers by introducing
a preferred direction in the distribution of the optical gain. For an isotropic spatial
distribution of the optical gain the ASE emits equally into all directions as depicted
in figure 2.12a. Photons emitted spontaneously along the preferred direction have
a higher probability of stimulating an emission than photons traveling in another
direction as shown in figure 2.12b.

(a) homogeneous optical (b) inhomogeneous optical gain distribution
gain distribution

Figure 2.12: Directed emission from ASE induced by a inhomogeneous optical gain distri-
bution

2.2.2 Distributed feedback resonators for organic lasers

Among different approaches for the resonator design for organic lasers [26] the dis-
tributed feedback (DFB) resonator scheme is one of the most popular realizations
due to its rather simple and efficient design which provides a high degree of spec-
tral selection. Typically, an organic distributed feedback laser consists of a thin
film active material that is deposited on top of a periodically corrugated substrate.
Common film thicknesses range from (100 to 400) nm. The active material is op-
tically pumped, for example by an external pulsed ultra violet (UV) laser. The
layer sequence forms a slab waveguide confining the optical wave in the substrate
plane. Instead of using mirrors, the optical feedback is provided by the so called
distributed feedback mechanism. This mechanism relies on backward Bragg scat-
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tering at a wavelength scale periodic perturbation of the refractive index and/or the
gain of the laser medium [41]. The first DFB lasers employed a holographic pump
scheme to induce such perturbations [42,43]. Most modern devices employ surface
corrugations (gratings) of the substrate or the active waveguide. Organic DFB laser
devices can be realized by patterning either the active layer at the air interface or
the substrate or both as illustrated in figure 2.13. Patterning of the active layer
(Fig. 2.13a) can be achieved with photoisomerization [44], direct embossing [3,45]
or laser interference ablation [4,46]. The process parameters for patterning the ac-
tive layer have to be optimized specifically for each applied gain material. From
the processing point of view it is therefore advantageous to pattern the substrate
material. Thus, this is the most common choice taken for fabricating organic DFB
lasers. For patterning the substrate a large variety of well established processes can
be employed. For a brief overview the reader is kindly referred to T. Woggon et al.,
Organic Semiconductor Lasers as Integrated Light Sources for Optical Sensors [47].

S Sy NNy B

laser material laser material laser material
P e N Y e B
substrate substrate substrate

(a) (b) (c)

Figure 2.13: (a) Direct patterning of the organic laser (b) Patterning of the substrate (c)
Pattering of both interfaces with vapor deposition or subsequent patterning
(T. Woggon et al. [47])

The complete modeling for slab waveguide DFB lasers is very complex. Their
emission wavelength and direction can, however, be estimated well by a separate view
on the waveguide and the Bragg scattering process. Figure 2.14 illustrates the dis-
tributed feedback mechanism in a slab waveguide structure with a one-dimensional,
periodic variation of the refractive index.

ng

g Yy
LALLM

X

Figure 2.14: One dimensional slab waveguide structure with a periodic variation of the
refractive index (T. Woggon et al. [47])

The lattice constant A of the grating transforms to the reciprocal lattice constant
G in the momentum space (k-space):

0
G=|z
0

Lasing operation occurs in plane and can be discussed by starting with a plane wave
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propagating in the slab with wave vector k:

Fix 2w
k = /fy with ’k‘ = Neff * —
0 A

The scalar ne.g represents the effective refractive index of the propagating guided
wave. For efficient feedback, which is essential for laser operation, constructive
interference of a scattered wave is required. This is the case if k fulfills the Bragg
equation.

Fom = %\G\ m e N (2.26)

The positive integer factor m determines the scattering order. The scalar ky,, = 1
gives the smallest possible value of the wave vector component (corresponding to
the largest wavelength) in the direction of the refractive index modulation for which
constructive interference is possible. In the special case of a wave traveling parallel
to the reciprocal lattice vector G one gets the well known equation:

om A

A

2 Neft

In general the constructive scattering of an incident wave with the vector k; occurs
if the Laue condition is fulfilled:

Kxm
2k; - G = |G|  withkj= | k (2.27)
0

This formulation of the feedback condition states that Bragg scattering can occur if
the incident photon k; vector is located on a Bragg plane, being the perpendicular
bisector of a line connecting the origin with the reciprocal lattice point G. A wave
vector k; which is located on a Bragg plane is scattered to kg and vice versa. The
wave vector k; of the incident and kg of the scattered wave correlate in the form:

kai=k+G (2.28)
Energy conservation results in the additional relation:
’k1’ = ‘kd‘ = const (229)

Figure 2.15a shows first order scattering (m = 1) of a wave vector. If the incident
wave vector k; complies with the condition in Eq. (2.27) it is scattered as stated in
Eq. (2.29). Second order scattering (m = 2) is depicted in figure 2.15b. In this case
the vector component k, of the incident wave vector k; equals to the reciprocal lattice
vector. The component kg of the scattered wave vector can take the values of either
kqx = —kix for the second order Bragg feedback or k4qx = 0 in case of first Bragg
order scattering. The latter implies that the light can be scattered perpendicularly
in two opposite directions of the waveguide plane.

The scattering condition Eq. (2.26) determines only the component £y of the wave
vector. This results in a nonzero z-component of the wave vector since the energy
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(a) 1st order scattering (b) 2nd order scattering

Figure 2.15:

Figure 2.16:

(a) Feedback due to 1st order scattering:

The vector component k;y of the incident wave vector k; equals to half of
the reciprocal lattice vector. The scattered wave vector thus has to fulfill the
condition kg = —k;.

(b) Feedback due to 2nd order scattering:

The vector component ky of the incident wave vector k; equals to the recip-
rocal lattice vector. The component kqy of the scattered wave vector can
take the values of either kqy = —F; x for the second order Bragg feedback or
kqx = 0 in case of first Bragg order scattering. (T. Woggon et al. [47])

," ," k,
2T T T 2 Q»

0 l
A A A A
Out-of-plane coupling due to 2nd order scattering:
For a zero vector component of the scattered wave (kqx = 0) a nonzero com-
ponent kq, # 0 is required to comply with the principle of the conservation
of momentum |k;| = |kql.

conservation law has to be met. This means the incident wave is scattered out of
the waveguide. First order resonators are of special interest for on-chip integration
and enable lower laser thresholds. Second order laser resonators are advantageous
for applications with free space optics due to their good light extraction efficiencies.

It must

be pointed out, that in contrast to k, the vector ky is not defined by

the Laue condition Eq. (2.27). The thus allowed arbitrary values for k, for a one
dimensional DFB resonator result in an oscillation build-up of multiple laser modes.
Due to this disadvantage the concept of distributed feedback has been extended
early to two dimensions using square lattices [48].

One major advantage of the DFB resonator concept is a good thermal stability
as the wavelength determining scales are in the region of the emission wavelength.
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According to the definition of the CTE in Eq. (2.30) a polymer DFB laser with
a = 1x107°K™! a grating periodicity of 400nm and an excited region width
of 500pum for example has only an elongation factor of 4pm K=! for the grating
period. This is three orders of magnitude lower compared to the elongation factor

of 5nm K~! which a fabry perot laser cavity with a length of 500 pm and the same
CTE has.

1 AL
a=—

C— 2.
Ly AT (2:30)

2.2.3 Absorption and emission of light in organic materials

In chemistry, the term organics includes all compounds that contain both hydrogen
and carbon. These hydrocarbons can be subdivided into saturated and unsatu-
rated hydrocarbons. The latter comprise at least one double or triple bond of a
carbon atom. These double bonds are mainly responsible for the optical properties
of organic materials. A specific configuration of this double bond, the so called -
conjugated bond forms a system of delocalized electrons. These electrons can move
freely along the molecule backbone.

This explanation is a very simplified view on the physical background of delo-
calized electron systems in hydrocarbons. A detailed treatise of this topic can be
found e.g. in the book Molecular Physics and Elements of Quantum Chemistry by
H. Haken and H. C. Wolf [49]. For the understanding of the processes relevant for
this thesis it suffices, however, to acknowledge the existence of delocalized electrons
in organic materials with unsaturated hydrocarbons. A step further in simplifying
is treating this system as a free electron gas in a potential well. The m-conjugated
system of organic molecules condensed at room temperature typically extends over
several bonds. This behavior can be reflected in the width of the potential well.
With each bond contributing a delocalized electron the available states can, bearing
the Pauli exclusion principle in mind, be occupied with two electrons. This leads to
singlet and triplet electronic states. These states form further various vibrational
levels yielding an Jablonski® energy diagram as depicted in figure 2.17. Between
these electron energy states transitions can take place via different processes which
are also denoted in figure 2.17.

Absorbing a UV-VIS photon promotes 7t-electrons into one of the upper singlet
states S;. The process happens very fast with a time span in the range of 107 s.
Absorption of light excites molecules to different vibrational levels of the excited
singlet state. Successively, over vibrational relaxation (VR) the molecule returns
to the lowest level of the excited state. From there, the molecule can return to
the ground state with emitting a photon. With (107¢ to 107'?)s, the fluorescence
process occurs on a much longer timescale than the absorption process. This return
to the ground state can also happen due to radiation less processes called internal
or external conversion.

Internal conversion is regarded as being the most efficient deactivation process
especially for molecules with electronic energy levels spaced so close, that their vibra-

Snamed after Alexander Jablonski «February 26th, 1898 in Voskresenovka, Ukraine, +September
9th, 1980 in Skierniewice, Poland
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Figure 2.17: Jablonski energy diagram presenting the various energy levels and processes
involved in the absorption and emission of light by a organic compound: The
electronic levels of the singlet ground (Sp) and first excited state (S1) as well
as the excited triplet states T1 and Ty are drawn as thicker lines. The thin-
ner lines indicate different vibrational energy states. Transitions between
the states associated with absorption or emission of a photon are denoted as
straight arrows. Dashed arrows mark the non-radiative processes as inter-
nal and external conversion (IC and EC), vibrational relaxation (VR) and
intersystem crossing (ISC). The rotational substrates are not resolved.

tional energy levels of ground and excited state overlap. External conversion denotes
the process of excited molecules losing their energy by colliding with and /or trans-
ferring energy to neighbor molecules. This process is thus an important loss process
when exciting molecules in a solid matrix or in a highly concentrated solution.

A third process which can take place for the transition of a molecule present at
the first excited singlet state is the intersystem crossing (ISC). This process involves
a transfer of the molecule from an excited singlet to a triplet state. This process is
possible since the vibrational levels in the singlet and triplet states overlap in energy.
To satisfy the conservation law of the total angular momentum, however, crossing
of the singlet state to the triplet state requires a flip in electron spin which basically
forbids this process. Nevertheless, intersystem crossing can be facilitated by internal
and external perturbations, e.g. the presence of non-bonding electrons as well as
heavy or paramagnetic atoms. Intersystem crossing can also take place backwards
from the triplet to the singlet state and thus result in a delayed fluorescence emission
with the same properties of fluorescence but with a much longer lifetime.

The first excited triplet state exhibits with (1072 to 1073) s a very long lifetime.
This state can be also excited to higher triplet states with energies comparable to
the fluorescence emission. This triplet—triplet absorption is therefore a strong loss
process in laser media. Besides relaxing to the ground state by internal and/or ex-
ternal conversion, electrons in the first triplet state can also loose their energy by
emitting a photon in a process called phosphorescence. Again, all three processes
require a flip in spin to satisfy the singlet ground state. The phosphorescence pro-
cess is the summation of an intersystem crossing and two flips in spin. Hence, the
phosphorescence lifetime is much longer than the fluorescence lifetime. Regarding
the high possibility of radiationless deactivation, phosphorescence plays only a minor
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role in the absorption and emission of light in most organic materials. An exemp-
tion are OLEDs were electrophosphorescence enables very high internal quantum
efficiencies [50].

The previous contemplation of the processes involved in the absorption and emis-
sion of light in organic materials does not account for any changes of the distances
between the atomic nuclei of the molecule. The distance between two atomic nuclei
is, however, larger in the excited molecule than in the ground state. The resulting ef-
fects on the absorption and emission energy spectrum can be elucidated by applying
the Born-Oppenheimer approximation. It assumes, that due to the short timespan
of an electron transition and its low mass the position of the atomic nuclei can be
seen as fixed during a transition. Transferred to a potential energy curve picture
this results in the transitions being reflected as vertical arrows as depicted in figure
2.18a. The probability of a molecule transition from the ground state to a vibra-
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Figure 2.18: (a) Transitions involved in the absorption and fluorescence emission of light
by a fluorophore described with the Franck-Condon principle. Since nuclear
motion can be neglected during electronic transitions, vibrational states are
favored where the initial and the excited vibrational wave function overlap,
i.e. correspond to a minimal change in the nuclear coordinates. (b) The
absorption spectrum reflects the vibrational structure of the excited state.
The fluorescence spectrum represents the vibrational structure of the ground
state respectively. The fluorescence is shifted towards lower energies with
respect to the absorption spectrum. Both spectra are in general symmetrically
whereas the 0 <> (0 transitions can be identical for small spectral shifts.

tional level of the excited state has its maximum when the excited state vibrational
wave function has a maximum overlap with the ground state wave function. This
semi-classical interpretation for explaining the intensity of vibrational transitions
is called the Franck-Condon principle’. Applying the Franck-Condon principle as
depicted in figure 2.18a results in absorption and emission spectra shown in figure
2.18b. The absorption spectrum reflects the vibrational structure of the excited
state. The fluorescence spectrum represents the vibrational structure of the ground
state respectively. The fluorescence is shifted towards lower energies with respect

"named after James Franck «August, 26th, 1882 in Hamburg, tMay, 21th, 1964 in Géttingen
and Edward Uhler Condon xMarch 2nd, 1902 in Alamogordo, New Mexico, tMarch 26th, 1974 in
Boulder, Colorado
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to the absorption spectrum. The absorption and fluorescence spectra are symmetri-

cally to each other whereas the 0 <+ 0" transition can be identically for small spectral
shifts, called the Stokes-shift®.

Organic laser materials

The photophysical processes discussed previously can be generally applied for or-
ganic materials. A suitable organic laser material has, however, to meet specific
requirements. Organic materials are natural four level systems due to the vibra-
tional sidebands of the electronic states. A requirement for achieving a population
inversion which supports lasing is therefore a long lifetime of the excited singlet
state and fast vibrational relaxation processes according to Eq. (2.24). The inter-
nal and external conversion efficiency should be as low as possible. Additionally,
to efficiently prevent a build-up of triplet states, the probability for a intersystem
crossing should be low or at least, the triplet lifetime should be short. A good laser
material should exhibit a large Stokes-shift with, at best, no overlap of the emission
spectrum with the absorption spectra to prevent self-absorption. Due to intrinsic
properties which are elucidated in detail in the book Dye lasers by F.P. Schéfer [51]
the absorption spectrum of stable organic laser materials is also limited to the range
from (220 to 1000) nm.

2.2.4 Energy transfer systems

Material systems with a large spectral gap between the absorption of the excitation
light and the laser emission are of particular interest for organic semiconductor
lasers. This reduces the self-absorption of the emission resulting in a more efficient
lasing operation. Such a system can be created by doping the active material into an
active matrix thus forming a so called guest-host material. The exciting radiation
is absorbed in the host material. The absorbed energy is then transferred by a
radiationless process to the guest material lifting it into an electronically excited
state (see Fig. 2.19). The predominantly utilized energy transfer mechanism for
organic semiconductor lasers is the so called Forster resonance energy transfer [5].
This process, first formalized by T. Forster in 1948 [52], is based on a dipole—dipole
interaction and therefore requires a spectral overlap of the donor’s emission with the
acceptor’s absorption. Forster found that the transfer rate between two molecules
spaced at a distance r is given by
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with the normalized donor fluorescence spectrum fgest(w) and acceptor absorp-
tion spectrum opest(w) and the rate of spontaneous emission 1/7,es for the guest
molecules. According to Eq. (2.31), the rate of dipole—dipole transfer will exceed
1/ Tguest if the distance 7 is less than the effective Forster radius Ry defined by the the

8named after Sir George Gabriel Stokes xAugust 13th, 1819 in Skreen, County Sligo, tFebruary
1st, 1903 in Cambridge
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overlap between fluorescence and emission spectrum [52,53]. This effective radius
Ry can be up to 10 nm. The second important energy transfer process is the Dexter
transfer. Here, an excited electron is transferred from the donor to the acceptor.
In return, an electron in the ground state is moved from the acceptor to the donor.
This particle exchange needs the atomic orbitals of acceptor and donor to overlap.
Therefore, this process is typically only effective at distances of less than 1 nm.
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Figure 2.19: Energy transfer in dye doped organic semiconductors: The exciting radiation
is absorbed in the host material. The absorbed energy is then transferred by
a radiationless process to the guest material lifting it into an electronically
excited state. (T. Woggon et al. [47])

2.2.5 Optical excitation of organic semiconductor lasers
Optical vs. electrical excitation

Comparing the structure of an organic DFB laser with an organic light emitting
diode, one would expect that adding injection and hole transport layers and electrical
contacts would suffice to create an electrically driven organic laser diode. Thus,
starting with the first published organic DFB lasers in 1996 [1,54,55]| research groups
enthusiastically aimed for the first organic laser diode. But, despite huge efforts
being made in the recent years, optical gain under electrical excitation is, apart
from two questionable reports, still unaccomplished [56,57].

The necessity of an excitation light source for organic lasers is commonly seen
as a handicap. For certain applications, however, optical excitation can be quite
advantageous. Especially for integrating lasers on disposable lab-on-chip devices
the contactless excitation may bear advantages compared to injection lasers [18|.
Optical pumping also allows a fast and low cost mechanical tuning of organic lasers
(see Ch. 6). There are several ways to optically pump an organic laser. The basic
requirement of a high absorbance of the pump light in the laser material applies to
all of them. Additionally, short pulses and the ability to focus the radiation onto a
small spot with minimized losses are advantageous.

Pulse duration and polarization

Pulse length is important as organic dye molecules tend to be trapped in triplet
states, in which they cannot participate in the stimulated emission process. Contin-
uous wave excitation therefore requires additional provisions for steadily replacing
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the dye molecules. Depending on the material the pulse duration has a critical
influence on the threshold where lasing can be observed. The ideal case would be
an instantaneous population inversion, i.e. at the end of the pump pulse as many
electrons as possible have been lifted into an upper state. The capability of the
material system for this depends strongly on the ratio of the fluorescence lifetime to
the pulse duration. For the special case with a ratio of one only 63 % are still in an
upper state when the pump pulse ends [58|. Higher energy densities can compensate
this, but besides the decreased efficiency the risk of thermally destroying the organic
material increases.

Lasers are a good choice for optical pumping due to the low divergence yield-
ing a high focusability (see Sec. 2.1.3, p. 13). Attention should be paid to the
highly polarized emission typical for lasers. Wright et al. could show a polarization
dependence of the laser threshold with a ratio of 1:3 for dye molecules embedded
in a polymer matrix [59]. This phenomenon is due to the polymer chains align-
ing themselves parallel to the substrate plane during the spin coating process. In a
guest-host system this in turn may force also the dye molecules to be in plane due to
guest-host molecular interactions. Perpendicular to the feedback grating polarized
pump radiation preferably excites the dye molecules dipoles which are also aligned
perpendicular to the grating. This leads to most of the dye radiation being emit-
ted perpendicular to the feedback direction and thus a decreased efficiency. Vapor
deposited small molecule material systems should in general not be affected by this
effect as the molecules have no preferred alignment due to the thin film deposition.
Accordingly, pump radiation polarization dependency of the lasing threshold could
not be observed for thermally vapor deposited Alqz:DCM DFB lasers [12].

Diode pumped solid state laser (DPSS)

Q-switched (laser-)diode pumped solid state (DPSS) lasers are able to create sub-
nanosecond laser pulses with high energy densities, hence, they were the first com-
pact laser sources used for pumping organic solid state lasers [60,61]. For this the
most common laser type is the neodymium-doped yttrium aluminum garnet laser
(Nd:YAG) with an emission wavelength of 1064 nm which is frequency doubled or
tripled to 532nm or 355 nm respectively. Besides the YAG also yttrium-vanadate
(YVO,) or yttrium lithium fluoride (YLF) crystals are used as a guest system due
to their better pump light absorption.

