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Kurzfassung
Organische Verstärkermaterialien ermöglichen durch ihre breiten Verstärkungsspektren und efﬁziente Energieumwandlung kostengünstige und kompakte organische Laserlichtquellen, die vielversprechend für Anwendungen
in der Spektroskopie sind. Insbesondere organische Laser auf Basis der verteilten Rückkopplung (DFB, Akronym für engl. distributed feedback) sind
leicht herzustellen und ermöglichen die Emission einzelner longitudinaler
Lasermoden. Die DFB-Laseremission kann entweder in der Schichtebene oder senkrecht dazu erfolgen. Durch diese Eigenschaft werden sowohl
Anwendungen als Freistrahllaserquellen als auch die Integration der organischen Laser in chipbasierten optischen Systemen ermöglicht. Zusätzlich
zu ihrem Einsatz in der hochauﬂösenden Fluoreszenz-, Absorptions- und
Transmissions-Spektroskopie, eignen sich organische Halbleiterlaser aufgrund ihrer moderaten Laserleistung und ihrer breiten Durchstimmbarkeit
im gesamten sichtbaren Spektralbereich gut als Anregungsquellen in der
Raman-Spektroskopie.
Diese Arbeit stellt die Anwendung von organischen Halbleiterlasern als
Anregungsquelle in der Raman-Spektroskopie vor. Die verkapselten organischen Laser werden in den Aufbauten mit einem invertierten und einem aufrechten Raman-Mikroskop eingesetzt. Hierzu werden zwei Einkopplungsmöglichtkeiten untersucht: die Freistrahlkonﬁguration und die
Faserkopplungskonﬁguration. In der Freistrahlkonﬁguration wird der Laserstrahl direkt in das invertierte Mikroskop geführt. Durch Verwendung
eines durchstimmbaren organischen Halbleiterlasers und mit Hilfe eines
kommerziell erhältlichen Filtersystems wird eine vollständige Raman-Detektion ermöglicht. In der Faserkopplungskonﬁguration wird der organische
Laser durch eine Multimodenfaser in das aufrechte Raman-Mikroskop eini
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gekoppelt. Dadurch wird ein modulares Raman-System realisiert. Um die
Raman-Signale efﬁzient zum Spektrografen zu übertragen und gleichzeitig
eine ausreichend hohe spektrale Auﬂösung zu gewährleisten, wird ein Faserbündel eingesetzt. Die ausgeprägten Ramanspektren von Schwefel, Cadmiumsulﬁd und Cyclohexan werden in den experimentellen Aufbauten angeregt und detektiert. Der Vergleich dieser Daten mit Literaturwerten dient
der Charakterisierung der beiden Raman-Aufbauten. Zur Verbesserung der
Empﬁndlichkeit der Raman-Detektion wird die oberﬂächenverstärkte Raman-Streuung (SERS, Akronym für engl. surface-enhanced Raman scattering) in Experimenten eingesetzt. Der SERS-Effekt wird von goldbeschichteten Cyclo-Oleﬁn-Copolymer (COC) Nanosäulen ermöglicht, die durch
laserunterstütztes Heißprägen abgeformt werden. Die Abhängigkeit der lokalen elektromagnetischen Feldverstärkung vom Durchmesser und Abstand
der Nanosäulen wird durch elektrodynamische Simulationen mittels ﬁniter Differenzen-Methode (FDTD, Akronym für engl. ﬁnite-difference timedomain) untersucht. Weiterhin wird bei SERS-Messungen mit organischen
Halbleiterlasern die Konzentrationsvariation des Farbstoffs Rhodamin 6G
und des Biomoleküls Adenosin in wässrigen Lösungen detektiert.
Organische Halbleiterlaser können nicht nur als Freistrahl-Lichtquellen
sondern auch in Lab-on-a-Chip Systeme integriert werden. Zu diesem Zweck sollte die Größe der DFB-Laser so gering wie möglich gehalten werden, um Platz für andere passive optische Komponenten zu sparen. Darüber
hinaus ist es hierfür notwendig, die genaue Platzierung der DFB-Laser zu
kontrollieren. In dieser Arbeit werden zwei neuartige Techniken zur Herstellung der organischen DFB-Laser in Pixelgröße untersucht: kontrolliertes Aufbringen der aktiven Materialien mit Tintenstrahldruck und präzise
Herstellung der DFB-Gitter mit laserunterstütztem Heißprägen. Dieser Ansatz ermöglicht die Integration der organischen DFB-Laser in ein miniaturisiertes photonisches System für zukünftige Anwendungen in der Lab-ona-Chip-Spektroskopie.
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Abstract
Enabled by the broad spectral gain and the efﬁcient energy conversion in
the active medium, organic semiconductor lasers (OSL) are highly promising for spectroscopic applications. Especially those based on distributed
feedback (DFB) resonators are simple to fabricate and are able to offer
single longitudinal laser emission mode. The DFB laser emission can be
out of plane of the waveguide layer as free-space laser sources or in plane
as integrated laser sources in a miniaturized optical system. In addition
to state-of-the-art applications in high-resolution ﬂuorescence, absorption
and transmission spectroscopy, organic semiconductor lasers are good candidates as excitation sources in Raman spectroscopy with advantages of
moderate peak power and wide tunability in the visible spectral range.
This work presents the application of organic semiconductor DFB laser
as free-space excitation source in Raman spectroscopy. The laser performance is improved by enhancing the laser output power and maintaining
the emission stability. The encapsulated organic lasers are tested in inverted
and upright Raman microscope setups, using free-beam and ﬁber coupling,
respectively. In the free-beam conﬁguration, the emission beam is guided
directly into an inverted microscope. Employing a spectrally tunable DFB
laser as the excitation source, the Raman detection is improved using a
commercially available optical ﬁlter conﬁguration. In the ﬁber coupling
conﬁguration, the organic laser is coupled into an upright Raman microscope through a multi-mode optical ﬁber with a high coupling efﬁciency,
which provides a modular laboratory Raman system. A round-to-line ﬁberbundle is utilized for an efﬁcient collection and transfer of Raman light to
a spectrograph, by keeping a sufﬁcient spectral resolution. Raman spectra of sulfur, cadmium sulﬁde and cyclohexane are excited and measured
iii
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in these two setups. A comparison of data from Raman characterizations
and those from literature is performed to evaluate the detection systems.
To improve the sensitivity of Raman detection, an approach using surfaceenhanced Raman scattering (SERS) substrates is presented. Fabricated via
laser-assisted replication, the SERS substrates comprise gold-coated cyclic
oleﬁn copolymer nanopillar arrays. The effect of nanopillar diameter and
interpillar spacing on the local electromagnetic ﬁeld enhancement is studied by ﬁnite-difference time-domain (FDTD) simulations. Furthermore, the
organic-laser-excited SERS measurements are applied to verify the concentration variation of the laser dye rhodamine 6G and the biomolecule adenosine in aqueous solutions.
In addition to the use as free-space light sources, organic semiconductor DFB lasers can also be integrated into all-polymer chip platforms. For
this purpose, the size of the DFB lasers is reduced as much as possible
to save space for other passive optical components. Additionally, there
must be an accurate lateral control to deﬁne the localized laser sites. In
this work, two novel techniques for the fabrication of spatially deﬁned organic DFB lasers are explored: local deﬁnition of the active material using
ink-jet printing and laterally controlled fabrication of DFB-corrugations using laser-assisted replication. Thus this approach allows the integration of
versatile coherent light sources in photonic microsystems towards lab-ona-chip spectroscopic applications.
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1 Introduction
1.1 Laser Raman spectroscopy
The advent of the ﬁrst ruby laser in 1960 has set off a revolution in science
and technology [1]. Due to the enormous potential of lasers in terms of temporal and spatial coherence, narrow line width, wavelength tunability and
ultrashort pulse generation, the ﬁeld of spectroscopy has been widened substantially since the emergence of lasers [2]. On account of the wide range
of methods for laser spectroscopy, there is also a wide range of different
laser sources which are used for diverse spectroscopy purposes. One of the
important spectroscopic applications of lasers is Raman spectroscopy.
Since the ﬁrst reports in 1928, Raman spectroscopy has been a powerful
tool for the investigation of molecular vibrations and rotations in the ﬁelds
of chemistry, biophysics, material science, and life science [3, 4]. It has an
important advantage over infrared or near-infrared absorption for analysis
of aqueous solutions, namely, practically no perturbing signal from water.
In contrast to ﬂuorescence spectroscopy, in which the molecule samples
have to be labeled by a ﬂuorescent dye to achieve a ﬂuorescence quantum yield high enough for detection, Raman detection does not require
any labeling since it is based on the intrinsic rotational and vibrational
level properties of the molecule. However, the scattering cross sections in
spontaneous Raman spectroscopy are very small, typically on the order of
10−30 cm2 , about 105 times weaker than the Rayleigh scattered component.
In the pre-laser era, a main drawback of Raman spectroscopy was a lack of
sufﬁciently intense radiation sources. The introduction of lasers, therefore,
has indeed revolutionized this classical ﬁeld of spectroscopy. Lasers have
not only greatly enhanced the sensitivity of Raman spectroscopy, but they
1
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have also furthermore initiated new Raman spectroscopic techniques, such
as resonance Raman spectroscopy (RRS), coherent anti-Stokes Raman scattering (CARS), hyper-Raman spectroscopy and so on.
There are some basic requirements for laser sources which must be met
for Raman spectroscopy. These are: adequate laser power, high wavelength stability, high spatial mode quality and moderately narrow line width
[5]. For speciﬁc applications of Raman spectroscopy, novel laser excitation
sources are developed and applied in spectroscopic applications. Among
them, wavelength tuning is a desired feature to conform to a speciﬁc resonance frequency and avoid ﬂuorescence or thermal emission backgrounds.
Thus, a wavelength-tunable laser is of particular interest as the excitation
source for such purposes. Historically, the ﬁrst tunable laser source was
already organic: it was the well-known liquid dye laser. Until now, these
lasers are still the most widely used types of tunable lasers in the visible
and UV spectral range. However, owing to the handling complexity of
toxic dye solutions and the bulky pump system, solid-state laser devices
are eagerly explored. For instance, tunable infrared semiconductor-diode
lasers and vibronic solid-state lasers. Meanwhile, another alternative with
a wide continuous tunability over the visible range, the organic solid-state
laser, demonstrates huge potential for spectroscopic applications.
1.2 Organic semiconductor lasers
Material development has played a crucial role in the investigations of new
lasers. Organic lasers were discovered not long after the inorganic counterparts, but within a decade of the ﬁrst laser. In 1966, the lasing effect by an
optical pumping upon an organic dye solution was independently demonstrated by P. P. Sorokin and J. R. Lankard at IBM Research Laboratory
[6] and F. P. Schäfer at University of Marburg [7]. The major advantage
of organic active media over inorganic counterparts is the wide tunability thanks to the broad emission spectra of organic molecules. Solid-state
lasers based on organic materials were demonstrated using dye-doped poly-
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mers in 1967 [8], doped single crystals in 1972 [9] and pure anthracene
crystals in 1974 [10]. A milestone in the development of organic semiconductors was established in the 1970s by A. J. Heeger, A. G. MacDiarmid and H. Shirakawa. The successful synthesis and controlled doping
of conjugated polymers was honored with the Nobel Prize in Chemistry in
the year 2000 [11]. Since then, the applications of organic semiconductors, e.g., organic ﬁeld-effect transistors (OFETs), organic light emitting
diodes (OLEDs) and organic photovoltaic cells (OPVCs) have progressed
rapidly. Mainly driven by the huge potential market foreseen for OLEDs as
well as the progresses in both material science and deposition process techniques, optically pumped lasers based on thin ﬁlms of conjugated polymers
[12, 13, 14] and small organic molecules [15, 16] were demonstrated in the
second half of the 1990’s.
Keeping all the advantages of organic materials, optically pumped organic semiconductor lasers1 exhibit wide and continuous tunability in the
visible spectral range. Additionally, the simple and ﬂexible fabrication
processes make them free from complex handling of toxic dye solutions.
Advanced lithography and deposition methods give rise to the opportunity to integrate miniaturized organic lasers of pixel-sizes into a lab-ona-chip (LOC) platform [17, 18]. Furthermore, very low laser thresholds
enable a compact optical pumping using smaller and cheaper laser diodes
[19, 20, 21, 22] or light emitting diodes (LEDs) [23, 24, 25, 26]. These advantages highlight the potential of organic semiconductor lasers as excitation sources for free-space and LOC spectroscopy systems [27, 28, 29, 30].
Moreover, with advantages of moderate peak power and wide tunability,
organic semiconductor lasers are good candidates as excitation sources in
Raman spectroscopy.

1 In

this work, the term organic solid-state laser comprises organic semiconductor laser and
solid-state dye laser.
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1.3 Thesis outline
This work aims at a comprehensive exploration of organic semiconductor
distributed feedback (DFB) lasers for applications in Raman spectroscopy
and approaches towards spatially deﬁned active laser sources on a miniaturized all-polymer chip platform.
The thesis is structured as follows:
In the next two chapters, the fundamental physical aspects of organic
semiconductors and organic DFB lasers are described. The mechanisms of
Raman scattering/spectroscopy and surface-enhanced Raman spectroscopy
are elucidated. Furthermore, various fabrication techniques for organic
semiconductor lasers used in this work are introduced.
Chapter 4 describes the realization of spatially deﬁned organic lasers
(“laser pixels”) on an all-polymer chip platform. Two techniques, local
deﬁnition of the active material and the laterally controlled fabrication of
DFB-corrugations are developed. A localized manipulation of conjugated
polymer via ink-jet printing and a novel fabrication of DFB-gratings via
laser-assisted replication are demonstrated.
In Chapter 5, a comprehensive investigation is given to describe how to
improve the performance of organic semiconductor DFB lasers for Raman
spectroscopy applications. The variation of three laser components are investigated: organic active medium, DFB-corrugation substrate, and optical
pumping. Subsequently, the applications of free-space organic semiconductor lasers in Raman spectroscopy are evaluated in theory and realized
experimentally for the free-beam and ﬁber coupling conﬁgurations.
In Chapter 6, a surface-enhanced Raman scattering (SERS) approach is
presented, which has the potential to signiﬁcantly improve the sensitivity of
Raman detection using organic semiconductor lasers as excitation sources.
The SERS conditions are achieved by gold-coated cyclic oleﬁn copolymer
(COC) nanopillar arrays fabricated via laser-assisted replication. The functionality of the active SERS substrates is veriﬁed by computational simulation and experimental results. Finally, an organic semiconductor DFB

4
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laser is built and evaluated as an excitation source for SERS biomolecular
analysis.
Chapter 7 summarizes this thesis and presents an outlook for further potential investigations in related topics.

5

2 Fundamentals
In this chapter the fundamental physical aspects of organic semiconductors: the optical and electronic properties, the gain and loss characteristics
as well as the proper gain media giving rise to lasing effects are described.
Furthermore various resonator conﬁgurations for building organic solidstate lasers are introduced with emphasis on one-dimensional and twodimensional distributed feedback (DFB) approaches. The ﬁnal section
is given to elucidate the mechanisms of Raman scattering and surfaceenhanced Raman scattering (SERS).
2.1 Organic semiconductors
Organic semiconductors are one class of organic materials, which are composed mostly of carbon and hydrogen with a few heteroatoms, such as nitrogen, oxygen or sulfur for instance. As unsaturated compounds (with double
or triple bonds), organic semiconductor molecules exhibit an alternation of
simple and double bonds over a planar segment. One simple constituent of
this class is the benzene ring depicted in Figure 2.1(a). Three of the four valence electrons from each carbon atom form so-called σ -bonds with the hydrogen atoms and the neighboring carbon atoms through the hybridization
between s- and p-orbitals as shown in Figure 2.1(b). The remaining electrons of the six carbon atoms occupy the unhybridized pz -orbitals, which
are aligned perpendicular to the plane of the σ -bonds. A weaker π-bond
is formed by the overlapping pz -electrons of two neighboring carbons (see
Figure 2.1(c)).
Organic semiconductors show a network of strong σ -bonds, which deﬁne the molecular geometry, and a delocalized network of weaker π-bonds
7
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Figure 2.1: C6 H6 (benzene): (a) chemical structure, (b) spatial distribution of the σ bonds, and (c) spatial distribution of the π-bonds (adapted from [31]).

[31]. Two new molecular orbitals at every π-bond, the π-orbital and the
π ∗ -orbital, emerge below and above the energy level of the separated orbitals, as shown in Figure 2.2(a). Generally, the π- and π ∗ -orbitals consist
of discrete energy sub-levels. The electrons occupy the π-orbital before
being excited to the π ∗ -orbital, because the energy level of the π-orbital is
lower than that of the π ∗ -orbital. As depicted in Figure 2.2(b), benzene has
six molecular orbitals, three bonding orbitals (Ψ1 , Ψ2 , Ψ3 ) and three antibonding orbitals (Ψ4 , Ψ5 , Ψ6 ). The six electrons occupy the three bonding
molecular orbitals. A π-π ∗ transition is referred to as the transition between the Highest Occupied Molecular Orbital (HOMO) and the Lowest
Unoccupied Molecular Orbital (LUMO).
2.1.1 Structural properties
Organic semiconductors are commonly classiﬁed by their chemical structural characteristics and processing techniques into two main categories:
small molecules and conjugated polymers.
Different from dye lasers in liquid solution and solid-state dye lasers embedded in a non-conductive matrix, small molecule organic semiconductors
are commonly fabricated into pure neat ﬁlm by thermal evaporation. Since
the discovery by Tang and Vanslyke in 1987 [33], the efﬁcient electroluminescence in evaporated ﬁlms of small molecules has been attracting a lot of

8
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Figure 2.2: (a) The emergence of π and π ∗ molecular orbitals. (b) Energy level
diagram of benzene for π and π ∗ molecular orbitals (adapted from [32]).

interest in employing these materials for light generation. Nowadays, certain small molecules are solution-processable and have already been used
for the fabrication of low-cost organic optoelectronic devices [34, 35]. A
typical example of small molecule materials for active laser media is the
host-guest system Alq3 :DCM1 , which will be presented in detail in Section
2.2.4.
Conjugated polymers are long chain-like molecules which have alternating single and double bonds giving electron delocalization along the chain.
Due to their long molecular chains, conjugated polymers are not suitable
for deposition by thermal evaporation, but can be fabricated into solid-state
thin ﬁlms more efﬁciently by solution processes such as spin-coating and
ink-jet printing. Two families of conjugated polymers have been widely
1 Alq :
3

Tris-(8-hydroxyquinoline)aluminum, DCM: 4-(Dicyanomethylene)-2-methyl-6-(pdimethylaminostyryl)-4H-pyran
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used for laser application: polyﬂuorenes [36, 37, 38, 39] (e.g., F8BT2 ) and
poly(phenylene vinylene)s (e.g., MEH-PPV3 )[12, 13, 40].
Additionally, two more types of organic semiconductors which have
been studied for Organic Semiconductor Lasers (OSLs): spiro-compounds
[41, 42, 43] and conjugated dendrimers [44]. Spiro-compounds comprise
two or more oligomer rings connected by a spiro link. They are sometimes classiﬁed into small molecule organic semiconductors. Conjugated
dendrimers consist of a chromophore at the core deﬁning the key optical
properties, interior dendritic branches shielding the core and exterior functional surface groups affecting the ability and solubility.
2.1.2 Optical and electronic properties
The delocalization of the weakly bound electrons in π-bonds is responsible for the organic semiconductor properties. The energy gap between
HOMO and LUMO deﬁnes the optical as well as the electronic properties
of organic semiconductors [31, 45]. This work discusses mainly optically
pumped organic semiconductor lasers, thus the optical properties of organic
semiconductors are emphasized.
Electronic transitions and optical properties
For a better understanding of the electronic transitions in organic molecules,
the π-conjugated system can be simply considered as a free electron gas enclosed in a potential well [46]. The width of the potential well is estimated
according to the length of the π-conjugated system. Due to the large number of atoms in organic molecules, the energy level of the organic materials
show numerous vibronic sublevels.
In virtue of the Born-Oppenheimer approximation as well as the FranckCondon principle [47], the electrons in a molecule are supposed to move
much faster than the nuclei because of their much lower mass. Using this
2 Poly[9,9-dioctylﬂuorenyl-2,7-diyl)-co-1,4-benzo-{2,1-3}-thiadiazole)]
3 Poly(2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylene
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model, the energy levels of a molecule can be determined by solving electron energies in a static molecular potential. Figure 2.3 sketches the vibrational states of each electron and their wavefunctions. The electronic transitions are depicted as vertical lines. Because the electronic transitions occur
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Figure 2.3: (a) Molecular potential energy as a function of the internuclear distance.
The vibronic eigenstates are denoted by ν and ν  . The arrows indicate the vibronic transitions associated with absorption and emission
of a photon. (b) The corresponding absorption and emission spectra
(adapted from [48]).

in a stationary nuclear framework, the nuclear conﬁguration of a molecule
stays unchanged after absorption of a photon within a timescale of 10−15 s.
Absorption of a photon of suitable energy causes a transition from S0,ν to
Si,ν  (i = 1, ..., n). Afterwards the entire molecule rapidly relaxes to the
lowest vibronic groundstate S1,ν  = 0 by internal conversion and vibrational
relaxation (∼ 10−12 s). From there, the molecule may return to S0,ν by
a radiative transition accompanied with spontaneous or stimulated photon
emission. The vibronic transition probability, given by the Franck-Condon
11
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factor, depends on the overlap of the vibrational wavefunctions of the initial and ﬁnal state. The spontaneous emission transition of a ﬂuorophore is
typically a mirror image of the absorption transition, as illustrated in Figure 2.3(b). This is due to the fact that the probability of a molecule returning
to a particular vibrational energy level in the ground state is governed by
the same overlap factor as the absorption process [48]. The existence of a
large red-shift of the emission spectrum relative to the absorption spectrum,
known as Franck-Condon shift or Stokes shift, is an important property in
organic active semiconductors for laser applications, as it reduces the selfabsorption loss and hence reduces the laser thresholds [49].
A comprehensive overview on various transition processes in an organic
molecule can be best presented with the help of a Jablonski diagram, as
illustrated in Figure 2.4. It shows a simple schematic of a typical molecule
with singlet and triplet states, where the singlet states are marked with S0 ,
S1 , ..., Sn , which have a total spin of zero, and the triplet states T1 , T2 ,
..., Tn , which have a total spin of one, respectively. The lowest singlet
state is S0 , which is also the lowest energy level, whereas the lowest triplet
state is not T0 , but T1 according to the Pauli exclusion principle. As previously discussed, molecules are typically excited to a vibrational level of
one of its electronically excited singlet states Si,ν  by the quick absorption
(∼ 10−15 s) of ultraviolet or visible light. Direct excitation from the ground
state S0,ν = 0 to an excited triplet state is highly unlikely, because the transition is spin-forbidden. Once a molecule is promoted to the S1 state, either directly from S0,ν = 0 or after internal conversion (∼ 10−12 s) from a
higher excited singlet state (S2 , S3 , ..., Sn ), it decays to S1,ν  = 0 by a rapid
vibrational relaxation process, occurring within ∼ 10−14 –10−10 s. Then
the molecule is deactivated through different possible mechanisms. The
molecule can relax radiatively either through ﬂuorescence, which has a typical lifetime of ∼ 10−9 –10−7 s or through stimulated emission. It can also
decay nonradiatively directly to the ground state by internal conversion.
Additionally, the molecule has a possibility to undergo a transition to the
long-lived triplet state T1 through intersystem crossing (∼ 10−10 –10−8 s).
12
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Figure 2.4: Jablonski-diagram illustrating the main photophysical processes in an
organic molecule (adapted from [31]).

It results either in an emission of a photon through phosphorescence or
a transition back to the excited singlet state, which can yield delayed ﬂuorescence. Transitions from the triplet excited state to the singlet ground
state are forbidden, and therefore the lifetime of phosphorescence (∼ 10−3 –
102 s) are several orders of magnitude longer than that of ﬂuorescence.
Electronic properties
To study the electronic properties of the organic semiconductors, let us start
from their counterparts, inorganic crystalline semiconductors. The covalently bound atoms in these materials are periodically arranged in a crystalline structure. This periodicity allows a delocalization of electrons, holes
or coulombically bound excitons over the entire crystal. The charge carriers can be described by Bloch waves, thus leading to a high charge carrier
13
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mobility [50]. A typical electron mobility for silicon at room temperature
is ∼ 1400 cm2 V−1 s−1 and the hole mobility is ∼ 450 cm2 V−1 s−1 [51].
Conversely, the majority of organic semiconductors for organic electroluminescent devices are amorphous. As elucidated previously, the conductivity of organic semiconductors is the result of conjugated π-systems with
alternating single and double bonds. The absence of well-deﬁned valence
and conduction bands owing to the disorder of amorphous organic materials leads to a low charge carrier mobility. In the best cases, the roomtemperature mobility of crystalline organic semiconductors can reach up to
0.1–20 cm2 V−1 s−1 . In amorphous materials, the mobility generally drops
well below 0.1 cm2 V−1 s−1 [52]. The conjugated polymers have typically
room-temperature mobilities of μe = 10−5 cm2 V−1 s−1 for electrons and
μh = 10−3 cm2 V−1 s−1 for holes, respectively [49, 53].
In these highly disordered systems, the band transport is replaced by thermally activated hopping of charge carriers between localized states [47, 54,
55, 56]. Higher temperatures improve the transport by providing the energy
required to overcome the barriers created by energetic disorder [52, 54].
To improve the low conductivity of organic semiconductors, deﬁned as
σ = e · n · μ, where e denotes the elementary charge, n the carrier concentration and μ the charge carrier mobility, more charge carriers can be
added to the organic materials. This is accomplished by charge injection
and doping [57, 58, 59, 60, 61, 62, 63].
2.2 Lasing in organic semiconductors
The word LASER is the acronym for Light Ampliﬁcation by Stimulated
Emisson of Radiation. In general, a laser consists basically of three fundamental elements: an amplifying material (active medium), a resonator
(cavity) and a pump system. To realize light ampliﬁcation, there must be
a population inversion between energy levels to favor stimulated emission
over absorption for a given transition [64, 65]. In optical pumping, at least
three different energy levels are required to enable a population inversion.
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A real laser can be characterized by the following properties: an extreme
narrow line-width emission, a clear threshold in both output power and line
width versus pump power and the inﬂuence of resonator geometry on the
laser emission properties [66].
2.2.1 Stimulated emission
The optoelectronic properties enable the organic semiconductors to behave
as four-level laser systems [67, 68, 69]. The advantage of a four-level laser
system over a three-level laser system embodies in a beneﬁcial population
inversion. Figure 2.5(a) illustrates a four-level laser system. There can be
a population inversion between the levels <3> and <2>, even when most of
the molecules are in the ground state. Therefore the lasing can be obtained
with a low threshold [64].
(a)
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Figure 2.5: (a) Energy levels and transitions of a typical four-level laser material. (b) Energy levels of the two lowest singlet states in an organic
semiconductor.

The energy levels in a typical organic semiconductors are shown in Figure 2.5(b) with ground state and the ﬁrst excited singlet state. Each of the
electronic energy levels is divided into vibronic sublevels. External photons
can excite the molecule from its ground state to an excited vibrational level
of the singlet manifold (corresponding to transition x in Figure 2.5(b)).
The molecule relaxes nonradiatively to the bottom of the singlet manifold
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(transition y). Lasing can take place on transition z to a vibrationally
excited level of the ground state manifold, followed by a vibrational relaxation (transition {). It also explains why the emission occurs at longer
wavelength than the absorption.
To dwarf the spontaneous emission, there must be enough light ampliﬁcation to sustain stimulated emission, which is supplied either by a large
gain in medium or low loss feedback from an efﬁcient cavity. As light
travels through an amplifying medium, its intensity grows exponentially
according to
(2.1)
I = I0 exp[(g(λ ) − α(λ ))L]
where I0 is the intensity of incoming light, α(λ ) the loss coefﬁcient, L the
distance traveled in the gain medium and g(λ ) the spectral gain coefﬁcient.
To evoke the laser oscillation, the gain must be greater than the respective
losses:
g(λ ) > α(λ )
(2.2)
The necessary value for g deﬁnes the lasing threshold.
The spectral gain g(λ ) depends on the spectral cross section of stimulated emission σSE and the volume density of excited states Nexc [67, 70].
The net gain (g0 (λ ) = g(λ ) − α(λ )) can be obtained using the variable
stripe length (VSL) technique4 [72, 73, 74, 75] or transient absorption measurements [76, 77, 78, 79, 80, 81, 82]. Organic active media have large gain
cross sections around 10−17 –10−15 cm2 [68, 83, 84, 85], which are much
larger than those of Nd:YAG5 lasers (around 10−19 –10−18 cm2 ) [86, 87]
and comparable to the gain cross sections in inorganic semiconductor laser
diodes, e.g., indium gallium nitride (InGaN) [88].

4 Basically

the VSL technique can only be used to directly measure the net gain of the material. However, the waveguide propagation losses α can be determined through modiﬁcation
in the setup and moving the pump stripe with a constant length away from the sample edge
[69, 71].
5 neodymium-doped yttrium aluminum garnet
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2.2.2 Ampliﬁed spontaneous emission
Under optical pumping (the energy transfer from an external light source
into the active medium), the light may emerge from the active medium in
form of ampliﬁed ﬂuorescence, when the net gain is present in the medium.
It exhibits a much narrower spectrum than the ﬂuorescence spectrum and is
often referred to as “mirrorless lasing”, i.e., ampliﬁed spontaneous emission
(ASE).
The ASE phenomena give evidence of stimulated emission in a given
medium. In the previously mentioned VSL technique, ASE measurements
are applied to determine the net gain and propagation loss of a certain
waveguide structure. In this method, the sample is normally pumped by
a beam with a tailored form of a thin stripe of variable length. The wavelength dependent output intensity of the ASE, I(λ ), is given by [72, 73]
I(λ ) =

A(λ )Ip (g0 (λ )l)
[e
− 1]
g0 (λ )

(2.3)

where A(λ ) is a constant related to the spectrally dependent emission cross
section, Ip is the pump intensity, and l is the stripe length. By monitoring the
ASE intensity as a function of the variable stripe length, one may calculate
the net gain g0 (λ ).
The ASE spectra, which are typically with a full width at half maximum
(FWHM) of ∼ 5–20 nm [49, 69, 73], are narrower than the ﬂuorescence
spectra, but still broader than the laser emission spectra, as represented in
Figure 2.6. As there is also a competition between optical gain and loss
before ASE phenomenon arises, an ASE threshold can be measured and
characterized as another important parameter in evaluating the suitability
of a material for lasing. Lower ASE thresholds in active media correspond
to lower lasing thresholds for the laser devices based on similar resonators.
As “mirrorless lasing”, ASE in waveguide structures share many properties of a real laser, such as a distinct threshold in the input-output characteristics and a polarized, concentrated and almost monochromatic beam.
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However they are not lasers. The absence of resonant mode properties and
the incoherent emission beam distinguish ASE from the lasing effect [66].
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Figure 2.6: Fluorescence, ASE and laser spectrum of an organic semiconductor
laser consisting of a neat ﬁlm of Alq3 :DCM with a ﬁlm thickness of
350 nm on a one-dimensional glass grating substrate with a corrugation
period of 400 nm.