Laser diodes and LEDs

Until recently directly pumping organic lasers using inorganic laser diodes stood
in conflict with the low pulse power available from UV or green laser diodes. With
steady advances in developing low threshold organic lasers and UV laser diodes being
made, a gallium nitride (GaN) laser diode-pumped organic laser was presented in
2006 [22,62,63]. GaN laser diodes feature a very compact design and low fabrication
costs as they benefit from the scaling effects of the large volume home entertainment
sector (Blu-ray Disc ). The huge demand for laser diodes which are powerful enough
for laser projection also pushes the development of powerful green GaN laser diodes
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[64]. The drawback of these laser diodes is the still limited availability of high power
laser diodes and the restriction to only a small set of emission wavelengths available.
Light emitting diodes (LED) are also an alternative for pumping organic lasers
at even less cost. They cover the whole visible spectral range down to ultraviolet
wavelengths yielding in a perfect adaptability to the absorption peak wavelength of
the organic laser material. The major setback for the use of LEDs as pump source
is their, compared to a laser, high divergence and low radiant exitance. The limited
focusability hence results in a considerable worse efficiency. To achieve the pulse
energy densities necessary for a laser operation todays LEDs have to be operated
with currents far beyond the manufacturers specifications. Thus, so far only one
LED pumped organic laser could be demonstrated by Yang et al. in 2008 [23]. They
operated a commercially available LED with 47 ns long current pulses of 160 A.

2.2.6 Identifying laser operation

A laser is traditionally attributed with exhibiting a coherent, low divergence beam
with a narrow spectral bandwidth. The small geometric dimensions of organic lasers,
however, are able to produce light featuring some of theses criteria which can lead
to misinterpretation [57|. For certain identification if laser operation takes place it
is expedient to take a look on the typical characteristic of an organic laser under
excitation.

The idealized considerations in section 2.2.1 assumed a gain material without
optical losses due to radiation less transitions or scattering. Also resonator losses
are not taken into account. Transferred to real laser devices these factors negatively
affect the device efficiency. This results in a nonlinear dependency between the
excitation energy and the optical amplification as depicted in figure 2.20a. With
increasing the excitation energy the slope changes at a distinct threshold energy
Ei,. At this excitation energy level the optical gain equals the cavity losses. This
results in a considerably steeper slope above Ey,. The slope can not exceed a value
of one due to the conservation of energy. This threshold characteristic is a key
indicator for optical amplification but can also be a result of a nonlinearity of the
pump source, for example a pump laser diode being operated at its threshold current.

It is therefore mandatory to also observe the evolution of the emission spectrum
of the laser device at different excitation energies which is exemplified in figure 2.20b
to 2.20d. At excitation energies below the threshold energy Ei;, a photoluminescence
(PL) spectrum can be observed which is specific to the gain material. For organic
materials this is typically a broad spectral distribution as displayed in figure 2.20b.
Slightly above the threshold energy the resonator mode with the largest gain is
amplified more efficiently than the remaining emission modes. This results in the
formation of a narrow peak out of the PL spectrum as depicted in figure 2.20c.
At excitation energies considerably above Ey, almost all radiating transitions are
induced by the disproportionately high number of photons of the laser mode due to
the optical feedback. Spontaneous emission of photons is drastically reduced due to
the shorter lifetime of spontaneous emission due to the high number of laser mode
photons inside the cavity. This causes the spectrum to narrow down to the laser
line as shown in figure 2.20d. For an idealized resonator which supports only a
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Figure 2.20: Characteristics of a laser: (a) The input-output characteristic shows a nonlin-
ear behavior with a sharp bend at the threshold excitation energy Fiy, (b) At
excitation energies below the threshold energy (E < Ey) a broad photolumi-
nescence (PL) spectrum is observed. (c) With exceeding the threshold energy
(E > Fiy,) a distinct narrow laser peak rises from the PL spectrum. (d) At
excitation energies considerably above the threshold energy (E > Fiy) the
spectrum narrows to the laser line.

single laser mode the excitation can be increased until all available energy states
are saturated. In organic DFB lasers the resonator allows typically the lasing of
multiple TE and TM modes due to the broad gain spectrum of the gain material.
Instead of a saturation it is more likely to observe the evolution of additional laser
lines in the spectrum.

The evolution of the laser emission spectrum from the broad PL distribution
to the narrow laser line has to be evaluated in its entity as e.g. a narrow spectral
bandwidth can also be a result of optical filtering. Together with the nonlinear
behavior and a distinct emission beam as e.g. shown in figure 2.21 these criteria are
a valid proof of laser operation.

2.2.7 Wavelength-tuning of organic DFB lasers

The major advantage of organic DFB lasers over their inorganic counterparts is the
ease of tuning the emission wavelength due to their broad spectral emission range
in the visible. While a lot of research has been done on demonstrating discrete
tuning of organic semiconductor lasers, only few reports on continuous and easily
controllable wavelength tuning of such lasers exist.
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Figure 2.21: Photograph of an organic laser based on a two dimensional DFB resonator
on a flexible polymer substrate and its output beam. The laser is on the
foreground of the photograph. The beam can be seen as a red cross on the
paper screen. The bright blue spots originate from scattered UV pump light
which causes the paper to luminesce. (T. Woggon [65])

Discrete tuning

As elucidated in 2.2.2, the lasing emission wavelength );; of a DFB laser with a

grating period A can be derived in a simplified manner from the Bragg condition
Eq. (2.26):
2nef‘f,j/1

m

A A (2.32)

The subscripted index i emphasizes the possibility for different guided electromag-
netic modes. According to this dependency an increase of either nes;, A or both
increases the lasing wavelength A; ;. This of course implies, that the design wave-
length lies within the spectral gain region of the active material. The effective
refractive index n.q; can be modified by altering the film thickness of the active ma-
terial [60] or by changing the waveguide index profile with high index intermediate
layers [14]. Discrete tuning by grating period variations [18,66] typically yields in a
larger achievable tuning range compared to a film thickness variation. The reason
for this is that the slab waveguide allows more guided modes with increased film
thickness hence reducing the overall tunability.

Seamless tuning

Being able to set the emission wavelength of an organic DFB laser online is not only
of interest for spectroscopical methods but also a convenient way to compensate
fabrication tolerances and environmental influences. Researchers approached this
problem with quite different solutions. These can be categorized into pump posi-
tion dependent and independent solutions. The latter category comprises pumping
with variable interference patterns [67], the use of nematic liquid crystals [68,69] or
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mechanical strain [70]. The pump position dependent approach uses a gradient of
one ore more wavelength determining parameters on a single substrate. This can be
done with a wedge-shaped fabry perot microcavity |71], a spatially and continuously
changing DFB grating period [72] or by using a waveguide structure with a thickness
gradient of the active material [13] or an intermediate high index layer [14].
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Chapter 3

Materials and processing
technologies

Abstract

This chapter introduces the materials and processing technologies used for fabricating
the organic lasers in this work. It will present a set of polymer materials which are
promising candidates for the use as substrate for organic distributed feedback lasers.
The fabrication of organic lasers involves to pattern the substrate with sub-micron
optical gratings. The focus for the selection of processing technologies is therefore
set on alternative fabrication methods to costly electron-beam lithography.
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3.1 Materials

Due to the simple processing, polymers can be a low cost alternative to glass. For
integrated microoptics the suitability of a specific polymer is mainly determined by
its optical characteristics. For the use as substrate for organic lasers, the temperature
stability and the chemical resistance additionally gain importance depending on the
method used for depositing the organic active material. Table 3.1 gives an overview
on the characteristics of the polymeric materials used in this thesis.

BK-7 PMMA cocC SU-8 ORMOCER®

glass (Topas®)) (Ormocomp)

refractive index (633 nm) 1.52 1.49 1.53 1.596 1.53
attenuation (dBcm™!) (633nm) 0.09 0.65 0.5 >14 0.06
CTE (1 x 1079K~1) 0.83 7.5 6.0 5.2 6.0
heat resistance >400°C  80°C 125°C 315°C 270°C
water absorption 0% 0.3% <0.01% 0.6% <0.5%
chemical resistance

acid and bases good poor fair good good

polar solvents good poor good good good

non polar solvents good good poor good good

Table 3.1: Properties of selected optical materials [73-79].

Thermoplastic polymers like poly(methyl methacrylate) (PMMA) and cyclic
olefin copolymer (COC) can be easily processed with molding processes at low costs.
They are used for optical waveguides, integrated optics and DFB resonators because
of their high transmittance in the visible. The application range of these thermo-
plastics is, however, limited by their temperature stability and chemical resistance.

Photolithography resins like SU-8 or ORMOCER® can also be used for mi-
crooptical devices. Both materials can be cured by UV radiation exposure. The
ORMOCER® variant Ormocomp has been developed especially for this applica-
tion field. This allows to fabricate microstructures with photolithography or direct
laser writing as well as replicating them with UV nanoimprint lithography. After
curing both photoresists exhibit a glass-like high chemical and heat resistance. The
modern organic-inorganic hybrid ORMOCER® polymer class additionally offers the
ability to widely tune the mechanical as well as optical characteristics during the
resin synthesis. Adjusting the refractive index, e.g., allows the fabrication of optical
waveguides [80].

3.1.1 Poly(methyl methacrylate) (PMMA)

Poly(methyl methacrylate) (PMMA) is the one of the oldest transparent thermo-
plastic materials. It was developed in 1928 independently in Germany, Great Britain
and Spain. Up to today, PMMA was used for a large spectra of applications from
contact lenses and commodity products to bone cement for affixing implants [81].
PMMA is polymerized mainly from the colorless liquid monomer MMA which can
be synthesized by esterifying methyacrylic acid. PMMA has only a low chemical
resistance against acids, bases and polar solvents like alcohols, acetone or benzole.
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brand company
Perspex, Diakon ICI
Plexiglas, Plexidur, Altuglas, Vedril Ato Haas
Acrifix Rohm
Vestiform Hiils
Paraglas, Degalan Degussa
Lucryl BASF
Sumipex Sumitomo

Table 3.2: Selection of major brand names and manufacturers of PMMA

Compared to common thermoplastics PMMA distinguishes itself with the highest
light transmission of 93 % in the wavelength range between (380 to 780)nm. A
unique feature of PMMA is the possibility to locally modify the refractive index by
deep ultra-violet (DUV) radiation exposure. This allows for conveniently defining
waveguides with DUV lithography [47]. This process was used in the fabrication of
the first waveguide coupled integrated organic semiconductor laser [18]. Treating the
material with DUV also enhances its already high bio-compatibility [82,83]. PMMA
is available from various companies each offering a specific formulation. A selection
of the major PMMA manufacturers is listed in table 3.2.

3.1.2 Cyclic olefin copolymer Topas®)

Olefines are unsaturated hydrocarbons with one or more double carbon-carbon
bonds existent in their molecule structure. In systematic chemical nomenclature
these molecules are grouped under the collective name alkenes with the suffix -ene.
The lower alkenes ethylene, propylene and butylene represent the most important
base material for the petrochemicals industry. Alkenes can be polymerized in three
different ways whereas each route ends with its own polymer type. Each of these
differs in structure and properties from the other two [84].

COCs are polyolefines which were polymerized without ring opening reactions
by using a metallocene catalyst [85-88|. In contrast to the semi-crystalline poly-
olefines polyethylene and polypropylene, COCs are of amorphous structure. They
exhibit unique optical properties, excellent moisture resistance, high glass transition
temperature, toughness and a low dielectric constant.

The first commercially available COC products were Apel and Zeonex produced
by Mitsui Petrochemical in limited amounts. The most popular COC variant today
has the trade name Topas@®), a copolymer of ethylene and norbornadiene developed
1997 by Hoechst and Mitsui. With respect to Apel and Zeonex, Topas features lower
production costs [89).

The glass transition temperature of Topas can be adjusted between (60 to 226) °C
|90] whereas, due to the amorphous character of the material, a melting point is
not observable. Topas also stands out with high chemical resistance against acids,
bases and polar solvents. As it is also highly transmissive for UV light Topas is
well suited for fabricating mold inserts in UV nanoimprint lithography [91]. With
additionally being certified biocompatible and absorbing extremely low amounts of
water [92|, Topas is an ideal candidate for analytical systems. The compared to
other thermoplastics low CTE, suggests Topas also as wrought material for high
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Figure 3.1: Chemical structure of different cyclic olefin copolymers
quality thermal molding processes.

3.1.3 Permanent epoxy negative photoresist SU-8 2000

The negative resist SU-8, originally developed and patented by IBM-Watson Re-
search Center [93], can be processed to millimeter thick layers while allowing for
aspect ratios larger than 20 with contact lithography systems. The main ingre-
dients of SU-8 are an epoxy resin (bisphenol-a-diglycidyl-ether), an UV-sensitive
photoacid generator from the family of the triarylium-sulfonium salts and the sol-
vent y-butyrolacton. SU-8 2000 is a modern variant of SU-8 being merchandised by
MicroChem Corp. which uses cyclopentanon as solvent. The resist is cured with a
light induced cationic polymerization. The polymerization kinetics are temperature
dependent whereas heating causes an increase in speed. A detailed description of
the chemical composition and the polymerization mechanism is given in the work of
Deubel [94].

With SU-8, feature sizes in the sub-30 nm regime have been demonstrated with
100kV electron beam lithography [95]. The large aspect ratios combined with an
excellent chemical resistance and mechanical strength made SU-8 to a popular resist
for MEMS applications [96,97].

In this work SU-8 2000 was employed for the fabrication of microoptical devices
with 3D direct laser writing (see chapter 4.3). This choice was made based on the
good results already reported in literature [94,98,99|.

3.1.4 Organically modified ceramic Ormocomp

Ormocomp is a UV curable organic-inorganic hybrid polymer. It belongs to the fam-
ily of organically modified ceramics first developed by Fraunhofer Institute in the
1980s [100] and better known under the acronym ORMOCER®. These hybrid poly-
mers are synthesized in a condensation polymerization of different organoalkoxysi-
lanes, the so called sol-gel process, forming an inorganic Si-O-Si backbone with
organic side chains and functional groups as illustratively shown in figure 3.2a [80].
Physical properties, e.g. the refractive index, of ORMOCER® can be widely tai-
lored in the synthesis process by varying the amount of inorganic and organic el-
ements [101]. The sol-gel synthesis can be controlled accurately yielding a devi-
ation of the refractive index of less than 5 x 10™* and a deviation of less 0.2 Pas
for the dynamic viscosity [102]. Because of its organic-inorganic hybrid nature,
ORMOCER® combines the properties of polymers (functionalization, processing
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temperature, toughness) with the hardness, transparency, chemical- and thermal
stability of glasses and silicones.

As it can be seen in the plot of the wavelength dependent optical transmission in
figure 3.2b ORMOCER®s are highly transparent with losses of less than 0.1 dB cm ™
in the visible. These unique properties of ORMOCER®s led to using them for a wide
range of applications from anti-static and anti-adhesive coatings [101] to devices for
life sciences [103] and integrated photonic circuits [104, 105].
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Figure 3.2: (a) Exemplary chemical structure of ORMOCER®. The molecule is com-
posed of an inorganic Si-O-Si backbone with organic side chains and functional
groups. (b) Absorption spectrum of an ORMOCER® resin including an UV
initiator (data taken from R. Houbertz et al. [106])

Ormocomp was designed for molding microoptics using UV nanoimprint lithog-
raphy (UV NIL, see 3.2.5). Compared to other polymers it exhibits a high opti-
cal transparency in the near UV region. This enables the use of an Ormocomp
nanostructure as a master for UV NIL itself. The Ormocomp oligomeres exhibit
methacrylate side groups which crosslink the polymer in a photoinitiated free rad-
ical polymerization to a duroplastic polymer. Ormocomp can be processed to (30
to 200) pm thick films with a single coating. Film thickness below 30 pm can be
fabricated by using a specific thinner (Ormothin).

3.1.5 The composite molecular system Alqs;:DCM

The organic gain material Alq3:DCM comprises the metal-organic semiconductor
material Alqs! (Fig. (a)) doped with small amount, typically (2 to 3) mol %, of the
laser dye DCM? (Fig. (b)). Both materials belong to the small molecules material
class. This allows to process them to composite thin films with vapor deposition
methods.

Alqgs:DCM was chosen as the gain material for all devices fabricated in this thesis
as the physical and optical properties and doping concentration effects have been

Ltris-(8-hydroxyquinoline) aluminum
24-dicyanomethylene-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran
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Figure 3.3: Chemical Structure of the metal-organic semiconductor material Alqs and the
laser dye molecule DCM

studied in detail by Kozlov et al. and Riechel [5,53|. Alqs is a popular charge
carrier transport material used in OLEDs. DCM is a laser dye which, when in
solution, forms a four-level system. It distinguishes itself with a high photostability
and broad gain spectrum [107]. Both materials are commercially available and a
highly reproducible vapor deposition process which has been established during the
doctoral thesis of Marc Stroisch [12] could be employed for this thesis.

The optical properties of Alqs and DCM are plotted in figure 3.4. They originate
from delocalized 7-bonding electrons in the molecules. When exposed to light, Alqs
efficiently absorbs photons with a wavelength around 400 nm and emits photolu-
minescence with peak wavelengths around 470 nm. The absorbance curve of DCM
peaks around 550 nm with a large spectral overlap with the Alqs emission spectrum.

The composite molecular system Alqs:DCM forms a so called Forster energy
transfer system (see 2.2.4) with the Alqs acting as host for the DCM guest material.
This results in the optical characteristics depicted in figure 3.4b with an absorption
peak at 400nm and an emission peak around 625nm. Compared to other organic
laser materials it exhibits a good chemical stability and a approximately 100 nm
broad spectral gain with its maximum located at 614 nm.
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Figure 3.4: Optical properties of the laser gain material Alqz:DCM (data taken from S.
Riechel [53])
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3.2 Processing technologies

3.2.1 Photolithography

The term photolithography denominates a series of process steps to transfer a geo-
metric pattern from a photomask to a photosensitive thin film. The underlying pro-
cess steps are depicted in Fig. 3.5. The photosensitive film, the so-called photoresist,
is normally spin-coated onto a substrate [108|. The pattern from the photomask is
then transfered by casting shadows with a light source. The light induces a pho-
toreaction in the exposed areas of the resist which affects the solubility in a specific
developer solution. In case of a positive resist the solubility is increased thus the
exposed areas will be removed in a subsequent developer bath. Accordingly, when
using a negative resist the unexposed areas will be removed [109]. Depending on the

negative resist

Iiintl s
irradiation |
photo resist | | | |

positiv resist

d [

substrate

(a) coating of a photoresist (b) exposure through a shadow (c) exposed pattern after
layer mask development

Figure 3.5: Basic process steps of photolithography

photoresist and target applications patterns can be directly used after developing.
Alternatively a variety of processes can be applied to the now unprotected areas
of the substrate. Depositing additional materials onto, introducing dopants into or
etching the substrate are just a few examples. After these processes the resist is
stripped, leaving the patterned substrate.

3.2.2 Laser interference lithography

Laser interference lithography (LIL) is one of the most important techniques for
the fabrication of periodic structures. In contrast to electron beam lithography this
technique offers to quickly pattern large areas with periodic structures. Although
the basic principle behind the LIL is quite simple, the actual realization of large area,
high quality structures can be an elaborate task [110]. A simplified scheme of an LIL
setup is shown in Fig. 3.6. A laser beam is split up into two single beams which are
directed onto a photosensitive resist. Typically the setup is symmetrical, causing
both beams to interfere with each other and thus to form a linear light-dark intensity
pattern. The locally varying exposure dosage hence inscribes a periodic structure
into the resist. The periodicity /A of the interference pattern can be calculated with
the equation A = A\/(2sin«), where « is the angle between the substrate normal
and the laser beam. The grating constant is therefore limited to half of the laser
wavelength A. For the commonly used argon ion laser which emits at 364 nm this
means a minimal theoretical obtainable lattice period of 182nm. Additionally to
the mandatory mechanically stable optical setup also a long coherence length of the
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Figure 3.6: Schematic experimental setup for laser interference lithography. A laser beam
is split up into two single beams which are directed onto a photosensitive resist.
The inset shows the intensity modulated pattern created by the interfering
beams (M. Punke, T. Woggon et al. [18])

laser is needed in order to realize substrate sized interference pattern. As a rough
estimation the displacement of the interference pattern should be lower than 1,/10
of the period during exposure.