2.2.3 Loss mechanisms in organic semiconductors
Note that the net gain is the material gain minus the losses (g(λ ) − α(λ )).
These losses might be due to light scattering, outcoupling out of the resonator and reabsorption at the emission wavelength. Among them, light
scattering and outcoupling losses are related to the device structure comprising the resonator conﬁguration and the organic thin ﬁlm. They can be
reduced by improvements in resonator quality as well as thin layer homogeneity. The reabsorption and the excited state absorption losses are associated with the photophysical fundamentals of organic semiconductors and
are discussed in detail below.
As elucidated in Section 2.1.2, the molecule at the ﬁrst excited singlet
state S1 has a possibility to undergo a transition to the long-lived triplet
state T1 through intersystem crossing. This may be unfavorable for stimulated emission transition taking place at S1,ν  =0 → S0,ν [67, 89]. The
long lifetime of the triplet state in organic active medium is on the or18
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der of milliseconds [90], which leads to a high possibility of triplet-triplet
absorption. However, the T1 → Tn absorption bands are broad and have
signiﬁcant overlapping with the ﬂuorescence and laser emission spectrum,
therefore this is detrimental for the laser efﬁciency. In addition, the recovery of Tn → T1 through a fast nonradiative decay might not be complete.
The remaining excited triplet states may react with oxygen in the environment and form carbonyl bonds (C=O) or end up in electron-hole pairs
[91, 92, 93]. Both, the photooxidation and polaron pairs, will cause luminescence quenching and hamper laser operation [78, 94]. In addition, the
dynamic reduction of the volume density of S1 excited state ΔNexc also lowers the optical gain g(λ ) of the stimulated emission, i.e., the lasing effect
will probably be suppressed.
Since the triplet-triplet absorption transition is spin-allowed, its cross
section is relatively large (∼ 10−19 –10−16 cm2 [95, 96, 97]) and it is comparable to the stimulated emission cross section. An elimination of the
triplet states is required to obtain a better organic laser performance. To
avoid triplet accumulation, the great majority of optically pumped organic
semiconductor lasers are operating with femtosecond to nanosecond pulse
duration, allowing the triplet population to pour out between two excitation
pulses [98]. The typical maximum pulse length of an organic laser must be
signiﬁcantly smaller than the triplet lifetime and is expected to vary from a
few picoseconds to a few microseconds depending essentially on the intersystem crossing lifetime [99, 100]. The typical optical pump repetition rate
is between 10–104 Hz. Towards quasi-CW organic lasers, the technique has
improved for certain materials up to several MHz [101, 102]. One proposal
of CW laser used a rotating disc as gain medium to mimic a liquid dye laser
circulation [103]. However, the fast disk rotation led to a noisy and unstable
output. Until now, true CW lasing in organic semiconductors has not yet
been achieved. It would only be possible either when the triplet absorption
probability were lower than the singlet stimulation emission probability or
a phosphorescent laser was enabled. Both breakthroughs require a small
triplet-triplet absorption cross section, a short triplet lifetime in the organic
19
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active medium and a small spectral overlap between triplet-triplet absorption and ﬂuorescence emission.
Adding a proper triplet scavenger or a triplet manager to the active media
may facilitate the radiative singlet stimulated emission while suppressing
triplet-triplet absorption [104], which has been experimentally achieved for
organic solid-state lasers [100, 105].
In addition to the negative inﬂuence of triplets on laser action, the singlet excited states can be reduced further by bimolecular interactions, e.g.,
singlet-singlet annihilation (SSA), singlet-triplet annihilation (STA) [69,
98].
2.2.4 Materials for organic semiconductor lasers
In Section 2.1.1 a classiﬁcation for organic semiconductors was given. In
this section the main organic active media employed in this dissertation
will be described and some details about their chemical structure and optical properties will be presented. The basic criteria for choosing the active
medium in this work are outlined as follows:
1. A diode pumped solid-state (DPSS) UV-laser with an emission wavelength of 355 nm and a pulse duration of ∼ 0.5 ns is the optical pump source
for the organic lasers. The photons of this wavelength should be efﬁciently
absorbed by the employed active medium or one of the composite material
systems (e.g., organic hosts for energy transfer). It means, the absorption
spectrum of the active medium should have a relatively high peak value at
355 nm.
2. A high luminescence efﬁciency is required.
3. The material system is stable against environmental moisture and oxygen.
4. The fabrication process is easy to handle. The fabrication methods are
introduced in Chapter 3.
5. A large overlap of donor emission spectrum with acceptor absorption
spectrum in guest-host systems based on Förster resonant energy transfer
(a large Förster radius of several nm) is desirable.
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Förster resonant energy transfer
As a chromophore molecule is surrounded by identical chromophores and
impurities, such as different kind of chromophores, dissolved oxygen or
water and so on, the interaction among them is unavoidable. It may be
accompanied by detrimental quenching of emitting singlet states or conversely useful energy transfer. Förster resonant energy transfer (FRET)
belongs to the latter. As ﬁrst discovered by Th. Förster in 1948 [106], it
is a nonradiative dipole-dipole interaction between the donor and the acceptor chromophores. This phenomenon does not require a direct contact
between two chromophore molecules, but an overlap between the emission
spectrum of a donor molecule (host) and the absorption spectrum of an acceptor molecule (guest). FRET is a long-range energy transfer (30–100 Å)
in comparison with Dexter energy transfer, where donor and acceptor must
be very close to each other (6–20 Å) so that simultaneous transfer of electrons and holes can happen. The FRET transfer rate kRET can be expressed
as [47]
1 R0
(2.4)
kRET = ( )6
τD r
where τD is the donor lifetime and R0 is the Förster radius, deﬁned as the
distance for which spontaneous decay of the donor and energy transfer to
the acceptor are equally probable:
(

1 3
R0 6
) = 6
r
r 4π

 ∞
0

c4
fD (ω)σA (ω)dω
n4 ω 4

(2.5)

where fD (ω) and σA (ω) denote the normalized donor ﬂuorescence spectrum and acceptor absorption spectrum respectively, n is the refractive index of the host. A large Förster radius suggests an effective transfer.
FRET occurs only between dipole-allowed transitions, i.e., singletsinglet, not singlet-triplet [53, 106]. It is efﬁcient if the overlap between
the emission of donor and the absorption of acceptor is large.
For laser applications, one example of FRET is the use of a blend of the
red-emitting laser dye DCM as a dopant in the green-emitting host material
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Alq3 . The conjugated polymer lasing system F80.9 BT0.1 :MEH-PPV used
in this work is also based on FRET. The Förster energy transfer is employed
to spectrally shift the emission away from the absorption band, which can
lower the self-absorption losses of organic materials and hence achieve very
low laser thresholds [107, 108].
The composite small molecule system Alq3 :DCM
The guest-host system comprising of the host coordination complex tris(8hydroxyquinolinato)aluminium (Alq3 ) and the guest laser dye 4-(Dicyanomethyl)-2-methyl-6-(4-dimethyl-amino-styryl)-4-H-pyran (DCM) is one of
the ﬁrst organic electroluminescent materials used as the active medium for
optically pumped organic solid-state lasers [15, 107, 109]. The chemical
structures of these two small molecules are shown in Figure 2.7(a) and
2.7(b).

Figure 2.7: Chemical structures of (a) Alq3 and (b) DCM. (c) Schematic illustration
of host-guest Förster energy transfer between Alq3 and DCM.
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Alq3 was used as a green emitter and gave rise to the transport of charge
carriers in an organic light emitting diode (OLED) [33, 110, 111], while
DCM is a commonly used laser dye having a high photoluminescence quantum efﬁciency (PLQE) close to 100 % and a large spectral tuning range due
to its broad gain spectrum [67, 70]. When separated from DCM, Alq3 has a
PLQE as low as 35 %, and therefore direct lasing action from the undoped
Alq3 ﬁlm has not been reported [112]. DCM exhibits no lasing effect in
a neat thin ﬁlm due to the concentration quenching [67]. However, enabling Förster energy transfer by doping Alq3 with a very small amount of
DCM signiﬁcantly improves the overall efﬁciency and enables an emission
shift from green to red (orange), as depicted in Figure 2.7(c). By varying
the doping concentration of DCM from 0.5 wt.% to 10 wt.%, the photoluminescence wavelength can be tuned over a wide range from 605 nm to
650 nm [113, 114, 115].
The very large overlap in the green part of the spectrum between Alq3
emission and DCM absorption leads to a very large Förster radius of 3.2 nm
[112]. As the energy transfer time (∼ 10−11 –10−9 s) is much shorter than
the radiative lifetime of Alq3 (∼ 1 × 10−8 s) and DCM (∼ 5 × 10−9 s)
[112], the composite small molecule can be considered as a four-level
laser system. After doping, the absorption and the emission spectra of the
whole small molecule system Alq3 :DCM exhibits a large Stokes shift of
∼ 150 nm, making the system almost transparent to its own emission [112]
(see Figure 2.8). The reduction of the optical loss originating from selfabsorption leads to a very low laser threshold using Alq3 :DCM as active
medium [21, 85, 112, 116, 117].
The refractive index of Alq3 :DCM varies from 1.7 to 1.78 in the emission
spectral range of 600–650 nm and is about 1.72 at 633 nm [53, 118]. The
stimulated emission cross section (σSE ) of a Alq3 :DCM system is on the
order of 10−17 cm2 [53].
Both materials are commercially available (Alq3 from Sensient, ST 1095S
and DCM from Radiant Dyes) and the Alq3 :DCM thin ﬁlm layer was deposited by thermal co-evaporation. The doping concentration was con23
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Figure 2.8: (a) Absorption and emission spectra of Alq3 and DCM respectively. (b)
The absorption and emission spectra of a composite Alq3 :DCM ﬁlm
with a DCM concentration of ∼ 2 % by weight (adapted from [53]).

trolled within 2–3 % through adjusting the evaporation temperature of
∼ 220 ◦ C for Alq3 and ∼ 120 ◦ C for DCM. With this doping concentration,
the laser emission wavelength can be tuned from 600 nm to 725 nm by
changing the resonator conﬁguration or the ﬁlm thickness [119, 120, 121].
The fabricated Alq3 :DCM laser device was characterized in a vacuum
chamber or subsequently encapsulated in a nitrogen environment for ambient atmosphere characterization. The Alq3 :DCM laser lifetime was determined in vacuum to 9.8×107 laser pulses until the emission intensities
dropped to 50 % of the initial value. There was no degradation in laser
properties after a storage of up to 12 months in the dark in ambient atmosphere. The relatively high photostability of Alq3 :DCM over other organic
semiconductor active media enables it to be an ideal candidates for spectroscopy and sensing applications, which require a long-time stability in
laser output power and in laser emission wavelength.
The conjugated polymer F80.9 BT0.1
Fluorene-based polymers (polyﬂuorenes) appear to be a particularly attractive class of materials in applications of organic laser devices because of
their high net gain. Green-yellow emitting poly[9,9-dioctylﬂuorenyl-2,724

2.2 Lasing in organic semiconductors

diyl)-co-1,4-benzo-{2,1-3}-thiadiazole)] (F8BT) is one of these promising ﬂuorene copolymers. The optical characteristics of this copolymer
are mainly determined by the different combinations of repeat units in its
chemical structure (see Figure 2.9(a)). The F8-segment is the same as the
backbone structure of poly[9,9-dioctylﬂuorene) (PFO), so this conjugated
polymer is also called PFO-BT [98].
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Figure 2.9: Chemical structure and emission/absorption spectra of (a) F8BT and (b)
F80.9 BT0.1 in tetrahydrofuran (THF) (adapted from [122]).

F8BT shows a stimulated emission cross section of 7×10−16 cm2 and
a high net gain of 22 cm−1 in neat ﬁlms [74]. Figure 2.9(a) shows the
corresponding absorption and photoluminescence spectra, which indicate
a strong absorption at ∼ 450 nm and a maximum emission at ∼ 535 nm.
The optical gain of F8BT covers a spectrum range from 530 nm to 600 nm
[123]. In this wavelength segment, the refractive index of F8BT neat ﬁlm
varies between 1.8 and 1.92 [124].
Due to a relatively low PLQE of ∼ 58 % in F8BT [74], an alternative
polyﬂuorene derivative F80.9 BT0.1 with the same F8- and -BT units was
used in this work with an improved PLQE of ∼ 80 % [23]. The chemical
structure is shown in Figure 2.9(b). The high PLQE of F80.9 BT0.1 arises,
because the Förster energy transfer occurs from the major F8-segments to
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the minor BT-segments [125]. The absorption and the refractive index of
F80.9 BT0.1 is dominated by the F8-segments, i.e., the PFO-monomer. That
is the reason why the absorption maximum shifts to a shorter wavelength at
360 nm (see Figure 2.9(b)) and the refractive index of F80.9 BT0.1 thin ﬁlm
is lower than the one of F8BT at the same emission wavelength [74, 98].
However, the emission range is still determined by the BT-segments and
similar to that of F8BT.
Due to the large molecular weight, these two ﬂuorene copolymers are
not suitable for deposition by thermal evaporation, but can be solutionprocessed by spin-coating, horizontal dipping, ink-jet printing and other
printing or coating techniques. F8BT and F80.9 BT0.1 used in this work were
commercially available (American Dye Source: ADS133YE for F8BT and
ADS233YE for F80.9 BT0.1 ), and highly soluble in toluene and tetrahydrofuran (THF). Toluene solutions of F8BT and F80.9 BT0.1 were made at a
typical concentration of 20 mg ml−1 .
The composite conjugated polymer system
F80.9 BT0.1 :MEH-PPV
A promising conjugated polymer system for organic laser applications is
the guest-host system comprising the host polyﬂuorene-derivative F8BT
and the guest poly(p-phenylen-vinylen) (PPV)-derivative poly(2-methoxy5-(2’-ethylhexyloxy)-1,4-phenylene vinylene) MEH-PPV [97] (see Figure 2.10(a)). The ﬁrst demonstration of lasing from MEH-PPV in solution
by Moses in 1992 has opened up a new research ﬁeld of polymers as gain
materials [126], but more signiﬁcant is the investigation of lasing ability on
neat MEH-PPV ﬁlms [13, 127].
Casting a highly concentrated MEH-PPV solution into a thin ﬁlm may
cause an issue of polymer aggregation [128, 129], which leads to a lower
stimulated emission cross section in ﬁlm than in solution. The solvent, in
which MEH-PPV is cast into ﬁlms, plays an inﬂuential role in MEH-PPV
photophysical properties. It was veriﬁed by Hide et al. [130] that a MEHPPV ﬁlm cast from THF solutions give a lower ASE threshold than that
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from chlorobenzene or p-xylene solutions. Since the rapid evaporation of
the relatively low-boiling THF solvent tends to favor retention of the tightly
coiled chains of MEH-PPV [13, 128], there is no adequate time for chainchain or substrate-chain interactions to cause polymer aggregation before
the solvent evaporates.
The strongest absorption of MEH-PPV (ADS100RE, American Dye
Source) is at ∼ 490 nm in ﬁlm and the maximum photoluminescence is at
∼ 585 nm (see Figure 2.10(b)). The F80.9 BT0.1 ﬂuoresces at the wavelength
near the absorption maximum of MEH-PPV. With a much lower concentration of MEH-PPV than in the sole recipe, the guest-host blend improves
the ﬁlm morphology. Again, Förster energy transfer, where the excitation is
transferred from F80.9 BT0.1 (host) to MEH-PPV (guest), leads to very low
laser thresholds [97, 108]. The lasing wavelengths in the F80.9 BT0.1 :MEHPPV system are determined by the MEH-PPV photoluminescence spectrum. With a broad gain spectrum from 592 nm to 690 nm [98], this polymer composite is a good candidate for spectrally tunable organic lasers
[22, 131].

Figure 2.10: (a) Chemical structure and (b) emission/absorption spectra of MEHPPV in THF in comparison to the spectra of F80.9 BT0.1 (adapted from
[122]).

Similar to F80.9 BT0.1 , the polymer blend F80.9 BT0.1 :MEH-PPV can be
deposited by solution processes. The blend concentration plays an impor27
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tant role in the efﬁcient energy transfer. As reported in Ref. [97], a minimum threshold occurs at a proportion of 85:15 wt.%. A concentration of
20 mg ml−1 in toluene is used in this work.
2.2.5 Pump sources for organic semiconductor lasers
Challenges on electrically pumped organic lasers
An electrically pumped organic laser, i.e., an organic laser diode, has attracted a lot of interest since the demonstration of optically pumped organic
lasers. Numerous efforts have been made to potentially solve the existing
problems as well as few demonstrations have been presented to claim lasing
under electrical pumping [132, 133, 134, 135, 136]. However, until now no
convincing organic laser diode has been reported [66]. Some main issues
remain as the obstacles in front of this goal.
First, different from singlet excited states in optical excitation, the charge
carriers involved in electrical excitation, also referred to as polarons, have
broad absorption spectra overlapping with the emission spectra and may
quench the singlet excitons. Another issue is the triplet formation. Under optical pumping, the triplet states originate only through intersystem
crossing and the triplet accumulation is not relevant by applying short-pulse
excitation. However under electrical pumping, triplet excitons are created
with a probability ratio of 75 % [137]. It will facilitate the unfavorable
optical loss process, e.g., triplet-triplet absorption.
There are also extra losses, which are not present in optical pumping.
Due to the losses associated with metallic electrodes, the waveguide conﬁnement is strongly weakened and the actual laser threshold is greatly increased [138, 139]. Meanwhile, a high current density is correspondingly
required to reach the laser threshold. Owing to the low charge carrier mobility, organic semiconductors can not continuously sustain the current densities as high as several kA cm−2 , since they may overheat and be destroyed
[68].

28

2.2 Lasing in organic semiconductors

The electrode contact issue can be relieved with careful conﬁguration
designs by reducing the overlap between waveguide mode and electrodes,
which have been accomplished in several ways [140, 141, 142]. But the
fundamental key to all issues mentioned above is the improvement of organic materials in aspects of charge carrier mobility, triplet lifetime, absorption cross section of excited states and so on.
Optical pump sources for organic lasers
Until now, organic solid-state lasers are pumped optically with short pulsed
light sources. In addition to the demand of high stability, the emission
spectra of optical pump sources should match the organic gain media for
a high spectral absorption. For pulsed optical pumping, the pulse duration
is usually longer than the laser emission lifetime [98], but shorter than the
excited state (e.g., triplet) lifetime and intersystem crossing time constant
[68, 98]. An optimum optical excitation pulse has a duration as short as
possible to allow an instantaneous population inversion [69].
Diode pumped solid-state (DPSS) lasers are qualiﬁed candidates as optical pump sources for organic semiconductor lasers thanks to their high conversion efﬁciency [64, 65]. Usually, the doped crystal neodymium-doped
yttrium aluminum garnet (Nd:YAG) or a neodymium-doped yttrium orthovanadate (Nd:YVO4 ) is pumped by a powerful infrared GaAlAs laser diode
with a wavelength of 808 nm. The doped crystal produces 1064 nm lasing
from the main spectral transition of the neodymium ion. This light is then
frequency-multiplied using a nonlinear optical process in a nonlinear crystal, e.g., potassium titanyl phosphate (KTP) producing 532 nm or 355 nm
laser emission. DPSS lasers operate in both pulsed and continuous modes.
With the help of the Q-switching mode, a pulse duration < 1 ns can be
achieved [64]. Additionally, these lasers can reach a very high power while
maintaining a relatively good beam quality.
To reduce apparatus costs and size of the system, there are plausible ways
to achieve optical pumping using smaller and cheaper light sources. Among
them, a violet or blue emitting pulsed (In)GaN laser diode has been veriﬁed
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as efﬁcient pump source for organic semiconductor lasers based on both
conjugated polymers [19, 20, 22] and small molecules [21]. Aiming for
even lower costs, light emitting diodes (LEDs) have also been successfully
applied for optical pumping of organic lasers [23, 24, 25, 26], allowing the
advent of a hybrid organic-inorganic laser diode. Since LEDs are incoherent light sources and the pulse duration cannot be deﬁned as short as
laser diodes, the power density is just enough to slightly overcome the lasing threshold of organic semiconductor lasers [23]. The application ﬁelds
mainly focus on those that have no requirement for the laser output power,
like sensing, but not on those that care about the output power capability.
2.3 Organic semiconductor distributed feedback lasers
2.3.1 Laser resonators
Since the ﬁrst introduction of an optically pumped organic microcavity
laser in 1996 [12], optically pumped organic semiconductor lasers have
been demonstrated in a wide variety of different resonant structures. Figure 2.11 features most of the geometries that have been explored in the past
years using optical excitation.

Figure 2.11: Schematics of resonators used for organic solid-state lasers (adapted
from [68]): (a) planar microcavity, (b) microring resonator, (c) microdisk resonator, (d) microsphere resonator (e) distributed Bragg mirror on both sides of a waveguide resonator, (f) distributed feedback
resonator and (g) two-dimensional photonic crystal.
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In contrast to the cavities based on bulk gain media for solid-state dye
lasers, e.g., the conventional Fabry-Pérot laser, resonators for organic semiconductor lasers are usually designed with a thin-ﬁlm concept. Organic
semiconductors can be easily deposited as thin ﬁlms on various substrates
or cavity surfaces. The thicknesses and the shapes of the thin layers can
be manipulated in a relatively simple way through thermal evaporation and
solution processing techniques.
The resonators for organic semiconductor lasers comprise two major categories: microcavities and waveguide resonators.
The most simple form of a microcavity is the planar microcavity, which
is inspired by the stacked multilayers in OLEDs and the inorganic verticalcavity surface-emitting laser (VCSEL) [12]. It consists of an organic layer
between two mirrors forming a Fabry-Pérot microcavity, as shown in Figure 2.11(a). One mirror has a high reﬂectivity at the laser emission spectra
range and the other has a partial transmission which functions as an output
coupler. The planar microcavity was ﬁrstly used for a conjugated polymer
PPV laser [12] and later also successfully applied to many other materials [37, 143, 144, 145, 146]. This conﬁguration is also known as organic
vertical-cavity surface-emitting laser (OVCSEL) geometry [109, 145, 146,
147]. Due to the low roundtrip gain associated with the short gain length,
the laser threshold of these devices is relatively high [69]. This issue can
be resolved by using the following microcavities or waveguide resonators.
The simple processing of organic semiconductors enables them to be
fabricated in novel ways that are not possible for inorganic semiconductors. Good examples are microring [148, 149, 150, 151], microdisk [40,
152, 153] and microsphere [154] lasers (as shown in Figure 2.11(b)–(d)),
which are based on the principle of whispering-gallery-modes originating
from the total internal reﬂection at the interface between the organic active
material and the surrounding medium [155, 156]. Thanks to low losses in
the cavities, very low laser thresholds can be achieved using such microcavities. By changing the resonator shape, the laser emission from these
ring-like microcavities can be tailored as regular comb-like spectra [157]
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or as chaotic output [158], depending on the total reﬂection and radiation
directions.
An alternative way of realizing an organic laser is using waveguide resonators. In this geometry, the resonator axis is parallel to the ﬁlm plane,
which allows a long gain length during a roundtrip. A straightforward arrangement is a Fabry-Pérot waveguide. The light is waveguided in the high
refractive index organic ﬁlm via total internal reﬂection interface. Due to
the difﬁculty in forming good quality edges with polymer ﬁlms, an alternative mirror conﬁguration using distributed Bragg reﬂector (DBR) gratings is used to replace the end facets [19, 107, 159], as depicted in Figure 2.11(e).
The efﬁciency of waveguide lasers can be further improved by diffractive structures, which do not rely on mirrors, but on periodic, wavelengthscale corrugations that diffract or Bragg-scatter the light in the spectral regions of optical gain. There have been many different diffractive structures explored for organic semiconductor lasers, including distributed feedback (DFB) structure [74, 160, 161, 162, 163] (see Figure 2.11(f)) and twoor three-dimensional photonic crystal structures [164, 165, 166] (see Figure 2.11(g)). DFB lasers have been proven to be particularly successful and
will be discussed in more detail in the following sections.
2.3.2 Distributed feedback resonators
Slab Waveguides
Figure 2.12 shows a dielectric three-layer slab waveguide consisting of a
thin ﬁlm, sandwiched between a substrate and a cladding. The propagation
of light in an isotropic homogeneous dielectric medium can be described by
the Helmholtz equation. A mode of the dielectric waveguide is a solution
of the wave equation:
∇2 E(r) + k02 n2 (r)E(r) = 0
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Figure 2.12: Schematic of a typical dielectric three-layer waveguide.

where k0 = 2π/λ is the magnitude of the wave vector k (also known as
wavenumber) and n is the refractive index. The solution takes the form of
E(r,t) = E(x, y)ei(ωt−β z)

(2.7)

∂2
∂2
+ 2 )E(x, y) + [k02 n2 (x, y) − β 2 ]E(x, y) = 0
2
∂x
∂y

(2.8)

so that Eq. 2.6 becomes
(

The conﬁned modes in a ﬁlm are only possible when k0 nc , k0 ns < β <
k0 nf , i.e., nf > nc , ns , which means the inner layer possesses the highest
λ
is denoted as effective refractive
index of refraction. neff = β ωc = β 2π
index, which satisﬁes nc , ns < neff < nf . E(x) can be solved according
to the boundary conditions while decaying exponentially in cladding and
substrate [167].
There are two cases for electromagnetic waves in a waveguide: TE
(transverse electric) waves with the electric ﬁeld vector E perpendicular
to the propagation direction and TM (transverse magnetic) waves with the
magnetic ﬁeld vector H perpendicular to the propagation direction. In the
context of semiconductor lasers, mostly TE modes are considered, as TE
modes are usually stronger localized in the waveguide layer and thus experience larger gain [49, 167]. Thus, the discussion focuses on TE modes.
The treatment of TM modes, however, is analogous.
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For a symmetric slab waveguide (nc = ns ), a fundamental mode can exist
at any frequency, while all the other modes with higher orders can exist
only above a “cutoff” frequency. And if the slab waveguide is asymmetric
(nc = ns ), the fundamental mode also possess a cutoff frequency [167].
The TE mode solutions for an asymmetrical slab waveguide with a ﬁlm
thickness of d can be taken as [168]
⎧
⎪
⎪
⎨exp(−qx)
Ey (x) = A cos hx − qh sin hx
⎪
⎪
⎩
(cos hx + qh sin hx) exp [p(x + d)]
with
h=
q=
and
h=



0≤x<∞
−d ≤ x ≤ 0

(2.9)

−∞ < x ≤ −d

n2f k02 − β 2

(2.10)

β 2 − n2c k02

(2.11)


β 2 − n2s k02

(2.12)



The coefﬁcients are determined by making Ey (x) and ∂ Ey (x)/∂ x continuous at both interfaces x = 0 as well as x = −d. So a simpliﬁed equation is
obtained as
p+q
(2.13)
tan ht =
h(1 − pq/h2 )
The eigenvalues of neff can be obtained for the conﬁned TE modes. Figure 2.13 shows an example of the effective refractive index as a function
of ﬁlm thicknesses for a wavelength of 630 nm in a typical organic ﬁlm
(nf = 1.7) deposited on a planar glass substrate (ns = 1.5).
One-dimensional DFB lasers
Figure 2.14 shows the typical structure of organic semiconductor DFB
lasers (DFB-OSLs) with diffractive feedback along the plane axis of the
waveguide. The laser consists of a thin organic semiconductor layer de34
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Figure 2.13: Effective refractive index as function of ﬁlm thickness for a wavelength of 630 nm in a typical organic ﬁlm deposited on a planar glass
substrate.

posited on top of a corrugated substrate. Light propagates as a waveguide
mode mainly in the organic active layer, which has a higher refractive index
than the substrate.

d
ȁ

nf y
x
ns
z

Figure 2.14: Schematics of an organic DFB laser with corrugations of period Λ and
an active layer with thickness of d.

For a given period of the corrugation, there is a particular set of wavelengths that will be diffracted from a propagating mode of the waveguide
into the counter-propagating waveguide mode. This situation will arise
when the Bragg condition is satisﬁed:
mλBragg = 2neff Λ

(2.14)

where λBragg is the Bragg wavelength, Λ is the periodicity of the corrugation
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structures, and m is an integer that represents the order of diffraction. neff is
the so-called effective refractive index of the waveguide as discussed above.
It may be calculated through a solution of the Helmholtz wave equation for
a planar multilayer structure as described above. The DFB laser emission
wavelength can be estimated as λLaser ≈ λBragg , which is only valid when
the Bragg wavelength lies within the gain spectral range of the employed
active medium.
As shown in Figure 2.15, for ﬁrst-order corrugation structures p = 1,
where p is the grating order, the laser radiation is emitted from the edges
of the structure and the laser wavelength is λLaser = 2neff Λ. This scheme
provides low-threshold laser operation and facilitates an in-plane light coupling into a waveguide [169, 170, 171], i.e., an integrated laser in a lab-ona-chip system is possible [18, 30, 120]. However, it always suffers from
poor laser beam quality due to the rough edge of the amorphous organic
layers. Moreover, as the thickness of the employed organic semiconductor ﬁlms is usually in the range of few hundred nanometers, the resulting
beam divergence is very large. Furthermore, ﬁrst-order gratings require
even smaller corrugation features, e.g., for a blue-emitting laser at a wavelength of 450 nm, a small grating periodicity ∼ 120 nm and a feature size
down to ∼ 60 nm is required, which makes it very difﬁcult to reach a high
fabrication accuracy with conventional photolithography technique [49].
(a)
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Figure 2.15: Scheme of a DFB laser with feedback in (a) ﬁrst and (b) second grating
order.