After developing the structure, it can be used either directly, for example as a
DFB laser resonator or transferred into other materials. Rotating the substrate by
90° or 60° also allows to pattern square and triangular lattices with multiple LIL
exposures. Another extension to LIL is the laser interference ablation (LIA) where
the interference pattern is transferred directly into the active material layer with
short high energy laser pulses [4]. LIL allows to pattern very large surfaces. The
achievable modulation depth is, however very limited and decreases with reducing
the period of the interference pattern. LIL is not applicable for the patterning of
small areas using masks due to diffraction [111].

3.2.3 3D direct laser writing

Conventional, two-dimensional direct laser writing is used as a cost saving alternative
to electron beam lithography. Commercially available systems are able to pattern
substrates as large as (400 x 400) mm? with feature sizes down to 0.6um. In the
direct laser writing process a photoresist is patterned by locally exposing it with a
focused laser beam. Common systems use a helium-cadmium gas laser source with
an emission wavelength of 442nm [112-114].

An extension to these systems came up when Maruo et al. proposed the use of
two photon absorption (TPA) induced polymerization. Since then, TPA based 3D
laser writing has become an established processing technique for the fabrication of
3D structures in the micro- and nanometer scale [115-117| by using a femtosecond
laser as light source [118-121]. Recently also the first commercial solutions reached
the market [122,123].

The TPA process entitles the simultaneous absorption of two low energy pho-
tons which induces a reaction in the material normally requiring twice as much
of the excitation energy in a single photon process. This nonlinear phenomenon
needs very high irradiation densities. This heats up the photoresist when using
continuous-wave lasers. Preventing thermal destruction of the resist hence requires
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short, highly intense laser pulses [94]|. Typically employed sources fulfilling this
criteria are titanium-sapphire based femtosecond lasers. They emit near infrared
radiation (NIR) at around 800 nm. The pattern is scribed into a photoresist which
is only sensitive in the near UV spectral range and transparent in the NIR.

The TPA process features a distinct threshold characteristic for the curing of the
photoresists. The curing process is initiated only when the particle density of radicals
reaches a critical value. This corresponds to a threshold radiation dosage [124].
This threshold behavior can not only be used to get below the resolution limit
of traditional optical systems (see Fig. 3.7a), it can be also exploited for three
dimensional writing. The chemical reaction to the irradiation only occurs in the
focal volume, the so called volume pixel or voxel, of the femtosecond laser beam.
Moving the sample (or the laser beam) as depicted in Fig. 3.7b enables to pattern
arbitrary three-dimensional structures. Depending on the numerical aperture of
the focusing optics and the chemical properties of the photoresist, it is possible to

write voxels with axial dimensions down to 500 nm and lateral dimensions down to
100nm [125].
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Figure 3.7: (a) Intensity profiles of two Gaussian beams. Depending on the pulse energy
different sized areas can be patterned. (b) By moving the beam focus relative
to the sample, arbitrary structures can be written. (T. Woggon et al. [47])

There are two approaches mainly used for the relative movement of the focal
volume. Either moving the substrate with a piezo-actuated nanometer positioning
stage [126, 127] or moving the focal volume by deflecting the laser beam with a
galvanometric scanner [124]. The latter approach yields a significantly faster writing
speed but the high resolution of a piezo-stage system is not achievable.
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3.2.4 Thin film deposition

The deposition of thin films of organic materials is an important task in the process-
ing of organic electrooptical components. For organic lasers for example, the active
material waveguide layers have typical layer thicknesses of (130 to 400) nm while
exhibiting low optical losses. Such thin films can be either obtained by spin-coating
conjugated polymers [23,55,128] or evaporating small molecules [7,129] on top of a
substrate.

Every thin film deposition requires to have a clean substrate to begin with.
Hereby, the possible cleaning techniques are often limited by the substrate’s resis-
tance against treating it with chemicals. If there are no limitations, a cleaning cycle
with acetone, isopropanol and deionized water rinsing will remove most residues.
Treating the substrate subsequently with a plasma cleaning step (e.g. argon/oxygen
plasma) removes remaining organic compounds on the surface and additionally en-
hances the wettability.

Dissolving the active material in a suitable solvent permits to spin-coat it. The
solution is applied to the substrate which rotates at up to 4000 r/min causing any
superfluous liquid to be spun out. A thin solid film remains after the solvent evapo-
rated. Although being of impressive simplicity, this technique becomes problematic
when the layer should be processed further using photolithographic methods. Due
to the good solubility of organic materials traditional concepts used for inorganic
materials as masking and etching cannot be applied.

A convenient solution which allows to additionally pattern an organic thin film is
the vapor deposition of the material. Due to the typically low boiling temperatures
of organic compounds the vapor deposition of organic materials does not require
chemical vapor deposition or electron beam sputtering. A controlled thermal evapo-
ration source inside a vacuum chamber is sufficient. Typically the source consists of
a crucible equipped with a heating wire holding the organic material. The tempera-
ture of the crucible is measured with a thermocouple element. The current through
the heating wire is regulated according to the measured temperature. To have a
measure of the deposited film thickness, usually the deposition rate is determined
with an oscillating crystal detector placed above the evaporation source and close
to the substrate. If multiple materials should be co-evaporated at different rates
additional crystal detectors have to be placed in the vicinity of the crucibles. Also
baffles are used to prevent any cross talking.

Such a co-evaporation creates often high demands on the stability of the deposi-
tion rates. For example, when depositing the popular laser gain material Alq;:DCM
laser with a typical doping concentration of around 3% DCM, the deposition rates for
the two materials are on the order of 0.3nms™! and 0.01 nms~!, respectively. This
ratio has to be held constant for more than 15 minutes when a target layer thickness
of about 300nm is assumed. Hence, the process control is typically automated to
ensure reproducible evaporation conditions and deposition results.

Patterning of the organic layer can be achieved with metal foils comprising
cut-outs which are fixed as a mask close to the substrate. This allows for exam-
ple the coating of specific single laser fields. Wafer scale shadow mask fabrica-
tion of integrated organic lasers whose active layer had areal dimensions down to
(500 x 500) pm? has been demonstrated [18,91]. Depositing different materials on
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different areas is also possible by the subsequent use of different masks. This is of
particular interest for devices, where several laser materials on one substrate with a
wide range of different emission wavelengths is needed.

With rotating shadow masks it is also possible to deposit active layers with a
seamless thickness gradient in a controllable manner [13,130]. This is especially
required for wavelength tunable organic semiconductor lasers.

3.2.5 Hot embossing and UV nanoimprint lithography

As cleaning and sterilization would be quite inconsistent with the Lab-on-chip con-
cept, the design of such devices should preferably allow to use them as disposables.
Key technologies for the thus needed low-cost mass production are microreplication
procedures like hot embossing and UV nanoimprint lithography.

Hot embossing

The first microstructures molded into polymer materials were fabricated with hot
embossing. The basic steps of this process are depicted in Fig. 3.8. In principle,
a microstructured mold is pressed onto a substrate at temperatures above the sub-
strate materials glass transition temperature 7,. This creates a negative copy of
the mold pattern [131]|. Uniformly imprinting of large areas requires an additionally
applied vacuum to avoid air cushions between stamp and sample [132]. To prevent
the master from being damaged or worn during the embossing step the so called
LIGA process can be applied to replicate the master structure into a durable metal
imprinting tool.
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Figure 3.8: Processing steps for hot embossing: (a) A thermoplastic substrate is aligned to
amold. (b) The mold is imprinted with force into the substrate which is heated
above the glass transition temperature 7. (c) After cooling the substrate below
T, the mold is separated and can be used for the next replication. (T. Woggon
et al. [47])

LIGA is a German acronym for Lithographie, Galvanik und Abformung [133,134]
denominating the individual process steps lithography, electroforming, and plastic
molding. For low aspect ratio nanostructures, the metal imprinting tool can be pro-
duced with electroforming using the process steps outlined in Fig. 3.9. A conductive
material, typically gold, is evaporated upon the insulating master structure to act as
a starting layer. The actual metal tool is then electroformed as a secondary metallic
structure. Commonly used metals for plastic molding tools are nickel alloys, such
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as nickel-cobalt and nickel-iron where the composition is optimized for the thermal
expansion coefficient of the stamp being as close as possible to the coefficient of the
plastic. The tool, a so called shim [135,136] is typically plated to a thickness of
about (200 to 300) pm. Basically an unlimited number of replicas can be fabricated
as the master tool is not worn out during this process. The LIGA process is hence
applicable for high volume production of nano- and microcomponents at low-cost.
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Figure 3.9: Fabrication scheme of a Ni-shim for following the LIGA process: (a) A thin
conducting starting layer is deposited onto the nanostructure. (b) In an elec-
troplating process the thin starting layer is reinforced to thicknesses of several
hundred microns. (c) The final nanostructured metal foil can be glued to a
bulk backplane and used a durable replicating tool. (T. Woggon et al. [47])

Nanoimprint lithography and microcontact printing

Nanoimprint lithography (NIL) is one approach towards decreased process times
by eliminating the heat-up and cool-down phases necessary with hot embossing
(Fig. 3.10). Instead, an optically transparent imprinting tool is pressed into a
photosensitive liquid prepolymer or sol-gel material. The material is then cured by
exposing it to radiation [28,137]. This not only speeds up the imprinting process, it
also avoids introducing strain into the material due to different thermal expansion
coefficients of stamp and substrate. With its high-throughput capability, NIL clearly
stands out as a promising technology for reel-to-reel processing [138]. NIL allows
the use of metal tools which where originally designed for hot embossing if the
substrate material is transparent in the UV. Transparent tools can be fabricated
via hot embossing into transparent polymers or by casting a transparent resin like
polydimethylsiloxane (PDMS).

Another replication method usable for nanoscale fabrication is the microcontact
printing (nCP) process [139,140|. Here, an etch mask is transfered on the sub-
strate using an inked stamp which makes this method inapplicable for multi-scaled
structures.
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Figure 3.10: Process steps for the NIL process: (a) A substrate which is coated with a
photocurable material is aligned to a transparent mold. (b) The mold is
imprinted with force into the substrate while UV radiation cures the material.
(c) After curing the mold is separated and can be used for the next replication.
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Chapter 4

Rapid prototyping of laser resonators
and microoptical systems

Abstract !

Organic lasers can be realized with many different resonator geometries. DFB res-
onators with mized periodicities, two-dimensional photonic crystals or circular Bragg
gratings are just a few examples. Fxploring different resonator geometries and op-
timizing the parameters for existing solutions requires the ability to rapidly trans-
fer a new design into a working device. The development of low-threshold organic
lasers, hence, requires elaborate electron beam lithography for the fabrication of ad-
vanced resonator schemes. This lack in fabrication technology is even more critical
when organic lasers should be integrated into microoptical systems as this requires to
pattern sub-micron features together with structures with extents of several tens of
macrons. Prototyping fabrication schemes therefore ideally employ a direct fabrica-
tion process which allows to pattern structures from the sub-millimeter and micron
regime down to sub-micron scale. This chapter describes how two photon absorption
induced polymerization in combination with a photocurable organic-inorganic hybrid
polymer can be used as a fast and powerful prototyping tool for DFB laser resonators
as well as microoptical systems that extend multiple millimeters.

IParts of this chapter have already been published in:

(a) T. Woggon, T. Kleiner et al., Nanostructuring of organic-inorganic hybrid materials for
distributed feedback laser resonators by two photon polymerization, Opt. Express 17, 2500 (2009)
(b) T. Woggon, M. Punke et al., Organic Semiconductor Lasers as Integrated Light Sources
for Optical Sensors in: Organic Electronics in Sensors and Biotechnology, 265-298, Mcgraw-Hill,
ISBN-10: 0071596755, (2009)

(c) C. Eschenbaum, T. Woggon et al., High Speed Fabrication of Toroidal Micro-Ring Resonators
by Two Photon Direct Laser Writing, in Nonlinear Photonics NThB8&8, OSA Technical Digest (CD)
(Optical Society of America), (2010)
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4.1 Rapid prototyping of sub-micron structures

Up to the early 1990s the electron beam (e-beam) lithography was the only appli-
cable direct fabrication method available for structuring in the sub-micron regime.
Albeit the very high resolution provided by e-beam lithography, its use as a pro-
totyping tool for integrated microoptical systems is limited as it is restricted to
two dimensional designs. Design visions for integrated lab-on-chip devices feature
micro- as well as nano-scaled structures which are situated at different levels paired
with extended fluidic channels and optical waveguides. Fabricating these complex
devices would require multiple e-beam exposure steps. Each step of course involves
an obligatory developing/etching process and a new resist coating.

The two photon absorption (TPA) induced polymerization process allows to
pattern arbitrary three dimensional micro- and nanostructures in a single process
(see 3.2.3, p. 43). Although the achievable resolution of this three dimensional
direct laser writing (3D-DLW) cannot yet compete with e-beam lithography, the
large variety of optical components fabricated with 3D-DLW [141-144] clearly shows
its potential for using it as a rapid prototyping tool.

4.1.1 Basic optical setup of a 3D-DLW system

control
computer

beam

:I] expander
shutter BS

microscope GF

fs laser

Figure 4.1: Schematic representation of the basic components in the employed 3D laser
writing setup. (T. Woggon et al. [144])

The structures in this work have been written with a custom setup based on
a Coherent Mira 900D titanium:sapphire laser and a Zeiss Axioplan upright op-
tical microscope. Figure 4.1 schematically represents the key components of the
opto-mechanical setup. The laser is configured to deliver 150fs long pulses with a
repetition rate of 76 MHz. The central wavelength of the output pulses is set to
800nm. As elucidated in chapter 3.2.3 (p. 43) the voxel size depends strongly on
the pulse energy. In the used setup a motorized gradient neutral density filter (GF)
and a photodiode (Thorlabs DET 110) were installed to monitor and control the
laser power in a closed loop manner. This measure ensures reproducible results.
To minimize the temporal broading of the laser pulse the beam is coupled into the
optical microscope with free space optics. The laser beam is expanded with a 7x
beam expander from Linos to ensure to completely illuminate the microscope ob-
jective pupil. This is essential to minimize the focal area. The microscope focuses
the beam onto the sample surface through a Zeiss Apochromat 100x oil immersion
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objective with a numerical aperture of NA = 1.4. To write patterns, the sample
is translated relatively to the focused laser beam with a three axis nanometer po-
sitioning table (PI P-563.3CD). The nano positioning table provides a translation
range of 300 pm in all directions when operated with a closed loop control setup and
340 pm in open loop control. An additional XY-scanning stage with a maximum
displacement of 100 mm and 120 mm (Mdrzhduser Scan 120x100) mounted under-
neath the nanometer positioning table extends the systems patterning abilities to
larger extended structures with a stitching accuracy of 3pum. The exposure of the

sample with the laser radiation can be turned on and off with a mechanical shutter
(Thorlabs SHO5).

4.1.2 Fabrication speed considerations

Apart from the different approaches mentioned in chapter 3.2.3 for displacing the
focal volume the applied writing strategy plays a critical role for the performance of
a TPA lithography system. The straight forward method of raster scanning writes
the pattern voxel-by-voxel. This method provides the highest degree of freedom
combined with little programming effort. A major downside of this approach is
the need for fast optical switches, e.g. acusto-optic modulators for keeping process
durations at acceptable values. A more critical point is, however, the surface quality
which, due to the direct dependence on the voxel spacing (see Fig. 4.2a-b), will
always be a trade-off between writing speed and surface roughness.

A more advanced writing strategy which combines a high surface quality with low
process times is the vector scanning method. Here, a computer model of the target
structure is fragmented into exposure paths which can be written with a continuous
line (Fig. 4.2c). This also speeds up the writing process especially when using a
low-cost mechanical beam shutter instead of an acoustic optical one for controlling
the exposure dose.

(a) Voxel-by-voxel raster (b) Improved surface quality (c) High quality surface with
scanning with reduced scanning continuously writing
step size along a vector path

Figure 4.2: Writing strategies for 3D direct laser writing: (a) Voxel-by-voxel scanning with
a large step size results in a rough surface. (b) Reducing the step size improves
the surface quality but prolongs the process duration. (c) Writing lines on
vector path combines a high surface quality with low process times.

On the system programming side, however, the vector scan method requires far
more elaborate algorithms as electronic delays and motion dynamics of the position-
ing stage have to be taken into account. Especially the inertia of the positioning
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publication  writing speed / reference
1

year nms—

1999 10 Sun, Matsuo et al. [127]

1999 50 Cumpston, Ananthavel et al. [145]

2001 50 Miwa, Juodkazis et al. [146]

2002 200 Yin, Fang et al. [147]

2004 70 Teh, Diirig et al. [148]

2007 60 Haske, Chen et al. [149]

2009 1000 Woggon, Kleiner et al. [144] (see sec. 4.2)
2010 1500 Eschenbaum, Woggon et al. [150] (see sec. 4.4)

Table 4.1: Comparison of the line writing speed for different laser lithography systems.
Employing an optimized vector scan approach yields a significant gain in writing
speed.

stage can cause unwanted results. The employed piezo controller (PI E710.2) al-
lows to define waveform functions as exemplified in figure 4.3 for driving a piezo and
triggering external events. For this the controller features a set of frequency filters
to prevent resonances and PID parameter set for the closed loop control. To fully
exploit the high speed processing capabilities with vector scanning these controller
settings were optimized with respect to the positioning stage load. Additionally the
trigger line delays for the mechanical shutter have been compensated in the system
control software. The comparison with other published results in table 4.1 shows
that the writing speed which was achieved in this work with the aforementioned
optimizations shows the huge potential of the vector scanning approach.

A
shutter open
>

position
accelerate
a]ela|ao8p

total amplitude
yibus| sul|

\/

time
Figure 4.3: Schematically representation of waveforms used for pattering voxel-lines: The
minimal acceleration and deceleration times are determined by the mechanical

system. The trigger events for the shutter have to be optimized with respect
to electronical and mechanical delays.

4.1.3 Measuring the position of the resin-glass interface

The position of the interface between the microscopy cover slip and the photoresist is
a key parameter for 3D direct laser writing. The special attention for this parameter
originates in the fact, that adhesion of a structure to the cover slip requires to
partially write the voxels inside the glass. Mainly driven by the requirements in the
evolving field of confocal microscopy, microscope manufacturers and aftermarket
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suppliers provide a variety of hardware and software solutions addressing this issue.
Early hardware solutions relied on measuring the distance between the objective
front lens and the cover slip by sensing light or sound reflected from its closest surface
to the objective or the distance between objective and sample holder [151-155].
These approaches however reach their limits when using oil immersion objectives
due to a loss of contrast and reflectivity as the sensing light passes through the
oil. Today, advanced autofocus systems use a laser or light emitting diode (LED)
source coupled off-axis through the objective. The beam is reflected at the substrate,
recovered with the objective and converted with a detector into an error signal. This
signal can be used to adjust the position of the objective [156-158].

The majority of the above mentioned approaches was developed for tracking
and imaging cells with confocal microscopy. In this thesis a very simple alternative
to these techniques has been developed. It exploits the autofluorescence present
in many photoresists. This solution requires no or little additional hardware as
the fluorescence signal can be detected with the CCD camera with which most
microscopes are equipped with. Moreover the solution can also be applied with
non-parallel substrates and in case of resin and substrate having the same refractive
index.

(a)

Figure 4.4: Autofluorescence signal of a photoresist coated glass slide at different focal
planes imaged with the system’s CCD camera: (a) weak signal at the sub-
strate /photoresist interface (b) clear signal inside the photoresist (c) signal
with halo at the photoresist/air interface (used resist: Ormocomp, laser power:
0.3mW)

Figure 4.4 shows that the fluorescence signal intensity differs significantly with
respect to the material into which the laser beam is focused. Accordingly, as de-
picted in Fig. 4.5 the interface position can be determined by vertically moving the
focal volume of the laser beam along the z-axis at laser pulse energies well below
the polymerization threshold. When the focal volume enters the photoresist layer,
fluorescence light emitted by the photoresist is observed. At the glass/photoresist
interface the fluorescence signal disappears. In the experiments the pulse energy
setting turned out to be critical, if it was set too high, the autofluorescence of the
immersion oil interfered with the resists fluorescence. Good results were achieved
with an average power of 0.3 mW for Ormocomp and 0.6 mW for SU-8 2000. The ac-
curacy of this method was limited by the sensitivity of the camera to approximately
1 pm.
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Figure 4.5: Determination of the position of the interface between the glass cover slip and
the photoresist layer. The focal volume of the laser beam was moved vertically
along the z-axis. When the focal volume enters the photoresist layer fluores-
cence light emitted by the photoresist can be observed. At the glass/photoresist
interface the fluorescence signal disappears. (T. Woggon et al. [144])

4.1.4 Functional materials

In the early years of 3D-DLW, researchers relied in their studies on photoresists
designed for conventional photolithography like SU-8. Some of them can be used for
microoptical or microfluidic devices with respect to their optical quality or chemical
strength. The use of such resists, however, limits the freedom of design as they were
optimized for their original use, i.e. transferring a pattern with photolithography
and not for high quality optics. Additionally the 3D-DLW process demands specific
characteristics on a resist, e.g. low scattering losses after being exposed and a high
two photon absorption (TPA) cross section.

These restrictions led to the development of numerous new material compo-
sitions. These have been optimized for 3D-DLW [159] in terms of an enhanced
TPA cross section [160], incorporated metallic particles [161] or by employing pho-
tobleachable photoinitiators [162]. A very promising material class among these
novel materials for 3D-DLW are the ORMOCER® hybrid polymers whose material
characteristics can be tailored in a wide range. This allows to fabricate prototype
systems which can be directly used after developing the resist.

The possibility to access this large number of specialized photoresists brings
the same problem which is known from conventional photolithography. Each novel
material demands to determine the exposure dosage parameters. In contrast to
conventional lithography, however, the classical way of determining contrast curves
is not applicable due to the threshold characteristic of the polymerization.

This problem can be addressed with writing test patterns with varying dosages
[119]. The characteristic dosage dependent value for TPA 3D-DLW is the voxel
size [163]. The dosage itself depends on the pulse energy and the focusing power of
the optical system. Figure 4.6 shows a test pattern that allows to determine the TPA
polymerization threshold and the thermal destruction threshold as the initial values
marking the safe dosage interval. This serves as a basis for the following dosage
tests. The safe dosage values can be subsequently applied in a second test pattern
to determine the dosage dependent voxel extents. The focal plane is elevated step
by step from the substrate with each written voxel or voxel-line (see. Fig. 4.7b).
Voxels, which were written without contact to the substrate are tilted over or flushed
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Figure 4.6: Microscope photograph of a test pattern for estimating the polymerization
threshold power and thermal destruction power level for SU-8 2000.

away. The vertical dimension of a voxel can then be determined by counting the
visible voxels and multiplying it with the step size. The use of such standardized
patterns is thus a convenient way for finding the right exposure parameters for any
unknown material with a minimal number of test exposures. The described method
was used in this thesis to determine the dosage dependent extents of voxel-lines
patterned with the 3D-DLW setup. The results plotted in figure 4.8 form the basis
for the work in the following sections of this chapter.

determination of the axial ~ flushed away
resolution by counting during developing
—

lateral resolution . .focal

substrate
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Figure 4.7: (a) Voxel line pattern in Ormocomp: The focal plane is elevated by 100 nm from
the substrate with every voxel line. Voxel lines, which were written without
a contact with the substrate are tilted over or flushed away. (b) The vertical
dimension of a voxel can be determined by counting the visible voxels.

These test patterns conveniently deliver dosage values and resolution informa-
tion but they lack any information on the structural integrity and shrinkage of a
written structure. As with conventional photolithography, shrinkage of a resit can
be compensated iteratively with writing a larger structure [159]. This procedure,
however, is needed for each individual pattern which makes little or non-shrinking
resists favorable. In addition to shrinkage, a lack of structural integrity during the
development can rule out a specific resin for certain structures. Figure 4.9 shows
an example for this with a direct comparison of a structure with cantilever features
written in SU-8 2000 and Ormocomp. It shows that the little rigidity of Ormocomp
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Figure 4.8: Dosage dependent extents of voxel lines patterned with the 3D-DLW setup (see
4.1) in Ormocomp and SU-8 2000

prior hard-baking damages the structure during the development.

18 um

(a) (b)

Figure 4.9: (a) Logotype patterned into SU8-2000 (written with 800nm and 1.5 mW at
Imms~! (b) Logotype patterned into Ormocomp. The freestanding cross
beam of the letter T is bent downwards (written with 800 nm and 2.5 mW
at Imms~!
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4.2 Rapid prototyping of DFB laser resonators

The most prominent feature of the 3D-DLW technology is the capability to poly-
merize sub-micron sized three-dimensionally defined voxels in a photo resin. These
voxels can be serially stacked to form arbitrary structures. This makes 3D-DLW
the perfect answer to the problem of combining sub-wavelength resolution and mi-
crostructure patterning in a single process step. A DFB resonator that provides
optical feedback with 2nd order Bragg scattering in the red requires periodicities
around 400 nm with a duty cycle around 0.5. Such structures are readily accessible
with 3D-DLW. Accordingly the fabrication of such a microcavity laser by 3D-DLW
was demonstrated first by S. Yokoyama et al. already in 2003. They structured a
resin containing a dendrimer and the laser dye DCM [164]|. The feedback structure
featured a period of 1pm. Later, in 2005 S. Klein et al. proposed to change the
refraction index of a gain medium due to TPA to fabricate a distributed feedback
laser with a grating period of 400 nm [165]. They dispersed the dye Rhodamine 6G
as active material in a resin whose refractive index can be increased by TPA.

Both approaches used specifically composed photoresist/dye blends. Rapid pro-
totyping would, however, require a resist which ideally is universally suited for in-
tegrating additional micro- and nanostructures and can be readily used after devel-
oping. This would reduce further processing needs. These demands also rule out
SU-8, popular for MEMS devices as it is not an optimal choice for organic lasers
because of its high refractive index and large optical losses. Other photoresists often
lack chemical or thermal resistance.

Perfect candidates for 3D DLW prototyping can be found in the organic-inorganic
material class ORMOCER®. These sol-gel materials can be tuned in their physical
and chemical properties to comply with specific needs for medical (bio-compatibility)
as well as for optical applications (refractive index control, low losses) (see 3.1.4).
To emphasize the potential of ORMOCER®s for rapid prototyping applications
the following describes the work conducted during this thesis for developing a 3D-
DLW fabricating process for ORMOCER® DFB resonator gratings. The gratings
fabricated with this process provided feedback for functional organic semiconductor
DFB lasers. The following paragraphs elucidate the challenges that arose during
this work and the found solutions.

4.2.1 Voxel-line stacking method for DFB resonator gratings

Fabricating a DFB grating by simply writing single parallel lines into a resin is
hampered by two reasons. The first are fabrication tolerances of the substrate
holder and the existence of residues which, as shown in figure 4.10a cause the cover
slip to be tilted at a microscopic angle. This causes the focal volume to vertically
move relative to the resin layer when the substrate position changes horizontally.
Therefore, when patterning large areas the structure tends to be written partially
inside the substrate or to lose contact to the substrate. This issue would normally
require to additionally level the substrate surface with electromechanics or to map
the topology of the substrate surface prior to writing the structure. The achievable
accuracy with both approaches depends, however, directly on the uncertainty of the
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employed interface position detection method.  For this work, however, a much
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Figure 4.10: (a) Schematic representation of the factors leading to a tilted substrate sur-
face. The tilt angles are strongly exaggerated for better visibility. (b) Without
compensation, the tilted surface causes a structure to be written into the sub-
strate or loosing the contact to it. (¢) The tilted surface can be compensated
with defining a baseplate consisting of several layers of stacked voxel-lines
with the bottom layer being written partially into the substrate.

simpler, yet reliable solution was employed. Instead of actively leveling, the angular
tilt of the substrate is compensated with a baseplate composed of several layers
of stacked voxel-lines with the bottom layers being situated partially inside the
substrate. This measure provides a coplanar starting plane for the DFB resonator
grating.

The second reason originates in the viscous character of resins like ORMOCER®
during development (see 4.1.4). This causes the thin voxel-lines to partly adhere to
each other during developing due to cohesive forces induced by surface tension on
a developing material while drying [166]. Figure 4.11a exemplifies this phenomenon
with 4.4 pm high and 800 nm wide parallel lines spaced at 5pm. The example in
figure 4.11b shows that this effect also occurs for DFB resonators with 410 nm thin
voxel-lines spaced at 400 nm. Figure 4.11c visualizes that the small distance and the
large surface area in the deep groove between the voxel-lines pulls them together
randomly during development as it can be seen in the atomic force microscopy image
in figure 4.11d. This effect can be minimized by writing larger voxel-lines as depicted
in figure 4.11e and stacking them not only vertically but also horizontally to reduce
the aspect ratio and hence increase the mechanical stability during developing.

4.2.2 Fabrication of DFB resonator gratings

The findings described in the preceding sections of this chapter were used to fabricate
an organic DFB laser based on a three dimensional direct laser written resonator
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Figure 4.11: Voxel-line stacking prevents DFB grating lines from adhering to each other:

(a) Microscope image of 800 nm wide and 4.4 pm high voxel-lines spaced at
5pm. The lines were pulled together by capillary forces in the developer
bath. (b) Microscope image of a DFB resonator grating with a large number
of defects due to adhering grating lines. The grating consists of 410 nm thick
voxel-lines spaced at 400nm. (c) Schematic cross-sectional representation
(to scale) of the geometry of the structure in (b). The small distance and the
large surface area due to the deep groove between the voxel-lines cause them to
randomly adhere to each other due to capillarity. (d) Atomic force microscope
image showing the randomly adhered voxel-lines (e) Writing larger voxel-
lines and stacking them not only vertically but also horizontally reduces the
aspect ratio and hence increases the mechanical stability during developing.
(f) Microscope image of an DFB resonator written with 490 nm thick voxel-
lines spaced at 400 nm.
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grating. The grating was patterned into ORMOCER® US-S4, also referred to as
Ormocomp (see 3.1.4, p. 38), because of its low refractive index and high trans-
parency compared to SU-8. The Ormocomp resin was spin coated for 30s with
3000r/min from a droplet to a 50 pm thick homogeneous layer. A 170 pum thick
BKT7 glass cover slip served as substrate. A subsequent 2min long pre-bake step
at 80°C on a contact hotplate promotes the resin adhesion and film homogeneity.
Inscribing the grating into the resin with 3D-DLW started with defining a baseplate
comprising six layers of parallel lines with a periodicity of 400 nm. The voxel-lines
were written continuously with a width of 570 nm and a height of 2.5 ym at 2mW
time averaged laser power. The positioning stage was moved for this with a trans-
lation speed of 1mms~!. The layers were vertically spaced at 600 nm with the first
layers being placed below the interface between substrate and resin. This baseplate
ensures proper adhesion of the grating and compensates surface deformations and
mounting induced tilt of the cover slip.

The actual resonator grating was then written with the same periodicity as a
seventh layer 600 nm above this baseplate. The voxel-line cross section dimensions
were chosen to (0.49 x 2.3) pm? by setting the time averaged laser power to 1.8 mW.
Immediately after the 3D-DLW exposure the sample was treated with a 5 min long
post-bake step at 80 °C. Figure 4.12a shows the finished surface grating imaged with
an atomic force microscope (Zeiss NanoWizard II) after being developed for 5 min
with Ormodev [167]. The cross section in figure 4.12b reveals a periodicity of 400 nm
with a height modulation of about 40 nm. The layer structure of the baseplate is
visualized in the scanning electron micrograph in figure 4.12c. The complete struc-
ture spans an area of (200 x 200) pm?. To finalize the sample preparation a 350 nm
thick layer of the active material Alqs doped with 2.5mol % of the laser dye DCM
was deposited onto the resonator. Both materials were deposited simultaneously
out of separate crucibles using a thermal vacuum vapor deposition at a pressure be-
low 1 x 1073 Pa. A schematic representation of the resulting organic semiconductor
DFB laser structure is depicted in figure 4.13.

4.2.3 Optical characterisation

The fabricated DFB laser samples were characterized using the experimental opti-
cal setup which is shown schematically in figure 4.14. A frequency tripled actively
Q-switched diode pumped neodymium:yttrium orthovanadate (Nd:YVO,) laser (Ad-
vanced Optical Technology AOT-YVO-20QSP) operating at 355 nm acts as the pump
source. It emits 500 ps long pump pulses at a repetition rate of 1.3kHz. The pump
pulse energy is set with a variable neutral density filter and measured online with
a calibrated gallium arsenide phosphide (GaAsP) photodiode connected to an os-
cilloscope (Agilent Infiniium 54810). A dichroic mirror and a lens direct and focus
the pump laser onto the sample. The laser focal spot is elliptically shaped with a
diameter of (300 x 200) pm?. These dimensions were determined using the moving
edge method [168]. To protect the Alqz:DCM from degrading due to photooxida-
tion (see 5.1.4, p. 80) the DFB laser sample is enclosed inside a vacuum chamber
at a pressure below 5 x 1073 Pa. The photoluminescence emission of the sample
is collected by the focusing lens and coupled into an imaging spectrometer (Acton
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(a) Atomic force microscope measurement of the resonator structure. (T.
Woggon et al. [144]) (b) Cross section at y = 1.229 um. The period of the
surface grating is 400 nm. The grating depth is about 40nm. (¢) Scanning
electron micrograph edge of a developed resonator grating (d) Optical micro-
scope image of the finished Alqs:DCM DFB laser.

Alg,:DCM

Ormocomp

tilt angle

Resulting layer structure after the vapor deposition of the active material. The
Alqs:DCM layer on the Ormocomp forms a slab waveguide. The depicted tilt
angle is exaggerated for clarification. Inset: By letting the voxels overlap
each other the grating periodicity g can be smaller than the voxel diameter
d. This allows to write larger voxels yielding a better mechanical stability
during developing. (T. Woggon et al. [144])
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Figure 4.14: Experimental setup for the optical characterization of the fabricated DFB
laser sample. A frequency tripled 355 nm Nd:YVOy laser acts as the pump
source. The pulse energy is set with a variable neutral density filter and
measured online with a calibrated photodiode. A dichroic mirror and a lens
direct the pump laser onto the sample. The photoluminescence emission of
the sample is collected by the focusing lens and coupled into an imaging
spectrometer via an optical fiber. (adapted from T. Woggon et al. [144])
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Research Spectra Pro 300i with Princton Instruments PI MAX512) via an optical
multimode fiber. To ensure a central and complete illumination of the DFB grat-
ing area the vacuum chamber can be translated with micron precision. A control
algorithm for automated recording of spectrally resolved intensity maps allows an
optimal alignment.

Figure 4.15a shows different emission spectra of the sample taken below and
above the lasing threshold. The evolution of the lasing mode out of the photolumi-
nescence spectrum with rising pump energy densities is clearly visible. The lasing
wavelength is 634 nm with a spectral linewidth (FWHM) of 0.15 nm. This measure-
ment was limited by the resolving power of the spectrometer. The corresponding
characteristic threshold behavior can be seen in figure 4.15b. The laser starts to
operate at a threshold energy density of about 1751J cm™2. As shown in figure 4.16
the DFB laser emission shows also a high degree of polarization.
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Figure 4.15: (a) Characteristic threshold behavior of the DFB laser. The threshold energy
density is about 17511J cm~2 (b) Emission spectra of the DFB laser taken at
excitation energies above and beneath the lasing threshold. (T. Woggon et
al. [144])
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Figure 4.16: Polarization dependent intensity of the DFB laser sample showing a high
degree of polarization. The plotted data as been acquired by inserting a
motorized polarizer in front of the optical fiber to the spectrometer and inte-
grating the detected spectrum for different angular positions of the polarizer.
(T. Woggon et al. [144])
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4.3 Towards rapid prototyping of complex microop-
tical systems

Microoptical devices can be characterized mainly by their physical dimensions. Ex-
amples for such devices are classical optics like mirrors, prism and lenses with mi-
cron dimensions. These devices can be combined to fully functional systems, e.g.
miniaturized spectrometers [169] or length measurement sensors [170]. A field that
attracted a lot of attention in the recent years are microring resonators, especially
microtoroids due to their high Q-values which enable numerous applications in non-
linear optics and ultra sensitive bio-sensing [171]. Common to all of these approaches
for microoptical systems is that, although the single elements measure only microns,
the whole system usually extends over several millimeters. 3D-DLW has the poten-
tial to become a powerful prototyping tool in the development process for such in-
tegrated systems. This however requires to extend the capabilities from patterning
the rather small areas sufficient for nanostructures like DFB resonators or photonic
crystals to largely extended structures.

In the above sections the 3D-DLW pattering was done by employing only the
travel range accessible with the PI P-563.3CD nano-positioning table. It is obvious
that this area is far to small for the targeted prototyping of lab-on-chip devices
occupying square centimeter areas. This requires either a larger nano-positioning
system or the ability to stitch such a structure together from single patches. As
most extended components in lab-on-chip application schemes allow for micron tol-
erances the use of a long travel nano-positioning setup is economically unviable.
The 3D-DLW setup used for this thesis is therefore equipped with an additional
scanning table (Mdrzhduser Scan 120x100). This extends the available scan area to
(100 x 120) mm? with micron positioning accuracy.

Independently from the choice made for extending the travel range, the writing
of extended structures requires additional measures to compensate uneven substrate
surfaces. The already employed method of writing the structure base partially into
the substrate compensates these unevennesses only for small writing areas. This can
be solved by approximating the surface as a plane defined by the interface location
measured at three distant points as depicted in figure 4.18a. This approximation
yielded good results for compensating a tilted substrate and allowed for automated
patterning of waveguide structures extending up to 8 mm. Figure 4.17a and 4.17b
shows such an optical rip waveguide with an attached total internal reflection cou-
pling mirror patterned into Ormocomp. The waveguide was build by attaching
multiple 200 pm long segments with an overlap of 5 pm. Figure 4.17c shows a tran-
sition between two segments. The visible step on top of the waveguide is the result
of the readjustment of the interface position. The design freedom provided with
3D-DLW is illustrated in figure 4.17d with a scanning electron micrograph of free-
standing rip waveguides. This enables to fabricate complex optical interconnecting
systems featuring multiple layers of crossing individual waveguides.

For larger patterns the plane approximation, however, failed because of tension
induced ripples of the slide due to the mounting. This and other causes of such de-
focusing are well known in the field of confocal microscopy with multiple proposed
solutions for automatic focus hold systems since the 1980s which continuously mea-
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Figure 4.17: Extended integrated rip waveguides fabricated with 3D-DLW: (a)-(b) Scan-
ning electron micrograph of an optical rip waveguide with attached total in-
ternal reflection coupling mirror which was patterned into Ormocomp. The
waveguide cross-section measures (5 x 5) pm?. (c) Scanning electron micro-
graph of transition were two segments overlap by 5pm. The visible step on
top of the waveguide is the result of the readjustment of the interface posi-
tion. (d) Scanning electron micrograph of freestanding rip waveguides which
illustrate the design freedom available with 3D-DLW.

sure (see 4.1.3) and correct the distance between objective and substrate surface.
Although the simple solution of approximating a plane worked satisfactory for this
thesis, it cannot compensate deformations with large area substrates were the grav-
itational force of glass weight, mass of the resin, dynamic adhesive forces caused
by the immersion oil (see figure 4.18b) and thermal expansions/shrinks of the in-
volved object carrier parts lead to unpredictable deformations of the substrate. An
automated focus hold system thus has to be considered as a mandatory part of a
3D-DLW production system.

The optimizations made in this work allow to conveniently prototype microop-
tical systems. As an example, Figure 4.19 shows an integrated waveguide coupled
organic photodiode. Figure 4.19a shows a schematic of the device structure. The
photodiode with a circular active area of 200 pm in diameter was photolithographi-
cally defined on a 1 mm thick glass substrate with a indium tin oxide coating [172].
The 700 pm long waveguide and the attached TIR mirror were written in SU-8 2000
on a 170 pm thick glass cover slip with 3D-DLW. The cover slip was then aligned and
bonded to the photodiode substrate. A blocking layer between the two substrates
prevent stray light and substrate modes from reaching the photodiode.

Light from a 532nm laser is coupled into the end facet of the rip waveguide
through an optical fiber which can be moved with micropositioning actuators. The
photocurrent is recorded while the fiber is displaced several micron starting from
the position yielding the highest photocurrent. The result is plotted in figure 4.19b.
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Figure 4.18: (a) A tilted substrate can be leveled by measuring the interface position at
three reference points and spanning a correction plane through them. This
method, however, fails for bent substrates. (b) For large substrates a contin-

uous autofocus is required as the surface can be deformed due to the capillary
force of the immersion oil.