For the case of second-order corrugation structures p = 2, the laser emis36
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sion wavelength λLaser equals neff Λ. In addition to edge-emission, the laser
radiation is also emitted perpendicular to the plane of the waveguide [172].
Such structures can therefore provide a surface-emitting output coupling of
the laser light via ﬁrst-order diffraction while providing in-plane feedback
via second-order diffraction, since if the Bragg condition is fulﬁlled with
p ≥ 2 then all the lower diffraction orders m will be scattered out of the
waveguide [172].
To combine the advantages of the ﬁrst-order and the second-order DFB
lasers, a mixed-order DFB laser has been proposed [173, 174]. It comprises
ﬁrst-order regions providing strong feedback and a second-order region for
perpendicular outcoupling. An optimum trade-off between strong outcoupling and low threshold is realized by optimizing the grating widths and
organic ﬁlm parameters.
For a more detailed investigation of DFB lasers, the wave equation 2.6
should be solved in the presence of the periodic modulation. The coupled
wave theory can be used to elucidate the DFB periodic waveguide, which
was established in 1972 by Kogelnik and Shank [175] and supplemented in
1977 by Streifer et al. [176].
It is assumed that a spatial modulation of the refractive index n(z) and of
the gain constant g(z) are of the form [175]
n(z) = n + Δn cos 2β0 z

(2.15)

g(z) = g + Δg cos 2β0 z

(2.16)

where n and g are the average values of the medium parameters and Δn and
Δg are the amplitudes of the spatial modulation. With these conditions the
wavenumber k can be rewritten in the form
k2 = β 2 + 2igβ + 4κβ cos 2β0 z

(2.17)
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where β = nω/c, β0 = nω0 /c. The coupling constant κ is deﬁned by
1
κ = πΔn/λ0 + iΔg
2

(2.18)

where λ0 is the wavelength corresponding to the Bragg frequency ω0 .
The two signiﬁcant waves in the DFB structure are two counter-running
waves L (left traveling wave) and R (right traveling wave). These waves are
described by the complex amplitudes L(z) and R(z) and yield the electric
ﬁeld as the sum
E(z) = L(z) exp(iβ0 z) + R(z) exp(−iβ0 z)

(2.19)

Substituting Eq. 2.19 into Eq. 2.6, a pair of coupled-wave equations can
be obtained
∂L
+ (g − iδ )L = iκR
∂z
∂R
+ (g − iδ )L = iκL
−
∂z

(2.20)
(2.21)

The parameter δ is the detuning from the Bragg frequency, deﬁned by
δ≡

(β 2 − β02 )
≈ β − β0 = n(ω − ω0 )/c
2β

(2.22)

With the boundary conditions for the wave amplitudes in a structure of
length l: R(− 12 l) = L( 12 l) = 0, the corresponding solutions are
L = l1 eγz + l2 e−γz
γz

R = r1 e + r2 e

−γz

(2.23)
(2.24)

with the complex propagation constant γ obeying the dispersion relation
γ 2 = κ 2 + (g − iδ )2
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Eq. 2.25 deﬁnes the oscillation condition, i.e., a gain threshold for a
standing wave with a wavenumber of β . Based on this result, the mode
distribution of the two counter-running waves can be solved.
Because of the assumed symmetry of the device, the coefﬁcients li and
ri are related by
(2.26)
l1 = ±r2
l2 = ±r1

(2.27)

Using these results, the longitudinal ﬁeld distribution of the modes of a
DFB structure are described as follows
1
L = ± sinh γ(z − l)
2
1
R = sinh γ(z + l)
2

(2.28)
(2.29)

In the case of index modulation (Δg = 0), there is no oscillation taking
place exactly at the Bragg wavelength λBragg given by 2.14 [167]. Two
laser modes can be found at wavelengths which are symmetrically separated from the Bragg wavelength. It forms a so-called stopband or band
gap between two laser wavelengths with a distance of
Δλstop ≈

2
κλBragg

πneff

(2.30)

The threshold gain value is obtained from
e2gth,m L
g2th,m + δm2

=

4
κ2

(2.31)

m = 0, ±1, ±2, ...
It indicates an increase in threshold with increasing mode number m. Two
lowest threshold modes (with m = 0 and m = −1) are situated symmetrically on either side of the Bragg wavelength λBragg just outside the band
gap. In practice, this situation is not desirable, because it results in wave39
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length instability and spectral broadening. To improve this property, an
extra section with period Λ/2 is widely employed at the center of the laser
cavity [167, 177]. This added propagation delay will “force” the DFB laser
oscillating preferentially at a single midgap wavelength.
In the case of gain modulation (Δn = 0), the laser oscillation takes place
at the exact Bragg wavelength, which means that there is no frequency stop
band for gain coupling. When two modulations exist at the same time, the
presence of gain coupling will lift the degeneracy of the modes and thus
favor monomode operation [178].
Laser beam quality and far-ﬁeld laser emission proﬁles are also important
properties for free-space applications. Thanks to the strict mode selectivity, the DFB laser is in principle a longitudinal single-mode laser and they
can emit a clean monochromatic light at the Bragg wavelength. However,
due to the absence of lateral conﬁnement, the one-dimensional (1D) DFB
output beam is not in the circular shape of an excitation spot, but often a
divergent fan. This effect can be directly observed in the emission pattern
of second-order DFB lasers, as shown in Figure 2.16. Owing to an additional wavevector component parallel to the corrugation orientation kx , the
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Figure 2.16: (a) Schematic illustration of the fan-like laser emission beam observed
in a second-order 1D-DFB laser above threshold. (b) Scheme of the
wavevector components of the laser modes in a 1D-DFB laser (adapted
from [116]).
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distributed feedback is not only provided for wavevectors perpendicular to
the grating kz , but also for the waves propagating at an angle θ relative to
kz . It leads to a fraction of the far-ﬁeld laser beam emitting at an angle ϕ
relative to the surface normal and an angular dependent laser wavelength
[116]:

λ (ϕ) = neff Λ

1−

sin ϕ
neff

2

(2.32)

The lateral modes increase the spectral width of the laser line (FWHM)
[116]. The higher lateral modes exhibit higher laser thresholds and they
contribute signiﬁcantly to the overall laser emission at high excitation densities [53, 179]. According to Eq. 2.32, the laser wavelength decreases with
increasing output angle. Thus, the spectral broadening due to more excited lateral modes is in shorter-wavelength direction. This effect will be
described in detail in Section 5.2.3.
Two-dimensional DFB lasers
In addition to the basic one-dimensional DFB laser, a two-dimensional (2D)
feedback in the plane of an organic semiconductor ﬁlm applied by complicated diffractive resonators can be introduced. These structures commonly
form a 2D photonic crystal with either square [169], hexagonal [180], honeycomb lattices [164] or novel concentric circular shape [181, 182].
The quantitative theoretical investigations of 2D-DFB lasers have been
presented for rectangular gratings [183, 184, 185, 186, 187]. Based on the
theory of Sakai et al. [187], the 2D-grating structure can be considered as a
square lattice of circular holes in the x−y plane with period of Λx = Λy = Λ.
The reciprocal lattice is also rectangular with period of G0,x = G0,y = 2π/Λ,
as shown in Figure 2.17.
In such resonators, feedback may be applied in several directions in the
plane of the ﬁlm. In the case of a square lattice with reciprocal lattice vectors G, there are eight waves propagating in the lattice structure and interfering with each other due to the diffraction by the circular holes. Among
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Figure 2.17: Schematics of rectangular lattice. (a) Real space rectangular lattice. (b)
The corresponding reciprocal lattice and wave propagation (adapted
from [187]).

them, Rx , Sx , Ry and Sy are the complex amplitudes of the waves propagating along the x and y directions, whereas F1 -F4 are the complex amplitudes
of the waves propagating along the 45◦ direction between x and y orientations, as shown in Figure 2.17(b). The corresponding coupling constants
are as follows: κ0 describing the diffraction in the direction vertical to the
grating plane, κ1 = κG1 , where |G1 | = β0 and β0 = 2π/Λ, describing the intensity of the coupling of two plane waves propagating at 45◦ to each other
and κ2 = κG2 , where |G2 | = 2β0 , describing the intensity of the coupling of
counter-propagating waves, which corresponds to the backward scattering
in 1D-DFB lasers. The coupled-wave equations for two-dimensional TE
modes can be written as [187]
−

4κ 2
2κ 2
∂
Rx + (g − κ0 − iδ )Rx = i 1 Rx + (iκ2 − κ0 )Lx + i 1 (Ly + Ry )
∂x
β0
β0
(2.33)

4κ 2
2κ 2
∂
Lx + (g − κ0 − iδ )Lx = i 1 Lx + (iκ2 − κ0 )Rx + i 1 (Ly + Ry )
∂x
β0
β0
(2.34)
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−

4κ 2
2κ 2
∂
Ry + (g − κ0 − iδ )Ry = i 1 Ry + (iκ2 − κ0 )Ly + i 1 (Lx + Rx )
∂y
β0
β0
(2.35)

4κ 2
2κ 2
∂
Ly + (g − κ0 − iδ )Ly = i 1 Ly + (iκ2 − κ0 )Ry + i 1 (Lx + Rx )
∂y
β0
β0
(2.36)
Until now, it has been demonstrated that 2D-DFB lasers may exhibit
improved output beam quality, lower threshold and higher slope efﬁciencies
than their 1D-counterparts [166, 169, 186, 188]. For a surface-emitting
1D-DFB laser, the output beam is emitted as a divergent stripe, parallel
to the orientation of the grating grooves (see Figure 2.18(a)). In the 2D(a)

(b)

(c)

Figure 2.18: The emission patterns of Alq3 :DCM DFB lasers pumped by a
Nd:YVO4 Laser (355 nm): (a) 1D-DFB laser. (b) 2D-square-array
DFB laser pumped with pulse energy 2 times higher than the laser
threshold. (c) 2D-square-array DFB laser pumped with pulse energy 5
times higher than the laser threshold.

structure, at modest excitation densities, the output beam has a central spot
with divergence of typically only a few milliradians in any direction and
is close to being diffraction limited (see Figure 2.18(b)) [53, 68, 69]. At
higher pump power, the emission forms oftentimes a cross shape along the
symmetric axes of the grating, as illustrated in Figure 2.18(c).
2.3.3 Applications
In parallel to the fundamental investigations and advancements of organic
semiconductor DFB lasers (DFB-OSLs), numerous real-life applications
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have been proposed for exploiting the attractive properties of these novel
laser emitters. Taking advantages of simple fabrication and broad spectral emission range, OSLs can be utilized in speciﬁc novel application
ﬁelds or may replace coherent emitting sources in traditional laser applications. It has been found that conjugated polymer lasers could be applied in biosensing for speciﬁc antibody or gas phase molecules [189, 190]
and in chemical sensing of explosive vapor such as 2,4,6-trinitrotoluene
(TNT) and 2,4-dinitrotoluene (DNT) [191, 192, 193]. Compared to conventional ﬂuorescence detection schemes, the modiﬁcation on laser emission wavelength, laser slope efﬁciency or laser threshold reﬂecting the adsorbed analyte molecules has a much higher sensing sensitivity [191]. In
the ﬁeld of optical telecommunication, organic semiconductor gain media
can act as optical ampliﬁers [194, 195] and resonant switching elements
[196, 197]. Most promising of all, thanks to the broad gain spectrum and
moderate pulse energy, organic semiconductor lasers are well suited as
spectroscopic light sources with potential for ﬂuorescence excitation, absorption/transmission spectroscopy, Raman spectroscopy, etc. Below, the
applications in spectroscopy are brieﬂy reviewed.
Spectrally tunable organic DFB lasers
The major advantage of organic lasers over conventional inorganic solidstate lasers is the wide continuous wavelength tunability, which plays an
important role in the application of spectroscopy. It has been found that
a ﬁne tuning of laser wavelength could be achieved by changing the temperature of the organic active layer [198, 199, 200]. Moreover, according
to Eq. 2.14, the laser emission wavelength tunability can be achieved by
varying the period of DFB-corrugation or the effective refractive index of
DFB-waveguide.
First, DFB lasers are simply tunable upon changing the grating period,
which can be achieved by discrete steps [120, 201] or by using a speciﬁc fabrication process to create continuously varying grating period, e.g.,
Wang et al. used multiple e-beam exposure in fabricating chirped gratings
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with 40 nm period variation, corresponding to an organic DFB laser with a
wavelength tunability of 38 nm [119]. Another novel idea for continuous
grating variation is using a ﬂexible grating substrate, e.g., the common elastomer polydimethylsiloxane (PDMS) or an electroactive elastomer. Triggered by a mechanical deformation or a voltage variation, the grating period on the ﬂexible substrate can be continuously shifted. This approach
has been used in organic lasers with different active media [202, 203, 204,
205, 206]. A maximum tunability of 47 nm was achieved [206].
The DFB laser emission wavelength can also be tuned by changing the
effective refractive index of the entire laser waveguide neff [207], which is
dependent on the refractive index of active layer itself nf . One approach
to directly change the layer refractive index is introducing an optoﬂuidic
laser with organic laser dyes. Through successive mixture of solvents with
different refractive indices, the optoﬂuidic slab refractive index changes as
well [208, 209]. Additionally, the ﬁlm thickness of the active layer also determines nf , which has been veriﬁed by measuring the laser emission wavelength on samples with different layer thicknesses [85]. It is more elegant
to realize a continuously tunable laser on one device via creating a wedgeshaped active layer, as illustrated in Figure 2.19. For small molecules, the

Figure 2.19: (a) Schematic illustration of a DFB laser with a wedge-shaped organic
active layer. (b) Corresponding laser spectra measured at different positions on a DFB laser with a wedge-shaped active layer of Alq3 :DCM
[121].
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ﬁlm thickness gradient can be achieved by evaporating the active medium
through a rotating shadow mask [121]. This method has also been used in
fabricating tunable organic microcavity lasers [210] and graded-reﬂectance
mirrors [211]. Using shadow masks with different shapes, a maximum
tuning range up to 55 nm was obtained using Alq3 :DCM as the active
medium [212]. For conjugated polymers, as introduced in Section 3.2.2,
a pre-metered coating process named horizontal dipping can be applied for
depositing a wedge-shaped organic active layer. A position-dependent ﬁlm
thickness on the sample is given by accelerated/decelerated transport of the
coating barrier along the sample. Using this method, a reproducible wavelength tunability as wide as 19 nm was achieved using F80.9 BT0.1 :MEHPPV as the composite active medium [22].
The effective refractive index neff of the propagating slab waveguide
mode also depends on the refractive indices of ambient layers embracing
the active layer. Some chemical and biosensing schemes with organic lasers
are based on this principle: The variation in laser emission wavelength is
due to the changing neff during adsorption of the analyte molecules [190].
By adding a high refractive index intermediate layer with a wedge-shaped
thickness, the organic laser wavelength can also be continuously tuned over
20 nm [213]. The refractive index contrast can furthermore be achieved by
introducing a novel DFB laser design incorporating a voltage-controlled
liquid crystal (LC) cell adjacent to the active layer [214, 215]. By increasing the electrical ﬁeld between electrodes aligned to the LC, a shift of lasing
wavelength can be observed. The wavelength tuning is a dynamic procedure, which is related to the thickness of LC cell, the distance between two
electrodes and the instantaneous voltage signal regulation [98, 215].
Spectroscopic applications
Since the demonstration of Schneider et al. in 2005 of a UV tunable organic DBR laser as excitation source for biomarker experiments [27], organic solid-state lasers have attracted a considerable attention as potential
light sources for spectroscopic applications. Inheriting the advantages from
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their original organic dye lasers, organic solid-state lasers offer widely tunable laser radiation over the UV and the visible spectral range and may
contribute this unique advantage in spectroscopy.
Up to now, organic semiconductor lasers have been successfully applied
in ﬂuorescence excitation [27], absorption spectroscopy [28], and transmission spectroscopy [29, 212].
2.4 Raman spectroscopy
Since the ﬁrst reports in 1928 [3, 4], Raman spectroscopy has played an
increasingly important role in chemistry, biophysics and life science. The
advent of the laser as an intense and monochromatic source of excitation
light improved the Raman signals dramatically.
Raman spectroscopy is an ideal label-free optical detection technique
which can provide rich information on the molecular structure and composition of analytes. In this section, the fundamentals of Raman scattering and the excitation sources for laser Raman spectroscopy will be introduced. Furthermore, a detailed description of surface-enhanced Raman
spectroscopy as well as its applications is given.
2.4.1 Raman scattering
The Raman effect was theoretically predicted in 1923 by A. Smekal [216],
and experimentally demonstrated in 1928 by C. V. Raman and K. S. Krishnan in liquids [3] and, independently, by L. I. Mandelstam and G. Landsberg in crystals [4]. In terms of the particle aspect of light, the Raman effect
can be described as an inelastic scattering process between a photon and a
molecule. When photons are scattered from a molecule, elastic scattering
dominates with no gain/loss of energy, and therefore no frequency change.
This is known as Rayleigh scattering. Raman scattering, however, is an inelastic scattering of the incident photons whereby energy is transferred to
or received from the sample due to changes in the vibrational or rotational
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modes of sample molecules, causing a change in the energy, and therefore
the frequency of the scattered light.
In the classical view regarding light as an electromagnetic wave, the Raman effect can be explained through the dipole moment theory. Since the
molecular polarizability is a function of the vibrational coordinate, the generation of a dipole moment in a molecule by the incoming electric ﬁeld is
modulated by the molecular vibrations. Therefore, the induced dipole oscillates not only at the frequency of the incoming ﬁeld, but also at the “side
bands” at the frequencies between the excitation light and the molecular
vibrations [217]. This results in the appearance of Stokes and anti-Stokes
shift in the radiated light.
The left-hand side of Figure 2.20 shows the schematic of Raman scattering in a molecular energy level diagram. The interaction of a photon
with a molecule in the ground state (ν = 0 in S0 ) may momentarily raise
the molecule to a higher energy level, or a virtual state, which is not stable
at room temperature and has a lifetime on the order of ∼ 10−15 s [218].
If the molecule leaves this unstable level, it can scatter or interact with a
photon and return to the ground state. In this case, the scattered photon has
the same energy as the exciting photon (hνL ) and Rayleigh scattering occurs. On the other hand, if the molecule falls back to an excited vibrational
state, such as ν = 1, the scattered photon’s energy is now hνS = hνL − hΔν,
where hΔν is the difference in energy between the ν = 1 and ν = 0 levels.
The frequency of the scattered photon thus is lower than that of the incident light, giving rise to what is called a Stokes line. Anti-Stokes line is
observed when a molecule in an excited level (ν = 1) rises to a higher, unstable level by interacting with an incident photon and then returns to the
ground state upon scattering a photon. The scattered photon has a higher
energy of hνAS = hνL + hΔν.
In either case one vibrational quantum of energy is gained or lost, so the
the Stokes and anti-Stokes lines are equally displaced from the Rayleigh
line. According to the Boltzmann population distribution, the relationship
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Figure 2.20: Example energy level diagram depicting, on the left-hand side, molecular Rayleigh and Raman scattering processes and, on the right-hand
side, a photoluminescence process (ﬂuorescence).

between Stokes and anti-Stokes intensities can be obtained as [219]
IS
E
)
≈ exp(
IAS
kB T

(2.37)

where kB T is the product of Boltzmann’s constant and thermodynamic temperature, E the vibrational energy. The probability of a molecule being
in an excited state is exponentially lower than being in the ground state.
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Therefore the anti-Stokes scattering occurs much less frequently than the
Stokes scattering. This disparity can be reduced under increased temperature and it also depends on the spacing of the energy levels. For the less
widely spaced rotational levels, the Stokes and anti-Stokes scattering are of
similar magnitude. For vibrational levels which are spaced further apart,
the anti-Stokes signal is signiﬁcantly weaker than the Stokes signal. In
most cases, the Raman photons collected and analyzed are the Stokes photons. Although the rarity of anti-Stokes photons results in much weaker
anti-Stokes lines, they are sometimes favored in analysis due to absence
of ﬂuorescence interference, which can be a big problem for detection of
Stokes lines.
The Raman effect probes the vibrational levels of a molecule, which depend on the kinds of atoms as well as their bond strengths and arrangements
in a speciﬁc molecule. That is the reason why a Raman spectrum is also
called the structural “ﬁngerprint” of a molecule. Note that in nonresonant
Raman scattering excitation, i.e., the scattered photons are not in resonance
with any real electronic transition of a molecule, the interaction with the
molecule is due to scattering and not due to an absorption/emission process. Therefore Raman scattering is much different from ﬂuorescence (see
Figure 2.20 on the right-hand side). In ﬂuorescence, the incoming photon
is absorbed by the molecule and causes an electronic energy state change.
A ﬂuorescent photon is later released when the molecule relaxes back to a
lower energy state (on the order of ∼ 10−9 s) whereas Raman scattered photon is released instantaneously (∼ 10−15 s). When the incident radiation is
at a frequency near the frequency of an electronic transition of the molecule
of interest, it provides enough energy to excite the electrons to a higher electronic state. This is so-called resonance Raman scattering (RRS). The vibrational modes associated with this particular electronic transition greatly
increase the Raman scattering intensity, e.g., the resonance with a π-π ∗
transition enhances stretching modes of the π-bonds involved with the transition, while the other modes remain unaffected. Raman scattering in general is a very weak effect. Typically the Raman scattering cross sections
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per molecule range from 10−31 to 10−25 cm2 [218, 220], about ∼ 105 times
weaker than Rayleigh scattering. In the case of RRS, the Raman scattering effect can be enhanced by a factor of ∼ 102 –106 , but it is still a much
weaker process compared to ﬂuorescence, which has a luminescence cross
section of 10−16 cm2 .
The overall Raman signal power depends on the Raman cross section σR ,
the excitation intensity I(νL ) and the number of molecules in the probed
volume N. The Stokes Raman signal PRS (νL ) can be described as [221]
PRS (νS ) = NσR I(νL )

(2.38)

The low Raman cross sections lead to very small or undetectable Raman
signals. Various ways of sample preparation, sample illumination or scattered light detection have been invented for enhancing the Raman signal
intensity. Advanced spectroscopy techniques, such as stimulated Raman
scattering, coherent anti-Stokes Raman spectroscopy (CARS), surfaceenhanced Raman spectroscopy (SERS) and tip-enhanced Raman spectroscopy (TERS) have contributed to the development of Raman spectroscopy and moreover broadened up its application ﬁelds.
Because the virtual states are not stationary, Raman (and also Rayleigh)
scattering will occur in a way regardless of the incoming light frequency.
The absolute frequency of scattered light changes with the excitation frequency, but the frequency shift, i.e., the quantized energy increment/decrement between excitation and scattered light (hν) depends only on the differences in rotational and vibrational levels of the molecule and remains
constant for one speciﬁc molecule:
ν=

1
1
−
λL λRS

(2.39)

where λL is the wavelength of the excitation source in unit of cm, λRS is
the wavelength of one Raman line in unit of cm and ν is the Raman shift in
unit of cm−1 .
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This independence on excitation frequency gives experimentalists the
freedom to choose an assortment of lasers that are suitable for Raman scattering applications. However, the choice is not easy because several complicating factors and associated “trading rules” should be taken into account,
which will be discussed in detail below.
2.4.2 Laser Raman spectroscopy
Laser excitation sources
In modern Raman spectroscopy, lasers are used as photon sources due to
their highly monochromatic nature and high beam ﬂuxes [5, 217, 222].
Among various commercially available lasers, the choice of one proper
laser excitation source in Raman spectroscopy is not straightforward. First,
it is important to consider the appropriate laser excitation wavelength.
Since the scattering depends on the fourth power of the frequency [218],
a blue/green visible laser or a UV laser results in an increase in scattering
intensity by a factor of 15 or more when compared with infrared lasers.
However, in addition to the aspect of sensitivity, the sample behavior must
be considered for a compromise. The blue/green lasers often suffer the ﬂuorescence problem. UV excitation leads in addition to a high risk of sample
degradation and the Raman spectra may be rather different from normal
Raman spectra due to the resonance with electronic transitions. Generally,
blue or green lasers can be good excitation sources for inorganic materials
and resonance Raman experiments (e.g., for carbon nanotubes and other
carbon materials). Red or near infrared (660–830 nm) lasers are good for
ﬂuorescence suppression and ultraviolet lasers for resonance Raman on
bio-molecules (such as proteins, DNA, and RNA) [222].
Additionally, the following basic requirements on laser sources which
must be met for Raman spectroscopy: adequate laser power, high wavelength stability, high spatial mode quality and moderately narrow line width
[5].
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For speciﬁc applications of Raman spectroscopy, some novel laser excitation sources are developed and applied in Raman detections. For instance,
pulsed lasers are typically utilized in the study of short-lived species. And
in time resolved resonance Raman spectroscopy, pairs of laser pulses with
different wavelengths are required to photolyse and then to Raman probe
the transient species of interest [223]. A tunable laser is often employed
as the excitation source to tune wavelength to conform to a speciﬁc resonance frequency and avoid ﬂuorescence or thermal emission backgrounds
[5, 220]. The broad spectral range of organic semiconductors and simple
thin ﬁlm deposition techniques are making organic semiconductor lasers
very promising as truly tunable laser excitation sources. Before author’s
work, the only organic laser applied in Raman spectroscopy is the liquid
dye laser.
Confocal Raman microscope
A Raman system typically consists of four major components: an excitation source (usually a laser), the sample illumination system, the wavelength selector (ﬁlter and spectrometer) and a detector (CCD camera, photo
diode array or photomultiplier tube (PMT)). Generally, the excitation laser
beam is focused through the microscope to create a micro-spot with a diameter on the order of 0.5–10 μm. The Raman signal from the sample is
collected from a similar area, passes back through the microscope into the
spectrometer and is there analyzed for spectral information.
Since the Raman spectroscopy is oftentimes dealing with selected portions of analytes or single molecule/cell, an outstanding resolution in three
dimensions is required. A simple optical microscope assists in giving lateral (XY) spatial resolution, but does not give depth (Z) spatial resolution.
For this purpose confocal optics were developed [224].
The three dimensional resolution is attained in such a way that all the
light which is not coming from an in-focus plane is being blocked or removed afterwards. The way to achieve this is by putting pinholes in the
excitation and detection paths. By setting a pinhole in front of the light
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source as an entrance aperture (as depicted in Figure 2.21(a)), the small
pinhole aperture is refocused by the microscope objective. The second pinhole is placed between the microscope objective and the image plane as a
detection aperture, which can reject the residual scattered rays originated
from any out-of-focus points on the sample and functions as a spatial ﬁlter,
as shown in Figure 2.21(b) and 2.21(c). Since scattered light from all other
parts of the sample except the excitation focus spot is thus efﬁciently suppressed, the total amount of background scattered light is reduced by a few
orders of magnitude without affecting the focal brightness.
(a)

(b)

(c)
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Figure 2.21: (a) The entrance pinhole aperture allows an illumination of a single
spot on a sample. Spatial ﬁltering with the confocal pinhole aperture
of the horizontal (b) and vertical (c) out-of-focus rays.

The achievable lateral spatial (XY) resolution is primarily deﬁned by the
laser wavelength and the microscope objective. The theoretical diffraction
limited spatial resolution, according to the radius of the Airy disc, is deﬁned
by the following equation [225]
Δx =

0.61λ
NA

(2.40)

where λ is the wavelength of the laser, and NA is the numerical aperture of
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the microscope objective and is deﬁned as follows:
NA = n · sin α

(2.41)

In which n is the refractive index of the medium immersed between lens
and sample and α is half the angle subtended by the lens at its focus. The
concept of numerical aperture is closely related to that of the f-number. In
a simple lens the f-number is the ratio between the lens’ focal length f and
its aperture D (effective diameter). The f-number is given by N = f /D. The
relation between f-number and NA is:
NA = n · sin α = n

n
D
=
2f
2N

(2.42)

The depth (Z) spatial resolution (also referred to as axial resolution) depends strongly on the confocal design of the Raman microscope. A variety
of models are presented in the literature to calculate the depth spatial resolution for various microscope conﬁgurations. Those that are most applicable to Raman spectroscopy are similar in form to the models in evaluating
the depth of ﬁeld: the depth spatial resolution (Δz, also called focal depth)
is proportional to wavelength (λ ) and refractive index (n) of the specimen
medium, and inversely proportional to the square of the numerical aperture
(NA). One equation commonly used to describe depth spatial resolution for
the confocal conﬁguration is given below (with the same variables as above)
[226]:
2·n·λ
(2.43)
Δz =
NA2
A smaller pinhole results in a smaller detection volume, and thus a lower
background noise, but also fewer light to the detector. In practice, the pinhole should have approximately the same diameter as the FWHM of the
Airy diffraction pattern generated by the lens at the pinhole’s position (intermediate image plane). For a modular Raman system, optical ﬁbers are
usually applied in the confocal microscope to replace the pinholes. Commonly, a single-mode optical ﬁber is used to couple a laser beam into the
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microscope as an entrance aperture. More elegant than a conventional pinhole conﬁguration, the output of the single-mode ﬁber can be considered
to be equivalent to an ideal TEM00 laser beam diverging from its focusing
point [224, 227]. Single-mode, few-mode and multi-mode ﬁbers can also
act as pinhole apertures in the detection path. The effective pinhole size can
be controlled by using different ﬁbers ranging from a single-mode ﬁber up
to a large-core multi-mode ﬁber [224].
2.4.3 Surface-enhanced Raman spectroscopy
Since the discovery of the Raman effect, scientists have been constantly
in search of proper ways to improve the Raman detection efﬁciency. In
1974, M. Fleischmann et al. discovered an unexpectedly strong Raman signal from pyridine on a rough silver electrode [228]. Afterwards, this result
was conﬁrmed in 1977 by D. Jeanmaire and R. V. Duyne [229], and independently by M. G. Albrecht and A. Creighton [230]. It was shown that
the strong Raman signal was caused by a true enhancement of the Raman
scattering efﬁciency and not by a scattering of more molecules. Within the
next few years, strongly enhanced Raman signals were further veriﬁed in
many different molecules attached to various rough metal surfaces and this
effect was named Surface-Enhanced Raman Scattering (SERS). A simple
illustration reﬂecting the concept of SERS nanostructures is shown in Figure 2.22(a).
The exact SERS mechanism is still in debate in the literature. Until now,
two contributions are approved by the great majority of spectroscopists:
One is the electromagnetic ﬁeld enhancement contributed by localized surface plasmon resonance (LSPR) of metallic nanostructures and the other is
the chemical/electronic enhancement based on electronic coupling between
molecule and metal.
A simple model can help to understand the concept of electromagnetic
SERS enhancement. As shown in Figure 2.22(b), the metallic nanostructure is illustrated as a small sphere with the complex dielectric constant
ε(ν) = ε (ν) + iε (ν) for a certain frequency ν in a surrounding medium
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Figure 2.22: (a) Concept image of surface-enhanced Raman scattering. The Raman scattering of the adsorbed molecules is enhanced by the super-ﬁne
structures down to nanometer to micrometer level on metal surfaces
such as gold and silver (adapted from [231]). (b) Simple schematic
diagram for understanding the concept of electromagnetic SERS.

with a dielectric constant ε0 . A molecule in the vicinity of the sphere separated with a distance of d is exposed to a ﬁeld EM , which is a superposition
of the incoming ﬁeld E0 and the ﬁeld of a dipole ESP induced in the metal
sphere. The ﬁeld enhancement factor g(ν) is the ratio of the ﬁeld at the
position of the molecule and the incoming ﬁeld:
g(ν) =

ε(ν) − ε0
r 3
EM (ν)
≈
)
(
E0 (ν)
ε(ν) + 2ε0 r + d

(2.44)

The resonant excitation conditions of metal sphere surface plasmons
comprise the real part of ε(ν) equaling to −2ε0 and a minor imaginary
part of ε(ν).
The SERS enhancement is particularly strong when both laser g(νL ) and
scattered ﬁelds g(νS ) are in resonance with the surface plasmons. Taking
into account enhancement for the laser and the Stokes ﬁeld, the electromagnetic enhancement factor for the Stokes signal power can be written as
[221]
|g(νL )|2 |g(νS )|2 ≈ |

ε(νL ) − ε0 2 ε(νS ) − ε0 2 r 12
)
| |
| (
ε(νL ) + 2ε0 ε(νS ) + 2ε0 r + d

(2.45)
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The electromagnetic SERS enhancement does not require direct contact between molecule and metallic nanostructure, but it decreases rapidly
with growing distance due to the dipole ﬁeld decay factor (1/d)12 . In the
situation of a small Stokes shift, g(νL ) and g(νS ) are at approximately
the same frequency and the electromagnetic enhancement scales with the
fourth power of the local ﬁeld at the metallic nanostructure g4 [221, 222,
232]. Although experiments were proposed at the inception of SERS to
measure this effect, studies performed were inconclusive owing to the limitations in instrumentation and poor deﬁnition of SERS substrates. The
ideal experiment is to have a continuously tunable excitation laser and detection scheme over the bandwidth of a well-deﬁned LSPR. The electromagnetic enhancement for isolated single silver and gold colloids is on the
order of ∼ 106 –107 [233], which can be increased up to nearly 1011 for
sharp features, e.g., the midpoint between two silver or gold spherical particles separated by a gap of 1 nm [234, 235]. An extremely large SERS
electromagnetic enhancement up to 1012 was theoretically predicted for the
strongly conﬁned so-called “hot spot” regions [221].
The overall SERS signal power can also be described with a formula
similar to that for “normal” Raman processes in Eq. 2.38 [221]:
R
|g(νL )|2 |g(νS )|2 I(νL )
PSERS (νS ) = N σads

(2.46)

where N is the number of molecules which are involved in the SERS process and may be smaller than the number of molecules in the probed volume
R denotes the increased cross section for the new Raman process
N and σads
of the adsorbed molecule.
It indicates that the overall enhancement is not only due to the electromagnetic enhancement, but also partly relates to the increased cross secR . The experimental observations also provide a strong molecular
tion σads
selectivity and a dependence of SERS intensity on the chemical nature of
the molecule. Moreover, the predicted electromagnetic SERS enhancement
factors leaves a gap of about two orders of magnitude to the experimentally
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observed SERS enhancement factors [232, 233], which suggested the existence of additional enhancement contribution accounting for the missing
factors.
In general, the chemical SERS enhancement factor is considered to contribute to the overall enhancement factors on the order of 10–103 as arising
from the excitation of adsorbate localized electronic resonances or metalto-adsorbate charge-transfer resonances [232]. Clearly, chemical enhancement should occur only from molecules directly attached to the surface
(characterized by an Ångström length) and consequently should increase
only up to monolayer coverage.
The vibrational frequencies and Raman scattering cross sections of SERS
spectra are generally different from those measured in neat samples [236].
As a consequence, additional bands may become observable in SERS spectra, or existing bands may be attenuated beyond the detection limit. These
modiﬁcation effects in SERS spectra are still under discussion. Several
combined theoretical and experimental studies have been reported that they
can be explained by surface selection rules due to the effect of molecule orientation on SERS substrates [237, 238]. The vibrations, which orient perpendicular to the surface, may experience the highest enhancement [239].
Another hypothesis attributes the selective enhancement for different Raman modes to the changes in molecular electronic structure of the analyte
[240]. Both arguments are related to the chemical enhancement mechanism
[241].
Although the theoretical analysis is useful to estimate the SERS enhancement, it is often simpler to experimentally measure the SERS enhancement
factor (EF), which can be described by [232]
EF =

ISERS /Nsurf
Iref /Nvol

(2.47)

where ISERS is the SERS intensity, Nsurf is the number of molecules within
the “hot spot” regions under laser excitation, contributing to the measured
SERS signal, Iref is the non-SERS intensity from the reference sample, and
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Nvol is the number of molecules in the laser excitation/detection reference
volume. ISERS and Iref can be independently measured for a given molecule.
Nsurf and Nvol must be carefully handled by evaluating the spot size and the
probe volume.
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3 Laser Fabrication and Characterization
Techniques
This chapter introduces various fabrication and characterization techniques for organic semiconductor lasers used in this work. The corrugation
grating substrates are fabricated by electron beam lithography, nanoimprint lithography and interference lithography. Thin ﬁlms of organic semiconductors are deposited on nanopatterned substrates by sublimation in
high vacuum or by liquid processing from solutions.
3.1 Fabrication of DFB gratings
3.1.1 Electron beam lithography
Electron beam lithography (EBL) is a technique commonly used for the
fabrication of micro- and nanostructures, based on the chemical modiﬁcation of polymeric resist ﬁlms caused by electron irradiation. The main
advantages of EBL over conventional photolithography techniques include
high resolution and versatile pattern formation. In this work, this method
was applied to fabricate the silica gratings for organic semiconductor lasers
and the nanopatterned silicon master templates for nanoimprint lithography.
In this work, the nanostructures are created by using the EBL system
(Vistec Lithography, Vistec VB6) at the Institute of Microstructure Technology (IMT-KIT). Before the electron beam (e-beam) writing process, a
resist, in this work a 50–80 nm thin layer of poly(methyl methacrylate)
(PMMA) 950k A2 (MicroChem), is spin-coated onto a thermally oxidized
silicon wafer (for DFB gratings) or a silicon wafer (for nanopatterned templates). After focusing with a magnetic lens, the electron beam scans the
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sample and exposes the resist. Upon exposure to high energy, the resist
molecules are modiﬁed, resulting in a changed solubility. Note that the
nanostructures on the corresponding template/stamp should be inverted patterns in comparison to the target replicated samples. Therefore a proper resist and layout design must be prepared prior to the e-beam writing process.
EBL usually allows a very small beam size and thus ensures a nanopatterning with a very high resolution down to sub-10 nm [242]. However, due to
the serial writing principle, EBL is time-consuming and therefore has a low
throughput.
After e-beam writing, a developing process removes the corresponding
exposed regions where the local resist becomes soluble (for positive resist).
The remaining patterned resist layer serves as a mask for a later lift-off or
etching process. Finally, the desired applicable patterns can be obtained
after removing the resist or metallic mask in the lift-off process. Figure 3.1
shows the schematic illustration of the fabrication steps of SiO2 surface
gratings on a thermally oxidized silicon wafer and nanostructures on the
silicon master templates.
For combined microstructures (waveguides or trenches for nanostructures), an additional optical UV-lithography will follow the EBL and corresponding etching process. To realize this, the positive photoresist AZ 1505
(AZ Electronic Materials) is spin-coated onto the substrate with a thickness
of 0.5 μm. Upon UV exposure with a dose of 50 mJ cm−2 under a mask
aligner (EVG 620), which can be approached by adjusting the photomask
with the EBL-created label, the microstructures can be deﬁned onto the
sample. The steps of 4–6 in Figure 3.1(b) show the subsequent fabrication
steps of microstructures after nanograting etching.
In this work, the ﬁnal nano- and microstructures for the silicon templates
are generated by SF6 -based reactive-ion etching. To ensure an optimum
anisotropic etching with smooth straight side walls, the cryogenic etching
process was performed at −125 ◦ C to transfer the nanopatterns into the silicon substrates. The etching process parameters are listed in Appendix A.1.
The etching period depends on the etching depth of the desired structures
and amounts to 3–100 s.
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Figure 3.1: Schematic illustration of fabrication processes of (a) SiO2 gratings on a
thermally oxidized wafer and (b) silicon master templates as replication
stamps for nanoimprint lithography.

3.1.2 Nanoimprint lithography
Nanoimprint lithography (NIL) is an alternative method for the fabrication
of nanometer-scaled patterns. In this technique, a rigid stamp (or master,
template, shim) is needed to create patterns by mechanical deformation of
polymer substrates or polymer layers on rigid substrates. The process has
the advantages of potential low cost, high throughput and high resolution
fabrication. NIL promises a mass-production of extremely ﬁne structures
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with feature sizes down to 10 nm [243]. The resolution of NIL can be further improved by the fabrication of a rigid mold with sub-10 nm features
[244]. Today, several NIL techniques exist, e.g., UV-assisted NIL, thermal
NIL (also known as hot embossing), soft lithography, roll-to-roll imprinting, etc. Two common techniques are UV-assisted NIL and hot embossing.
In UV-assisted NIL, stamps, often referred to as templates, are imprinted
into UV-curable polymers at room temperature or slightly above. When the
stamp is ﬁlled with a UV-curable polymer, the polymer is exposed to UV
radiation directly or behind the stamp. Subsequently, the stamp is removed.
This procedure allows the spatially localized imprint through photomasks
on certain area of one substrate. It also allows large-area patterning by
a step-and-repeat process on the whole substrate [245]. These make UVassisted NIL a suitable candidate to fabricate DFB-corrugations for organic
semiconductor lasers and nanostructures for surface-enhanced Raman spectroscopy. However, it is mandatory to use speciﬁc photoactive materials
in the UV-NIL process. This limitation severely constrains the fabrication of lab-on-a-chip (LOC) systems [246]. Instead, another technique hot
embossing is employed to fabricate the polymer grating substrates in this
work.
Hot embossing
In hot embossing, a thermoplastic polymer is deformed by pressing the
stamp into the polymer at a temperature above the polymer’s glass-transition
temperature (Tg ). Hereafter, the polymer is cooled down below the glasstransition temperature and the structures are preserved [245]. In this work,
a 4-inch patterned n-doped silicon 100 wafer is used as a template.
Poly(methyl methacrylate) (PMMA) and cyclic oleﬁn copolymer (COC)
are applied as the thermoplastic polymer substrate, which are often used in
LOC devices.
The replication of nanostructures is performed with the hot embossing
equipment at IMT (Jenoptik, WUM02), where the silicon template and
the raw polymer substrate are placed between two plane-parallel heating
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plates in a vacuum chamber. Before replication, a monolayer of perﬂuorodecyltrichlorosilane (FDTS) is deposited as an anti-adhesion layer onto
the silicon template using chemical vapor deposition (CVD) (Applied MicroStructures, MVD100E) for easy release [247]. An FDTS monolayer has
at one end the reactive group -Si(teﬂon) Clx , which allows bonding onto surfaces terminated with hydroxyl (-OH) groups, e.g., Si(surface) -OH groups of
the native oxide on Si surfaces, to form a chemical bond such as -Si(teﬂon) O-Si(surface) . At the other end, it has typically ﬂourinated organosilanes with
a teﬂon-like tail consisting of -(CF2 )x CF3 which reduces surface energy and
prevents the silicon wafer from sticking to the polymer surface.
The polymer substrate can be put into the middle of a silicon template
and an unstructured silicon wafer with an anti-adhesion layer. The practical
experience indicates that adding a thin graphite layer can help to compensate the unevenness during the embossing process [247]. To avoid possible
dust and dirt from the graphite layer, it can be placed next to the silicon
template/unstructured silicon wafer between two aluminum foils.
Hot embossing is performed in vacuum (∼ 15 Pa). It has three main
working periods: heating up to a sufﬁciently high temperature, applying
mechanical pressure and cooling down to ambient temperature.
The heating procedure takes 20–30 min, depending on the employed substrate materials. Principally, the achieved temperature should by some degree exceed the glass transition temperature of the polymer. For an optimum replicated polymer structure consistent with the original template, a
high mechanical force and a small cooling rate should be applied in the
embossing process. However, since the silicon template is rather fragile,
no pressure higher than 15 kN is applied in this work. As a compensation,
a higher heating temperature should be provided for a reasonable result.
The mechanical pressure under the target temperature is applied for 10–
15 min. In order to eliminate the difference in expansion/shrinking caused
by thermal-expansion mismatch between polymer and template, the mechanical force is held until the polymer is cooled to a certain temperature
below 50 ◦ C. The overall hot embossing process lasts for 45–60 min.
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The process parameters for polymer materials PMMA and COC are
listed in Table 3.1. The glass transition temperature of these two materials are Tg ≈ 105 ◦ C for Hesa-Glas VOS PMMA and Tg ≈ 138 ◦ C for
Topas 6013 COC [247].
Parameters
Materials
Hesa-Glas VOS PMMA
Topas 6013 COC
Topas 6013 COC

Thickness
(μm)

Temperature
(◦ C)

Embossing
time (min)

Pressure
(MPa)

1024
102
254

190
190
190

15
15
15

2.7
2.6
3.3

Table 3.1: Replication parameters of the hot embossing processes for PMMA and
COC substrates.

Laser-assisted replication
Two main problems of hot embossing should be noted. One is the difﬁculty in fabricating pre-deﬁned partial structures from a rigid master stamp
with various structures for different purposes. Another issue is the long
heating and cooling time affecting the throughput. Both can be detrimental
especially for the already fabricated LOC passive photonic elements and
microﬂuidic channels. Such problems can be solved by laser-assisted replication using an infrared diode laser beam [248, 249, 250, 251].
In laser-assisted replication, a rigid mold, e.g., a silicon master stamp
is pressed under a polymer substrate and the contact area is subsequently
heated up by a near-infrared laser beam from above, as shown in Fig. 3.2(a).
Since the used polymeric materials, PMMA and COC, are transparent to
the applied laser wavelength, the laser beam is mainly absorbed by the silicon surface in contact with the polymer substrate. Due to heat conduction
the temperature of the polymer, which is in direct contact with the master
stamp, increases. When the temperature exceeds the glass-transition temperature of the polymer, the nanostructures on the rigid mold are replicated
into the polymer substrate. After cooling down to ambient temperature, the
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polymer substrate is detached from the rigid mold while the nanostructures
are preserved.
(b)

(a)

Power supply
PMMA

Diode laser
with integrated pyrometer

p
Si- Stam
Scanner
Objective
Objective
Objective
Infrared
laser
beam
Objectiv
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Pneumatic
control
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Sample
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Figure 3.2: (a) Scheme of the laser-assisted replication process: positioning of the
PMMA substrate on a silicon master stamp (top), execution of the replication (middle) and detachment of the sample (bottom). (b) Schematic
illustration (left) and photograph (right) of the applied laser system.

Instead of large-area heating, this method enables a selective local replication and brings the unique beneﬁt to replicate only parts of the existing
structures from a master stamp. Additionally, since only the pre-deﬁned
areas are to be heated, it allows a subsequent additive replication while all
other areas stay uninﬂuenced.
To perform replications, a high-power diode laser system (Fisba Optik,
FLS Iron High Power Diode) with an emission wavelength of 940 nm and
a maximal power of 50 W is used, which locates at the Institute for Applied Materials – Applied Materials Physics (IAM-AWP). As shown in
Figure 3.2(b), the diode laser and a pyrometer (Fisba Optik, PyroS), for insitu monitoring of the temperature at the laser focus plane, are integrated
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within the laser scanner unit. The polymer substrate and the silicon master
stamp are ﬁxed in a pneumatic stage, applying a constant pressure. There
are two basic operational modes of the system: constant laser power or
constant heating temperature. In this case, the temperature regulation is
chosen in order to achieve a homogeneous temperature distribution at the
contact surface. With the help of a visible laser beam at 670 nm, the path
and the working range of the infrared laser could be veriﬁed before starting the replication process. The beam parameter products (BPPs) of the
applied diode laser are 15 mm×mrad and 30 mm×mrad in two orthogonal
directions. Utilizing an F-Theta objective lens (Fisba Optik) with a focal
length of 163 mm, the size of the elliptical laser focus spot on the work
plane is 0.55 mm × 0.7 mm. Attributed to the applied scanner system, the
maximum laser processing area can reach up to 100 mm × 100 mm.
The replication results and its quality can be inﬂuenced by various factors, e.g., the local heating temperature T , the diode current I and the laser
output power P, the laser writing velocity v, the applied pressure on samples p, the line offset (writing distance between two subsequent lines) Δx,
the writing repetition times N and so on [252].
After replication, the clamping pressure is released and the PMMA substrate is cooled down to ambient temperature. Since there is no large-area
heating in the laser-assisted replication process, the cooling time as well as
the whole replication period is much shorter as compared to the hot embossing process. After cooling down, the polymer substrate with replicated
nanostructures is detached from the silicon template and the process can be
repeated with a fresh COC substrate. One should note, however, that the
laser focusing and scanning parameters have to be optimized in order to
avoid a destruction of the stamps because of too large thermal gradients in
silicon. Even there is an anti-adhesion layer deposited on the silicon template, the separation from the polymer sample is possibly not spontaneous.
It can be achieved with the help of nitrogen spray or a razor-sharp blade.
It is also helpful to use drops of ethanol to release the silicon template.
Since the laser-assisted replication is undergoing in ambient atmosphere,
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the residue air may cause a small gap stopping the amorphous polymer ﬁlling into the template trenches. It has been observed that in the replication
process of high-density nanostructures, the height of the patterned polymer
features is about 75 % of the original template feature depth [252].
The polymer substrates used in this process consist of PMMA (Evonik,
R
XT) and COC (TOPAS COC 6013), whose glass transition
Plexiglas
temperatures are 103 ◦ C and 138 ◦ C, respectively. This novel replication
method was applied in the fabrication of one-dimensional grating substrates
for organic semiconductor lasers and efﬁcient nanopillar arrays as active
SERS substrate. The fabrication details and corresponding applications will
be discussed in detail in Section 4.3.
3.1.3 Interference lithography
Interference lithography (IL) (also known as holographic lithography) is
a technique for patterning large-area periodic arrays of ﬁne features, without the usage of complex optical systems or photomasks. The beneﬁt of
using IL is the quick generation of dense features over a wide area without time-consuming mechanical scanning [253]. It is especially suitable to
fabricate large-area DFB-corrugation substrates for organic semiconductor
laser applications.
The principle of IL is similar to that of interferometry or holography. The
superposition of two or more electromagnetic waves of the same wavelength with a constant phase relation leads to a periodic modulation of
the total intensity and thus interference occurs. This interference pattern
comprises a periodic series of fringes representing intensity minimum and
maximum. The general working principle of two-beam laser interference
lithography used in this work is depicted in Figure 3.3.
The IL-setup at the Light Technology Institute (LTI-KIT) employs a
solid-state deep ultraviolet (DUV) laser (Crylas) with an operation wavelength of 266 nm, and a coherence length > 1000 m. After splitting the laser
beam into two, both beams are expanded and directed towards the center of
a photoresist-coated sample using rotatable concave mirrors. It is assumed
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Figure 3.3: (a) Schematic illustration of laser interference lithography setup. (b)
Photograph of a fabricated sample.

that if the traveling distance to the sample holder is sufﬁciently large, the
light ﬁelds of the two light cones reach the sample surface as plane waves,
where they overlap and interfere. In the beam overlapping area a characteristic sinusoidal bright-dark-interference pattern emerges and it serves for
the exposure of the photoresist substrate. The two laser beams meet on the
substrate’s upper surface (represented here as plane waves), inclosing an
angle of 2θ . The interference pattern period Λ can be expressed by the
following formula:
λ
(3.1)
Λ=
2n sin θ
where λ is the operation light wavelength and n is the refractive index of the
top ambient medium, which is equal to 1 when the exposure is implemented
in air. θ represents the angle of one beam from the substrate normal.
The patterning of one-dimensional (1D) sinusoidal corrugations with a
periodicity of Λx = 400 nm is used for 1D-DFB lasers. Two-dimensional
(2D) sinusoidal corrugations with a periodicity of Λx (= Λy ) = 400 nm are
applied for 2D-DFB lasers. The photoresist substrate is exposed twice by
the UV-laser, one after another via rotating the sample by 90◦ .
After exposure, the samples are developed and the corresponding exposed/unexposed regions (according to the positive/negative photoresists)
can be removed. In this work, two negative photoresists are used in the IL
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process to fabricate the grating substrates: SX AR-N 4800/16 (Allresist)
and SU-8 2005 (MicroChem). The appropriate exposure and development
parameters can be found in Appendix A.2. The patterned photoresist structures can serve as a basic mask for the later lift-off and etching process.
However, in this work the patterned one-dimensional and two-dimensional
sinusoidal gratings with a period of Λx (= Λy ) = 400 nm are directly utilized
as grating substrates for Alq3 :DCM lasers.
3.2 Thin ﬁlm deposition
As introduced in Section 2.1, the organic semiconductor materials are commonly classiﬁed into two categories: small molecules and conjugated polymers. Small molecule materials are typically deposited by thermal evaporation in vacuum, whereas polymers are handled with solution processes.
In this section, thermal evaporation is introduced ﬁrst and then solution
processing methods are discussed with an emphasis on horizontal dipping.
3.2.1 Thermal evaporation
Thermal evaporation (also known as sublimation) is an established technique to deposit thin ﬁlms of metals, dielectrics or organic small molecules.
The process takes place in a vacuum chamber (∼ 10−4 − 10−5 Pa). The target materials, which are placed in crucibles at the bottom of the chamber,
are heated until sublimation is observed on the samples placed on top of the
chamber, as depicted in Figure 3.4(a). The evaporation speed depends on
the temperature of the crucible and the deposition rate can be monitored in
real-time by a quartz crystal microbalance (QCM). Very accurate thickness
control can be achieved and multilayer deposition is easy to perform. The
deposition of doped or composite materials, e.g., host-guest small molecule
systems, can be realized by co-evaporation of different materials at different rates. Since this deposition technique can not be used for conjugated
polymers and requires a costly vacuum chamber, intense efforts are devoted to simpler solution-based techniques. However, thermal evaporation
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Figure 3.4: (a) Schematic diagram of a thermal evaporation system with two coevaporation sources. (b) Photograph of a aluminum shadow mask used
to fabricate a wedge-shaped organic active layer.

still dominants the OLED market owing to the outstanding deposition homogeneity, the possibility of spatially deﬁned sublimation and multi-layer
deposition for complex organic electronic devices.
In this work, the thermal evaporation process is used for fabricating
Alq3 :DCM organic lasers. To eliminate the inhomogeneity in the deposited
ﬁlm thickness, a rotating sample holder is equipped in the evaporation apparatus at LTI (Kurt J. Lesker).
For the deposition on spatially deﬁned sites on the target sample, e.g.,
integrated DFB laser pixels on a LOC system, a shadow mask with accurately deﬁned opening features is required to protect the rest of the sample.
The conventional steel shadow mask fabricated by laser cutting has disadvantages due to rough cutting edges and inaccurate square deﬁnitions. It is
replaced with a nickel evaporation mask fabricated by electroplating. The
fabrication detail can be found in Ref. [247]. Because the nickel mask has
a small thickness of ∼ 50 μm, it can be ﬂexibly arranged in contact with
the target grating sample, which results in a sharp edge proﬁle in the ﬁnal
functional lasers.
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One shadow mask can be applied in the evaporation process to obtain a
thickness gradient in the organic ﬁlm, thus allowing an achievement of a
continuously tunable organic semiconductor laser. By aligning the center
of the openings coaxially to the sample holder, a radial ﬁlm thickness gradient is created when the mask and sample holder rotate relatively to each
other around a common axis during evaporation. The development of this
technique were introduced in detail by Klinkhammer et al. [121]. In this
work, an aluminum shadow mask with radially decreasing opening angle
was used to achieve a linear decrease of Alq3 :DCM ﬁlm thickness from the
inner side to the outer side, as shown in Figure 3.4(b). The grating orientation of the substrate was aligned parallel to the resulting ﬁlm thickness
gradient in order to have a constant ﬁlm thickness for the optical feedback
[121].
3.2.2 Solution-based techniques
Deposition from solution is the main process used for organic conjugated
polymers. Its simple operation and numerous fabrication varieties make it
very promising for the fabrication of large-area and ﬂexible organic semiconductor devices. The ﬁlm thickness, optical properties and ﬁlm homogeneity depend on the choice of the solvent and the concentration of the
active material. The general fabrication steps consist of (1) preparation of
a solution of the active medium in a proper organic solvent, (2) deposition
of the solution onto a sample substrate by techniques such as spin-coating,
dip-coating [254, 255], doctor-blading [256], screen printing [257, 258],
ink-jet printing [259, 260, 261], horizontal dipping [22, 262, 263], etc. and
(3) evaporation of the remaining solvent.
In this work, spin-coating, horizontal dipping and ink-jet printing are
mainly used to fabricate the F80.9 BT0.1 and F80.9 BT0.1 :MEH-PPV lasers.
The newly introduced method of ink-jet printing of lasers will be discussed
in detail in Section 4.2.
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Spin-coating
As one of the simplest organic material deposition methods, spin-coating is
commonly used in organic laser fabrication. To perform the deposition, an
excess amount of polymer solution is dispensed onto the substrate, which
is vacuum clamped for spinning. It is then accelerated up to the ﬁnal desired rotation speed (usually 500–5000 rpm) in order to spread the ﬂuid by
centrifugal forces. Rotation is continued for about 20–50 s, with excess
ﬂuid being spun off the edges of the substrate, until the desired ﬁlm thickness is achieved. The solvent is usually volatile, providing its simultaneous
evaporation. Sometimes, a post spin-coating thermal treatment is applied
to ensure complete evaporation of the solvent.
Very similar to spin-coating, or in some cases considered as the same
process, spin-casting is also a method of utilizing centrifugal force to deposit organic thin ﬁlms. The only difference from spin-coating is that it
casts solution materials to form a disk mold shape.
In this work, spin-coating is mainly applied for the deposition of resists
in the lithography process. Two main problems of this method are the low
usage of the polymer solution and inhomogeneity for highly concentrated
polymer solution.
Horizontal dipping
To get over the deﬁciencies of spin-coating, a deposition method, called
horizontal dipping, is developed for the fabrication of organic semiconductor DFB lasers (DFB-OSLs). In horizontal dipping, a reservoir of coating
ﬂuid is maintained between the substrate and a horizontal metal rod (coating barrier) placed ∼ 1 mm above the substrate by capillary action. By
drawing the barrier, a thin ﬁlm is deposited upon the substrate, as illustrated in Figure 3.5(a). The resulted ﬁlm thickness is accurately controlled
by the properties of the active organic materials and the coating solvents as
well as by the drawing speed of the coating barrier [262, 263, 264]. The
transport of the barrier through a meniscus of the solution is similar to the
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dip-coating method, but different from the vertical withdrawing. The wet
ﬁlm is formed by transporting the barrier horizontally, so it is named “horizontal dipping”.

Figure 3.5: (a) Schematic illustration of horizontal dipping. (b) Photograph of the
main setup of horizontal dipping.

As early as in 1942, Landau and Levich have found that by dragging a
moving plate with the liquid, the left liquid ﬁlm thickness can be determined by [265]
h = 1.34(
n · Rd = (

μU 2/3
) · Rd
σ

xd2
+ 2h0 ) − h
2R

(3.2)
(3.3)

where μ and σ represent the viscosity and surface tension of the coating solution respectively, U the drawing speed, and Rd the radius of the curvature
of the downstream meniscus. R, h0 and xd are the radius of the cylindrical
coating barrier, the minimum gap height and the distance of meniscus edges
(as depicted in Figure 3.5(a)) respectively. The contact angle is measured
on the contact line at the interface between solution and coating barrier. For
the coating processes, the contact angle is 0◦ and thus n is 2.
The horizontal-dipping apparatus is shown in Figure 3.5(b) and is an
inhouse-assembled machine consisting of two main modules: a sample
stage and a stainless steel coating barrier. The coating barrier is a cylindrical rod with a diameter of 6.3 mm. As the core component of the setup,
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it is transported by a stepper motor (EMIS, SM42051), which is connected
to a controller (TRINAMIC Motion Control, TMCL-310).
Although the device construction of horizontal dipping is very similar to
that of doctor-blading, they are based on distinctly different mechanisms.
Doctor-blading is a metered coating process, whose ﬁlm thickness is almost
equal to the gap height. Even though a small perturbation is added to the
ﬁnal result due to the motion of ﬂuid, there is no common explanation and
estimation of this deviation. Horizontal dipping is a pre-metered coating
process, whose ﬁlm thickness can be calculated by a regular mathematical expression with capillary number C = (μU/σ ) and drawing speed (see
Eq. 3.2). The initially formed downstream meniscus is the entire solution
to be deposited and the quantity of solution can be estimated and measured.
From the view of fabrication sequence, the ﬁrst step of doctor-blading is to
spread the coating solution onto the substrate and the ﬁlm is newly shaped
by transporting the blade. Therefore, large quantity of the organic solution
is scraped off and wasted. Less viscous and volatile solutions are not suitable for doctor-blading. The ﬁrst step of horizontal dipping is to place the
coating barrier at the front edge of the sample, followed by introducing the
coating solution into the gap, so it will automatically form a uniform meniscus of the solution. With horizontal dipping, 30–50 μl organic solution is
sufﬁcient for a deposition onto a 25 × 25 mm2 grating sample.
Because the ﬁlm thickness depends on the drawing speed of the coating
barrier, it is possible to apply horizontal dipping to fabricate wedge-shaped
organic ﬁlms with controlled thickness. This can be achieved with an accelerated or decelerated drawing speed [22]. Using this simple technique,
a solution-processed continuously tunable organic semiconductor laser can
be easily built. The tunable spectral range can reach up to ∼ 38 nm using F80.9 BT0.1 :MEH-PPV as the active medium [266]. In the fabrication,
it is necessary to align the grating substrate so that the resulting thickness
gradient is parallel to the grating orientation in order to provide uniform
optical feedback in the region of interest. Recently, the wedge-shaped thin
ﬁlms deposited by horizontal dipping have been employed to study the
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spatial mapping of photocurrents in organic solar cells [267] and organic
light emitting diodes [268]. In this work, horizontal dipping is used to deposit homogeneous conjugated polymer thin ﬁlms on corrugated grating
substrates.
3.3 Optical characterization technique
The optical characterization setup is shown in Figure 3.6. For the optical
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Figure 3.6: Schematic illustration of the calibrated optical characterization setup
(adapted from [98]).

characterization of organic DFB lasers, the samples were optically excited
by a diode-pumped, actively Q-switched frequency-tripled neodymiumdoped yttrium orthovanadate (Nd:YVO4 ) laser (AOT-YVO-20QSP) with
a wavelength of 355 nm and a pulse length of about 0.5 ns. The repetition rate could be tuned up to 20 kHz. The pump pulse energy was adjusted with a variable neutral density ﬁlter and measured with a calibrated
gallium arsenide phosphide photodiode connected to an oscilloscope (Tektronix, TDS2024C). The second neutral density ﬁlter was ready to use for
manual change of intensity. The sample was kept in a vacuum chamber
(< 5 × 10−3 Pa) to protect the active material from photooxidation. A converging lens with a focal length of 75 mm was used to adjust the excitation
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area of the pump spot by moving the vacuum chamber with the sample
relative to the focal plane. Emission from the sample was collected using
the converging lens for the pump beam, then directed through a dichroic
mirror (AHF Analysentechnik, z355RDC) as well as detection optics and
coupled into a multi-mode optical ﬁber. Further on, the emission spectra
were analyzed by a spectrograph (Acton Research Corporation, SpectraPro
300i, variable gratings) connected to an intensiﬁed charge-coupled device
(ICCD) camera (Princeton Research, PiMax 512). The vacuum chamber
containing the sample could be moved in all three dimensions relative to
the pump beam using a motorized precision stage. This allowed a spectrally and spatially resolved characterization of the lasers. The positiondependent dimensions of the laser spot on the sample were determined using the moving edge method and ﬁtted with a Gaussian beam proﬁle along
the horizontal (x) and vertical (y) axis [269]. The beam emitted from the
pump laser showed a slight elliptical shape. The diameters of the pump
spot were taken as the extension of the pump spot along x and y for which
the intensity was above 1/e2 of the intensity maximum.1

this work, the pump spot size is represented as Dx × Dy , where Dx is the spot diameter in
horizontal direction and Dy is the one in vertical direction.