It shows that only light coupled into and guided by the waveguide reaches the
photodiode.
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Figure 4.19: Schematic representation of the structure of an integrated organic photodiode
coupled to an optical waveguide through a TIR mirror. The blocking layer
prevents that stray light and leaky waveguide modes reach the diode. (b) Plot

of the photocurrent measured with respect to the displacement of the optical
fiber from the waveguide entrance facet.
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4.4 Perspective: Rotational-symmetric structures

Rotational-symmetric structures attract a growing interest for providing the feed-
back for low threshold organic lasers and as microoptical sensing elements. Circu-
lar Bragg gratings provide, in contrast to other surface gratings, nearly full two-
dimensional feedback [29,30]. Low-threshold organic lasers have been demonstrated
also with microring and microdisk resonators [173| as well as with freestanding mi-
crotoroid resonators [174].

In the recent years different fabrication methods for freestanding microring res-
onators with high quality factors (high-Q) have been proposed [175,176]. All these
approaches, however, still require multiple processing steps for integrating them into
microoptical systems [177]. Additionally they all exploit self-organizing effects which
limits the influence on shaping the resonator cross-section. Koechlin et al. demon-
strated in 2009 that two-dimensional direct laser writing can be a viable method
for fabricating integrated waveguide coupled planar microring resonators [178]. The
3D-DLW thus suggests itself for the fabrication of rotational-symmetric resonators
as it not only allows a great freedom in design but also the simple integration of
high-(Q microtoroids in microoptical systems.

Obtaining high Q-values in microtoroids requires devices with a very low surface
roughness. The schematic representation in figure 4.20 shows the most common
3D-DLW scanning methods (see 4.1.2, p. 51) applied for annular shapes. The sur-
face quality with 3D-DLW patterning depends strongly on the employed scanning
method. R. Guo et al. employed the voxel-by-voxel scanning approach depicted in
figure 4.20a for the fabrication of microlenses with smooth surfaces [143]. However,
the employed tightly spaced voxel pattern required them to pattern at very low
speeds of (4 to 16) pms~!. Comparing the amount of lines theoretically needed for
patterning a circular shape with the different methods, the annular vector scan ap-
proach clearly stands out as the best option to significantly speed up the fabrication
process while maintaining a smooth surface.

(a) (b) (c)

Figure 4.20: Comparison of different scanning modes for direct laser writing: (a) voxel-
by-voxel mode (b) parallel line scanning mode (c) annular scanning mode.
(adapted from C. Eschenbaum, T. Woggon et al. [150])

The required circular movement can be obtained by moving two axes simulta-
neously with a phase-shift of 7/2 on a sinusoidal shaped curve. The writing speed
with this approach is limited mainly on how well the motion control feedback loop
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parameters are adapted to the mechanical system. Without optimizing these pa-
rameters a result like it is shown in figure 4.21a can occur. The employed PI E-710.2
controller thus provides a costly upgrade option to automatically adapt these pa-
rameters to the desired motion. This solution, however, increases fabrication time
as for each programmed motion the optimal parameters are determined iteratively
with multiple initialization runs.
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Figure 4.21: Set point/actual-value comparison for annular vector scanning: (a) Acceler-
ation limit is too low, shutter opens early: The microscope image shows the
resulting rectangular pattern with open lines. (b) Optimized control param-
eters, the stage accurately follows the set values, the trigger delay properly
matches the delayed stage movement: The SEM image shows the resulting
perfectly shaped circles.

In this thesis it was found that a manual optimization of the feedback loop
parameters is a more feasible approach to realize a high speed fabrication of circu-
lar shapes. The feedback loop parameters were therefore optimized for a circular
movement. This was done by measuring the resonance frequency of the mechanical
system for different amplitudes and writing velocities and iteratively adjusting the
control parameters in order to maintain the lowest possible positioning error. The
result of such an optimization can be seen in figure 4.21b. The so obtained set of
optimized process parameters is stored in the control software which programs the
piezo controller with the best solution dependent on the pattern to write.

This optimization enabled circular writing speeds of 1.5mms~! at 1 mW expo-
sure laser power. This remarkable result excels the fabrication speed to an order of
magnitude higher values than the results of Guo et al. [143]. A single freestanding
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microtoroid as shown in the SEM picture in figure 4.22 can be fabricated in less
than 10 min. These microtoroids were written into a 50 pm thick SU-8 2050 layer
glass substrate.

Figure 4.22: SEM micrograph of different microtoroid ring resonators with varying diam-
eters and cross-sections
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4.5 Conclusion

The work presented in the preceding sections of this chapter illustrated key aspects
and proposed solutions for applying the 3D-DLW patterning technology as a tool
for rapidly prototyping integrated microoptical systems. It was demonstrated that a
vector scanning writing strategy in conjunction with an optimized electromechanical
system enables a considerable increase of the fabrication speed. The suggested
method of detecting the glass/resin interface position by exploiting the resin auto-
fluorescence requires little or no extra hardware in a 3D-DLW system and works
independently of the refractive indexes of substrate and resin. Using the test pattern
for characterizing unknown photoresists allows for a simple and fast adaption to the
emerging number of novel photosensitive materials.

The functional DFB laser fabricated in this work proves the applicability of 3D-
DLW for rapidly prototyping integrated organic laser light sources. The required
nanostructures were patterned into the organic-inorganic hybrid material Ormo-
comp. An optimized voxel-line stacking processing strategy was developed for this.
This strategy effectively compensates microscopic tilted substrate surfaces and pre-
vents voxel-lines from collapsing due to capillarity during developing.

The proposed solution for leveling surface deformations by approximating a cor-
rection z-plane combined with developing a stitching strategy enabled the proto-
typing of integrated microoptical systems with extents of multiple millimeters. The
demonstration of a functional integrated waveguide coupled organic photodiode em-
phasizes the applicability of 3D-DLW for this purpose. The extension made in this
work enable a high-speed processing with simultaneous nonlinear movement of two
writing axes. It allows to rapidly prototype freestanding microtoroids and other
arbitrary annular shaped structures which are not possible with conventional self-
organizing methods.

In summary, the developed patterning capabilities for micro- as well as nano-
structures using the glass like ORMOCER® Ormocomp provides the basis for the
rapid prototyping of organic lasers and all-integrated optical circuits.
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Chapter 5

Organic lasers for spectroscopy

Abstract!

The following chapter addresses key questions of substrate materials, operating life-
times and temperature stability of as well as tuning and pumping schemes for organic
lasers. It presents application oriented solutions for the usage of organic semicon-
ductor lasers in spectroscopy. In particular it describes the application of organic
lasers for spectrally resolved transmission measurements and for fluorescence exci-
tation.

'Parts of this chapter have also been published in:
(a) T. Woggon, S. Klinkhammer et al., Compact spectroscopy system based on tunable organic
semiconductor lasers, Appl. Phys. B. 99(1), 47-51 (2010)
(b) S. Klinkhammer, T. Woggon et al., Optical spectroscopy with organic semiconductor lasers,
Best student paper, Proc. SPIE 7722-53 (2010)
(¢) S. Klinkhammer, T. Woggon et al., A continuously tunable low-threshold organic semicon-
ductor distributed feedback laser fabricated by rotating shadow mask evaporation, Appl. Phys. B.
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5.1 Optimization of organic DFB lasers

Up to today research activities on organic lasers were often concentrated on funda-
mental work on improving the emission characteristics. Although parameters like
linewidth, threshold, spectral coverage and tunability are the most prominent for
describing an organic laser device, they are only one part of the picture based on
which one has to judge the applicability of this novel technology for a specific appli-
cation. Transferring the technology of organic lasers from the controlled laboratory
environment to a practical application needs additional activities not covered in
fundamental research.

Apart from quantifying the influence of environmental factors on performance
and lifetime of an organic laser, a working combination of the various singular ap-
proaches for such devices proposed in literature has to be found. The latter is
necessary as researchers tend to compare their results in absolutes while concentrat-
ing on single aspects, e.g. highest output powers, lowest threshold or largest tuning
range. Whether or not the improvement of a single performance parameter had a
negative influence on others is often not investigated.

This section evaluates the influences of different substrate materials and envi-
ronmental changes on the performance and lifetime of organic lasers. It proposes
solutions for materials, encapsulation methods and optical system setups which,
when combined, enable the use of organic lasers for spectroscopy applications.

5.1.1 Substrate material

As elucidated in the fundamentals in chapter 2.2 (p. 17) a high index contrast of the
active material waveguide favors low threshold DFB laser operation. Accordingly,
from the experimenters view the perfect substrate material would be vacuum or air.
As this makes solution or vapor deposition processing of organic gain materials quite
difficult, an optical transparent, low refractive index substrate is required. Glass
is an excellent choice for research purposes due to its high resistance to solvents
and cleaning processes which allows the multiple use of the same DFB grating with
different organic gain materials. For the targeted mass volume applications, however,
a low cost replication process with polymer substrates is desired.

Despite its unique features, PMMA unfortunately turned out to be a non-
favorable material for this application at a very early stage of this thesis. One
reason is the low chemical resistance of the material against acids, bases and sol-
vents like alcohols, acetone or benzole. Another reason is the considerable water
absorption. These problems may be solved with an additional surface treatment
or with one-time use as disposable devices. A more critical point which emerged
in experiments is the vast number of PMMA derivates available. Although they
exhibit similar optical characteristics, the different material compositions can lead
to unpredictable results in device performance.

The photographs depicted in figure 5.1 show two samples of DUV lithographically
defined waveguide coupled DFB resonators with a layer of Alqs:DCM on top. The
substrate material is a strongly cross linked PMMA variant(Notz Plastics Hesaglas
HT). The device geometry is the result of a work from Mathias Briindel [179] who
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(b)

Figure 5.1: Excessive degradation of the active material on PMMA. Both samples comprise
DUV lithographically defined waveguide coupled DFB resonators with an layer
of Alqz:DCM on top. A pump laser spot has been scanned over a selected area.
Although being in a vacuum, the Alqs:DCM is bleached throughout the scan
area.

successfully demonstrated laser operation. Instead of Hesaglas HT, he used the
weakly cross linked Hesaglas LT also from Notz Plastics. The devices in figure 5.1
as well as the devices from Mathias Briindel have been optically characterized using
the same setup described in 4.2.3 with scanning a selected area with the pump laser
spot. Although specified with the same optical characteristics, the Hesaglas HT
based devices failed to show laser operation®. Moreover, after the experiment the
organic active material was bleached throughout the scan area. This effect could
not be observed with different substrate materials at the same pump power level. A
possible cause could be volatile products of a photoinduced scission of specific side
groups which were added to the PMMA homopolymer to achieve better cross linking.
A detailed explanation for this phenomenon would require thorough investigations
starting with a confinement and detailed analysis of any reaction products. This
would, however, have gone far beyond the scope of the present thesis.

The observed strong influence of the different cross linking grades alone on the
experimental results imply that the material composition of the substrate is a pa-
rameter which can not be neglected. As stated in 3.1.1 (p. 36) PMMA is available
in a large variety of formulations. The ASTM standard 788-04 for PMMA [180]
specifies four groups in accordance with their composition. Each group comprises of
up to four classes and each class can be divided further into individual grades. Thus,
the advantage of PMMA for industrial applications of being widely available at low
costs paradoxically hampers microoptical application engineering with a large set of
unknown material parameters.

In the search for a viable alternative to PMMA, experiments were conducted for
this thesis using Ormocomp and Topas as substrate materials. The results of Mar-
tin Punke for organic DFB lasers replicated into PMMA were used as a reference.
The Topas DFB resonator was fabricated by hot embossing using the same nickel
imprinting tool as for the PMMA based devices. The Ormocomp resonator was
fabricated with UV NIL using a Topas replica as master. The measured laser char-
acteristics of these devices are plotted in figure 5.2. Evidently, the devices based on

2amplified spontaneous emission could be observed at 622 nm
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Figure 5.2: Laser thresholds of devices with similar peak wavelengths A;, which are fab-
ricated with replicated resonators using the same master but different poly-
mers: (a) DFB resonator hot embossed into PMMA (data taken from Punke
et al. [91]) (b) A Topas based DFB resonator fabricated by hot embossing using
the same nickel tool as for the PMMA based devices yields a 100-fold lower
threshold than the PMMA based device. (c) Although it can be assumed that
the Ormocomp UV NIL replica of a Topas replica exhibits more defects, the
laser threshold is still 10 times lower compared to the PMMA based device.

these alternative polymers perform significantly better than the PMMA based de-
vice, even with the second replica in the Ormocomp. Given the better performance
of Ormocomp and Topas they were preferred to PMMA as substrate material for
DFB lasers for the present thesis.

5.1.2 Impact of ambient temperature variations

The temperature range in which organic lasers can be operated is primarily limited
by the glass transition temperature of the employed polymers. The influence of
the typically large thermal linear expansion coefficients and thus the large thermo-
optical coefficients of polymers imply a huge impact of temperature variations on
the optical performance of an organic laser device. Kozlov et al. conducted a thor-
ough investigation on the thermal properties of the gain material Alqz:DCM in 1998.
They used a 2mm long Algs:DCM slab waveguide laser with cleaved edges which
served as cavity mirrors [5]. It was found that neither the threshold energy nor the
differential quantum efficiency is significantly affected when varying the temperature
between 273 K and 413 K. They also found the emission wavelength being indepen-
dent of the temperature although the provided data shows some variation. The
authors compared the organic laser to a GaAs based laser diode which legitimates
their conclusion of the wavelength being temperature independent quite well. The
experiment, however, was not suited to provide any information on the temperature
behavior of the Alq3:DCM. The reason for this is the fabry-perot type of the used
resonator which was fabricated on an InP substrate. The linear thermal expansion
coefficient of this material is approximately ap,p = 5 x 1079 K~! [181] which yields
a length change of

dL

3T = ampLo = 12nm K~! with Ly = 2mm (5.1)
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Calculating the free spectral range of a fabry-perot type resonator [182] of 2mm
length, however, results in a value of only 64 pm. This makes the spectral gain to
the main determining factor of the emission wavelength.

The impact of the linear thermal expansion of the substrate can be minimized
when using a distributed feedback resonator. With this resonator the differential
expansion has to be integrated only over a single grating period. For a grating with
a periodicity of 400 nm structured in COC the grating period would change with
only

dL

dT
Town et al. published some data on the thermal dependence of the emission wave-
length of an organic semiconductor laser with the active polymer MEH-PPV on a
silica DFB grating resonator in 2005 [183]. They found a large temperature depen-
dency of the wavelength with a tuning coefficient of dA\/dT = —0.4nm K~ mainly
attributable to the thermo-optical coefficient of the MEH-PPV.

Also in 2005, Zhu et al. went a step further and eliminated the thermal length
change of the resonator by using a holographic pump scheme for a gain modulated
organic DFB laser [184]. They achieved a 5.5nm broad wavelength tuning range
around the emission wavelength of 599 nm in Rhodamine 6G doped ZrO,-TiOs-
ORMOSIL films with a temperature variation between (293 to 393) K.

These three studies indicate that the chemical structure and morphology of the
active material strongly influences the temperature dependence of the emission wave-
length for different organic lasers. The impact of temperature variations is of key
importance for measurement applications outside an air-conditioned laboratory. The
temperature dependence of the DFB lasers specifically used in this study was there-
fore determined to obtain a more reliable information. Accordingly, the emission
wavelength of an Algz:DCM laser device on a BK7 glass (apky = 8.3 x 1079 K™)
resonator was measured in a temperature range from 295 K to 335 K. For this exper-
iment the setup used in section 4.2.3 (p. 60) was extended with a heating capability
as figure 5.3 represents schematically.

The sample device is mounted on a thermoelectric heater. The temperature
is measured with a positive thermal coefficient (PTC) thermistor which is pressed
onto the active layer by a spring loaded bracket. Its resistance is measured with a
Keithley 283 source-measure unit (SMU). The probe current of 1 mA was sourced
only during the data acquisition to prevent unwanted heating of the thermistor.

Figure 5.4 plots the laser emission wavelength and FWHM data which has been
acquired for different device temperatures. Conducting a linear regression curve
fit for the heat up and respectively for the cool down phase yields a temperature
wavelength tuning coefficient of

= acocly = 24pm K™} with Ly = 400nm, acoc =6 x 107° K™ (5.2)

(%) = (—0.0120 + 0.0011) nm K~ * (5.3)
BK7

With respect to the resolution of 0.2 nm of the employed spectrometer the FWHM
can be regarded as being temperature independent. Any significant broadening can
only be observed during a transition between two pixels of the spectrometer CCD
chip.
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Figure 5.3: Experimental setup for measuring the temperature dependence of the emission
wavelength. The sample is heated with a peltier element. The temperature is
measured with a PTC thermistor. The resistance is acquired with a source-
measure unit.
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Figure 5.4: Temperature dependence of the emission wavelength and linewidth of a second
order Algs:DCM DFB laser on a BK7 glass substrate

Encouraged by these findings the question arose how the picture would change
when a polymer substrate is used that exhibits a much higher CTE compared to
glass. This would be critical as in the perspective of low cost applications it would
be advantageous to fabricate the DFB gratings on polymer substrates. To verify if
the high CTE of a Topas substrate (agopas = 6.0 x 107°K™!) significantly affects
the temperature dependency, the aforementioned experiment was conducted with
an Alqs:DCM organic laser device with a Topas resonator. Additionally the tem-
perature measurement parameter range was increased to cover 285K to 385 K. To
check if the heating induces any morphology changes a second data set was recorded
during a passive cooling. The linear fits applied on the measured wavelength data
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Figure 5.5: Temperature dependence of the emission wavelength and FWHM of a second
order Alqs:DCM DFB laser on a Topas substrate

displayed in figure 5.5a yield tuning coefficients of

dA
(_) = (—0.0120 £ 0.0017) nm K~!
dT Topas,heating

(%) = (—0.0146 £ 0.0055) nm K~!
Topas,cooling

The temperature tuning curves exhibit no measurable change of the slope indicating
that no phase changes took place. The difference in d A/ d T between the heating
and the cooling phase for the Topas is mainly attributed to the different time scales
of the two processes. The active heating under vacuum was much faster than the
passive cooling resulting in two different delays for the thermistor response. Due
to the only marginal difference it can be assumed that the laser devices were not
irreversibly damaged by the heating process.

These results correspond very well with the results for a BK7 substrate. This
allows to conclude that the CTE of the substrate material does not significantly influ-
ences the temperature dependence of the emission wavelength of organic Alqs:DCM
DFB laser devices.

5.1.3 Tuning and pumping schemes

An eminent feature of organic DFB lasers is the easiness of how their emission
wavelength can be tuned. Among the various approaches for continuously tuning
covered in chapter 2.2.7 (p. 31) an elegant one is to use a wedge shaped active
material waveguide layer, e.g. fabricated with a rotating shadow mask evapora-
tion process [13]. Such an organic laser can be tuned during operation by varying
the pump spot position. For the studies covered in this chapter this method was
therefore employed to fabricate a DFB laser device with a continuous tuning range
of more than 10nm. As resonator served a textured glass substrate with an one-
dimensional second-order distributed Bragg reflector surface grating patterned with
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laser interference lithography and reactive ion etching [185]. An evaporated wedge-
shaped layer of the organic semiconductor Alqs with 2.5mol % of the laser dye DCM
provided optical confinement and gain.

Such a tunable laser sample is preferably moved relatively to the pump beam
to have all emission wavelengths placed on a coaxial beam path. This suggests the
pump scheme that is depicted in figure 5.6a. Neglecting any saturation effects and
evaluating the Lambert-Beer law with the refractive index data given in figure 3.4, a
350 nm thick Alqs:DCM layer transmits 22 % at 350 nm. Thus, apart from directing
reflexes of the pump laser back into its cavity the major downside of this setup is
the need for a high quality and thus expensive long pass optical filter. This issue
can be addressed by pumping the laser non-perpendicularly and employing a beam
dump to eliminate the pump beam reflexes. Such a setup, as depicted in figure 5.6b
requires only a low-cost long pass filter as it only has to block scattered pump light.
Although the latter approach involves higher optical losses due to Fresnel reflections
for some encapsulation methods (see 5.1.4), it was used for all following studies due
to the efficient pump light suppression.

organic organic DFB laser

DFB laser

pump laser

pump laser

LP

(a) (b)

Figure 5.6: Geometric setup for exciting organic DFB lasers: (a) Coaxial pumping allows
very compact systems but requires a high quality pump light filter. (b) Pump-
ing under an angle with respect to the DFB laser emission allows very efficient
pump light suppression with low-cost filters.