1 In
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4 Spatially Deﬁned Organic Semiconductor
Lasers for LOC Applications
The integration of organic semiconductor DFB lasers (DFB-OSLs) into
all-polymer chips is promising for spectroscopic applications. This chapter
describes how to realize spatially deﬁned organic lasers (“laser pixel”) on
an all-polymer chip platform. Two technologies, local deﬁnition of the active material and laterally controlled fabrication of DFB-corrugations are
developed. First, an overview of existing approaches is given to obtain a
general state-of-the-art. A localized manipulation of conjugated polymer
via ink-jet printing and a novel fabrication of DFB-grating pixels via laserassisted replication are demonstrated in the following sections. A summary
and discussion part will be given at the end of this chapter.1

4.1 State of the art
A lab-on-a-chip (LOC) device integrates one or several laboratory functions
on a single chip of only square millimeters to a few square centimeters in
size, which deals with extremely small ﬂuid volumes down to less than picoliters [272]. The advantages of using LOC devices to perform laboratory
operations on a small scale are very appealing. First, the small volumes
can reduce the time taken to synthesize and analyze a sample; the unique
behavior of liquids at the microscale allows simpler control of molecular
concentrations and interactions; and reagent costs and the amount of chemical waste can be much reduced. Compact devices also allow samples to be
analyzed at the point of need rather than in centralized laboratory [273].
1 Parts

of the results have been published in Ref. [270, 271].
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The simple fabrication of DFB-OSLs makes them very attractive for the
integration in miniaturized spectroscopic systems. Especially, they can be
fabricated on ﬂexible polymer substrates and can operate as pixel-sized
light sources in an all-polymer LOC platform. A good example is the LOC
ﬂuorescence marker detection scheme demonstrated by Vannahme et al.
[30, 274], which comprised an integrated organic DFB laser, an optical
waveguide obtained by index modiﬁcation of poly(methyl methacrylate)
(PMMA) under deep ultraviolet (DUV) illumination and the microﬂuidics
with ﬂuorescent molecules.
However, for such LOC platforms the size of DFB lasers should be as
small as possible to save the limited space for other passive optical components. Additionally, there must be an accurate lateral control to deﬁne the
localized laser sites. In order to realize such “laser pixels”, techniques for
local deﬁnition of the active medium and for laterally controlled fabrication
of DFB-corrugations have to be developed.
In terms of the active media, small molecules such as Alq3 doped with
the laser dye DCM are competing with conjugated polymers. The former
class of materials can be evaporated locally using shadow masks and can
thus be combined with pre-deﬁned grating sites [18]. On the other hand,
conjugated polymers can be processed by inexpensive solution-based techniques such as spin coating, dip-coating and doctor blading. However, these
methods result in an organic semiconductor layer covering the whole substrate. An appropriate solution processing technique to create conjugated
polymer laser pixels is still in vacancy. To solve this problem, printing
techniques can be used to achieve an accurately controlled deposition. A
particularly interesting approach is the use of ink-jet printing.
In terms of the DFB-corrugations, the laterally controlled fabrication of
grating structures for organic semiconductor lasers has only been addressed
so far by using nanograting transfer to transfer the gratings onto a homogeneous gain material layer [275] and a rather time-consuming approach using direct electron beam lithography (EBL) on conjugated polymers [276].
On the other hand, various substrate scale techniques such as laser inter80
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ference lithography (LIL) [277] and nanoimprint lithography (NIL) [243]
are available to achieve a low-cost fabrication of high-quality DFB corrugation nanostructures on an LOC platform. As introduced in Section 3.1.2,
to solve the problems in fabrication of pre-deﬁned nanogratings by using
state-of-the-art NIL techniques, a novel method, laser-assisted replication,
can be adopted in the process as a substitute for hot embossing.
4.2 Organic semiconductor lasers fabricated by ink-jet printing
Ink-jet printing has already been successfully applied in the fabrication of
various organic electronic devices, such as organic transistors [260, 278],
organic solar cells [259, 279] and organic light emitting diodes [261, 280],
but not yet for building organic semiconductor lasers before author’s work.
In contrast to most solution-based deposition techniques, ink-jet printing
allows the deposition of thin ﬁlms with arbitrary lateral shapes and small
lateral dimensions [281]. Thus, ink-jet printing is a promising technique
for the inexpensive fabrication of spatially deﬁned organic lasers (“laser
pixels”) in photonic LOC or other sensing systems. As it allows printing
several different organic materials onto one substrate, ink-jet printing is
also capable to improve the tunable range of organic lasers in the visible
spectrum for free-space applications.
In this section, ink-jet printing of organic semiconductor distributed feedback lasers from polymer solution is presented. An example of precise
printing on several pre-deﬁned grating sites in small lateral dimensions is
given to verify the fabrication advantage. Subsequently, the uniformity of
the printed organic layer and of the resulting laser emission is investigated.
4.2.1 Ink-jet printing process and materials
For printing the active layers an ink-jet printer (FUJIFILM Dimatix, Dimatix Materials Printer DMP-2800) with piezoelectric driven nozzles in the
printing head (DMC-11610) was applied.2 The patterns to be jetted were
2 The

ink-jet printer is located at InnovationLab GmbH in Heidelberg.
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resolved into 5 μm pixels (5080 dpi) from silicon nozzles with an oriﬁce
size of approximate 21.5 μm. The jetting duration, frequency, slew rate and
ﬁring voltage were optimized in one synthetic jetting waveform according
to the characteristics of the adopted solutions. In this work, only one nozzle from the linearly spaced 16 nozzles was used for fabrication to avoid
complexity due to overlapping printing of neighboring nozzles and jetting
discrepancies of different nozzles.
The printability of organic semiconductor lasers was investigated in respect of organic solvents and conjugated polymers. Solvents with low boiling points, like the frequently used toluene and tetrahydrofuran (THF), are
not suitable for ink-jet printing due to the fast evaporation at the nozzle of
cartridge, which impedes proper droplet formation. In this work, a solvent
blend of one high-boiling solvent ethyl benzoate and one low-boiling solvent toluene was applied to avoid such clogging problem and to minimize
the coffee stain effect [282]. Furthermore, the concentration of the dissolved conjugated polymer, which was frequently used over 20 mg ml−1 for
organic laser deposition [22, 39], has to be decreased. As the solute concentration gets higher, the viscosity of the solution increases, while the surface
tension decreases [283, 284]. Both effects are detrimental for a steady printing process. 10 mg ml−1 of the conjugated polymer F80.9 BT0.1 was dissolved in a solvent blend of ethyl benzoate and toluene (20:80 vol.%/vol.%)
for the following printing process.
4.2.2 Ink-jet-printed organic laser pixels
As shown in Figure 4.1(a) and 4.1(b), individual active pixels were ink-jetR
6013 cyclic oleﬁn copolymer
printed on several grating sites on a TOPAS
(COC) (TOPAS Advanced Polymers) substrate with a thickness of 254 μm,
which were obtained by replicating 70-nm-deep distributed feedback gratings with site dimensions of 0.5 × 0.5 mm2 from a silicon stamp using
hot embossing. The DFB-corrugations were designed as gratings with a
period of 360 nm in 1 μm-deep micro-trenches. A thin layer of hafnium
oxide (HfO2 ) with a thickness of 80 nm was deposited on top of the COC
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substrates in order to protect the polymer substrate from erosion of the employed solvents. The prepared solution was ink-jet-printed with a drop
spacing of 25 μm (1016 dpi) onto the grating sites. The fast axis of the
print head movement was aligned parallel to the grating orientation (the xdirection as shown in Figure 4.1(a)). To accelerate the evaporation rate of
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Figure 4.1: (a) Optical micrograph of ink-jet-printed organic lasers on 9 separate
R
TOPAS
6013 COC grating sites. (b) Individual micrograph of organic
laser printed on grating site No.3. (c) Laser threshold and emission
spectrum (inset) of the ink-jet- printed organic DFB laser on grating site
No.3.

the solvent, the substrate was heated to 60 ◦ C, while the nozzle was kept
at room temperature. The mean thickness of single deposited organic ﬁlms
was 650 nm with a standard deviation of about 65 nm as measured with a
surface proﬁler (Bruker, DektakXTTM ).
The optical characterizations were performed with the setup at LTI (see
Section 3.3). The laser threshold was measured as 210 nJ pulse−1 with an
elliptical pump spot with a diameter of 81 μm parallel and 46 μm perpendicular to the grating orientation. The input-output characteristic of ink-jetprinted laser is shown in Figure 4.1(c) with a laser spectrum in the inset.
The polarization of laser emission at 582.7 nm was parallel to the grating
orientation, which veriﬁed a surface-emitting laser of resonant TE-mode
[285]. The whole printed grating area was scanned with a pump spot size
83

4 Spatially Deﬁned Organic Semiconductor Lasers for LOC Applications

of 81 μm × 46 μm and the laser spectra were recorded at each measurement
point with a scanning spacing of 100 μm. The results revealed a mean laser
wavelength of 582.3 nm and a standard deviation of about 0.4 nm, which
indicated a small variation in the ﬁlm thickness on the length scale of the
laser pixels. At a pump energy of 400 nJ pulse−1 and a repetition rate of
1 kHz, the device operated continuously for about 3×106 pump pulses before decaying to 50 % of the initial laser intensity (50 min operation). This
laser lifetime is comparable to one of the similar F80.9 BT0.1 DFB lasers
fabricated by spin-coating or horizontal dipping.
4.2.3 Uniformity of ink-jet-printed organic lasers
To investigate the uniformity and the lasing behavior of ink-jet-printed organic DFB lasers, a relatively large area (2 mm × 3 mm) of F80.9 BT0.1 was
printed with a drop spacing of 30 μm (847 dpi) on a 1D-grating substrate
with a grating period of 350 nm. A uniform ﬁlm was deposited by applying
the described parameters on the same site for two printing cycles, as shown
in Figure 4.2(a). The thickness measurement revealed an average thickness
of 700 nm without noticeable coffee staining effect, as presented in Figure 4.2(b). Nevertheless, the strip-like printing proﬁle can be seen due to
the intrinsic line-by-line deposition operation, as shown in the atomic force
microscope (AFM) image in Figure 4.2(c). A roughness analysis of the
surface revealed that the averaged root-mean-square (RMS) roughness in
the x-direction is about 8 nm, while it is about ﬁve times higher in the ydirection. This reveals that the printing uniformity along the fast axis of the
print head movement (x-direction) is considerably higher than that along
the perpendicular axis (y-direction).
Figure 4.3(a) shows TE-mode lasing spectra with a peak wavelength of
563.5 nm for two different pump spot sizes at two different excitation energy levels. At a pump spot size of 48 μm × 66 μm, the laser threshold
was measured as 76 nJ pulse−1 . The spectral width of the laser emission
increased with the enlarged pump spot sizes (SP ) and the enhanced pump
pulse energy (EP ). The emission broadening along with the enlarged pump
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Figure 4.2: (a) Optical micrograph of a conjugated polymer ﬁlm with a lateral dimension of 2 mm × 3 mm printed on a large-area SiO2 grating. (b) Film
thickness proﬁle measured along the y-direction with a surface proﬁler.
(c) Atomic force micrograph of the ink-jet-printed surface proﬁle with
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Figure 4.3: (a) TE-mode emission spectra of an ink-jet-printed organic laser under
excitations with varying spot sizes and input-output characteristic (inset)
for excitation with a pump spot size of 48 μm × 66 μm. EP : pump pulse
energy, SP : pump spot size. (b) Color-encoded spatially resolved laser
wavelengths for the TE-mode of an organic DFB laser, printed with a
resolution of 30 μm (847 dpi).
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spot sizes was mainly attributed to the inhomogeneity of ﬁlm thickness
within the excitation area and not to the increasing number of lateral modes
of DFB lasers with linear gratings [116], since the spectral broadening was
in both of longer-wavelength and lower-wavelength directions. The laser
emission uniformity was checked by scanning the whole deposition area
with a constant excitation intensity of 400 nJ pulse−1 and a pump spot
size of 81 μm × 46 μm. The scanning spatial resolution was 75 μm. Figure 4.3(b) shows the peak wavelength distribution of the spatially resolved
laser spectra. An average laser wavelength was measured as 562.9 nm with
a standard deviation of 0.5 nm.
4.3 Organic semiconductor lasers fabricated by laser-assisted
replication
As elucidated in Section 3.1.2, a spatial replication of a DFB-corrugation
for fabrication of organic laser pixels can be achieved using a near-infrared
high-power diode laser beam. In this section, the novel laser-assisted
replication is demonstrated to fabricate localized surface-emitting (secondorder) and edge-emitting (ﬁrst-order) organic distributed DFB laser pixels
on a poly(methyl methacrylate) (PMMA) substrate. This technique allows
a fast replication with standard polymer materials. Not only the process
time is reduced, the localized heating also provides the unique beneﬁt to
replicate parts of existing structures on a master stamp. Additionally, since
only the deﬁned areas are to be heated, it allows a subsequent additive fabrication of DFB-corrugations while all other areas are retained. The minimum localized replication area and the inﬂuence of processing parameters
on corrugation quality are investigated in Section 4.3.4.
4.3.1 Fabrication process
The basic principle of laser-assisted replication was already introduced in
Section 3.1.2. Before replication, a silicon master stamp with a DFBcorrugation was fabricated. Via electron beam lithography (EBL) and reac86
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tive ion etching (RIE), the DFB-corrugations with grating periods ranging
from 195 nm to 450 nm, a height of ∼ 120 nm and a duty cycle of 75 % were
generated. Via aligned UV-lithography and subsequent RIE on the same
wafer, trenches for the DFB lasers with a height of 1.2 μm were ﬁnished.
A thin anti-adhesion layer was then deposited on the wafer to facilitate the
polymer substrate detachment. For the replication process, a 2-mm-thick
R
XT) with a size of 30 × 30 mm2
PMMA substrate (Evonik, Plexiglas
was positioned on selected corrugations of the silicon master stamp. The
following processing parameters resulted in highest quality replication: a
heating temperature of T = 180 ◦ C, a laser scan velocity of v = 40 mm s−1 ,
a clamping pressure of p = 0.1 MPa and a line offset (writing distance between two subsequent lines) of Δx = 0.3 mm. To achieve a homogenous
replication, each substrate was treated twice by the laser beam: ﬁrst perpendicular to grating orientation and second parallel to the grating orientation. The replication process took about 5 min for the replication of an
area of 30 × 30 mm2 . Figure 4.4(a) and 4.4(b) show a microscope image
and a scanning electron microscope (SEM) image on a replicated PMMA
substrate with grating period of 400 nm.
(a)

(b)

(c)
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Figure 4.4: (a) Microscope image of a one-dimensional PMMA DFB grating with
a period of 400 nm fabricated by laser-assisted replication. (b) SEM
image of the grating structures fabricated by laser-assisted replication.
For comparison (c) shows a SEM image of the Λ = 400 nm grating
structures fabricated by hot embossing (equipment built by IMT-KIT)
using the same silicon master stamp as for (b).

The grating structures fabricated via laser-assisted replication shows a
high ﬁdelity over the whole molding area. The replicated quality was simi87
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lar to hot embossing, as shown in Figure 4.4(c). However, the laser-assisted
replication process took a much shorter time compared to the 45-min-long
hot embossing process.
After replication, the clamping pressure was released. The PMMA substrate was cooled down in ambient condition and separated from the silicon
master stamp. Alq3 doped with the laser dye DCM has been chosen as the
active material. As elucidated in Section 2.2.4, this small molecule blend
forms a very efﬁcient Förster energy transfer system and exhibits an excellent long-term stability. Evaporating 250 nm Alq3 doped with 2.8 wt.%
DCM onto the deﬁned grating sites ﬁnally yielded the organic DFB laser
pixels. The used stencil shadow mask was fabricated by UV-lithography
and nickel electroplating [30], as described in Section 3.2.1.
4.3.2 Second-order organic DFB laser pixels
The optical characterization setup is the same as that for the ink-jet-printed
organic laser pixels (see Section 3.3). Figure 4.5(a) shows the colorencoded spatially resolved lasing wavelength from a PMMA chip containing 9 laser pixels with individual lateral dimension of 0.5 × 0.5 mm2
and an interspacing of 0.5 mm. The grating period of DFB-corrugations
varies from 370 nm to 450 nm in steps of 10 nm from the leftmost pixel
to the rightmost one. The chip was probed with a resolution of 100 μm.
The laser emission wavelength did not show any deviation on the area of
a single laser pixel within the spectral resolution of the setup (approximately 0.1 nm). This indicates a very uniform replication of nanogratings
in PMMA. The corresponding laser emission spectra and the threshold ﬂuence values for TE0 -modes are shown in Figure 4.5(b) and 4.5(c). After
conﬁrmation using a polarization ﬁlter, the TM0 -mode laser peaks can also
be detected at λ = 630.4 nm and λ = 643.6 nm corresponding to gratings of
Λ = 400 nm and Λ = 410 nm. The higher laser threshold from the laser pixel
with a grating period of 450 nm is attributed to the lower gain coefﬁcient at
the emission wavelength of 712.5 nm.
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Figure 4.5: (a) Color-encoded spatially resolved laser wavelengths of fabricated
organic DFB laser pixels with grating periods from 370 nm (left) to
450 nm (right) in steps of 10 nm. (b) Laser spectra and TE0 -mode
threshold ﬂuence measured at a pump spot size of 220 μm × 170 μm
corresponding to the grating distribution. For some gratings the onset
of the TM0 -mode can also be seen as very small peaks. (c) Input-output
characteristic of a laser pixel with grating period of 410 nm and a laser
emission at λ = 657.5 nm.

4.3.3 First-order organic DFB laser pixels
For being suitable for LOC spectroscopic applications, the organic semiconductor lasers are usually based on ﬁrst-order DFB gratings for emission
light in chip-plane only. By introducing a waveguide onto the chip, ﬁrstorder organic laser emission can be efﬁciently coupled and guided to the
analyte sites. PMMA chips with deep ultraviolet (DUV) induced waveguides have been fabricated previously [18, 274]. Here, the active grating
and waveguides were fabricated altogether via laser-assisted replication and
Alq3 :DCM was evaporated on both of them to build coupled edge-emitting
organic laser on chip. This novel conﬁguration allows a one-step fabrication of laser and waveguide without mix-and-match pattern-related defects
[286]. Additionally, direct connection between laser and waveguide made
from the same active material facilitates good coupling efﬁciency.
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Different gratings with length of 0.5 mm, interconnected by 0.3-mmwide waveguide structures perpendicular to the grating orientation were simultaneously fabricated in 1.2 μm-deep trenches on PMMA chip. The grating periods for ﬁrst-order organic DFB lasers were chosen to be 195 nm,
200 nm, and 205 nm, as labeled in Figure 4.6(a). A 250-nm-thick layer
of Alq3 :DCM was evaporated on the deﬁned grating and waveguide, thus
allowing an optimum light coupling.
(a)

(b)
Lens2 Lens1
1 mm

Beam
splitter ND-filter
Pump
laser

Photodiode
100 nm
50
1 m
0.5
00 1

2

3

4

5 m

Waveguide
Alq3:DCM
Spectrometer
PMMA
Laser
Fiber collimation optic

Figure 4.6: (a) Microscope image of a coupled organic DFB edge-emitting laser and
an AFM image of the nanograting with period of 200 nm. (b) Schematic
illustration of the optical setup to detect the edge emission from the
integrated organic DFB laser.

The experimental setup for the chip characterization is schematically depicted in Figure 4.6(b). The pump laser and the detection system were the
same ones as used for the characterization of the surface-emitting organic
lasers, but the detection plane was changed according to the chip orientation. The excitation spot diameter on the sample surface was ∼ 100 μm. In
order to limit laser degradation in the ambient atmosphere, the excitation
repetition rate was set as low as 100 Hz.
Figure 4.7(a) shows exemplarily the laser spectrum of a DFB laser with
a grating period of 200 nm. The laser emission at λ = 645.5 nm was detected at the chip facet using a multi-mode optical ﬁber (Ocean Optics,
P400-3-UV-VIS). A stronger background due to the Alq3 :DCM ﬂuores90
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Figure 4.7: (a) Laser spectrum and (b) input-output curve taken from the chip facet
for a grating with Λ = 200 nm using a multi-mode optical ﬁber coupled
to a spectrometer.

cence than in the case of the surface-emitting lasers was observed. This
can be explained by the fact that the ﬂuorescence was coupled into the
waveguide with comparable efﬁciency as the laser radiation. In case of
surface-emitting lasers, the ﬂuorescence signal was weaker as it emitted
into all directions and only the perpendicularly emitted light was detected.
The corresponding laser threshold ﬂuence was measured to be 72 μJ cm−2
(see Figure 4.7(b)).
In comparison with the previously used DUV-induced PMMA waveguides, the on-chip waveguides from the same organic laser material are
in greatly advantageous in terms of coupling efﬁciency. However, the
asymmetrical waveguide scheme (from top to down: air, Alq3 :DCM and
PMMA) may inﬂuence the propagating laser mode proﬁle.3 It is also noted
that the waveguides should be designed as short as possible to reduce the
self-absorption of organic active media in the waveguides.
4.3.4 Size-dependency of laser-assisted replication
The minimum replication area size of laser-assisted replication is determined by the applied laser beam diameter, the processing time, and the
laser-induced heating temperature in the contact zone of master stamp and
3 The

DUV-induced PMMA waveguides can be considered as a symmetrical waveguide after
chip bonding with a PMMA lid [30].
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polymer. To investigate the spatial resolution limits of the replication process, test structures were fabricated with a tool comprising spatially deﬁned
DFB grating areas using different heating periods. Figure 4.8(a) shows a
microscope image of a beginning trail of the replicated structure, which
was obtained by laser-induced heating of a single line with a scanning
speed of 40 mm s−1 , corresponding to a local heating as short as 17.5 ms.
The red line indicates a ﬁt to the right end of the replicated structures.

Figure 4.8: Microscope images of (a) the begin of the replication trail obtained by
heating a single line with a laser scanning velocity of 40 mm s−1 and
(b) the replicated spot after 2-s-long punctual heating in comparison
with the laser focus spot (red).

The rim is in good accordance with the elliptical laser focus spot size of
0.55 mm × 0.7 mm. In comparison, applying 2-s-long punctual heating
resulted in an expansion of the heat-affected zone on the silicon stamp and
a consequently enlarged replication area. As shown in Figure 4.8(b), an
extension was measured as ∼ 3.8 times of the laser focus spot diameter.
The versatility of the localized replication was veriﬁed by fabrication of
pre-selected laser pixels. Figure 4.9(a) shows a partial replication from the
silicon master stamp with gratings in periods of 390 nm, 400 nm, 410 nm
and 420 nm. Each pixel has a dimension of 0.5 × 0.5 mm2 with an interspacing of 0.5 mm. A 2-mm-broad space was excluded from the laser
writing path from left to right on the chip. As a result, an unstructured
area with a width of 1.8 mm was observed between the replicated structures. The slight difference between the size of unstructured area and the
92

4.3 Organic semiconductor lasers fabricated by laser-assisted replication
(b)

(a)

1

ᬅ

ᬆ

ᬇ

1.8 mm

y (mm)

1 mm

1
0.5 ᬅ
0
0
1
620

ᬆ

2

x (mm)

ᬇ

3

660
640
Wavelength (nm)

4

Norm. intensity

1 mm

0.8
0.6
0.4
0.2
0

610 630 650 670
Wavelength (nm)

690

Figure 4.9: (a) Photograph of the complete set of spatially deﬁned laser gratings
(from left to right: Λ = 390 nm, Λ = 400 nm, Λ = 410 nm and
Λ = 420 nm) on silicon master stamp (top). The actual laser grating areas are visible as homogenous darker grey areas which are separated by
auxiliary structures in between. The photograph of the PMMA laser pixels partially replicated on a PMMA chip (middle) and spatially resolved
laser wavelengths of fabricated organic DFB laser pixels (bottom) are
also shown. (b) Laser spectra corresponding to the grating areas x, y
and z in (a).

non-irradiated area is attributed to the heat conduction in the silicon master
stamp. The spatially resolved lasing wavelength distribution revealed one
completely omitted and one only partially available laser pixel. The latter had a clearly deﬁned border. The corresponding laser pixel spectra are
shown in Figure 4.9(b).
As previously mentioned, a great advantage of localized replication is
the subsequent fabrication of nanostructures with already existing photonic,
ﬂuidic or electronic components, which remain unaffected during fabrication process. This was demonstrated by replicating the same structures
twice on a single 2-mm-thick PMMA substrate and performing two successive replication processes at a distance of 10 mm. Each replicated area
was deﬁned to be 5 mm × 20 mm without overlapping each other, as shown
in Figure 4.10(a). Figure 4.10(b) shows a photograph of the ﬁnished laser
pixels on PMMA chip, which can be clearly identiﬁed by the grating effect. A 250-nm-thick Alq3 :DCM layer was evaporated on top of the chip to
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investigate the laser behavior and to determine the replication quality. All
laser pixels showed homogeneous laser emissions throughout the whole
pixel area. Laser pixels having the same grating period revealed comparable characteristics, e.g., the threshold ﬂuences of laser pixels with a grating
period of 420 nm were measured to be 61 μJ cm−2 and 52 μJ cm−2 , respectively. Both laser pixels emitted at the same laser peak wavelength of
670 nm. The existing grating structures were not inﬂuenced by the subsequent replication process. Inexpensive fabrication of identical nanostructures in a step-and-repeat process is shown to be possible. This can be
widely useful for LOC and other integrated optics applications.
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Figure 4.10: (a) Scheme of the ﬁrst and second laser-assisted replication area in size
of 5 mm × 20 mm. (b) Photograph of subsequently fabricated grating
structures 1 and 2. (c) Finished chip after encapsulation with PMMA
lid via laser transmission welding. The chip edge looks silver due to
the carbon absorption layer.

4.3.5 Encapsulation via laser transmission welding
During operation, organic semiconductors suffer from photo-induced degradation when exposed to air or water. Therefore, an encapsulation is necessary to prolong the device lifetime. Earlier, LOCs containing organic
semiconductor lasers were encapsulated in polymer using thermal bonding
[274, 287], which is rather time-consuming and therefore only suitable for
parallel processing with large numbers of LOC chips. In addition, the high
temperature used for bonding leads to bleaching of the organic active media. Here, the encapsulation of the fabricated organic laser chip is achieved
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via laser transmission welding [288]. For this purpose, the same setup as
for laser-assisted replication was used. A 2-mm-thick PMMA substrate was
prepared as a lid and placed on top of the previously fabricated chip with
laser-pixel trenches. Since PMMA is transparent for near-infrared radiation, an additional absorption layer of carbon with a thickness of 5–10 nm
was sputtered at the square-edge on the surface of the PMMA lid pointing
towards the laser chip, where the welding process was to be performed.
Applying the diode laser beam at a wavelength of 940 nm and a maximal
power of 50 W on the chip edge with 5-mm-wide margin, the absorption
layer converted the laser radiation into heat, which melted the two PMMA
substrates along the contact area and bonded them together (T = 140 ◦ C;
v = 40 mm s−1 ; p = 0.4 MPa; Δx = 0.3 mm). A photograph of the encapsulated organic laser chip is shown in Figure 4.10(c). As expected, the
encapsulation process was found not to affect the emission properties of
the laser pixels. Laser transmission welding is thus not only a practical
tool for chip bonding directly after laser-assisted replication, but it also can
substitute thermal bonding after a hot embossing process.
4.4 Conclusion
In this chapter, novel fabrication approaches for spatially deﬁned organic
semiconductor lasers were presented. The laser devices can be potentially
applied as integrated pixel-sized light sources into a lab-on-a-chip (LOC)
platform. Two technologies, ink-jet printing for the local deﬁnition of active materials and laser-assisted replication for the laterally controlled fabrication of DFB-corrugations were developed.
To employ ink-jet printing in fabrication of organic semiconductor lasers,
a mixture of high-boiling and low-boiling solvents was utilized for dissolving the polymer to optimize the ﬁlm uniformity. In contrast to most
solution-based deposition techniques, ink-jet printing allows the deposition of thin ﬁlms with arbitrary lateral shapes and small lateral dimensions.
Thus, an accurate deposition of the organic gain medium on deﬁned grat-
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ing trenches without contamination of other parts of the functional chip
could be achieved. The ink-jet-printed laser devices showed laser thresholds as low as 76 nJ pulse−1 and a spectrally homogeneous laser emission
over large areas. The laser emission properties are comparable to those
of organic semiconductor lasers fabricated via more established solutionprocessing methods.
The spatially deﬁned organic laser pixels can also be realized by largearea deposition on pre-determined grating sites, which can be achieved
by laser-assisted replication. As an alternative to the hot embossing technique, laser-assisted replication employs the irradiation of an infrared laser
beam instead of large-area heating, thus allowing a shorter heating/cooling
period and a localized pixel-sized replication. Based on this technique,
surface-emitting laser pixels were realized based on nanogratings with different periods in lateral dimension of 0.5 × 0.5 mm2 on a PMMA substrate.
A simultaneous fabrication of nanoscale DFB-corrugations and neighboring microscale waveguide trenches was also demonstrated. In this way,
edge-emitting organic lasers coupled to functional waveguides were realized. The minimum fabrication area size was investigated by comparing the
replication spot with the laser beam focus size. The versatility of spatially
localized replication was veriﬁed by fabrication of pre-selected laser pixels.
It was also proven that using this fabrication method, further nanostructures
could be added into the chip platform without negative inﬂuence on neighboring photonic components. Finally, the encapsulation of the polymer chip
was shown using laser transmission welding against ambient air and water.
It can be further improved with the help of a vacuum pump to achieve a
complete isolation from oxygen.
The spatially deﬁned grating sites fabricated by laser-assisted replication
can be combined with the pixel-sized deposition of organic semiconductors
via ink-jet printing. It is foreseen that by using various organic active media, this approach allows the digitally manufactured versatile coherent light
sources integrated in photonic microsystems and LOC devices for spectroscopic applications.
96

5 Organic Semiconductor Lasers for Raman
Scattering Measurements
Due to the narrow laser line width, and the low laser threshold, organic
semiconductor distributed feedback lasers are good candidates for excitation sources for Raman spectroscopy. Some aspects of their laser characteristics need improvement to fulﬁll the requirements of Raman spectroscopy. This chapter presents ﬁrstly how to enhance the laser output
power and maintain the stability of DFB lasers. In the following subsections, applications of organic semiconductor lasers in Raman spectroscopy are described. Two possible free-space excitation conﬁgurations,
free-beam and ﬁber coupling, are investigated. To the best of the author’s
knowledge, this is the ﬁrst application of organic semiconductor lasers in
the ﬁeld of Raman spectroscopy. In the ﬁnal discussion the measurement
results are compared and the possible ways for further improvement of this
approach are given.1
5.1 Issues on organic laser properties
For Raman spectroscopy, the compact hybrid organic-inorganic laser diode
could be a good substitute for bulky liquid dye lasers. Additionally, a very
broad laser wavelength tunability can be obtained via fabricating an organic semiconductor laser by various means. A selection of an arbitrary
excitation wavelength in the visible spectral range is of signiﬁcant interest
for resonance Raman scattering (RRS) and surface-enhanced Raman spectroscopy (SERS) [2, 290].

1 Parts

of the results have been published in Ref. [179, 275, 289].
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As introduced in Section 2.4.2, adequate laser power, high wavelength
stability, high spatial mode quality and moderately narrow line width are
basic criteria for a laser for Raman spectroscopy. In an application-oriented
view, the following issues ought to be under consideration to improve the
performance of organic lasers for Raman measurements.
5.1.1 Laser threshold
The laser threshold is deﬁned as the value of the pump energy at which
the optical gain is beginning to surpass the losses of the laser resonator,
as shown in Figure 5.1(a). A low laser threshold is desired because it can
lower the pump energy and potentially increase the laser output power for
a given pump energy.
DFB lasers are intrinsically low-threshold lasers. Typical threshold ﬂuence values for organic second-order DFB lasers are on the order of 0.1–
100 μJ cm−2 [68, 69]. A low threshold power requires basically low
resonator losses and a high gain efﬁciency. The former is related to the
DFB resonator parameters, such as grating depth, grating duty cycle, substrate refractive index (waveguide conﬁnement) and so on. There are also
some novel ideas, e.g., employing mixed-order grating structures or twodimensional grating structures to lower the threshold value [166, 173, 174,
188]. The latter can be achieved by employing proper active media with a
high overall optical gain. Furthermore, the excitation conditions, especially
the pump spot size, determine the threshold values as well [291]. This will
be discussed in detail in Section 5.2.3.
5.1.2 Laser output power
The optimization of laser output power for a given pump power and a given
repetition rate usually involves a high slope efﬁciency η (see Figure 5.1(a))
and a low laser threshold Eth . Upon a high pump energy level, the slope efﬁciency is dominant in determining the laser output power. Additionally,
pump pulse duration, pump repetition rate and stability of active media in98
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Figure 5.1: Characteristics of a laser: (a) The input-output characteristic shows a
sharp bend at the threshold excitation energy Eth and the slope efﬁciency
η. (b) An example of laser intensity degradation of an F80.9 BT0.1 DFB
laser. The laser lifetime is here deﬁned as the time period until the laser
intensity degrades to half of its initial value.

ﬂuence the laser output power as well. Due to the small excitation volume,
the output pulse energy of organic semiconductor lasers is typically on the
order of nanojoules, which corresponds to a peak power at the watt-level in
a very short pulse duration (few nanoseconds). A very high organic laser
slope efﬁciency of 70 % was reported in Fabry-Pérot waveguide laser using Alq3 :DCM as an active medium [15]. The differential slope efﬁciency
of organic semiconductor second-order DFB lasers is in the range of 0.1–
17 % [166, 186, 292, 293, 294, 295, 296]. The main approaches to enhance
the slope efﬁciency are varying grating conﬁguration heights [297, 298],
using a two-dimensional DFB conﬁguration [166, 169, 186], introducing
an intermediate high refractive index polymer layer [299], and employing
efﬁcient organic active media [292, 296].
5.1.3 Laser lifetime
Like for all organic optoelectronic devices, photodegradation is a serious
issue for organic semiconductor lasers and the operating stability of the
devices is thus still a challenge [12]. Despite a number of studies on this
subject [39, 93, 104, 300, 301, 302, 303, 304, 305], there is still no coherent understanding until now. There have been various criteria to scale and
compare the degradation of organic lasers. The most widely used lifetime
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deﬁnition is the time period until the laser peak intensity degrades to half
of its initial value [188, 306], as illustrated in Figure 5.1(b). This laser
lifetime is determined by many parameters: the intrinsic chemical and optical properties of the used organic materials, the stability of the resonator
features, the excitation density and pulse duration as well as the ambient
conditions during fabrication and characterization. Therefore, the reported
lifetime values can be hardly compared as almost every single experiment
parameter plays a crucial role on the ﬁnal results. Some common views
for a better lifetime performance comprise isolating from ambient oxygen
during characterization, applying short excitation pulses and low repetition rates, and choosing stable organic active media with less loss in triplet
states. Among them, an encapsulation protecting the organic active media
against water and oxygen has often been adopted in the device fabrication
process [109, 179, 274, 306, 307]. With the help of an encapsulation based
on optical adhesives or thermal bonding of a polymer lid, the organic laser
lifetime is comparable to the lifetimes measured for a bare sample in a vacuum chamber. However, even in vacuum or nitrogen-ﬁlled environment
organic lasers tend to degrade [188, 308].
5.1.4 Laser beam divergence
As described in Section 2.3.2, laser beam proﬁles are strongly dependent
on the resonator geometry. For DFB-OSLs, the divergence is also related
to the excitation power. The dimension of the laser divergence is not so important for certain applications like, e.g., sensing, but it is a major concern
for lasers destined to be used as free-space excitation sources for spectroscopic applications [69]. Unfortunately, organic DFB lasers have so far
only shown diffraction-limitation when a two-dimensional corrugation and
a low excitation power (slightly above the laser threshold value) are applied
[53]. The multiple lateral modes which are typically observed may lead to
coupling deﬁciencies in optical ﬁber or power loss in passing through optical lenses or ﬁlters. For the application in spectroscopy, there may be
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unpredicted consequences on the spectroscopic characterization due to the
enlarged laser spot size projected on the analyte samples.
5.2 Optimization of organic semiconductor lasers
Basically, a DFB-OSL is made up from three essential parts: optical pump
source, DFB-corrugation resonator and organic active medium. Below the
inﬂuence of each factor is discussed individually.2
5.2.1 Optimum laser active media
As discussed in Section 2.1, two categories of organic active media, conjugated polymers and small molecules can be used for organic semiconductor
lasers. In this work, three often-used organic active media are compared
to each other: the polyﬂuorene-based conjugated polymer F80.9 BT0.1 , the
composite polymer blend F80.9 BT0.1 :MEH-PPV and the composite molecular system Alq3 :DCM. The former two material systems were processed
with the solution-based method horizontal dipping and Alq3 :DCM was deposited through thermal evaporation. For comparison, laser devices with
three active media were build on SiO2 gratings3 with a grating height of
90 nm. A grating with Λ = 360 nm was chosen for F80.9 BT0.1 laser and
another with Λ = 400 nm for F80.9 BT0.1 :MEH-PPV and Alq3 :DCM lasers.
Laser emission wavelength and line width
The spectral emission ranges of three laser devices were introduced in Section 2.2.4. Under an optical pumping at λ = 355 nm, an organic DFB laser
with an arbitrary wavelength in the spectral range from 550 nm to 700 nm
could be fabricated.
2 The

optical characterizations of DFB-OSLs were performed at LTI. The characterization
setup was shown in Figure 3.6 in Section 3.3 and the spectral resolution of the employed
optical characterization system is about 0.1 nm.
3 The grating were fabricated using electron beam lithography, followed by reactive-ion etching on a thermally oxidized silicon wafer (see Section 3.1.1).
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To match commercially available optical ﬁlters designed for use with the
standard Nd:YAG laser or the helium-neon (He-Ne) laser, wavelengths of
λ = 532 nm and λ = 632.8 nm are preferred for Raman experiments. Additionally for surface-enhanced Raman scattering (SERS) measurements, a
laser wavelength over 600 nm is advantageous considering the absorption
properties of metallic Au/Ag nanoparticles/thin layer. Unfortunately it is
very hard to obtain an emission wavelength above ∼ 700 nm using organic
semiconductors due to severe triplet-triplet absorption [69].
The laser spectra of devices built with 220-nm-thick organic layers of
F80.9 BT0.1 , F80.9 BT0.1 :MEH-PPV and Alq3 :DCM are depicted in Figure 5.2(a)–(c), which were acquired upon an optical pump energy of two
times the corresponding laser thresholds. The laser spectral line width, often referred to as the full width at half maximum (FWHM) of the laser spectrum, is a comprehensive parameter which is dependent on the stimulated
emission cross section of active medium, the laser emission wavelength as
well as the pumping and resonator conditions [64]. The FWHM values of
laser spectra in Figure 5.2(a)–(c) are listed in Table 5.1.
Active media
Properties
Laser peak wavelength (nm)
FWHM (nm)
Threshold ﬂuence (μJ cm−2 )
Laser lifetime (106 pulses)
Wavelength shift Δλ (nm)
ΔFWHM (nm)

F80.9 BT0.1 F80.9 BT0.1 :MEH-PPV Alq3 :DCM
552.6
0.3
58
0.65
0
0

604.5
0.5
20
0.63
−0.3
+0.2

633.1
0.2
4
19
0
0

Table 5.1: Laser characteristics of devices based on 220-nm-thick organic active
layers of F80.9 BT0.1 , F80.9 BT0.1 :MEH-PPV and Alq3 :DCM. Pump spot
size was set as 550 μm × 450 μm (2 × 10−3 cm2 ). Δλ and ΔFWHM
represent the shift of laser peak wavelengths and the change in FWHM
values during the laser lifetime measurements, respectively.
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Figure 5.2: Laser spectra of organic laser devices with 220-nm-thick active layers of
(a) F80.9 BT0.1 , (b) F80.9 BT0.1 :MEH-PPV and (c) Alq3 :DCM. The laser
peak wavelengths are also listed in Table 5.1. The threshold ﬂuence
and laser emission wavelength as functions of organic ﬁlm thickness
for lasers based on (d) F80.9 BT0.1 , (e) F80.9 BT0.1 :MEH-PPV and (f)
Alq3 :DCM.

Laser threshold and slope efﬁciency
For Raman spectroscopy, the laser device with lower laser threshold will
potentially give a higher output power upon the same pump energy. By
varying the active medium thickness, the laser threshold changes as well.
The laser threshold ﬂuences were measured for TE0 -like modes of laser
devices with different active ﬁlm thicknesses, but with the same pump spot
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size of 550 μm × 450 μm (2 × 10−3 cm2 ), as shown in Figure 5.2(d)–(f).
The results indicated that except for the initial points measured at ﬁlm thickness smaller than ∼ 200 nm, the laser thresholds stayed almost constant for
the increasing thicknesses. For the thinnest ﬁlm thicknesses, the waveguide
mode has little overlap with the gain region of the organic materials. Less
gain led to the higher laser thresholds. Taking advantage of the Förster
energy transfer system, the composite polymer blend F80.9 BT0.1 :MEHPPV delivered a lower laser threshold than the sole conjugated polymer
F80.9 BT0.1 . Figure 5.3(a) shows the laser thresholds and the normalized
slope efﬁciency of three laser devices. Deposited with the active ﬁlms with
identical thickness of 220 nm, the Alq3 :DCM laser device delivered the
highest laser slope efﬁciency of ∼ 5 % and the lowest laser threshold of
4 μJ cm−2 .
In general, utilizing the similar DFB grating substrates, the laser devices
based on the composite small molecule system Alq3 :DCM demonstrated a
lower laser threshold and a higher laser slope efﬁciency than devices based
on F80.9 BT0.1 and F80.9 BT0.1 :MEH-PPV.
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Figure 5.3: (a) Input-output characteristics of the organic DFB lasers built
with 220-nm-thickness organic active media at laser wavelength
of 552.6 nm (F80.9 BT0.1 ), 604.5 nm (F80.9 BT0.1 :MEH-PPV) and
633.1 nm (Alq3 :DCM). The laser threshold ﬂuence values are listed in
Table 5.1. (b) Degradation characteristics of DFB lasers based on the
three organic active media.
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Laser emission stability
The photostability of DFB-OSL is in general a serious issue and especially
for Raman measurements which may require long acquisition times. The
photobleaching phenomenon is mainly caused by chemical modiﬁcation of
organic molecules, which leads to an irreversible loss in quantum efﬁciency
and gain. The degradation is mainly evident in the decay of the laser peak
intensity, the shift of laser emission wavelength and the broadening of the
laser spectrum.
Firstly, the decays of the laser peak intensity of devices based on
F80.9 BT0.1 , F80.9 BT0.1 :MEH-PPV and Alq3 :DCM were followed by monitoring the output power while maintaining the pump pulse energy constant. For the experiments the lasers were kept in a vacuum chamber (see
Section 3.3). To exclude other inﬂuencing factors, laser lifetimes were
measured with an identical optical pump spot size of 550 μm × 450 μm
(2 × 10−3 cm2 ) and an optical pump energy of two times the corresponding laser threshold. The degradation characteristics of three laser devices
are shown in Figure 5.3(b). The laser lifetime values are also listed in Table 5.1. Here the laser lifetime is deﬁned as the elapsed number of pump
pulses before the laser emission intensity drops to 50 % of the initial value.
The composite small molecule system of Alq3 :DCM exhibited the best performance in laser power stability. Its lifetime was longer than ∼ 107 pulses
and exceeded the lifetimes of the polymer lasers by more than an order of
magnitude.
The peak wavelength shifts (Δλ ) and the FWHM changes (ΔFWHM) of
laser spectra are also presented in Table 5.1. The two values for comparison were taken as the initial and the ﬁnal ones in the corresponding laser
lifetime measurements.
As a short summary here, the composite small molecule system Alq3 :
DCM demonstrates an outstanding behavior in laser threshold, laser line
width and laser emission stability. In addition, through deposition of a
deﬁned ﬁlm thickness, the Alq3 :DCM laser device can provide a laser excitation wavelength exactly at 632.8 nm to match the commercial available
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optical ﬁlters designed for the He-Ne laser. Thus, Alq3 :DCM is a preferred
laser active medium to build organic lasers for Raman experiments.
5.2.2 Optimum DFB-corrugation substrates
Substrate materials
A high contrast in refractive index between substrate and active medium is
preferred for a laser device with low laser threshold and a high laser slope
efﬁciency. Thus a DFB-corrugation substrate with a low refractive index
is preferred. Glass gratings were ﬁrst applied in the fabrication of organic
semiconductor DFB lasers with advantages of easy cleaning process and
high stability. Along with the advent of nanoimprint and laser interference
lithography, the polymer DFB substrates, e.g., poly(methyl methacrylate)
(PMMA) and cyclic oleﬁn copolymer (COC), were becoming favorable
materials for low-cost fabricated laser devices due to their high ﬂexibility.
Substrate materials
Properties
Substrate thickness (μm)
Refractive index (@ 633 nm)
Transmission (@ 355 nm)
Transmission (@ 633 nm)
Grating depth (nm)
Duty Cycle
Laser peak wavelength (nm)
FWHM (nm)
Threshold ﬂuence (μJ cm−2 )
Laser lifetime (106 pulses)

SiO2
14

Glass PMMA COC

1100 2000
1.46 1.52
1.49
92% >90% 81%
92% >90% 92%
90
90
120
50% 75% 80%
633.1 631.7 628.7
0.15
0.2
0.3
4
15
8
19
97
0.87

1000
1.53
82%
91%
120
80%
632.4
0.35
8
3.1

ARN

SU-8

1.65

56
1.59
20%
98%
20
50%
642.9
0.6
38
6.4

1.49
<10%
>90%
140
50%
628
0.3
32
4.4

Table 5.2: Optical properties, grating features and laser characteristics of devices
built on different DFB-corrugation substrates.

4∼

1 μm oxidized layer on a 400 μm-thick silicon wafer substrate.
of the photoresist SX AR-N 4800/16 layer on a 1-mm-thick glass substrate.
6 Thickness of the photoresist SU-8 2005 layer on a 1-mm-thick glass substrate.
5 Thickness
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To compare the laser emission quality on different grating substrates,
220-nm-thick Alq3 :DCM thin layers were evaporated on various one-dimensional second-order grating substrates with a grating period of 400 nm.
They were opaque SiO2 surface gratings on a thermally oxidized silicon
wafer fabricated via electron beam lithography (see Section 3.1.1), a comR
glass grating substrate (Visolas GmbH), PMMA
mercial available D 263
R

(Evonik, Plexiglas XT) and COC (Topas 6013) grating substrates replicated by hot embossing using the same silicon template and grating substrates fabricated using laser interference lithography directly on photoresist materials of SX AR-N 4800/16 (Allresist) and SU-8 2005 (MicroChem)
(see Section 3.1.3 and Appendix A.2). The DFB-corrugation properties of
all substrates are listed in Table 5.2 [309, 310, 311, 312, 313].
Figure 5.4 presents the AFM micrographs of the surface corrugations of
these grating substrates.
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Figure 5.4: AFM micrographs of the surface corrugations on (a) SiO2 , (b) glass,
(c) PMMA, (d) COC, (e) SX AR-N 4800/16 and (f) SU-8 grating
substrates.

Owing to the difference in refractive index, the laser peak wavelengths
of various grating substrates deviate from each other. Upon an optical
pump energy as high as two times of the corresponding laser threshold,
a minimum FWHM value of 0.15 nm was achieved from the device built
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on SiO2 grating. The input-output characteristics of lasers are shown in
Figure 5.5(a) and the laser threshold ﬂuence values are also listed in Table 5.2. A low contrast in refractive indices between the substrate and the
active medium is not favorable for waveguide mode conﬁnement, so the
laser device built on a SU-8 grating substrate (with a high refractive index)
delivered a laser emission with a broader spectral line width (FWHM value
of 0.6 nm) as well as a higher laser threshold than other devices. The higher
slope efﬁciencies of laser devices built on SiO2 and glass gratings (both are
silica gratings) are advantageous for a potential high laser output power.
(b)
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Figure 5.5: (a) Input-output characteristics of organic DFB lasers built with a 220nm-thick Alq3 :DCM layer on different grating substrates. (b) Degradation characteristics of Alq3 :DCM DFB lasers built on different grating substrates. Pump spot size in all measurements: 550 μm × 450 μm
(2 × 10−3 cm2 ).

The laser degradation characteristics were monitored under a UV-pump
energy of three times the individual laser threshold. Figure 5.5(b) presents
the degradation characteristics of the laser peak intensity and the resulting
laser lifetime values are listed in Table 5.2 according to the 50 %-drop criterion. The devices built on the glass substrate provided a signiﬁcantly improved laser emission stability. It is obvious that the devices built on polymer and photoresist grating substrates undergo a higher photodegradation
rate. The supplementary photodegradation can be attributed to the chemical instability of polymeric substrate materials in contact with organic gain
media. The inﬂuence is becoming more dominant along with higher pump
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pulse energy or longer storage time after laser fabrication. Additionally, for
SU-8 and SX AR-N 4800/16 photoresist gratings, the overlap of absorption spectrum with the pump laser spectrum at 355 nm may induce a slight
change in the waveguide refractive index and an unstable chemical structure during a long-term measurement. Although the PMMA, COC, SU-8
and SX AR-N 4800/16 grating substrates yielded reasonable laser threshold
values and demonstrated narrow laser emission spectra lines, they are not as
qualiﬁed compared to silica gratings for Raman spectroscopy applications.
Summarizing the measurement results of laser devices on various grating
substrates, the silica gratings were preferred for Raman experiments compared to PMMA, COC, SU-8 and SX AR-N 4800/16 grating substrates.
Taking advantage of the good transparency, the glass grating substrate could
be applied in the excitation path more ﬂexibly than the SiO2 grating on a
opaque thermally oxidized wafer substrate. Therefore, for further work, the
R
glass gratings were chosen as the DFB-corrugation substrates to
D 263
fabricate organic laser devices for Raman experiments.
1D- and 2D-DFB-corrugation substrates
As elucidated in Section 2.3.2, using two-dimensional DFB nanostructure
could give rise to a reduced laser threshold and an enhanced slope efﬁciency. As a potential approach to improve the laser performance, it is
necessary to compare laser beam proﬁles and laser emission spectra of organic laser devices built on substrates with one-dimensional (1D) and twodimensional (2D) DFB-corrugation features.
A 1D-sinusoidal and a 2D-sinusoidal SX AR-N 4800/16 grating substrates with period of Λx (= Λy ) = 400 nm were fabricated using laser interference lithography. The grating depth was chosen to be ∼ 40 nm. Figure 5.6 represents the AFM images of 1D- and 2D-DFB-corrugations. The
thermal evaporation of 220-nm-thick Alq3 :DCM direct on the photoresist
grating substrates ﬁnished the fabrication of the laser devices.
Figure 5.7 demonstrates the laser emission spectra and laser threshold
curves of 1D-DFB and 2D-DFB lasers. Though the 2D-DFB laser deliv109
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Figure 5.6: AFM images of (a) 1D- and (b) 2D-SX AR-N 4800/16 grating
substrates.
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Figure 5.7: Laser spectra of (a) 1D-DFB laser with a peak wavelength at 628 nm
and (b) 2D-DFB laser with a main peak wavelength of 628.4 nm
and a weaker neighboring peak at 627.4 nm. (c) Input-output characteristics of the 1D and 2D organic DFB lasers with threshold ﬂuences of 32 μJ cm−2 at a laser emission wavelength of λ = 628 nm
and 20 μJ cm−2 at λ = 628.4 nm, respectively. Pump spot size:
550 μm × 450 μm (2 × 10−3 cm2 ).

ered a lower threshold ﬂuence of 20 μJ cm−2 and a higher slope efﬁciency
of 2 % compared to the 1D-DFB laser counterparts (threshold ﬂuence of
32 μJ cm−2 and slope efﬁciency of 0.5 %), the 2D-DFB laser spectrum implied a neighbor longitudinal mode with emission peak at 627.4 nm, as
shown in Figure 5.7(b). This characteristic emission spectrum was most
likely induced by the deviation in corrugation periods orthogonal to each
other (mainly due to the measurement uncertainty for rotating angle). Even
if the deviation between corrugation periods was controlled as small as
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∼ 2 nm, it led to a multi-longitudinal-mode laser emission, which is unfavorable as excitation source for spectroscopic applications.
Figure 5.8 illustrates the far-ﬁeld emission patterns of 1D-DFB and 2DDFB lasers with increasing excitation ﬂuences. For the 1D-DFB laser,
a fan-like laser emission was observed due to the inherent lack of lateral conﬁnement. For the 2D-DFB laser, when the pump energy was just
over the laser threshold, the far-ﬁeld pattern indicated an ideal diffractionlimited emission. However, at approximately twice of the threshold ﬂuence
(50 μJ cm−2 ) two perpendicular laser fans were superimposed on the central low divergence spot. With increasing excitation energy, the divergence
of horizontal and vertical emission lines extended as well. The overall divergence of the 2D-DFB laser at an excitation ﬂuence of 200 μJ cm−2 was
almost comparable to that of 1D-DFB laser. As mentioned previously, for
Raman spectroscopy applications, the organic laser devices were usually
pumped at a high pulse energy level to ensure a sufﬁcient average output
power (e.g., 1.6×103 μJ cm−2 at a pump spot size of 2 × 10−3 cm2 ). At this
pump level, 2D-DFB laser demonstrated no great advantage over 1D-DFB
laser in respect of laser emission divergence.
5.2.3 Optimum optical pumping
As elucidated in Section 2.2.3, organic lasers are optically pumped with a
short pulse duration to avoid triplet accumulation. A DPSS laser (Crylas,
FTSS355-Q2) laser was chosen as the optical pump source for organic laser
devices in Raman investigations. To avoid reﬂections on the glass lid after
encapsulation, the organic devices were perpendicularly pumped by this
UV-laser [200]. The related parameters of optical pumping include pump
repetition rate, pump pulse energy and pump spot size. Below the latter two
inﬂuence factors are discussed.
To ensure a sufﬁcient laser output power, the Alq3 :DCM laser was pumped with the highest capability of the Crylas DPSS laser: a repetition rate of
10 kHz and a pump pulse energy of 3.2 μJ. At this pump level, the laser line
width was investigated through measuring FWHM values of laser spectra at
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Figure 5.8: Evolution of the far-ﬁeld emission pattern of the 2D-DFB (a)-(c) and
1D-DFB lasers (d)-(f) (the laser emission line is parallel to the DFB grating orientation) with increasing excitation ﬂuence. The images are the
photographs of bottom-emission patterns taken from a camera placed
behind lasers.

Norm. intensity

different pump pulse energies by a spectrometer (Acton, SpectraPro 300i,
grating 1800 g mm−1 ) connected to an ICCD-camera (Princeton Research,
PiMax 512) with an optical resolution of ∼ 0.1 nm. For an organic laser
device with a 210-nm-thick Alq3 :DCM ﬁlm built on a glass grating substrate (Λ = 400 nm), the FWHMs of laser spectra with the maximum at
629.3 nm grew from 0.1 nm to 0.3 nm in shorter-wavelength direction,
when the UV pump pulse enhanced from 60 nJ to 1.29 μJ at a pump area of
550 μm × 450 μm (2 × 10−3 cm2 ), as shown in Figure 5.9.
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Figure 5.9: Laser spectra measured at different pump pulse energies.
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This result veriﬁes the conclusion that the high pump pulse energy facilitates more lateral modes, which increase the spectral width of the laser line
[116].
The pump spot size is also determining the laser lifetime and the laser
threshold. It has been veriﬁed that due to the reduced excitation density the
laser threshold (in units of nanojoule per pulse) increases with enlarging the
pump spot size. For better comparison, the threshold pulse energy is often
normalized to the excitation area (threshold ﬂuence, in units of microjoule
per cm2 ). Calzado et al. reported that the excitation area for reasons of
comparability is only valid if the pump spot area of optical excitation is
sufﬁciently large [291]. The DFB-OSLs can be realized through different
fabrication methods in a large number of variants. The different corrugation schemes will result in different coupling mechanisms. The devices
have in general neither pure index coupling nor pure gain coupling. Both
coupling mechanisms contribute to the laser mechanism and the theoretical treatment becomes complex. To investigate the inﬂuence of pump spot
size on the laser threshold ﬂuence, a general upper value of pump spot size
was derived from different DFB laser conﬁgurations to compare the laser
threshold ﬂuences of second-order DFB laser devices.
First a DFB-OSL was fabricated using the established thermal evaporation method. A 350-nm-thick layer of Alq3 :DCM was deposited onto
a SiO2 grating substrate with a grating period of 400 nm and a grating
height of 90 nm. The AFM micrographs in Figure 5.10(a) show the surface
corrugation after deposition which has a good accordance with the original grating pattern. The laser thresholds of the devices were measured at
different pump spot sizes and the normalized laser threshold ﬂuences are
shown in Figure 5.10(d). For pump spot areas larger than 3 × 10−4 cm2 the
laser threshold ﬂuence leveled off to ∼ 10 % of the threshold value for the
tightest focus of ∼ 1 × 10−5 cm2 . With further enlarged pump spot areas,
the threshold ﬂuence decreased only insigniﬁcantly. The attenuation rate of
threshold ﬂuence along the pump spot area became ∼ 0.5 % of the value
for tight focuses.
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Figure 5.10: AFM micrographs of two surface corrugation patterns before and after
(a) thermal evaporation of 350-nm-thick Alq3 :DCM layer, (b) spincoating of 270-nm-thick F80.9 BT0.1 :MEH-PPV layer and (c) horizontal dipping of 210-nm-thick F80.9 BT0.1 :MEH-PPV layer. (d)-(f) Laser
threshold ﬂuences and threshold pump energy varying with the pump
spot area of corresponding laser devices. Inset: laser spectra with peak
wavelengths of 640.6 nm, 623.6 nm and 607.6 nm, respectively.

Besides small molecule DFB lasers, the conjugated polymer DFB lasers
were also investigated. To ensure the comparability between various devices, the same SiO2 grating substrate was utilized as used for the
Alq3 :DCM DFB laser. F80.9 BT0.1 :MEH-PPV was dissolved in toluene
at a concentration of 20 mg ml−1 (85:15 wt%). Two different solution
processing routes, spin-coating and horizontal dipping, have been adopted
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to deposit an active F80.9 BT0.1 :MEH-PPV layer with ﬁlm thicknesses of
270 nm and 210 nm, respectively, onto the grating substrate. The AFM
micrographs in Figure 5.10(b) and 5.10(c) show the surface corrugation
after deposition. The average corrugation height left after deposition was
measured as 10 nm for spin-coating and 20 nm for horizontal dipping. In
contrast to Alq3 :DCM DFB lasers fabricated via thermal evaporation, the
solution-processed organic DFB lasers revealed a different grating pattern
at the air/organic interface from that at the organic/substrate interface. The
surface grating height was related to the original grating height and ﬁlm
thickness after deposition. It was found that the surface corrugation height
decreased as the ﬁlm thickness grew. Above a ﬁlm thickness of 500 nm,
the perturbation was lower than 5 % of the original grating height. As
shown in Figure 5.10(e) and 5.10(f), the laser thresholds were measured
at different excitation spot sizes. The laser threshold ﬂuences followed
the same tendency as that described above for the Alq3 :DCM laser device.
It was noticed that above a pump area of about 1 × 10−3 cm2 , the laser
threshold ﬂuence decreased to 7 % of the initial value for the tightest focus
(∼ 1 × 10−5 cm2 ).
The laser threshold ﬂuences were compared for three different DFB-OSL
devices fabricated via thermal evaporation, spin-coating and horizontal dipping. Figure 5.11 summarizes the comparison and shows a similar tendency for all three different corrugation conﬁgurations. The laser threshold ﬂuence decreases with growing excitation area and coupling strength
κeff L, where κeff is the coupling coefﬁcient of two counter-propagating
fundamental waveguide modes and L is the effective device length. The
saturation-like behavior of the threshold ﬂuence can be reproduced above a
certain circular pump spot area. Similar to the prediction made by Kogelnik et al. [175], when the pump spot is too small and the coupling strength
κeff L < 1, the device is excited at a state of “undercoupling”. Due to the
deﬁciency of coupling, the laser threshold is much higher compared to the
sufﬁcient coupling strength. Conversely, when the pump spot is increased
to another limit, in this case κeff L ≥ 5, the device will be excited at a state
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of “overcoupling”. Hence, the laser threshold inﬂuence cannot be further
decreased and reaches a saturation value.
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Figure 5.11: Laser threshold ﬂuences for varying pump spot areas for various ﬁlm
thickness modulation conﬁgurations fabricated via thermal evaporation, spin-coating and horizontal dipping.