5.1.4 Encapsulation and degradation

The fluorescence intensity of dye molecules in organic gain materials is known to
degrade during excitation. This photobleaching phenomenon originates from a pho-
tochemical modification of the dye causing the irreversible loss of its ability to fluo-
resce. The photobleaching kinetics, e.g the number of emitted photons before a dye
molecule is destroyed, depend both on the structure and on the environment of the
molecule.

There are various theories on the photochemical processes accountable for this
photobleaching. Among these, the photodynamic interaction of molecular oxygen
(O2) with fluorophores in an excited triplet state is regarded as the main cause [186].
The interactions between oxygen and fluorophore triplets can produce singlet oxygen
which, when decaying, can create damaging free oxygen radicals. Additionally,
triplet fluorophores are also highly reactive and may react with organic molecules
in the embedding matrix [186].
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Besides molecular oxygen, the intrinsic incorporation of water in the organic ma-
trix is negatively affecting the operational lifetime. Papadimitrakopoulos [187] et al.
found in their experiments that freshly sublimed Alqs;:DCM thin films are saturated
with water in less than 2 min under laboratory conditions. In experiments, organic
lasers are therefore often operated inside a vacuum or nitrogen purged chamber.
For the targeted applications outside the laboratory those solutions are of course
not feasible. Such applications require a suitable encapsulation which provides a
sufficient barrier against oxygen and moisture.

The activities in OLED research produced a broad spectrum of methods for de-
vice encapsulation. These range from glass covers and single barrier layer approaches
up to complex multiple barrier layer systems. Graff et al. provide a comprehensive
insight into this technology branch in the book Flexible Flat Panel Displays edited
by Gregory Crawford [188|.

A benchmark for the protection level provided by different methods are the
rates at which water vapor and oxygen permeate the barrier. Literature states for
a sufficient encapsulation of OLEDs values of 1 x 107%gm™=2d~! for the water va-
por transmission rate [189,190] and 1 x 107 Lm~2d~! for the oxygen transmission
rate [189] respectively. Unfortunately, these findings can not be applied directly to
organic semiconductor lasers as for OLEDs the oxidation of the metallic cathode is
accredited to be the critical lifetime limiting factor. The degradation of the organic
materials is not accounted for the operational lifetime. This assumption is justified
with the low electron affinity and thus the high reduction potential of the cathode
materials used for OLEDs.

Regarding the lifetime of organic lasers there are only few published results.
They range from 3.6 x 105 pulses for an unprotected polymer laser [191] to 2 x 107
pulses for a polymer laser operated in vacuum |[5] till emission intensities drop to
50 % of the initial value. Kozlov et al. published a lifetime of >1 x 10° pump pulses
for an Alq3:DCM based laser operated in a nitrogen purged chamber as well as for
a device with a thin silver layer as encapsulation [5]. Richardson et al. achieved a
lifetime of 1.6 x 107 pulses by gluing a 150 pm thick silica cover slip onto a polymer
DFB laser with an optical adhesive [192].

In this work the laser devices have been encapsulated for protection under a pure
nitrogen atmosphere. The samples were put on an aluminum backplate with a petri
dish bonded on top using an epoxy resin. With this approach the optical waveguide
properties of a DFB laser sample are not affected. This method has also the extra
benefit of being able to reuse the same substrate for further experiments.

The quality of this encapsulation approach was quantified by determining the
operational lifetime of an encapsulated Alq3:DCM laser. The laser was optically
pumped by an actively Q-switched frequency tripled neodymium-doped yttrium
lithium fluoride laser (Newport Explorer Scientific) with an emission wavelength of
349 nm at a repetition rate of 2 kHz while the number of pump pulses and the cor-
responding emission spectrum were recorded with a computer. The results plotted
in figure 5.7 show that this encapsulation enables an operational lifetime of 1 x 10°
pulses without a change in the emission characteristic. With accepting a slight
blue-shift of 0.1nm the operational lifetime increases to 1 x 107 pulses. Taking a
drop of the intensity to 50 % of the initial value as criteria for the benchmark, the
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Figure 5.7: Degradation characteristics of an encapsulated Alqs:DCM DFB Laser: The en-
capsulation yielded an operational lifetime of 1 x 10® pulses without a change
in the emission characteristic. When a slight blue-shift of 0.1 nm can be ac-
cepted, the operational lifetime increases to 1 x 107 pulses. Taking a 50 % drop
as benchmark criteria the lifetime is 2 x 107 pulses.

lifetime reaches 2 x 107 pulses. This value accounts only for the lifetime for a single
pump position. The accumulated lifetime of the whole chip can easily compete with
current high repetition rate flash lamps (8 x 107 to 1.2 x 10? pulses [193]).

It has to be noted that this result can only be seen as an indicator that the
encapsulation efficiently prevents photooxidation as it is the dominant degradation
process. A deeper understanding of the photophysical process can not be deduced
from the acquired data. At most, the decrease in wavelength may be attributed
to a decrease of the effective refractive index according to equation (2.32). This
deduction is, however, quite speculative in the light of the complex photochemical
and photophysical properties of the active material Alqs:DCM. There are four dif-
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ferent isomers of the host Alqsz which can form three different crystal phases. Each
of these phases exhibits different photophysical properties [194-196]. The laser dye
DCM also comprises two isomeres with different optical properties, whose ratio can
change due to photoisomerization [197]. Last but not least, complexity rises with
incorporating the DCM dye into the Alqs matrix environment where the morphology
additionally extends the parameter realm [198,199|.

The employed encapsulation gives a high barrier quality to effort ratio. Encap-
sulated samples could be stored more than 12 months without a significant decay.
Based on the good performance and the easiness of the employed encapsulation ap-
proach it was thus preferred in this work against other solutions. The employed
encapsulation approach has, however, also a major downside. As it can be clearly
seen in figure 5.8, the use of a protective atmosphere leads to pump light losses due
to Fresnel reflection at the multiple interfaces between media with low and high
refractive indexes.

pump
beam
organlic layer
petri dish \ /
nitrogen
\ { glue

substrate

(a) (b)

Figure 5.8: (a) High dynamic range photograph of an optically pumped encapsulated or-
ganic laser. The clearly visible multiple reflections of the pump laser beam are
caused by multiple transitions of the pump beam from a high to a low refrac-
tive index medium. (b) Schematic of the main reflection losses. The grayscale
value of each beam represents its intensity with respect to the incident beam.

With a non-perpendicular excitation the situation can be even worse depending
on the polarization of the pump light. To estimate these losses and to determine
the optimal pump beam angle the angular dependent pump light transmission for
a air/glass/nitrogen /Alqs:DCM optical path was calculated using the Fresnel equa-
tions (see 2.1.1). The complex refractive index values used for the calculation are
listed in table 5.1. The resulting curve is plotted in figure 5.9a. As expected the
transmission for purely TM polarized pump light has a maximum at the Brewster
angle of glass. In the used setup, however, the pump laser polarization vector was
rotated due to metal beam steering mirrors. Thus in the experiments it was ensured
that the pump beam angle does not exceed 30° to keep losses reasonable.

A solution to this issue for future applications, where pump power might be
critical, e.g. when pumping with laser diodes, would be to use a directly applied low
refractive index coating. The advantage of such a low index encapsulation coating
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complex refractive index

air, nitrogen

1
1.54

1.75 + 0.12i [53]

Table 5.1: Complex refractive indexes used for calculating the refraction losses due to the
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Figure 5.9: Calculated angular dependent pump light transmission for (a) glass/nitrogen

and (b) low index (n = 1.34) layer encapsulation

reveals when calculating the curve for a coating using the amorphous fluoropolymer
CYTOP with a refractive index of 1.34 which is plotted in figure 5.9b.
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5.1.5 Spectral mode reduction

Besides a concurrent operation of TE and TM laser waveguide modes, that can
be easily separated with a polarizer, one result of the theoretical view on one-
dimensional DFB resonators given in chapter 2.2.2 is the possibility for multiple
lateral modes with different wavelengths whose out coupling light beams are ar-
ranged in a fan-shape emission pattern as it is described in detail in the work of
Stefan Riechel [53]. This behavior is problematic for aligning an optical system, e.g.
to monitor the output beam it can not be assured that the signal and the reference
detector are illuminated by the same spectral mode.

This problem can be addressed by placing apertures into the optical path which
block the unwanted modes. Figure 5.10 shows the optical setup that was used to
demonstrate the effectiveness of this approach. The emission of an organic DFB laser
was directed onto a CCD camera based beam profiling system (Coherent LaserCam
HR) with two variable apertures placed at the optical axis between laser and camera.

~12cm ~12cm ~12cm
oep -=
organic
variable apertures laser sample

(0.8 to 12)mm

Figure 5.10: Optical setup for discriminating unwanted lateral modes with apertures: Two
apertures are placed into the light path between an encapsulated organic DFB
laser sample and a CCD beam profiling camera. The grating groves point out
of the drawing plane.

The measured intensity distribution on the CCD sensor for various aperture
sizes is depicted in figure 5.11. Figure 5.11a shows, that with fully opened apertures
the broad line shaped distribution typically for a 1D DFB laser is observed at the
CCD. The multiple stripes parallel to the main emission originate from multiple
reflections at the encapsulation glass or from independent resonator modes excited
by a too large pump spot. The weak interference fringes in the main emission
intensity distribution indicate that the multiple lateral modes interfere with each
other. Accordingly, in analogy of blocking Fresnel zones [37|, reducing the apertures
results in the typical Fresnel diffraction interference pattern shown in figure 5.11b
with two peaks at the outer edge of the intensity pattern. With the apertures set to
the minimum size the output beam reduces to a well defined single spot as shown
in figure 5.11c. The intensity profiles along the x-axis and the y-axis of this reduced
output beam are plotted in figure 5.12. It shows that removing the interfering outer
laser modes with the apertures yielded an increase in intensity along the beam path
by 20 %. In consistence with these measurements is the observation that, as plotted
in figure 5.12c, obstructing the outer modes of the fan-shaped emission pattern
with apertures also drastically narrows the spectral distribution of the DFB laser
output beam compared to an undisturbed beam whose spectrum is plotted in figure
5.12d. The exemplary spectrum of the undisturbed beam was extracted from the
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measurement data acquired in the fluorescence excitation experiment which will be
described in 5.3.
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Figure 5.11: Intensity distribution on the CCD sensor for various aperture sizes.
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Figure 5.12: Intensity profiles along the x-axis and the y-axis of the output beam after
blocking unwanted lateral modes with apertures. A Gauss function curve was
fitted to the profiles. The 1/e? widths of the Gauss curves are annotated in the
plot. The removal of interfering laser modes with the apertures increases the
intensity along the beam path by 20 % compared to the profile of a beam with
fully opened apertures (gray dashes in (a)).
with apertures drastically narrows the spectral distribution of the DFB laser
beam compared to an undisturbed beam (d).

(c) Filtering the lateral modes
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5.2 Organic laser based spectrophotometer

The previous findings were applied for assembling the first high resolution transmis-
sion spectrophotometer which uses a tunable organic laser as light source. Figure
5.13 shows a schematic representation of the optical setup employed for this. The
laser source part of the spectrophotometer comprises the same DFB laser sample
and pump source that were already used for the experiments described in the sec-
tions 5.1.4 and 5.1.5 of the present chapter. A linear positioning stage moves the
sample relatively to the pump beam to tune the organic laser.

To ensure reproducible results the stage itself is equipped with a Newport 850G
actuator. The stage is controlled with a Newport ESP 300 motion controller. This
combination of positioning hardware yields an accuracy of better than one micron.
The organic laser emission is directed through two 0.8 mm apertures for lateral mode
reduction and alignment. A polarizer (P) selects the TE mode and a 385nm long
pass filter (LP) suppresses residual light from the UV pump laser.

organic DFB laser

pump laser

BS sample

P LP -—-H-IWEI\S]

PD1 I

Figure 5.13: Schematic representation of the optical setup and the detection scheme of the
organic laser based transmission spectrophotometer. The organic laser is op-
tically pumped with a pulsed UV laser. Tuning of the emission wavelength is
achieved by moving the sample relatively to the pump laser beam. The organic
laser emission is directed through a polarizer (P) and a 385 nm long pass filter
(LP). Subsequently the beam is split into a probe and a reference beam using
a polarization-insensitive 50:50 beam splitter (BS). Probe and reference beam
are detected using two silicon photodiodes (PD). The photocurrents of both
diodes were measured with an oscilloscope using transimpedance amplifiers.
(T. Woggon et al. [200])

The transmission spectrophotometer was calibrated by measuring the pump po-
sition dependent emission wavelength with a 300 mm imaging spectrograph with a
resolution of 0.1 nm (Acton Research SpectraPro-300i, 1200 grooves per mm grating).
Figure 5.14 shows the resulting relation for a displacement step size of 2um. The
discrete steps of approximately 0.03 nm observable in the data curve originate in the
limited resolution of the spectrograph and mark transitions between two pixels of
its CCD detector (Princeton Instruments PI-Max 512). A second order polynomial
function fit was applied to the data to serve as the calibration curve for the following
measurements.

The photometer part employs a polarization-insensitive 50:50 beam splitter (BS,
Thorlabs CM1-BS1) to divide the laser beam into a probe and a reference beam.
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Figure 5.14: Emission wavelength calibration in relation to the excitation spot position for

the organic laser. The inset shows a selection of the respective laser spectra.
(T. Woggon et al. [200])

Both beams are detected with single pulse resolution using two silicon photodiodes
(PD) which are connected to two transimpedance amplifiers with a transfer ratio of
1VnA~!. The amplified photodiode signal is read out with a 200 MHz oscilloscope
(Tektroniz TDS 2024 ). The pump position and the photodiode readings are recorded
by a computer.

5.2.1 Measurement of a narrow band optical laser line filter

To quantify the performance of this system, it was used to measure the transmission
properties of a (632.8 £0.2)nm laser line filter with a FWHM of (1.0 £0.2) nm
(Thorlabs FL632.8-1). The spectral data was obtained with a displacement step
size of 5pym. This translates to a wavelength interval of approximately 0.016 nm.
The photodiode signals were averaged over 64 pump pulses. The pump frequency
was set to 200Hz. A zero signal and a baseline curve were measured to account
for residual stray light and the position dependent inhomogeneous output power of
the laser. Applying these corrections to the measured data delivers the curve that
is plotted as a solid line in figure 5.15. The curve maximum is located at 632.7 nm
with a transmission value of 0.71. The FWHM can be determined to a value of
1.16 nm.

To evaluate the quality of this result the filter transmission spectrum was addi-
tionally measured using a Varian Cary 5 VIS spectrophotometer to obtain reference
data for comparison. The spectrophotometer data acquisition interval was set to the
smallest available value of 0.005 nm for optimal results. The spectral bandwidth was
set to the fixed value of 0.025nm. To minimize the incident angle the reduced slit
height setting was also applied. Together with an integration time of 0.500s the
combination of these settings assured optimal results [201]. Figure 5.15 plots the
transmission curve which has been measured with these settings as a dashed line.
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Figure 5.15: Comparison of the filter transmission curve measured using the tunable or-
ganic semiconductor laser (solid) and a Varian Cary 5 photospectrometer
(dashed). Both measurements were baseline and zero corrected. (T. Woggon
et al. [200])

It shows a peak wavelength of 632.74nm and a FWHM of 1.2nm. Considering the
measuring accuracy both measurements are evidently in a good agreement.

The organic laser setup measures the transmission value by integrating the pho-
todiode signals over a single pump pulse. This allows integration times well below a
millisecond per datapoint due to the photodiode and read-out electronics. With the
5ns long pump laser pulses integration times of several nanoseconds are theoretically
possible with faster detection electronics. The in this thesis applied averaging over
64 single measurements yields an acquisition time of 0.32s per datapoint. This is
already much faster than the 0.500s for acquiring a datapoint with the Varian Cary
5 VIS spectrophotometer.

5.2.2 Absorbance measurements

For absorbance measurements not only a high spectral resolution is desired but also
a high dynamic range, especially when monitoring kinetics of chemical reactions
or bacteria growth. To estimate if the organic laser based spectrophotometer pro-
vides enough sensitivity for such applications a series of absorbance measurements
of different non-reflecting neutral density optical filters were conducted. The mea-
surements were done with a fixed wavelength setting of 632nm. As shown in figure
5.16 even with the standard Si photodiode detectors optical density (OD) values up
to 5 can be measured with a maximum error range of OD +0.02 below and +0.2
above OD values of 4.

The sensitivity of the employed system setup is mainly limited by the 50:50 beam
splitter cube. The equal split of the organic laser output causes the reference diode
to saturate at high pump pulse energies. Experiments with a variable beam splitter
showed better results, however, due to the high pump pulse energies a significant
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Figure 5.16: Relation between the nominal absorbance of non-reflecting neutral density
optical filters to the value measured using the organic semiconductor laser
based transmission spectrometer. (T. Woggon et al. [200])

level of stray light interfered with the probe beam. This indicates, that with a
proper stray light suppression, a variable beam splitter and optimized detectors, e.g.
photomultiplier tubes, the organic laser can be used for spectrally resolved linear
absorbance measurements in optically highly dense media.
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5.3 Fluorescence excitation of dyes with a tunable
organic laser

The fluorescence excitation of fluorophores is regarded to be an essential optical read-
out method in biological confocal microscopy as it can be more sensitive and specific
than absorbance or reflectance [202|. In life science applications, fluorescence is
typically used as a non-destructive way of tracking or analyzing biological molecules
in cells. Popular applications are for example flow cytometry and cell sorting [203].
Whereas some proteins or small molecules in cells exhibit intrinsic fluorescence,
in general, cells have to be labeled by attaching an extrinsic fluorophore to them.
These fluorophores are preferably excited in experiments using a laser light source
as these combine high optical energy levels with a spectrally narrow emission. The
importance of the latter can be explicated with the help of the absorption and
emission spectral data of the popular dye Cy5 [204] which is shown in figure 5.17.
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Figure 5.17: (a) absorption and emission spectra of the dye Cy5 [204] used for labeling nu-
cleic acids or protein molecules. (b) The use of a spectrally narrow laser source
over a spectrally broad emitting OLED as excitation source enables signifi-
cantly increased signal-to-noise ratios as the dye can be efficiently excited at
the absorption maximum without the excitation light spectrally overlapping
with the dye emission.

Cyb exhibits, like many dyes, only a small Stokes shift. Exciting it with a
spectrally narrow laser source as it is implied in figure 5.17b allows to significantly
increase the signal-to-noise ratio due to the dye being excited efficiently at its ab-
sorption maximum without the excitation light spectrally overlapping into the dye
emission. FExciting with a spectrally broad emitting light source, e.g. an OLED,
would require optical filters to spectrally block the excitation light.

Commercial dyes are therefore designed for excitation wavelengths available by
solid-state or gas lasers. But some times even these, often patent protected dyes
still have a significant mismatch between their absorption maximum and the laser
wavelength they are designed for. For example the dye AlexaFluor® 568 designated
to be excited with the 568.2nm line of krypton ion gas lasers has its absorption
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maximum at 578 nm.

Due to their effortless tunability organic lasers could be of great benefit for
fluorescence excitation applications as they not only allow to excite a set of multiple
dyes with the same laser source but also to perfectly match the absorption maximum
of them. Astonishingly, albeit the many publications on low threshold organic lasers,
so far not much literature can be found on exciting dyes with them. Thus, for
the consistency of this work a basic experiment was set up to demonstrate the
applicability of organic lasers for fluorescence excitation experiments. The setup is
depicted schematically in figure 5.18a.

pump laser | | spectrometer |
encapsulated | p i—\ optical fiber with
organic R collimation optic
DFB laser P /s;mple P

(b)

Figure 5.18: (a) Schematic of the experimental setup for fluorescence excitation of dyes
with a tunable organic laser. As no apertures were employed, all TE laser
modes are used to excite the dye. TM laser modes are blocked by a polarizer
(P). (b) Photograph of the experimental setup: Although standard laboratory
optical components are used, the system has a very compact footprint. This
shows the great potential for a further size reduction using integrated optics.
(c) HDR image of a 0.5 % solution of FluoSpheres®) dark red (660/680) in
H5O0 inside a 1 pm microscopy capillary slide excited with the tunable organic
laser.

It is based on the optical setup used in chapter 5.2 of this thesis and employed
the same encapsulated laser sample. The laser light of the tunable organic laser
was coupled into a microchannel slide (ibidi p-Slide y-shaped) through a side facet
without any collimation optics. The microchannel was filled with a dye solution
composed of 0.5 % FluoSpheres® dark red (660/680) dissolved in water. The fluo-
rescence emission is detected from the top (side scatter channel) using a multi-mode
optical fiber with collimation optics. The fiber connects an imaging spectrometer
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(Acton SpectraPro 300i) with an intensified CCD detector (Princeton Instruments
Pl-maz 512).