The measurement results gave hints about the laser threshold ﬂuence and
the pump spot size dependency for organic DFB lasers in general. Nevertheless, differences on the level-off pump spot sizes were found in three devices fabricated via different routes. The laser threshold ﬂuence is closely
related to the coupling coefﬁcient κeff and the effective device length L.
The coupling coefﬁcient is not only related to the surface conﬁguration,
but also inﬂuenced by the absorption coefﬁcient and the gain coefﬁcient
of employed active media. With a higher coupling coefﬁcient, overcoupling can be reached for a smaller pumped area. In addition, different grating periods will also change the illuminated grating line number contributing to the laser oscillation. Thus, the pump spot areas, above which the
threshold ﬂuence is comparable for different devices (the attenuation rate
of threshold ﬂuence decreases to ∼ 0.5 % of the value for tight focuses),
are not the same [275]. For Alq3 :DCM laser fabricated by thermal evaporation this value was 3 × 10−4 cm2 ; the other values are 6 × 10−4 cm2 for
F80.9 BT0.1 :MEH-PPV laser fabricated by spin-coating, and 1.5 × 10−3 cm2
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for F80.9 BT0.1 :MEH-PPV laser fabricated by horizontal dipping, respectively. The upper criterion spot size 1 × 10−3 cm2 for invariant laser threshold ﬂuence was also found in the work of Calzado, et al. [291].
Conclusively, a typical pump spot size of 2 × 10−3 cm2 was applied for
the Alq3 :DCM lasers in Raman experiments.
5.2.4 Encapsulation
The characterization of organic lasers was accomplished in a vacuum chamber (< 5 × 10−3 Pa) to protect the active medium from photooxidation.
However, as an excitation source for Raman scattering measurements the
organic laser device stands often alone in the ambient air, either for freebeam or ﬁber-coupled conﬁguration. Therefore an encapsulation against
water and oxygen is required. The encapsulation was completed in nitrogen environment by bonding two glass lids with an ultraviolet (UV) curable optical adhesive (Norland, NOA68) enclosing an organic laser sample
in between, as depicted in Figure 5.12. Thus, the bottom-emission from
(a)

(b)

(c)
Glass lid
Alq3:DCM evaporation

Glass grating substrate

Glass grating substrate

Alq3:DCM
Glass grating substrate
Encapsulation

Figure 5.12: Schematic illustration of the fabrication steps of a typical organic DFB
laser: (a) preparation of a glass DFB-corrugation substrate, (b) thermal
evaporation of the active medium Alq3 :DCM and (c) encapsulation
with a glass lid on top of the device.

the laser devices could be conveniently utilized as excitation beam for Raman applications. After encapsulation the laser emission wavelength and
the laser threshold of organic laser device stayed at the values measured
in the vacuum chamber. The laser degradation characteristics were also
comparable to the results measured in the vacuum chamber. As shown in
Figure 5.13, the organic laser after encapsulation demonstrates a laser emission lifetime as long as 9.8 × 107 pulses under optical pumping at two times
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the laser threshold and a repetition rate of 5 kHz, corresponding to a time
period of 5.4 hours of continuous operation. During the measurement no
shift in laser peak wavelength was observed.
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Figure 5.13: (a) Degradation characteristic of an encapsulated Alq3 :DCM laser device and (b) variance of pump pulse energy with the elapsed pump
pulse number. Measurement conditions: repetition rate 5 kHz, pump
spot size 550 μm × 450 μm (2 × 10−3 cm2 ).

5.2.5 Discussion
In this section various measures to improve organic laser properties were introduced from three points of view: organic active medium, DFB-corrugation substrate and optical pumping. In most cases, the laser emission characteristics are inﬂuenced by multiple aspects. A compromise among different requirements plays an important role in determining the optimum laser
design. For example, to ensure a higher laser emission stability, the plan
to employ an even higher pump energy and pump repetition rate has to be
abandoned. Meanwhile, at a high pump pulse energy level, the laser line
width gets broader unavoidably. It is necessary to ﬁnd a balance point in
consideration of adequate output power, high emission stability, high spatial mode quality and moderately narrow line width. It turns out that an
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encapsulated Alq3 :DCM organic laser built on a qualiﬁed 1D glass grating
is the ﬁnal choice for Raman experiments.
5.3 Raman experiments in free-beam coupling conﬁguration
In this section the organic semiconductor DFB lasers are applied as excitation sources in Raman measurements using free-beam coupling conﬁguration. The Raman spectra of sulfur (S8 ) and cadmium sulﬁde (CdS) excited
by DFB-OSLs are demonstrated as examples. In the free-beam coupling
conﬁguration, the organic laser emission after collimation is directly guided
into a confocal microscope to excite the Raman spectra of the analytes. This
ensures a high excitation power on the analytes with a minimum coupling
loss.
5.3.1 Optical setup for free-beam Raman excitation
As discussed previously, the organic semiconductor Alq3 doped with the
laser dye DCM forms a very efﬁcient and stable Förster energy transfer
system and was chosen as the active medium for the laser devices. To
match the Alq3 :DCM red emitter, a glass grating (Visolas GmbH) with
a 1D-corrugation period of 400 nm was applied as the second-order distributed feedback resonator. Alq3 and 2.3 % by weight of DCM were thermally co-evaporated in a high vacuum chamber with a thickness of 210 nm
onto the glass grating substrate. An encapsulation was achieved by bonding
a glass lid through ultraviolet curable optical adhesive (Norland, NOA68).
Figure 5.14(a) shows the encapsulated DFB-OSL when vertically pumped
on an area of 550 μm × 450 μm (2 × 10−3 cm2 ) by a DPSS laser (Crylas, FTSS355-Q2) with a wavelength of 355 nm. The bottom emission of
the laser device was utilized for a convenient coupling of the laser beam
into the Raman confocal microscope. The laser line width was investigated
through measuring the FWHMs of the laser spectra at different pump pulse
energies. As presented in Figure 5.9, the FWHMs of the laser spectra with
the maximum at 629.3 nm grew from 0.1 nm to 0.3 nm, when the UV pump
119

5 Organic Semiconductor Lasers for Raman Scattering Measurements

pulse energy increased from 60 nJ to 1.29 μJ. This behavior was attributed
to higher lateral modes which were excited for higher pump pulse levels.
The DFB-OSL exhibited a slope efﬁciency of 7.6 % and a laser threshold
ﬂuence of 15.9 μJ cm−2 , as shown in Figure 5.14(b).
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Figure 5.14: (a) Photograph of an encapsulated DFB-OSL when pumped by the ultraviolet pump laser (left) and laser emission beam proﬁle before coupling into the setup for Raman measurement (right: red organic laser
emission line and white-blue UV pump laser spot). (c) Input-output
characteristic at a wavelength of 629.3 nm for lower pump energy level
and higher pump energy level (inset).

For Raman scattering measurements, the UV pump pulse energy was adjusted during the operation through a variable neutral density ﬁlter and controlled by a pulse energy meter (Coherent, LabMax-TOP). The maximum
pump pulse energy was measured as 3.2 μJ. Under this pumping condition,
the encapsulated DFB-OSL achieved a maximum output pulse energy of
160 nJ, which corresponds to an averaged laser power of 780 μW at a pump
repetition rate of 10 kHz. The FWHM of the laser spectrum was measured
to be 0.5 nm.
The setup for Raman spectroscopy is shown in Figure 5.15(a). It consists of a UV pump laser, an encapsulated DFB-OSL, an inverted confocal
microscope (Nikon, Eclipse TE2000-U) and a detection system. A cleanup bandpass ﬁlter (Semrock, F94-633L) with a bandwidth of 2.4 nm at
the entrance of the confocal microscope was inserted to suppress ambient
light and photoluminescence of the organic active medium. Making use of
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a 45◦ -tilted dichroic beam splitter (Semrock, F78-630), the organic laser
emission was guided to excite the Raman scattering of a sample on a horizontal translation stage. Compared to more conventional lasers, e.g., a
helium-neon (He-Ne) laser, the DFB-OSL laser emission is perpendicular
to the substrate as a slightly divergent fan parallel to the orientation of the
grating grooves as shown in Figure 5.14(a). Applying a collimation lens
and a 40× objective with a numerical aperture of 0.6, the emitted laser
stripe could be focused to a length of less than 100 μm on the sample as
shown in the inset of Figure 5.15(b). The laser power on the sample reached
up to 350 μW. A longpass ﬁlter (Semrock, F76-633) was employed in the
setup to further suppress the laser reﬂection, the Rayleigh scattering of the
analytes and the neighboring ampliﬁed spontaneous emission (ASE) of the
organic active medium. The collected Raman signals were analyzed and
recorded by a spectrograph (Horiba, Triax 320, grating 300 g mm−1 ) connected to a liquid-nitrogen-cooled CCD-Camera (Horiba, Symphony LN2
detector). This combination of the detection system gave a spectral resolution of 0.26 nm, corresponding to a Raman shift resolution of 9.2 cm−1 for
the excitation wavelength of approximately 630 nm.
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Figure 5.15: (a) Schematic illustration of the setup for Raman spectroscopy. (b)
Laser beam proﬁles of DFB-OSL and He-Ne laser at the same sample plane. (c) Transmission spectra of the dichroic (RazorEdge) beam
splitter and the longpass ﬁlter.
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Laser output power (W)

The laser degradation characteristics of the DFB-OSLs were discussed
in Section 5.1.3 and 5.2. For Raman experiments, the optical pump pulse
energy was kept at a high level to ensure a sufﬁcient organic laser emission
power. If pumped at a pulse energy of 1.8 μJ, the laser power decreased only
5 % after 1.8 × 107 pump pulses, corresponding to 30 min at a repetition
rate of 10 kHz. At a pump pulse energy of 3.2 μJ, the laser emission from
one pumped spot decayed 10 % within 30 min, as shown in Figure 5.16.
This stability of one single pump spot is sufﬁcient for Raman measurements
lasting few seconds to few minutes. Note that the initial DFB-OSL power
could be completely recovered by slightly moving the device to another
pump spot position on the active layer.
The pump spot size plays an important role in determining the laser emission lifetime. Figure 5.16 presents the comparison result of laser degradation characteristics at two different pump spot sizes. Pumped by a smaller
spot size of 200 μm × 150 μm (0.2 × 10−3 cm2 ), which was achieved by using a focusing lens, the initial instantaneous laser output power was higher,
but quickly leveled off due to the higher degradation rate. In comparison, at
a larger pump spot size at 550 μm × 450 μm (2 × 10−3 cm2 ), a compromise
between a moderate output power and a high laser emission stability was
ensured.
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Figure 5.16: Degradation characteristics of the encapsulated Alq3 :DCM DFB laser
under pump pulse energy of 3.2 μJ and repetition rate of 10 kHz at two
different pump spot sizes.
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5.3.2 Raman measurements
Sulfur (S8 ) was applied as the ﬁrst analyte in this work for Raman experiments, which is a strong Raman scatterer with dominant bands at ∼
219 cm−1 and ∼ 473 cm−1 [314, 315]. Currently, Raman spectroscopy
for sulfur and sulfur compounds attracts a lot of interest for in-situ detection of marine organisms and minerals inﬂuenced by sulﬁdic environments
[316, 317, 318]. Using an integration time of 30 s for spectra acquisition,
Raman spectra of the sulfur powder sample (Sigma-Aldrich, > 99.5 %)
were acquired, which were excited by the DFB-OSL with a laser emission peaked at 629.3 nm. The Raman peaks at 219 cm−1 and 473 cm−1
could be easily identiﬁed from the recorded Raman spectra, as shown in
Figure 5.17(a). Along with the increased excitation power, the Raman sig-

620 630 640 650 660
Wavelength (nm)

438
473

219
154

246

DFB-OSL 629.3 nm
He-Ne laser 632.8 nm

86

Normalized signal

648.6

638.1

Excitation
Power
300 W
200 W
150 W
120 W
95 W
65 W
35 W
25 W
15 W

0 200 400 600
Raman shift (cm-1)

Relative Raman intensity

(c)

(b)
DFB-OSL
629.3

Normalized signal

(a)

0

Nd:YVO4 laser
He-Ne laser
DFB-OSL

100 200 300
Laser power (W)

Figure 5.17: (a) Raman spectra of sulfur under varying excitation powers of DFBOSL. (b) Comparison of the sulfur Raman spectra excited by a DFBOSL with a laser emission at 629.3 nm and by a He-Ne laser (acquisition time 50 s). (c) The growing signal intensity of the Raman signal
at 472 cm−1 with increasing laser excitation power.

nal intensity grew as well and was linearly proportional to the laser power.
Above an excitation power of 120 μW the weak Raman band at 438 cm−1
could also be identiﬁed. Compared to the sulfur Raman spectra excited by
the He-Ne laser (Coherent, Model 200 single frequency stabilized HeNe
laser) with a random polarization, a good correspondence was found in the
Raman peaks at 219 cm−1 , 246 cm−1 , 438 cm−1 and 472 cm−1 . The po123
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larization of the excitation source has no inﬂuence on the Raman lines of
sulfur due to the symmetry of the orthorhombic crystal [315]. As shown
in Figure 5.17(b), the width of the Raman lines is comparable to those excited by the He-Ne laser. The missing peaks at 154 cm−1 and 86 cm−1
in the excited Raman spectrum could be explained by the ﬁlter function of
the commercial beam splitter and longpass ﬁlter, which are designed for a
standard He-Ne laser with an excitation wavelength of 632.8 nm. For the
organic laser with an excitation wavelength of 629.3 nm, the excited Raman
shifts smaller than 167 cm−1 overlap with the attenuation range of the ﬁlter
system (≥ 636 nm, see Figure 5.15(c)).
To further verify the feasibility of DFB-OSLs as excitation sources for
Raman scattering measurements, the intensities of sulfur Raman signal
at ∼ 472 cm−1 were compared, which were excited by a diode pumped,
neodymium-doped yttrium aluminum garnet (Nd:YAG) laser with a wavelength of 532 nm (HB-Laserkomponenten), a He-Ne laser with a wavelength of 632.8 nm and a DFB-OSL with a wavelength of 629.3 nm. Figure 5.17(c) shows the growing Raman signal along with the increased excitation power under an acquisition time of 150 s. The Raman signal intensity
excited by the Nd:YAG laser was approximately four times higher than the
one excited by the DFB-OSL. This can be partly explained by the fact that
the Raman scattering intensity is inversely proportional to λ 4 [218]. The
Raman signal intensity excited by the DFB-OSL were comparable to that
excited by the He-Ne laser at the same excitation power. The results showed
that the DFB-OSL is qualiﬁed to replace a He-Ne laser in Raman scattering
measurements.
To match commercially available optical ﬁlters designed for the use with
He-Ne lasers at 632.8 nm, one DFB-OSL with a close emission wavelength
was required. It is possible, but quite elaborate to evaporate an organic active layer with the necessary precision within a few nanometers. Therefore, a continuously tunable DFB-OSL was applied in this Raman measurements. This laser was fabricated by evaporating a wedge-shaped active medium layer onto the glass grating substrate. The fabrication details
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can be found in Section 3.2.1. Attributed to the correlation between active
layer thickness and DFB-OSL emission wavelength, a speciﬁc laser emission wavelength can be obtained by pumping at a spatially deﬁned position
on the wedged layer. Figure 5.18(a) shows a photograph of the laser sample
built on a glass grating substrate with a corrugation period of 400 nm after coating with a wedge-shaped ﬁlm of Alq3 :DCM. It revealed a spatially
rendering color which emerged from wedge-shaped thin ﬁlms interference
effects. The evaporated ﬁlm thickness changed linearly from 190 nm to
380 nm as measured on a reference sample. The laser sample was scanned
with a spatial resolution of 100 μm and a spectrum was taken at each point.
The laser emissions varied from 617 nm to 653 nm continuously, as shown
in Figure 5.18(b). Using this approach the laser emission was tuned exactly
to a wavelength of 633 nm in order to match the commercial optical ﬁlters,
as shown in Figure 5.18(c).
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Figure 5.18: (a) Photograph of an encapsulated spectrally tunable DFB-OSL with
a continuously changing ﬁlm thickness of Alq3 :DCM fabricated by
rotating shadow mask evaporation. (b) Spatially resolved laser wavelengths of the laser sample. (c) Laser spectra measured at different
pump spot positions x-| on the wedge-shaped DFB laser. Among
them, the peak wavelength of the laser spectrum from position z is
exactly at 633 nm.

For an acquisition time of 50 s the Raman peaks at 153 cm−1 and
81 cm−1 turned up and the Raman intensities were comparable with the
ones excited by the He-Ne laser, as shown in Figure 5.19. Only slight dif125
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ferences could be observed regarding the width of the Raman lines. Since
the pump area on the organic laser sample (2 × 10−3 cm2 ) for the tunable
laser covered a slightly wedge-shaped organic layer, the laser line width
grew to 0.6 nm for an UV excitation pulse energy of 3.2 μJ. In turn, this led
to slightly broader lines than in the case of excitation with the He-Ne laser.
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Figure 5.19: Comparison of sulfur Raman spectra excited by the free organic DFB
laser beam with a laser wavelength of 633 nm and the He-Ne laser.
Measurement conditions: 20× objective, 300 g mm−1 grating, 0.3 mW
excitation intensity, 50 s acquisition time in both cases.

The DFB-OSLs were also employed to investigate the Raman spectra
of other analytes. Figure 5.20 shows the Raman lines of cadmium sulﬁde
(Crystal GmbH) excited by the non-wedged DFB-OSL with a laser emission at 629.3 nm. Two prominent Raman peaks at 307 cm−1 and 600 cm−1
were identiﬁed, which originated from the CdS longitudinal optical (LO)
phonon mode and the second longitudinal optical (2LO) phonon mode,
respectively [320, 321]. In addition the multiphonon scattering modes at
216 cm−1 , 249 cm−1 , 327 cm−1 and 346 cm−1 were observed as well [322].
The Raman spectrum was comparable with the one excited by the He-Ne
laser and matched well with the Raman database of the unoriented bulk
wurtzite-type crystals of CdS [319].
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Figure 5.20: Raman spectra of cadmium sulﬁde excited by the DFB-OSL with a
laser wavelength of 629.3 nm and the He-Ne laser in comparison with
the spectra from Raman database [319].

5.4 Raman experiments in ﬁber-coupling conﬁguration
In addition to using the free-beam conﬁguration, the laser can be coupled
into an optical ﬁber to achieve a modular laboratory Raman system. Due
to the absent conﬁnement in the direction of grating orientation, the laser
radiation of devices built on one-dimensional grating substrates is emitted in a fan-like shape, which increases the difﬁculty of laser focusing and
collimation. It may cause a high coupling loss to couple DFB-OSL into
a single-mode ﬁber due to the inherent lateral laser modes. Nevertheless,
a ﬂexible and convenient modular system opens up the application ﬁelds
of organic laser. The ﬁber coupling separates the Raman microscope and
the DFB-OSL into stand-alone modules. This may replace the bulky optical system, which highlights the advantages of miniaturized organic laser
devices.
5.4.1 Optical setup for ﬁber-coupled Raman excitation
Figure 5.21 shows a schematic illustration of the modular Raman system
including a stand-alone upright optical microscope, a spectrograph and the
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DFB-OSL as excitation source.7 Different from free-beam coupling, the
bottom-emission from the DFB-OSL was utilized in addition to the surface
emission. The bottom emission was harvested by adding a reﬂector ﬁlm
(3M, Vikuiti Enhanced Specular Reﬂector ESR) on the bottom of the DFB
grating substrate, as shown in Figure 5.22(a) and 5.22(b). Thus, the surfaceand bottom-emissions were acquired simultaneously and almost doubled
the power of DFB-OSL in one direction. Pumped by the UV laser, the
DFB-OSL with a homogenous 220-nm-thick active layer emitted at a peak
wavelength of 631.4 nm. This DFB-OSL device exhibited a slope efﬁciency
of 6.8 % and a laser threshold ﬂuence of 28.4 μJ cm−2 at a pump area of
2 × 10−3 cm2 , as shown in Figure 5.22(c). A dichroic beamsplitter was
used to separate the organic laser and UV-pump laser emissions.
Round-to-line Spectrograph
fiber bundle

Video camera

Folding mirror
Tube lens
Fiber Collimation lenses
collimator
Organic
Notch filter
laser
Converging lens
Multi-mode fiber
Bandpass
Computer
Dichroic
filter
beamsplitter
Achromatic lens

Objective 20x

1 cm

Sample

Figure 5.21: Schematic illustration of the overall Raman spectroscopy setup with
ﬁber-coupled organic laser excitation.
7 The
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modular Raman system was built at the Institute of Nanotechnology (INT-KIT).

5.4 Raman experiments in ﬁber-coupling conﬁguration
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Figure 5.22: (a) Schematic illustration of the organic laser module. (b) Photograph
of an encapsulated DFB-OSL when pumped by the UV laser. The
scale bar corresponds to 1 cm. (c) Laser spectrum of the DFB-OSL
fabricated with a homogenous 220-nm-thick Alq3 :DCM active layer
and the input-output characteristic (inset) at the emission wavelength
of 631.4 nm.

Due to the lateral laser modes, a coupling loss as high as 88 % was
measured when a DFB-OSL was coupled into a single-mode ﬁber with core
diameter of 3 μm. To ensure a high ﬁber coupling efﬁciency, multi-mode
ﬁbers were used to connect the modules.
The original emission proﬁle from a one-dimensional DFB-OSL has a
large divergence angle of over 0.17 rad. To improve the laser divergence,
three lenses were applied to realize a well-collimated and focused laser
radiation. After improvement via the ﬁrst two collimation lenses, the divergence angle of the DFB-OSL device was reduced to 13.6 mrad. Further
through a converging lens with a focal length of 25 mm and a collima129
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tor on the ﬁber port, the DFB-OSL beam with a ﬁnal divergence angle of
11.8 mrad was delivered horizontally by a multi-mode ﬁber with a core diameter of 50 μm (Thorlabs, M42L02) into the confocal imaging Raman microscope (WITec, CRM200). Through a clean-up bandpass ﬁlter (Semrock,
F94-633L) the laser excitation beam was diverted down to an objective lens
(Nikon, Plan, 20×, NA = 0.40) by a dichroic beamsplitter (Semrock, F78630). The OSL excitation spot diameter on the sample surface was about
20 μm.
In this system, the achromatic lens, the clean-up bandpass ﬁlter and the
dichroic beamsplitter are integrated in one optical module. Thus, in case
of exchanging the excitation source, the setup modiﬁcation could be easily
achieved by changing to a new optical module with an appropriate dichroic
beamsplitter and a suitable notch ﬁlter. The backscattered Raman light was
collected by the objective, ﬁltered by a beamsplitter and a notch ﬁlter, focused onto a multi-mode optical ﬁber, ﬁnally guided into the spectrograph
(Acton, SP2300i) and captured by a back-illuminated CCD-camera operating at −65 ◦ C (Andor, DV401A).
The ﬁber coupling efﬁciency was measured to be 70 %. Considering the
optical loss due to collimation optics, ﬁber coupling, beamsplitter and objective, the overall coupling efﬁciency was determined to be 40 %. The average DFB-OSL excitation power on the analytes could reach up to 250 μW.
5.4.2 Raman measurements
A multi-mode ﬁber with a core diameter of 50 μm was used in the excitation path to achieve a high coupling efﬁciency. The back-scattering light
volume was about 20 times larger than the volume excited with a singlemode ﬁber with core diameter of 3 μm. Due to the enlarged signal beam
on the exit of the microscope, a multi-mode ﬁber with a larger core diameter was used in the detection path to ensure a high Raman signal intensity
transferred to the spectrograph. Figure 5.23 shows the Raman spectra of
sulfur excited by the DFB-OSL and measured with ﬁbers in the detection
path with core diameters of 50 μm, 100 μm and 200 μm, respectively. Al130
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Figure 5.23: Raman spectra of sulfur excited by a ﬁber-coupled DFB-OSL with a
laser emission at 631.4 nm. The spectra were acquired under the same
conditions: 20× objective, 600 g mm−1 grating, 0.2 mW excitation
intensity and 20 s acquisition time, but with Raman light transferring
ﬁbers of different core diameters. Inset: magniﬁed Raman signals
measured with a multi-mode ﬁber with a diameter of 50 μm.

though it shows a signiﬁcant enhancement in Raman signal intensity using
a ﬁber with larger core diameter, a poorer spectral resolution could not be
avoided. The Raman peaks at 195 cm−1 and 250 cm−1 were not detectable
using ﬁbers with diameters of 100 μm and 200 μm.
To solve this problem, a round-to-line ﬁber-bundle (LightGuideOptics,
L2000) was employed to connect the exit port of the microscope and the entrance of the spectrograph. It consists of ﬁfteen 100 μm-thick ﬁbers, which
form a round terminal in diameter of 570 μm for the microscope exit port
and a narrow line form in dimension of 125 μm × 1875 μm as an entrance
slit for the spectrograph, as shown in Figure 5.24(a). The ﬁber-bundle ensured an efﬁcient light transfer and an acceptable optical resolution in Raman spectroscopy. Figure 5.24(b) shows the comparison of the sulfur Raman spectra measured with a 200 μm-ﬁber and a round-to-line ﬁber-bundle.
Both, the Raman intensity and the spectral resolution were improved.
To verify the functionality of organic lasers as excitation sources for Raman spectroscopy, the DFB-OSL was also employed to investigate the Raman spectra of other analytes. As shown in Figure 5.25(a) and 5.25(b),
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Figure 5.24: (a) Technical drawings of the ﬁber terminals for the microscope (top)
and for the spectrograph (bottom) of the round-to-line ﬁber-bundle. (b)
Sulfur Raman spectra acquired with a standard 200 μm ﬁber and the
round-to-line ﬁber-bundle. Measurement conditions: 20× objective,
600 g mm−1 grating, 0.2 mW excitation intensity, 20 s acquisition
time. Due to the improved resolution and throughput, weaker Raman
peaks at 195 cm−1 and 250 cm−1 could be detected with the ﬁberbundle.

the Raman spectra of cadmium sulﬁde and cyclohexane were excited by an
organic laser with a power of 200 μW. The intensity and the line width of
the main Raman peaks were again comparable with the ones excited by the
He-Ne laser under the same excitation conditions.
5.5 Conclusion
Organic semiconductor lasers (OSLs) are good candidates as tunable laser
sources available for Raman spectroscopy. In this chapter, OSLs were
ﬁrst introduced as monochromatic excitation sources into Raman experiments using free-space conﬁgurations: free-beam coupling and ﬁber coupling. In addition to the standard requirements of organic lasers in an
application-oriented view, i.e., lowering the threshold and extending the
wavelength tunability, there are some speciﬁc requirements for the application in Raman spectroscopy. In contrary to other application ﬁelds of OSLs,
e.g., sensing and telecommunication, where the few nanojoule energy level
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Figure 5.25: (a) Comparison of the cadmium sulﬁde Raman spectra excited by the
ﬁber-coupled organic DFB laser with a laser wavelength of 631.4 nm
and the He-Ne laser. Measurement conditions: 20× objective,
600 g mm−1 grating, 0.2 mW excitation intensity, 20 s acquisition
time. (b) Comparison of the cyclohexane Raman spectra excited by
the ﬁber-coupled organic DFB laser and the He-Ne laser. Measurement conditions: 20× objective, 150 g mm−1 grating, 0.2 mW excitation intensity, 20 s acquisition time.

could be sufﬁcient, a high average output power is desired for Raman analysis. By enhancing the laser power using high optical pump pulse energy and
high repetition rate, some issues, e.g., the broadened emission line width,
the enlarged beam proﬁles and the accelerated device degradation should
be noted. In this chapter various approaches have been introduced to improve the organic laser properties with regard to three aspects: organic gain
medium, DFB-corrugation substrate and optical pumping. It was found that
a balance among laser spectral width, laser output power and laser emission
stability is the key for Raman spectroscopy applications.
Via employing a qualiﬁed glass DFB-grating substrate and an efﬁcient
gain medium Alq3 :DCM, the OSLs show a maximum laser slope efﬁciency
of 7.6 % and offered an excitation power up to 350 μW. In the free-beam
coupling conﬁguration, the organic laser emission after collimation was directly guided into an inverted confocal microscope to excite the Raman
spectra of analytes. This ensured a high excitation power on the analytes
with a minimum coupling loss. In comparison, the ﬁber coupling conﬁg133
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uration suffered from a higher coupling loss due to the intrinsic fan-like
OSL emission strip, but enabled a ﬂexible modular laboratory Raman system. With help of a multi-mode ﬁber, the OSL-beam can be guided into
an upright Raman microscope with a high coupling efﬁciency of 70 %.
To improve the detection efﬁciency and the spectra resolution, a round-toline ﬁber-bundle was employed to connect the microscope exit port and the
spectrograph entrance.
For both Raman setup conﬁgurations, DFB-OSLs have been successfully
applied as excitation sources in Raman spectra analysis of sulfur, cadmium
sulﬁde and cyclohexane. A tunable organic semiconductor laser was introduced to facilitate a speciﬁc laser wavelength to match the commercially
available optical ﬁlters designed for use with He-Ne lasers at 632.8 nm.
Note that the laser line width of tunable DFB-OSLs based on a wedgeshaped active layer is slightly wider than the OSLs built by a uniform organic layer due to the ﬁlm thickness inhomogeneity. The possible solution
is improving the thickness gradient of the active ﬁlm, e.g., by reducing the
slope of the wedge-shaped active layer for a negligible thickness variation
within an optical pump spot range.
The large Raman scattering efﬁciencies of sulfur and cadmium sulﬁde
enabled a straightforward Raman detection. In the case of biomolecular
analytes, the lower Raman cross-sections, the limited excitation power of
OSLs, and typically lower concentrations of analytes would lead to very
small or undetectable Raman signals under comparable excitation/detection
conditions. A promising approach for overcoming this challenge is applying surface-enhanced Raman scattering (SERS) effect to amplify the Raman signals, which will be introduced in Chapter 6.
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Measurements
In this chapter novel nanostructures and organic semiconductors are combined for surface-enhanced Raman scattering (SERS) measurements. SERS
has the potential to signiﬁcantly improve the sensitivity of Raman detection
using organic semiconductor lasers as excitation sources. After an introduction into state-of-the-art SERS techniques, a new fabrication technique
for SERS substrates via laser-assisted replication is described. The third
and the fourth subsections demonstrate the functionality of the Au/COC
SERS substrates from aspects of computational simulation and experimental results. Finally, an organic semiconductor DFB laser was introduced
as an excitation source in the SERS biomolecular analytics.1
In general, the integration of high power laser sources into lab-on-a-chip
devices is challenging. The integration is not an issue for OSLs which have
a typical power level of less than 1 mW. Chapter 5 also demonstrated the application of organic semiconductor DFB lasers (DFB-OSLs) as excitation
sources for Raman measurements of sulfur and cadmium sulﬁde powders.
Although a low average power of the OSL (∼ 0.2 mW) was used in those
measurements, the large Raman scattering efﬁciencies of the analytes enabled a straightforward Raman band detection. In the case of biomolecular
analytes, the lower Raman cross-sections, the limited excitation power of
LOCs, as well as typical low concentrations of analytes would lead to very
small or undetectable Raman signals under comparable excitation/detection
conditions. A promising approach for overcoming this challenge is to use
1 Parts

of the results have been published in Ref. [323].