As this setup is clearly not optimized for fluorescence detection all accessible
spectral modes of the organic laser where used by omitting the filter apertures. This
results in a higher usable excitation energy. The excitation laser line broadened to
a FWHM of 3.5nm which can still be considered as a narrow excitation.

Figure 5.19a depicts a series of fluorescence spectra measured with this setup.
Each data set was recorded with a different excitation wavelength of the organic
laser. The above claimed benefit of being able to tune the organic laser towards the
absorption maximum of the FluoSpheres® displays itself clearly with the relative
increase of the PL signal.

1,0+ 1,0 ' ' ' '
3 yp@% %,
g 08 5 08 & S
-~ o o
3‘ 0,6' E 0,6' 6555363 . .o. oOo
B -~ o *® R
PC-! 0,4 5 0,4 %f . . %
(= P ° .
= 02} o o
e Q 0,2F° »
s 00 s
< ® 00}

_0‘2 L L L L L L L L L L

600 625 650 675 700 725 750 620 630 640 650 660 670 680
wavelength / nm wavelength / nm

(a) (b)

Figure 5.19: (a) Fluorescence spectra of a 0.5% solution of FluoSpheres®) dark red
(660/680) in HoO at different excitation laser wavelengths of a tunable or-
ganic laser. The gray curves represent the absorption (dashed) and emission
(solid) spectral data published by Invitrogen GmbH. All spectra have been
normalized to the same intensity for comparison purposes. (b) The plot of
the ratio of the laser line maximum and the PL maximum of the dye emission
(filled circles) agrees qualitatively well with the absorption curve provided by
Invitrogen GmbH (empty circles).
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5.4 Conclusion

The work described in the present chapter was dedicated to quantifying the claimed
huge potential of organic lasers for spectroscopy applications. As this goal required
to actually test such lasers in a spectroscopic setup the laboratory stage technology
principle of organic lasers was successfully transferred into a durable laser device.
This device can not only be operated outside a controlled laboratory environment
but also maintains the advantage of the low-cost fabrication capabilities of organic
materials.

The development process towards this device included considerations on sub-
strate materials, evaluation of temperature influences, an increase of the lifetime
and the design of the peripheral optical setup for optical pumping. The results with
PMMA in the studies on different substrate materials showed that polymers that
are very well suited for microoptical devices may be incompatible with organic gain
materials. The studies also showed that the materials Ormocomp and Topas are
excellent alternatives.

The conducted experiments on the influence of changes in the ambient tempera-
ture showed that the high CTE of a polymer substrate has no measurable influence
on the laser characteristic compared to a glass substrate. The proposed encapsula-
tion approach yields, despite the simplicity, operational lifetimes which can easily
compete with current high repetition rate flash lamps.

The proposed approach of spatially limiting the fan-shaped emission beam of 1D
DFB lasers with apertures is a low-cost solution to narrow the organic laser emission
spatially and spectrally. Obstructing the outer modes reduced also interference losses
which resulted in a 20 % intensity gain.

The developed organic laser device was used to build the first organic laser based
spectrophotometer. It was applied for measuring the transmission properties of a
1nm narrow laser line filter and neutral density filters with attenuation values of
up to OD 5. The successful excitation of a fluorescent dye with the tunable organic
laser emphasizes clearly the applicability of these devices for a key method in bio-
analytics.

The illustrated spectroscopy application demonstrations were set-up with stan-
dardized laboratory optics and optomechanics. Silicon photodiodes and low cost
transimpedance amplifiers were used for detection. The sensitivity and high resolu-
tion already possible with these suboptimal setups clearly show the applicability of
organic lasers for spectroscopy. Additionally, the small footprint of the fluorescence
excitation setup shown in the photograph in figure 5.18b shows evidently that, even
without being fully integrated lab-on-chip systems, small and sturdy bench top or
even portable laser induced fluorescence based sensing systems for the use in every-
day lab life are already possible.

In summary, the work presented in this chapter clearly demonstrates that organic
lasers are applicable for sensing applications.
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Chapter 6

High speed wavelength switching

Abstract!

The tuning of position-dependent distributed feedback lasers by translating them with
linear positioning stages is a convenient way to change the pump position while main-
taining a coazial output beam. The wavelength setting speed with this straightforward
approach, however, is restricted by the translation speed of the micropositioning sys-
tem. This causes the worst case wavelength access time to increase linearly with
the tuning range. FEspecially with prices for positioning systems rising nonlinearly
with their speed this poses a problem for applications which require a fast switching
between emission wavelengths. This chapter describes a movel mechanical tuning
method for position-dependent distributed feedback lasers. The method enables high-
speed tuning with wavelength access times under 10 ms independently of the tuning
bandwidth. The proposed concept has very little hardware requirements while being
comparable to a linear tuning approach regarding accuracy in wavelength setting and
long term wavelength drift.

IParts of this chapter have already been published in:
(a) T. Woggon, S. Klinkhammer et al., Compact spectroscopy system based on tunable organic
semiconductor lasers, Appl. Phys. B. 99(1), 47-51 (2010)
(b) T. Woggon, S. Klinkhammer et al., Variable laser light source on the basis of variable optical
pulse excitation and method for operating same, European patent application EP2287980A1 (2009).
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6.1 Limitations of linear pump position change

The tuning of pump position dependent organic lasers via linear positioning stages
faces its limits when different emission wavelengths in a broad available spectrum
have to be addressed in a very short time span. The main reason for this problem is
the micrometer translation system. It causes the worst case wavelength access time
to increase linearly with the tuning range. The tunable DFB laser devices prior used
in this work exhibit an emission wavelength gradient of about 30 nm cm ™. Covering
the whole visible spectrum requires a wavelength span of 400nm. This implies a
translation path length of 14cm. Even with a high speed translation stage at a
speed of 50 cms™! and an acceleration of 5g [205] it would take 380 ms to move from
end to end. This and the involved extensive hardware costs make this approach
impractical for any applications requiring fast and accurate scanning at multiple
wavelengths. Scanning the pump laser beam by deflecting it with rotating polygon
mirrors or paddle mirrors [206] can be a very fast, a steady coaxial output beam is
however not possible. Additionally, the pump spot shape depends strongly on the
deflection angle [207].

6.2 A nonlinear approach for high speed mechanical
tuning

6.2.1 Eliminating the acceleration problem

A solution to this problem was found in this work by mounting a DFB laser on a
rotating disc. While spinning, it is optically excited with time synchronized pulses
from a pump laser. The constant spin provides high velocities for the relative pump
spot movement while the sample has to be accelerated only once. The benefit of
this approach can be eminently shown by simple math. To match a translation
speed of 50 cms™! in a circular motion on a radius of 22 mm, which corresponds to
a circumference of 14 cm, a revolution frequency of only 4 Hz suffices.

The following will exemplify that a rotating disc approach can be realized using
low cost components while easily surpassing the performance achievable with linear
translation stages regarding wavelength setting time. For the experiments a DFB
laser sample was fabricated which exhibits a particularly low emission wavelength
gradient of only 10nmcm™!. The active area of the sample spanned an area of
(25 x 25) mm?. It was mounted of axis on a disc as shown in figure 6.2a together
with a dummy laser device substrate on the opposite side in order to balance masses.
The geometry of the sample holder diminishes the visible area of the DFB laser
sample to (22 x 22) mm?.

For practical reasons and to prevent further unbalances it was omitted to encap-
sulate the samples. The laser mount was rotated by a brushless DC motor (ESky
EK5-0002B). This kind of motor is widely used for propelling model aircrafts and
cars and thus available at quite low costs. The motor is driven and controlled with
an 8bit RISC microcontroller unit (Atmel ATMEGAS [208]) based motor driver
stage from HiSystems GmbH. It comprises a standard triple half-bridge power stage
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as schematically depicted in figure 6.1a for driving the motor phases. The rota-
tional speed is controlled by pulse width modulating (PWM) the phase currents.
The PWM frequency is generated with the internal timers of the MCU. The motor
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Figure 6.1: (a) Schematic of the electronic circuit for the used triple halfbridge powerstage
used for driving the brushless DC motor phases. (b) Schematic of the electronic
circuit used for the motor phase commutation timing. The zero crossing of the
voltage induced by the unpowered phase is detected by comparing it with the
potential at the virtual neutral point N’. The comparison is done with the

on-chip comparator of a microcontroller unit (MCU) after filtering the signals
with a low pass filter.

phases are electronically commutated by using back electromagnetic force (EMF)
sensing [209]. The zero crossing of the voltage induced by the unpowered phase is de-
tected by comparing it with the potential at a virtual neutral point using the on-chip
analog comparator of the ATMEGAS as depicted in figure 6.1b. This approach for
timing the phase commutation results in a very stable closed loop operation of the
system. The motor driver stage’s settings are controlled through a serial interface
line. This mechanical setup was successfully tested with revolution frequency values
up to 220 Hz. These tests have, however, been conducted inside a safety cabinet and
not in an optical setup. During the actual optical characterization the revolution
frequency was limited in the controller code to a maximum of 100 Hz for safety rea-
sons. For the optical characterization this spinning disc setup was integrated into
the setup used in chapter 4.2.3 (p. 60) in front of the vacuum chamber with an extra
focusing lens. A schematic of the experimental setup is depicted in figure 6.3. The
sample mount was aligned in a way that when operating in free running mode the
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Figure 6.2: (a) Photograph of the organic laser mounted of axis on a disc together with a
dummy laser device substrate on the opposite side in order to balance masses.
(b) The geometry of the sample holder diminishes the visible area of the DFB
laser sample to (22 x 22) mm?

pump laser beams excite the DFB laser sample arbitrarily on a circular scan path
with a radius of 25 mm.

6.2.2 Time synchronized pump pulse generation

The microcontroller software and the electronic circuit of the motor driver were
modified to generate a transistor-transistor logic compatible trigger signal with ev-
ery revolution of the rotating disc. A variable delay time is needed to address
different points on the circular scan path. For this purpose a low-cost electronically
delay generator was build based on an 8-bit ATMEGAS microcontroller and inserted
into the trigger line. The delay generator features an LCD display and keypad for
direct input but can also be programmed conveniently via a serial interface line.
This system enables to excite a discrete position on a circular scan path by sim-
ply electronically varying the delay time. Figure 6.4 shows the measured relation
between the delay time and the organic laser emission wavelength and the laser
spectral linewidth respectively for a rotation frequency value of 75 Hz.

The jitter of the pump laser to the external trigger is less than 0.5 ns and can be
neglected regarding the 2 ps (2 clock cycles) jitter of the delay generator. This jitter
is a fifth of the average delay time step size required to change the wavelength by
0.1nm. The according stable operation of the system is illustrated in figure 6.5. The
data was acquired by measuring the emission wavelength and the spectral linewidth
over a period of 70 min with a fixed delay time. To prevent photodegradation the
pump beam was blocked between measurements. The measured variations are well
inside the range of the resolution achievable with the employed spectrometer.
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Figure 6.3: Schematic representation of the employed optical setup. With every revolution
of the laser disc the motor driver generates a signal. The signal is used to
trigger the pump laser after a freely definable delay time. Different delay
times cause the pump laser pulse to excite different regions on the DFB laser
sample. As these regions are oriented along the thickness gradient Vh of the
active material layer thickness the sample emits at different wavelengths. (T.

Woggon et al. [200])
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Figure 6.4: Tuning of the laser emission wavelength by increasing the delay time in 10 ps
steps. (T. Woggon et al. [200])
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Figure 6.5: Accuracy and long time stability of the electronic setup. The data points and
error bars have been determined by binning and averaging over 15 measure-
ments. (T. Woggon et al. [200])
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6.3 Multi-wavelength sequence scanning

Beside the fast accessing of a single wavelength the presented tuning approach allows
to also rapidly scan a sample with multiple discrete wavelengths in a pre-defined
pattern, e.g. to test if it contains specific substances. Instead of running a full
high resolution scan and comparing features in the absorption spectrum to reference
data one would do only a reduced set of measurements at the wavelengths where
the assumed substances exhibit a strong absorbance.

Such a scanning function was implemented as an extension in the microcontroller
code of the delay generator by dividing the available delay time parameter window
into equal time slots. An 8-bit binary masking of the time slots results in a scanning
function providing selectable binary coded sets of multiple laser wavelengths which
are emitted in a subsequent order. The corresponding flow-chart for the microcon-
troller program is depicted in figure 6.6. The trigger signal from the motor driver
is captured with a hardware interrupt of the microcontroller. The input capture
interrupt service routine (ISR) then starts a timer. When the timer value matches
a defined (initial) delay value it induces a timer compare-match ISR. In this ISR
the output for triggering the pump laser pulse is switched depending on the state
of the current bit in the main program defined bit field. The pointer to the current
bit is then incremented and the delay for invoking the next timer compare-match
interrupt is set with the value desired between pulses. When the last bit in the bit
field is reached, the pointer and the delay variables are reset to their initial values. A
selection of such wavelength sets is plotted in figure 6.7. Using the American Stan-
dard Code for Information Interchange (ASCII) this scanning method also enables
a basic information transfer, admittedly a very slow one.
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Figure 6.6: Flow-chart of the microcontroller program for generating pulse patterns that
can be masked with an 8-bit binary code.
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Figure 6.7: Rapid scanning with predefined wavelength sets: Changing the 8-bit binary
value results in different wavelength sequences.
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6.4 Emission wavelength gradient orientation

The use of equally spaced time slots turned out to be problematic when the circular
scan path is not optimally aligned to the waveguide thickness gradient as it is the
case here. The vector of the pump spot motion rotates with respect to the gradient
d A/ dt due to the geometrical alignment of the sample as it is depicted in figure
6.8a. As expected figure 6.9 shows that this misalignment causes higher bits to
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Figure 6.8: Effect of gradient orientation for high-speed wavelength switching with a spin-
ning disc: (a) Schematic representation of the gradient orientation used in the
experiment. The vector of the pump spot motion rotates with respect to the
gradient d A/ d ¢ due to the geometrical alignment of the sample. (b) A differ-
ent mounting of the samples would have increased the disk diameter and thus
the proneness to vibrations caused by imbalanced masses.

smear over when going towards shorter pauses between pulses. This issue can be
addressed by a different mounting of the samples (see figure 6.8b) or by aligning the
gradient diagonally on the square laser sample. The latter is to be preferred as it
minimizes the disk diameter and thus yields less proneness to vibrations caused by
imbalanced masses.
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Figure 6.9: Compensation of the annular scan path: Due to the not optimal aligned sub-
strate a constant interval between the time slots leads to smearing of the higher
bits. A solution to this problem would be a variable, constantly increasing in-
terval.
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6.5 Conclusion

The nonlinear method for tuning a position dependent organic laser elucidated in
the preceding sections allows emission wavelength changes in less than 10 ms inde-
pendently of the tuning bandwidth. This was achieved by mounting the laser device
on a constantly spinning disk and exciting it with time-synchronized pump pulses
that can be electronically delayed.

It was demonstrated, that the proposed tuning method can be sophistically re-
alized with a low cost hardware solution. The employed closed loop control of the
samples rotation and the resetting of the delay counter with each revolution result
in a very stable wavelength setting. The flexibility of the electronic delay allows
to rapidly measure “fingerprints” of known substances with predefined sets of probe
wavelengths. The employed tuning approach can be improved further by employing
multiple identical sectors on the rotating disk. The wavelength access time decreases
linearly with the number of such sectors.
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Chapter 7

The tunable organic laser — a
technology with market potential?

Abstract

Some of the employed solutions for tunable light sources are as old as the application
of light for sensing purposes. They are commercially available, application proven
and were steadily optimized since they entered the market. The most prominent fea-
tures of organic lasers, however, are often still either in the potential advantages
category or have been demonstrated only as singular results in a loose context. Addi-
tionally, the organic laser community, like any other research community, sometimes
tends to blind optimism in their judgment. Giving an appraisal of the potential of
organic lasers for sensing applications is thus worthless without comparing their
overall performance with light sources which are currently employed in this area.
This chapter gives a review on currently employed solutions for tunable narrow-
bandwidth light sources for spectroscopic applications. For the sake of simplicity, the
following considers only solutions which emit visible, continuously tunable light in a
spectral domain of at least 10nm and a spectral bandwidth of no more than 4 nm.
Putting them in a direct competition with the laboratory stage organic laser systems
presented in the previous chapters would be inappropriate. In order to make them
comparable, a prototype bench top tunable organic laser system was designed and set

up.
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7.1 Light sources for spectroscopic applications

7.1.1 Lamp based monochromator light sources

Already Sir Isaac Newton! studied the separation of light into its spectral compo-

nents with diffractive and dispersive elements [210]|. Today, monochromator systems
with incandescent and gas discharge lamp illuminated diffraction gratings form the
backbone of optical spectroscopy with 10th of thousands installed systems world-
wide. The main reasons for this are, compared with competing technologies, low
costs and convenient operation of these systems.

The main drawback, however, is the low conversion efficiency due to their basic
working principle: generating spectrally narrow light by filtering a small part out
of the broadband emission spectrum of a light source. Additionally, the high diver-
gence of the light source requires complex optical systems with large apertures in
order to minimize the systems throughput losses (see 2.1.3 p. 13). The resulting low
conversion efficiency is clarified with an exemplary calculation of the output of a typ-
ical commercial 1/8 m monochromator light source. It was taken from the Newport
product training literature Oriel product training: Spectral Irradiance [211]. Reduc-
ing the initial broadband output of a 50 W quartz-tungsten halogen lamp (QTH))
to a bandwidth of 10 nm using a monochromator, leaves a optical output power of
only about 0.5 mW with a beam divergence of 13.6°. Reducing the bandwidth under
the postulated 4 nm would mean to at least halve the entrance slit area and thus to
diminish the efficiency further.

Of course, the output power can always be increased by means of using incan-
descent lamps with higher wattage and longer focal length, however, this also results
in bulkier systems and shorter lamp lifetime?. Using mercury short arc lamps can
yields a much higher efficiency compared to QTH lamps albeit the lower spectral
energy density in the visible spectral region (see Fig. 7.1). This originates in the lack
of a filament in these lamps which allows the use of a back reflector to collect more
light. The drawback of mercury short arc lamps are the strong lines in the UV and
the high sensitivity of the bulb to airflow around it. Monochromator system output
powers in the pW-region seem sufficient, especially with the single photon sensitivity
of modern photodetectors. The high divergence, however, requires quite complex
optical setups for spectroscopic applications as it can be seen in the line drawing
in Fig. 7.2 showing the optical system of an industry standard photospectrometer
(Varian Cary). Another downside of the low output powers of continuous-wave
incandescent lamps based systems are the slow obtainable data acquisition rates.
With a low irradiance power, acceptable signal-to-noise ratios require long integra-
tion times. This means for chopper wheel based systems typically that only data
collection rates within (10 to 30) Hz can be obtained. This can be compensated
using either high power flash lamps at the cost of drastically decreased lamp life or
highly sensitive detectors. Both approaches, however, directly imply increased cost
and system complexity.

IxJanuary 4th, 1643, tMarch 31th, 1727
2the 50 W QTH lamp used for example has a specified lamp life of 50 hours
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Figure 7.1: Spectral irradiance data for quartz tungsten halogen incandescent lamp and a
DC short arc mercury lamp (data from LOT Oriel [211]).
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Figure 7.2: Scheme of the optical path of a commercial photospectrometer. The highly di-
vergent emission and the low spectral output power density requires a complex

optical system with parabolic mirrors. Stable operation also demands a steady
measurement of a reference light beam.
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7.1.2 Liquid dye lasers

Sorokin and Lankard [212] and Schéfer et. al [213] presented the first liquid dye lasers
in 1966. Laser action from dyes has also been demonstrated independently by Spaet
and Bordfield, and by Stepanov et. al [214,215]. At that time, hundreds of laser
active materials were already known. The dye laser, however, was the first solution
meeting the experimenters need for an easily wavelength tunable laser source. In
1967 Soffer and McFarland demonstrated a continuously tunable dye solution laser
with a bandwidth of 0.06 nm. It employed an optical grating instead of one of the
dielectric cavity mirrors [216] and thus fulfilled "an experimenter’s pipe dream that
was as old as the laser itself: To have a laser that is easily tunable over a wide
range of frequencies or wavelengths" (Schéfer, 1977 [51]). This stated the beginning
of an era with steady reports of improved dye laser designs. In 1972, Hansch was
able to reduce the line width to less than 0.4 pm by expanding the intra-cavity
beam and using a Littrow configuration for the reflection grating [217]|. Littman
and Metcalf presented a more compact configuration with two gratings instead of a
beam expander in 1978 [218]. Their laser achieved a peak output power of 10 kW
with a spectral bandwidth of 1.5 pm at 600 nm. Starting from then the dye laser had
an extraordinary impact in scientific research. This expresses itself in over 16 000
published papers on the topic dye laser in more then 100 subject areas listed today
in the ISI Web of Knowledge™ database. The most remarkable example in this
regard is the field of laser spectroscopy which underwent a radical change due to
the ability to generate tunable narrow line width coherent emission in the visible
spectral region.
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Figure 7.3: Schematic of the optical setup of the PrecisionScan pulsed dye laser from Sirah
Laser und Plasmatechnik (Source: Sirah Laser und Plasmatechnik GmbH)

Today, albeit their former successes, dye lasers are rarely used anymore and
have been replaced with alternative technologies wherever possible. Although these
alternatives often fail to match the performance of dye lasers, the reasons for using
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them are the typically lower costs and easier handling compared to dye lasers.

The broad spectral gain of the laser dye requires a complex optical system for the
resonator to ensure a narrow bandwidth and a good quality beam. In order to obtain
high output power levels, the dye has to be constantly replenished using a circulatory
pump system to prevent the accumulation of excited triplet states. As pressure
variations have to be avoided, this liquid handling system requires sophisticated
mechanics.

With typical dye cell lengths of (10 to 40) mm the temperature of the dye solution
becomes the most critical factor for the wavelength stability due to the resulting
change in the optical path. The physical properties of the dye solution are hereby
mostly defined by the solvent [219] as the laser dye itself is typically dissolved with
concentrations between (1072 to 107°) moldm 3. As listed in table 7.1 the thermo-
optical coefficients dn/ d T of common dye solvents are in the order of 10~* K~ [220,
221]. The dye solution temperature thus significantly influences the optical thickness
of the dye cell. Hence, highly stable systems control the bulk dye temperature to
1073°C at 16°C [222]. The biggest disadvantage of liquid dye laser systems is,

Solvent Chlorobenzene ~ DMFM DMSO Glycerin  Isobutanol
(dn/dT)10 Kt 57.5+0.5 475+14 446420 253+15 443+05

Table 7.1: Thermal coefficients of refractive indexes of dye solvents at 632.8 nm [221]

however, the complicated handling. As a laser dye is usually more durable in the
dried state it has to be dissolved prior to use. The resulting laser dye solution usually
contains only very small quantities of dye. As stated above the physical properties
and thus the potential hazards are defined mainly by the dye solvent. The commonly
used solvents are highly inflammable and toxic. Some can also penetrate the skin
carrying the also often toxic dyes with them. As the optimal solvent differs from
dye to dye, a large variety of solvents is needed which have to be kept in stock.
For a wavelength change which requires a different dye solution the dye cell and the
circulator have to be flushed with clean solvent.

These mandatory procedures for operating a liquid dye laser hence require exten-
sive additional laboratory infrastructure and specially trained personnel thus driving
up operational costs. This, combined all aforementioned restrictions, inspired a huge
activity in the field of solid state lasers which led to alternative tunable laser sources
such as optical parametric oscillators or super continuum sources.

7.1.3 Optical parametric oscillators

To circumvent the restriction of the laser wavelength to the energy band structure
of laser materials, Kroll (in 1962) and Akhmanov and Khokhlov (in 1963) proposed
the use of nonlinear optical frequency conversion processes in an optical parametric
oscillator (OPO) [223,224]. The first experimental demonstration of such a device
was given by Giordmaine in 1965 [225].

These early tunable OPOs were difficult to operate and often prone to damage,
largely because of the operation threshold approaching the damage threshold of
nonlinear materials like lithium niobate (LiNbO3).
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In the late 1980s interest in OPOs was revived with Fan et. al demonstrating
the first wavelength tunable OPO based on the highly nonlinear (NL) crystal beta-
barium borate [226] (3-BaB,;O, or BBO) [227]. This aroused a huge interest in
developing new, highly efficient NL optical media. Besides conventional grown BBO
and potassium titanyl phosphate (KTP) crystals the most recent impetus came from
quasi-phasematched NL media like periodically poled lithium niobate (PPLN) [228].
This progress together with the availability of high power Nd:YAG solid state pump
lasers led to a wide use of OPOs in narrowband spectroscopy [229].

An OPO system uses a nonlinear optical scattering process [230] in which an
input light wave propagating in a nonlinear optical crystal is converted into two
output light waves with each having a lower frequency. With OPO systems the
obtainable efficiency of this photon conversion process can be several tens of percents.
The downside are the high threshold pump power levels between tens of milliwatts
to several watts needed for the nonlinear processes. The threshold depends on
resonator losses, the frequencies of the interacting light, the power density inside
the NL material, and its degree of nonlinearity. An OPO system can be operated in
a continuous-wave or pulsed emission mode. With the suited pump source, however,
due to the high threshold energies and the short crystal required for high conversion
efficiencies [231], most OPO systems operate in a pulsed regime with actively cooled
crystals in order to prevent thermally induced damage of the NL media. Also,
due to the nature of optical parametric processes, OPOs are very sensitive to noise
generated by the pump source.

OPO systems allow to tune the output frequencies by either changing the pump
frequency or the phase matching properties of the NL crystal by altering its tem-
perature or orientation or quasi-phase matching period. Additional fine-tuning can
be done by varying the optical path length of the resonator [231]. For a wide tuning
range and narrow-linewidth emission typically more than one of these parameters
have to be altered. Besides the elaborated crystal growth efforts this also requires
active control of the optical elements to ensure stable operation. Accordingly, this
increases the OPO system complexity and cost.

7.1.4 White light super continuum fiber lasers

The term white laser light is usually used for radiation with a broad, continuous
spectrum comparable to the spectrum emitted by an incandescent light bulb. In
contrast to light bulb radiation, however, the white laser light features a high degree
of spatial coherence i.e. a very low divergence angle. Super continuum (SC) gener-
ation describes a process where laser light is converted to light with a very broad
spectral bandwidth, usually accomplished by sending short laser pulses through a
highly nonlinear device, e.g. an optical fiber.

Although there were some earlier results reported on spectral broadening in lig-
uids as well as solids, the first widely accredited report of super continuum generation
was given by Alfano and Shapiro in 1970 [232]. Their white light source yielded a
spectral coverage from (400 to 700) nm in a borosilicate glass sample pumped by
gigawatt picosecond pulses from a frequency doubled Nd:glass laser.

Whereas early reports on SC generation in optical fibers required pump power
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values of several 10th of kW [233-235] the thresholds were soon decreased by an order
of magnitude by pumping in the anomalous dispersion region [236| and employing
picosecond pump pulses [237]. The publication of a comprehensive model for the
formation of SCs in the anomalous dispersion region of fibers using femtosecond
pulses by Gross et. al in 1992 [238] and the boom of the telecommunications industry
triggered further improvements leading to the first applications of SCs [239,240] and
the first fiber laser pumped SC in a fiber [241].

The breakthrough for SC source was initiated with the invention of photonic
crystal fibers (PCF) in 1996 by Knight et. al [242]. These fibers form an excellent
medium for SC generation as they offer a high nonlinearity and a customizable zero
dispersion wavelength. The physical processes behind SC generation in fibers can be
very different, depending on various parameters. As an in-depth discussion of these
processes would go beyond the focus of this chapter, the reader is kindly referred to
the comprehensive review article by Dudley et al. [243].

When femtosecond pulses are used, the underlying processes of the SC genera-
tion differ from each other whether the pumping is done at normal and anomalous
dispersion wavelengths. In the normal group velocity regime the spectral broadening
is mainly due to self phase modulation. In the anomalous dispersion regime the SC
characteristics are a result of a combination of self-phase modulation and dispersion
which causes soliton fission.

Although SC generation in fibers has been shown for picosecond [244], nanosec-
ond [245] and even continuous wave schemes [246], most modern sources use fem-
tosecond pump pulses as their kW peak power permits efficient SC generation with
only centimeter lengths of fiber. The pump wavelengths are also mainly in the
anomalous dispersion region as this yields a much more efficient SC generation. The
downside of pumping in the anomalous region is a high sensitivity of the process to
the slightest fluctuations (including quantum noise) e.g. in the input pulses causing
a strong pulse-to-pulse variation of the properties of the spectrally broadened pulses.

Whereas the applicability of SC sources is evident for novel measurement schemes
which benefit from broadband, temporally low coherent light, e.g. optical coherence
tomography (OCT) [247]|, they are not yet able to completely replace conventional
light sources in spectroscopy due to their limited spectral power density [248] and
their considerable noise level.

With Fianium, Leukos, NKT Photonics A/S and Toptica Photonics AG, there
are currently four manufacturers of commercial SC sources on the market. In the
following the two most popular products, the SuperK™ White Light Laser from
NKT Photonics A/S and the iChrome from Toptica Photonics AG along with their
different concepts will be described exemplarily.

SuperK™ White Light Laser

The SuperK™ family of white light lasers has been launched in 2003 by the start-up
venture Koheras which in 2009 merged with Crystal Fibre A/S into the new NKT
Photonics A/S. The SuperK™ lasers are often referred to as the industrial standard
for broadband white light lasers. Indeed, they proved their applicability not only
for OCT [247] but also for research applications like fluorescence microscopy [249]
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or flow cytometry [250]. The life science focused journal The Scientist honored the
SuperK sources by listing it in the top 10 innovations in 2008 [251].

The SpektraK™ family is advertised with total output power values ranging from
(1 to 4.5) W, however, most of the power density is distributed in the infrared (see
Fig. 7.4). For narrow bandwidth operation the SC output can be filtered with
an optional offered acusto-optic tunable filter (AOTF) to a FWHM of (0.5 to 2) nm
[252]. Although the filter efficiency is greater than 85% this leaves in case of the entry
level system SuperK™ Versa [253| a usable output power of only about (85 to 150) pW
in a 0.5nm broad line. With the repetition rate of 80 MHz and 5 ps long pulses this
corresponds to pulse energies of merely (1 to 2)pJ. Fluorescence excitation based
applications like flow cytometry therefore require costly high power versions and
the use of optical bandpass filters with (10 to 30) nm transmission ranges instead
of AOTFs to produce a total emission of (10 to 50) mW. This corresponds to pulse
energy values of (0.3 to 0.6) nJ [250].
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Figure 7.4: Spectral output power density of a SuperK™ white light SC source. Most of
the output power is distributed in the infrared. [253]

Toptica Photonics iChrome

Instead of directly generating a white light SC it can also be generated indirectly
with an intermediate infrared SC and subsequent nonlinear frequency conversion.
The infrared SC can be efficiently created by pumping nonlinear fibers with high
power mode locked rare earth element doped fiber lasers and amplifiers which are
widely used for telecommunication applications. Such a continuum exhibits a spec-
tral peak in the short wavelength region whose central wavelength can be continu-
ously tuned with an adjustable dispersion control [254]. This tunable peak can be
as broad as 100nm which allows compressing it to a femtosecond pulse and thus
efficient frequency doubling in PPLN crystals [255]. Due to a special tunable quasi
phasematching design additional sum frequency generation processes are exploited




7.1 Light sources for spectroscopic applications 117

to further reduce the spectral linewidth along with the second harmonic genera-
tion [254].

The Toptica Photonics AG offers this technology as an option for their Ultra Fast
Fiber Lasers and as a complete hands-free OEM system named iChrome. According
to the product datasheet [256| the iChrome from Toptica Photonics AG provides
tunable laser emission in the spectral range from 488 nm to 640 nm with an average
output power of more than 1.5mW. The spectral bandwidth (FWHM) is less then
3nm and the laser operates at a repetition rate of 40 MHz with 3.5 ps short pulses.
Although, with 38 pJ, the system provides high pulse energies compared to other SC
solutions, the rather complex design (see Fig. 7.5) with the multiple use of nonlinear
frequency conversion makes the system very susceptible for noise.
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Figure 7.5: Optical system of a tunable laser source based on an intermediate SC. The
pump laser pulse from a mode-locked Erbium doped fiber laser is amplified and
coupled into a highly nonlinear optical fiber. Prior adaption of the dispersion
control parameters allows to continuously tune the central wavelength of a short
wavelength peak in the so generated SC. By compressing the pulse this peak
is efficiently frequency doubled using a PPLN crystal. With a special quasi-
phasematching design the SC peak is spectrally narrowed by sum frequency
generation processes.

7.1.5 Tunable external cavity diode laser

External cavity diode laser (ECDL) provide narrowband laser light with unmatched
conversion efficiency due to the direct electrical injection. They are composed of a
low-cost laser diode combined with a frequency selective optical feedback mechanism.
The feedback is typically realized via diffraction gratings in various configurations
[257-259|. Using MEMS (micro electromechanical system) processing technology,
ECDLs can be realized with extremely small form factors [260]. Diode lifetimes
around 10000 h and only few moving parts permit very durable systems.

These features combined with the ease of turn-key operation made ECDLs quite
popular for optical spectroscopy applications [261]. The downsides of ECDLs, how-
ever, are certainly the very limited attainable tuning bandwidths in the visible spec-
trum and the lack of full spectral coverage. Table 7.2 lists commercially available
laser diodes with visible emission wavelengths. At first sight, it seems to be a re-
markable wavelength range attainable from semiconductor laser diodes. However,
there are some gaps in the spectrum with the most evident being in the yellow wave-
length region. Until recently this gap was even larger with extending down to the
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semiconductor spectral available

type coverage tuning range [262]
GaN (395 to 410) nm (1 to 2) nm
InGaN/GaN (410 to 524)nm (2 to 5) nm
InGaP/AlGalnP (630 to 690)nm (4 to 10) nm
GaAsP/AlGaAs (730 to 860)nm (10 to 18) nm

Table 7.2: Approximate visible wavelength ranges covered by semiconductor laser diodes

blue-green around 490 nm. There have been reports on green laser diodes based on
zink-selenide compounds [263-265| but these devices could be operated only a couple
of hours at room temperature before they degraded. The epitaxial growth processes
for the InGaN material system, which enabled high power green LEDs, lacked the
necessary crystal quality for laserdiodes up to 2009 [64,266,267|. Thanks to the
huge demand for green laser diodes which are powerful enough for laser projection
a tremendous optimization on epitaxial growth processes |64 was made since then.
Today, InGaN based direct green laser diodes are widely commercially available from
multiple manufacturers.

The broad spectral coverage listed in table 7.2 is only achieved by variing the
ratios of the semiconductor materials during epitaxial growth. It can not be covered
in a single laser diode. The band gap energy and the optical gain of semiconductors
depends on the temperature. This allows for tuning semiconductor laser diodes via
temperature control. For InGaAs based ECDL broadband tuning over 90 nm in the
NIR has been reported [268|. But, as the spectral gain bandwidth of semiconductors
depends on the band gap energy [269], the available tuning ranges in the visible
spectral region diminish when going towards shorter wavelengths. Thus, a blue
GaN ECDL for example allows only for tuning over 4 nm [270].

7.2 A tunable organic laser — a technology demon-
stration

Putting the aforementioned, application proven, spectroscopy light sources in a di-
rect competition with laboratory stage, organic lasers would be inappropriate. For
concluding this work and to provide a sharper picture of the potential organic lasers
exhibit for spectroscopy applications, it was therefore required to demonstrate the
capabilities of organic lasers beyond laboratory conditions.

For this purpose a prototype bench top laser system was designed, which, as
the photograph of the optical setup in figure 7.6a illustrates, employs only few
OEM opto-mechanical components. Additionally to the compact and rigid de-
sign, the system consumes less than 20 W of electrical power and features an auto-
mated,computer controlled tuning of the emission wavelength. Apart from the fiber
port for the laser output, the power inlet and an USB interface for remote control
of the laser output wavelength and power the system requires no further interfaces.
The laser system hosts interchangeable cartridges with encapsulated organic DFB
laser chips pumped with a DPSS microchip laser.
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Figure 7.6: (a) Photograph of the prototype optical setup. The compact laser system
comprises a 355 nm DPSS microchip laser @ for pumping the interchangeable
organic laser chip cartridges @. A motorized neutral density filter @, focusing
lens @, polarizer ® and a fiber coupling with a long pass filter ® complete the
opto-mechanical system. (b) Technology demonstration of a tunable organic
laser system at the SPIE Photonics Europe 2010 in Brussels.
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To get an unbiased appraisal of the performance of this system it was presented
to a professional audience by participating at the Innovation Village contest at
the SPIE Photonics Furope 2010 conference in Brussels. During the three days
of the contest the continuous tuning from 610nm to 650nm using encapsulated
tunable DFB laserchips® could be demonstrated. The laser chips allow output pulse
energies up to 1 nJ with a pulsewidth of one nanosecond. The prototype system was
honored by the international jury with the first prize in the Best Innovation category
[271]. Based on this technology demonstration device it is possible to estimate the
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Figure 7.7: Radar chart for comparing the applicability of different spectroscopy light
sources. The chart reflects the physical performance as well as economically
and application relevant parameters.

applicability of a tunable organic laser for sensing applications compared with the in
the previous sections introduced spectroscopy light sources. Figure shows 7.7 a radar
chart were the different light sources are benchmarked for selected parameters. The
chart reflects not only the physical performance and costs, it includes also "soft"
values as power consumption and complexity which play a major role in judging
the applicability. The chart shows that organic laser sources cannot compete with
dye lasers and OPOs in terms of physical performance. They have, however, a high
potential to be an appealing alternative for applications which do not require a high
power, narrow linewidth or continuous wave emission but cannot be done with a
gas discharge lamp monochromator source. This consolidates the high potential
of organic DFB lasers to be a real alternative for conventional spectroscopy light
sources.

3The laser chips have been kindly fabricated and encapsulated by Sénke Klinkhammer, LTT
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Chapter 8

Conclusions and Outlook

Organic lasers are promising light sources for sensing applications due to their broad
wavelength coverage in the visible spectrum. The possibility to fabricate organic
DFB lasers with tailored wavelength at low costs and the simple integration of them
into chip based sensing devices may enable the development of the next stage in the
evolution of analysis, the lab-on-a-chip for point-of-care deployment.

In this thesis, solutions for rapidly prototyping DFB resonators with sub-micron
feature sizes were presented. The developed processing strategies and optimiza-
tions for the two-photon-absorption 3D direct laser writing technology render it
to a powerful tool for the development of future advanced organic laser resonators
with rotational-symmetric geometries, photonic crystal resonators or optical grat-
ings with intentionally introduced variations of the grating period. Moreover the
demonstrated capability to pattern extended microoptical systems proves the appli-
cability of 3D-DLW for patterning at all scales from micro- to nanostructures.

The considerations made in this work on substrate materials, excitation geome-
tries, temperature stability and operating lifetime of tunable organic lasers allowed
the demonstration of the first applications of organic lasers for optical transmission
measurements and fluorescence excitation. The proposed encapsulation approach
enabled operational lifetimes which can easily compete with current high repetition
rate flash lamps. The illustrated spectroscopy applications employed standardized
laboratory optics and opto-mechanics. Using more sophisticated detection meth-
ods as avalanche photodetectors and lock-in amplifiers may allow highly sensitive
absorbance measurements.

The proposed tuning of a position dependent organic laser by mounting it on a
spinning disc and exciting it with time-synchronized pump pulses allows emission
wavelength changes in less than 10 ms independently of the tuning bandwidth. It
was demonstrated, that the proposed tuning method can be sophistically realized
with a low-cost hardware solution. The flexibility of the electronic delay can be used
for advanced detection schemes as monitoring the kinetics of multiple color reactions
in a quasi-simultaneously manner.

Finally, in this work a benchtop tunable organic laser system was presented as a
technology demonstration. It served as the basis for evaluating the commercial po-
tential of tunable organic laser sources compared to established tunable spectroscopy
light sources. Valid arguments have been presented, that organic laser based devices
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can be an appealing solution for filling the gap between high-end monochromator
gas discharge lamp sources and liquid dye lasers or OPOs.

In summary, the presented solutions in this thesis allow the rapid prototyping
of organic laser resonators and the convenient development of sensing applications
which benefit most from the broad wavelength coverage of organic gain materials.
This opens up prospects for commercial applications of organic lasers in the near
future.
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