135

6 Tailored Nanostructures for OSL SERS Measurements

the surface-enhanced Raman scattering (SERS) effect which greatly ampliﬁes the Raman signal.
6.1 State of the art
SERS is one of the very few methods which can effectively give speciﬁc
molecular information about an adsorbate on or near metallic nanostructures. The following main advantages make it very powerful for chemical
and biological sensing applications:
1. SERS provides a complementary technique to ﬂuorescence, which
is also widely used as an ultra-sensitive and single-molecule spectroscopic
tool in biophysics. However, to achieve a large ﬂuorescence quantum yield,
the molecular samples have to be labeled by a ﬂuorescent dye. In comparison, SERS does not require any labeling since it is based on the intrinsic
vibrational level properties of the molecule.
2. For analysis of aqueous solutions, for instance in life science, Raman
detection has an important advantage over infrared or near-infrared absorption, namely, practically no perturbing signal from water [324, 325, 326].
Moreover the detection limits could be decreased by many orders of magnitude by exploiting the SERS effect. The high SERS enhancement factor
on the order of > 1010 allows detection at the single-molecule level.
3. Because the vibrational relaxation times are much shorter than the ﬂuorescence lifetimes, the number of Raman photons emitted by a molecule
per unit time can be higher than that of ﬂuorescence photons by factors
∼ 102 − 103 [221]. The high enhancement of many orders of magnitude
over spontaneous Raman detection method enables SERS to collect the distinguishable spectral properties within few seconds. This short integration
times provide an opportunity for SERS in detecting living cells or Raman
mapping for monitoring chemical changes within one cell.
As one of the exciting applications, SERS biomedical sensors are used in
detection of various biological samples and diseases, including DNA and
gene probes, neurotransmitters, living bacteria, human cells, tumor frag-
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ments and so on [224]. In chemistry and material science, SERS is widely
used in detecting chemical agents and in the study of electrochemically active molecules [327]. Even in the daily life, SERS is already applied in
the quality control of industrial processes [328], art preservation [329], and
encoding luxury goods/bank notes as nanotags for brand/currency security
[330].
When combined with microﬂuidic techniques, Raman spectroscopy is
promising for biomolecular detection in a miniaturized lab-on-a-chip (LOC)
device [331, 332]. Since the analysis of small analyte volumes as well as
the detection of low analyte concentrations is required in bioanalytics, the
combination of SERS and a lab-on-a-chip device seems to be a promising approach to offer a sensitive detection with reproducible measurement
conditions and a highly deﬁned detection area speciﬁed by a chip system
[333, 334, 335]. This Raman-on-chip concept will evoke the development
of hand-held Raman spectrometers and disposable Raman systems, hence
highlighting the commercial importance of Raman technique. In addition
to the application of metallic nanoparticles as SERS condition in microﬂuidic devices [336, 337, 338, 339], the direct integration of SERS substrates
in the LOC devices is of increasing interest [340, 341].
Many methods have been used to realize SERS conditions. A straightforward synthesis of gold and silver nanoparticles has been used extensively in
aqueous solution. Raman enhancement factors of up to ∼ 1011 , sufﬁcient
for a single-molecule detection, have been achieved in SERS “hot spot”
(regions of the highest local electric ﬁeld) associated with individual silver
and gold colloids or in junctions between metal nanoparticles [234, 235].
However, this approach is limited by particle aggregation and suffers from
the poor reproducibility between samples when dried onto an inert surface
[342]. A way to overcome this limitation is to produce structured SERS
substrate. So far, three main classes of SERS substrates have been developed: metallic rough surfaces [343, 344], assembled arrays of nanoparticles [345, 346, 347], and lithographically fabricated periodic nanostructures [333, 348]. Among various SERS substrates, a good compromise
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between moderate enhancement and high reproducibility can be offered
by periodic nanostructures. Uniformly patterned periodic nanodome and
nanopillar metallic/silicon structures have shown SERS enhancement factors of up to 108 on active substrates [348, 349, 350].
6.2 Laser-assisted replication of nanopillar arrays
Several techniques to fabricate periodic nanostructures are available. Electron beam lithography (EBL) offers maximum control over the nanostructures but suffers from low throughput and high costs. On the other hand,
nanosphere lithography [351] does not provide complete control over the
resulting nanostructure morphologies. Both methods cannot easily be integrated into the LOC fabrication. These problems can be solved through
nanoimprint lithography (NIL) using a patterned silicon wafer as a reusable
molding template. A subsequent gold coating is the only fabrication step requiring high vacuum. In this work, the gold-deposited cyclic oleﬁn copolymer (COC) nanopillar arrays were fabricated by laser-assisted replication
and subsequent gold ﬁlm deposition. This method provides replication accuracy down to ∼ 20 nm and results in reproducible and efﬁcient SERS
nanostructures.
EBL was used for the fabrication of the silicon templates containing several sites with three patterns of inverted nanopillar (cylindrical nanowell)
arrays. Poly(methyl methacrylate) (PMMA) 950k A2 (MicroChem) resist
was spin-coated onto a 4-inch silicon wafer for 60 s at 1250 rpm and subsequently baked on a hotplate at 180 ◦ C for 5 min. Cylindrical nanowell
patterns for later nanopillar arrays were written onto the photoresist across
several discrete areas of 0.5 × 0.5 mm2 using an e-beam writer (Vistec
Lithography Inc., Vistec VB6). In one 4-inch silicon wafer there were four
regions of equal area size. Each region contains 7 × 9 individual nanowell
array sites. Three different nanowell features were arranged on three of the
four regions. The separation distance between adjacent nanowells was set
at 20, 200 and (D + 20) nm, respectively, where D is the nanowell diam138
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eter. The line and column separation distances between these sites were
deﬁned as 1.5 and 2 mm, as shown in Figures 6.1(a). Nine different nanow(a)

(b)

(c)

(d)

Figure 6.1: (a) Photograph of the fabricated silicon master stamp (after wafer dicing) with 7 × 9 nanopillar array ﬁelds. SEM images of a silicon master stamp with nanowells (inverted nanopillars) having a diameter D
of 150 nm and separation distances of (b) 20 nm, (c) 170 nm and (d)
200 nm. The scale bars correspond to 500 nm.

ell diameters were arranged in lines. And seven different e-beam doses
were applied in columns (listed in Appendix A.3), in order to optimize
the e-beam writing and following etching process. After development with
methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA) (1:3) for 10 s,
the resist structures were transferred into the silicon wafer by SF6 -based reactive ion etching. Nanowell arrays with a depth of ∼ 100 nm were ﬁnished
after the PMMA resist was stripped. An anti-adhesion coating consisting
of a self-assembled monolayer of ﬂuorinated organosilanes completed the
silicon template fabrication. The 4-inch silicon template was then divided
by dicing into individual master stamps for laser-assisted replication. Figures 6.1(b)–(d) presents nanostructure details of one representative silicon
master stamp.
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A schematic illustration of the subsequent laser-assisted replication process is depicted in Figure 6.2. In comparison with common polymer subI

II
Objective
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Figure 6.2: Schematic illustration of the laser-assisted replication process: (I) positioning of the COC substrate on a patterned silicon template, (II) laserassisted replication, (III) detachment of the substrate and (IV) sputterdeposition of a thin gold-layer.

strate materials, like polydimethylsiloxane (PDMS) or poly(methyl methacrylate) (PMMA), COC exhibits relatively weak Raman signals, i.e., a
weak interference with analyte signals [352, 353] and therefore it was chosen to build the SERS nanopillar arrays. A 1-mm-thick COC substrate
with a size of 20 × 20 mm2 was positioned on the template, covered with
a glass plate (thus providing a contact pressure of 0.1 MPa) and exposed
to the laser diode beam (50 W at 940 nm). The laser was focused to a
∼ 0.3 mm2 spot and scanned with a velocity up to 40 mm s−1 . Since the
COC is transparent to the applied laser wavelength, the laser beam was
mainly absorbed by the silicon surface in contact with the COC substrate.
The laser scanning parameters were adjusted so that the local temperature
of the irradiated polymer region was increased to exceed its glass transition temperature Tg ≈ 140 ◦ C. Above Tg , the nanostructures on the rigid
template were (inversely) replicated into the polymer substrate. After cooling down, the polymer substrate with positively replicated nanostructures
was detached from the silicon template and the process was repeated with
140

6.2 Laser-assisted replication of nanopillar arrays

a fresh COC substrate. A ﬁnal gold sputter deposition completed the fabrication of a SERS-active substrate. Figure 6.3(a) presents a photograph of
the completed SERS nanopillar array chip fabricated on a COC substrate
comprising 7 × 9 nanopillar array sites. The contrast variance indicates
different nanopillar patterns. The SEM image of one representative SERS
nanopillar array site illustrates nearly defect-free replication, as shown in
Figure 6.3(b). A stringent inspection of SEM images revealed that typically
∼ 2–10 % and rarely up to 30 % of all nanopillars were slightly bent, deformed or shifted. However, it is expected that these minor shape-defects
have only little inﬂuence on the overall SERS performance of nanopillar
arrays.
(a)

(b)

Figure 6.3: (a) Photograph of a gold-coated COC SERS substrate with 7 × 9 active
nanopillar array sites. (b) SEM image of one active SERS site with
nanopillars having a diameter of 200 nm and a spacing of 190 nm. The
scale bar corresponds to 500 nm.

It is well known that the characteristic size of nanostructures and spacing between them in a periodic array can dramatically inﬂuence the SERS
enhancement factors. In order to investigate the effect of both, different
patterns of Au/COC nanopillars with diameter D, varying from 60 nm to
260 nm in steps of 20 nm, were fabricated. With regard to the feasible EBL
resolution and replication accuracy, the minimum spacing between adjacent COC nanopillars was set at 20 nm. The typical thickness of deposited
gold-ﬁlms was measured to be about 25 nm on the top and 5 nm on the side
walls of the nanopillars, respectively. Correspondingly, the minimum spacing between Au/COC pillars was d ∼ 10 nm. In addition, arrays with larger
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interpillar spacing were fabricated, e.g., d = 190 nm and d = D, i.e., of the
same value as the diameter D. Figure 6.4 shows SEM and atomic force microscope (AFM) images of three SERS nanopillar arrays with D = 100 nm
and different interpillar spacings. The height of the COC nanopillars in all
arrays was about 80 nm.
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Figure 6.4: (a)-(c) Schemes of nanopillar arrays with interpillar spacing d = 10 nm,
d = 190 nm and d = D where D is the nanopillar diameter. (d)-(f) SEM
images of the gold-coated COC nanopillar arrays with D = 100 nm and
d = 10, 190, and 100 nm, respectively. The scale bars correspond to
500 nm. (g)-(i) Corresponding AFM images of the gold-coated COC
arrays of nanopillars.

6.3 Computational analysis
As elucidated in Section 2.4.3, the main SERS enhancement mechanisms
have been proposed to be of electromagnetic and chemical origin. In this
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case, the SERS effect arises mainly because the nanosized gap between
nanopillars causes an intense localized electromagnetic ﬁeld. From another
perspective, a metallic nanopillar array can be considered as an array of
optical antennas [354]. The induced localized surface plasmon resonance
(LSPR) effect contributes to the enhancement both of the incident excitation and the Raman scattered light [221]. The local SERS electromagnetic
enhancement factor (EF) scales approximately as [232]:
EF ∝

|E|4
|E0 |4

(6.1)

where |E| is the amplitude of the enhanced local electric ﬁeld and |E0 | is
the amplitude of incoming electromagnetic wave.
To elucidate the electromagnetic ﬁeld distribution in the active SERSsubstrates, the ﬁnite-difference time-domain (FDTD) solutions program
(Lumerical, version 8.7.4) was used to simulate the near-ﬁeld electric ﬁeld
distribution in modeled Au/COC nanopillar arrays excited with a normally
incident plane wave at λ = 632.8 nm, polarized along the x-axis (as applied
in the experiment). In this model, a 25-nm-thick gold-layer was assumed
on top of the 80-nm-high COC nanopillars and a 5-nm-thick gold-layer on
their side walls, as shown in Figure 6.5(a). To prevent numerical singularities in the form of electromagnetic “bursts” arising at the sharp edges and
to take into account the realistic contours of the fabricated structures, the
nanopillar edges were modeled by a curved surface with a radius of curvature of 3 nm. The boundaries of the simulation region in x, y-directions
were set periodic to take the periodicity of the whole array into account. A
1 nm mesh in x, y, z-directions in the whole simulation region was found to
be well suited for the convergence of the calculations. The cross-sectional
electrical intensity proﬁles were obtained by a XZ-monitor area through the
nanopillar axis.
The simulation results for nanopillars with a diameter D = 100 nm and
three different interpillar spacings are shown in Figure 6.5(b)–(d) with the
color-coded intensity representing the normalized amplitude of the en143
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Figure 6.5: (a) Schematic side view of Au/COC nanopillars model for FDTD simulations. (b)-(d) Color-coded FDTD-simulated images of the near-ﬁeld
electric ﬁeld intensity distributions for pairs of Au/COC nanopillars
with diameter D = 100 nm and spacing d = 10, 100, and 190 nm, respectively. The dashed lines denote the COC nanopillar boundaries.
z = 0 corresponds to the bottom of uncoated COC nanopillars.

hanced electric ﬁeld |E| with respect to the amplitude of the incoming
electric ﬁeld |E0 |. For nanopillars with spacing of 10 nm, the enhanced
electric ﬁeld regions with two antinodes are clearly seen within the gaps
between adjacent nanopillars (see Figure 6.5(b)). This minimum spacing
also offered the highest electric ﬁeld enhancement, as could be expected
due to the surface plasmon coupling effect [232]. When the spacing exceeded ∼ 30 nm, the major electric ﬁeld enhancement could only be found
in the vicinity of nanopillar side walls, indicating a weakened electromagnetic coupling between nanopillars, as shown in Figure 6.5(c) and 6.5(d).
Furthermore, enhanced ﬁeld regions were also found to be generated in144
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side nanopillars and thus “inaccessible” for SERS of analyte molecules.
When the nanopillar diameter exceeded ∼180 nm and the interpillar spacing was similarly large, the enhanced electric ﬁeld regions were mainly
conﬁned within nanopillars, as indicated in Figure 6.6 and practically did
not contribute to the SERS effect. These trends are reﬂected in Figure 6.7,
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Figure 6.6: FDTD-simulated images of near-ﬁeld electric intensity distributions
around Au/COC nanopillars in the XY -plane. For arrays with the
same gap distance as the nanopillar diameter, D: (a) D = 100 nm, (b)
D = 200 nm and (c) D = 260 nm. With the gap distance of 190 nm:
(d) D = 60 nm, (e) D = 200 nm and (f) D = 260 nm. The dashed lines
denote the COC nanopillar boundaries. The excitation wavelength is
632.8 nm.

which shows the average electric ﬁeld enhancement in “hot spot” regions
as a function of nanopillar diameter varying from 60 to 260 nm for three
groups of arrays having constant spacings of 10 and 190 nm, respectively,
and those with the spacing following the diameter (d = D). The “hot spot”
region was deﬁned as an area, where the enhanced electromagnetic ﬁeld in
the exterior of Au/COC nanopillars was more than 1/e of the maximum
value. Such a deﬁnition of the average electric ﬁeld enhancement appears
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to provide a more realistic estimation of the SERS effect than the maximum
value. Another important factor determining the overall SERS efﬁciency is
the relative “hot spot” area with regard to the whole SERS array area, as
discussed in detail in Section 6.4.
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Figure 6.7: FDTD-simulated electromagnetic ﬁeld enhancement averaged over “hot
spot” regions versus nanopillar diameter for three different nanopillar
array patterns.

6.4 SERS experiments with nanopillar arrays
The SERS effect of various Au/COC nanopillar arrays was ﬁrst experimentally characterized using the laser dye rhodamine 6G (Rh6G) as the analyte
and a helium-neon (He-Ne) laser with an emission wavelength of 632.8 nm
as the excitation source. The measurements were performed on the modular
micro-Raman system (WITec, CRM200) usually with a He-Ne excitation
laser coupled into the microscope via a single-mode optical ﬁber. Typically, a 20× objective lens (NA = 0.40) was applied, resulting in a laser
spot diameter of ∼ 4 μm on the sample. In this apparatus, the He-Ne laser
could be readily exchanged by an organic semiconductor laser emitting at
the nearby wavelength of 631.4 nm as described in detail below. SERS
samples were prepared directly before measurements by drop-casting and
uniformly spreading 30 μl of a 10 μM aqueous solution of Rh6G over the
whole (20 × 20 mm2 ) nanopillar array SERS substrate. The substrate was
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then dried under ambient conditions. The average density of the deposited
Rh6G molecules corresponded to ∼ 0.45 molecules nm−2 .
Figure 6.8 show SERS spectra of Rh6G molecules, which were acquired
for different nanopillar arrays under the same experimental conditions. In
accordance with the FDTD simulation results, the SERS signals of Rh6G
exhibited a signiﬁcant dependence on the nanopillar array geometry. In
case of the arrays with the minimum interpillar spacing of d = 10 nm, the
SERS intensity ﬁrst increased with the increasing nanopillar diameter up
to D ∼ 180 nm, but then started to decrease for the larger diameter values,
as seen in Figure 6.8(a) and 6.9(a). For a set of arrays having nanopillar spacing equal to their diameter (d = D), the SERS intensity monotonically decreased with increasing diameter from 60 to 220 nm, as seen in
Figure 6.8(b) and 6.9(b). For comparison, similar measurements were perR
SERS substrates (Renishaw
formed with commercially available Klarite
Diagnostics). It was found that the optimum nanopillar array patterns (i.e.,
d = 10 nm, D ∼ 180 nm) provided SERS signals which were stronger by a
R
SERS substrates.
factor of ∼ 20 than those from Klarite
For evaluation of the absolute SERS enhancement factors (EFs), the
SERS response to the “standard” Raman signals of the analyte (Rh6G) were
compared - taking into account the respective numbers of Rh6G molecules
probed within the laser focus. In this comparison, the SERS signals are
assumed to only arise from molecules occupying the calculated “hot spot”
regions of a given SERS substrate. The SERS enhancement factor (EF) of
Rh6G on Au/COC nanopillar arrays was estimated for the SERS peaks at
614 cm−1 and 1367 cm−1 (shifted to 620 cm−1 and 1381 cm−1 , respectively, for Rh6G dried on a gold-coated unstructured COC substrate) using
Eq. 2.47. The laser excitation/detection volume in the reference solution,
which was estimated as ∼ 200 μm3 for the microscope setup with an objective (20×, NA = 0.4). 30 μl of a 10 mM Rh6G aqueous solution was
applied to a gold-coated unstructured COC substrate (reference sample).
The total number of Rh6G molecules in this solution was about 1.8 × 1017 .
For an excitation/detection volume of ∼ 200 μm3 , Nvol was calculated as
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Figure 6.8: SERS spectra of Rh6G deposited on arrays with different nanopillar diameters D, and with interpillar spacings: (a) d = 10 nm and (b) d equals
to D. The spectra are compared with those of Rh6G similarly deposited
R
on a commercial Klarite
SERS substrate and of a solid Rh6G layer
deposited from a 1 mM solution onto an unstructured gold surface. All
spectra were measured under the same conditions: 4 mW excitation at
632.8 nm, 10 s acquisition time.

∼ 1.2×109 . Average signals Iref (620 cm−1 ) and Iref (1381 cm−1 ) were measured as 2290 and 4030 counts, respectively (5 mW excitation at 632.8 nm,
10 min acquisition time).
Nsurf was calculated as the number of Rh6G molecules deposited in the
“hot spot” regions of Au/COC nanopillars within the laser spot. These
regions were deﬁned from modeling as described above. For instance,
for the Au/COC nanopillars with d = 10 nm and D = 260 nm, the “hot
spot” area amounted to ∼ 2000 nm2 per nanopillar. Experimentally, a
10 nM diluted solution of Rh6G was applied and dried over the SERS
148

6.4 SERS experiments with nanopillar arrays

6

3

3

0

0
60 100 140 180 220 260
Nanopillar diameter D (nm)

30

30

20

20

10

10

0

60 100 140 180 220
Nanopillar diameter D (nm)

Relative SERS EF

6

9

Relative Raman intensity

(b)
9

Relative SERS EF

Relative Raman intensity

(a)

0

Figure 6.9: Relative SERS signals and corresponding calculated “hot spot” average
enhancement factors (EFs) as a function of nanopillar geometries for
arrays with: (a) d = 10 nm and (b) d = D, respectively.

substrate (20 × 20 mm2 ). With regard to the very low analyte concentration (10 nM) applied, a roughly homogeneous, non-site-speciﬁc analyte
deposition/adsorption of the Rh6G molecules on the whole SERS substrate with Au/COC nanopillar arrays was assumed. Since the SERS areas (7 × 9 sites, each with a size of 0.5 × 0.5 mm2 ) occupy only a small
part of the whole substrate (20 × 20 mm2 ), their contribution to the whole
surface area is negligible. As a result, we approximate that the adsorbate
density (per surface unit) is nearly the same for nanoarrays with different
geometries. By depositing a 30 μl volume of a 10 nM diluted solution,
this corresponded to about 4.5 × 10−4 molecules/nm2 . Within one laser
excitation spot (diameter of ∼ 4 μm), there are about 150 nanopillars with
d = 10 nm and D = 260 nm. The number of molecules within the “hot
spot” regions Nsurf is about 140. The SERS measurement results showed
ISERS (614 cm−1 ) = 2990 counts and ISERS (1367 cm−1 ) = 4670 counts
(5 mW excitation at 632.8 nm, 10 min acquisition time). Hence, the SERS
enhancement factors are EF(614 cm−1 ) ∼ 1 × 107 and EF(1367 cm−1 ) ∼ 9
× 106 . Note that this result is about a factor of ∼ 200 higher than the EF
calculated according to Eq. 6.1 as the fourth power of the modeled electric
ﬁeld enhancement averaged over “hot spot” regions (average |E|/|E0 | ∼ 15,
as shown in Figure 6.7). Such a discrepancy between the measured and
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calculated SERS EFs has often been seen and is usually attributed to the
additional contribution of chemical effects which are not considered in the
simulation [232]. One can also expect that the gold surface on the nanopillars is actually not as smooth as that of the model structures. Such surface
roughness would lead to higher local electric ﬁeld enhancements than predicted.
For nanopillar arrays with d = 10 nm, Figure 6.9(a) compares the experimental dependence of the SERS intensity (peak at 614 cm−1 ) on array
geometry (nanopillar diameter) with the calculated SERS “hot spot” average enhancement factors. The experimental intensity and calculated EFs
are normalized to the values for the nanopillar array d = 10 nm, D = 60 nm
and are shown in relative units. Both curves demonstrate a roughly similar
trend. However, the measured SERS intensity increases more slowly than
the calculated “hot spot” EFs and even slightly decreases for D ≥ 180 nm.
This discrepancy can be explained by the fact that, according to FDTD simulations, the relative area of the “hot spots” (versus the whole array area)
decreases upon increasing D. Correspondingly, fewer molecules would on
average occupy the “hot spot” regions and thus contribute to the SERS signal (under the assumption of approximately uniform, non-site-speciﬁc analyte deposition/adsorption onto the whole nanopillar array surface). According to simulations, the relative “hot spot” area is reduced by a factor of
4.3 by increasing D from 60 to 260 nm. Above D ∼ 180 nm, the decrease
of the “hot spot” area overtakes the increase of EF and the overall SERS
efﬁciency starts to decrease.
The effect of the relative area of the “hot spot” regions can be further veriﬁed for the group of nanopillar arrays having equal nanopillar diameter and
spacing (d = D), as shown in Figure 6.9(b). The experimental results and
calculated EFs are normalized to the values for the nanopillar array with
d = D = 220 nm. The modeled EF in the “hot spots” rises relatively slowly
when the nanopillar diameter increases in the range of D ∼ 60 − 180 nm.
Beyond D ∼ 180 nm, the major enhancement of the electromagnetic ﬁeld
occurs only within nanopillars and the weakened coupling between nearby
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nanopillars results in a decrease of “hot spot” EFs. In parallel, the relative “hot spot” area diminishes strongly, even faster than in the case of
d = 10 nm as discussed above. Hence, the total SERS efﬁciency drops
with increasing D. The occupancy or relative area of the “hot spots” should
not be neglected as it can play a signiﬁcant role in determining the overall
efﬁciency of a SERS substrate.
(a)

d=D
D = 60 nm

7.6×104

(b)

6.8×104 CCD cts

d=D
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4.6×104
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Figure 6.10: Typical SERS images of arrays with equal nanopillar spacing and diameter (d = D): (e) 60 nm and (f) 100 nm, respectively. The colorcoded intensity corresponds to the area of the 614 cm−1 peak of
Rh6G. Lateral resolution and pixel size are ∼ 2 μm and 2 × 2 μm2 ,
respectively.

To characterize the lateral variation of the SERS response across nanopillar arrays, i.e., the uniformity of the SERS substrates over length scales
comparable to the laser focus, Raman images were acquired by XY-scanning
the samples under a microscope objective with the aid of a piezo-stage. The
scanned area and lateral resolution were 0.1 × 0.1 mm2 and ∼ 2 μm (20×
objective), respectively. Figure 6.10 shows the color-coded images of the
characteristic Raman peak of Rh6G at 614 cm−1 after subtraction of the
broad background signal. Raman images acquired for several nanopillar
arrays exhibited intensity variations in the SERS signals of less than 10 %.
This observation provides further evidence of the high accuracy and reproducibility of the employed laser-assisted replication process.
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6.5 Organic semiconductor laser SERS experiments
The SERS experiments with DFB-OSLs were achieved in a modular microRaman system (WITec, CRM200), the same setup as for using the He-Ne
laser as the excitation source. The exchange from the He-Ne laser to an
organic laser emitting at 631.4 nm can be easily performed via changing
the integrated module comprising an appropriate clean-up bandpass ﬁlter.
The organic laser module was introduced in Section 5.4.1. The overall
ﬁber coupling efﬁciency was as high as ∼ 40 %. The excitation power on
the analytes could reach up to 250 μW.
In contrast to a standard He-Ne laser, the OSL is a quasi-continuouswave Raman excitation source which emits short pulses (∼ 1 ns) at a repetition rate of 10 kHz as determined by the DPSS UV-pump laser (Crylas, FTSS355-Q2). In addition, to obtain a high ﬁber coupling efﬁciency,
a multi-mode ﬁber with a core diameter of 50 μm was used in the excitation path, which generates an enlarged excitation spot on the sample in
the setup (∼ 20 μm with a 20× objective) as compared to the He-Ne laser
(coupled via a single-mode ﬁber with core diameter of 3 μm). The image
of this spot as produced by a tube lens in the Raman microscope was also
correspondingly enlarged. However, the inﬂuence of excitation spot size
was proven insigniﬁcant for SERS detection. As illustrated in Figure 6.11,
similar SERS signals of Rh6G were detected using both lasers at the same
excitation power.
Finally, the organic semiconductor DFB laser was used for the biomolecular SERS detection of adenosine deposited on one of the most efﬁcient
nanopillar arrays (d = 10 nm and D = 100 nm). Figure 6.12 shows the
Raman spectra of adenosine molecules deposited by drop-casting from different aqueous solutions with concentrations ranging from 1 μM to 10 mM
(using 30 μl volumes in each case). The detection limit for dried adenosine
deposits prepared in this fashion was < 300 pmol - at the excitation power
of 0.2 mW and a relatively short acquisition time of 10 s.
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Figure 6.11: SERS spectra of Rh6G (drop-cast from 30 μl of a 10 μM aqueous
solution) as measured on Au/COC nanopillar arrays (d = 10 nm,
D = 100 nm), upon excitation with an organic semiconductor DFB
laser and a He-Ne laser (both at 0.2 mW), in comparison with the RaR
man spectra of Rh6G on a Klarite
SERS substrate (also drop-cast
from 30 μl of a 10 μM aqueous solution). Measurement conditions:
20× objective, 600 g mm−1 grating, 5 s acquisition time.

6.6 Discussion
The plasmonic characteristics of nanopillar arrays can be investigated via
extinction and reﬂectivity measurements [350, 355]. However, it is not
easily possible to measure the extinction spectra of these samples. As an
opaque gold layer was sputtered on the whole sample, transmission measurements are in general not possible. The optical characterization in reﬂection geometry, is also very demanding, as the active sample area is only
(0.5 × 0.5 mm2 ). This precludes the use of a conventional spectrometer and
would require a microscopic apparatus suitable for such measurements.
In this work, the surface plasmon resonance behavior of the Au/COC
nanopillars was ﬁrst characterized by measuring their scattering properties with white-light illumination dark-ﬁeld microscopy. This method was
applied previously at LTI for investigating the resonance properties of gold
dipole nanoantennas [356]. The characterization setup is presented in Figure 6.13(a). A microscopy halogen lamp (Zeiss HAL 100) homogeneously
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Figure 6.12: SERS spectra of adenosine deposited on Au/COC nanopillar arrays
(d = 10 nm, D = 100 nm) from aqueous solutions with concentrations ranging from 1 μM to 10 mM. SERS was excited with an organic
semiconductor DFB laser at 631.4 nm at a power of 0.2 mW. Other
measurement conditions: 20× objective lens, 600 g mm−1 grating and
10 s acquisition time.

illuminated a dark-ﬁeld condenser (Zeiss, EC Epiplan NEOFLUAR, 50×,
NA = 0.8). The dark-ﬁeld scattering from the nanostructures was then
collected by the same objective and reﬂected onto an electron-multiplying
CCD (EMCCD) camera (Andor iXon) using an imaging spectrometer (Acton 2500i). The slit opening of the spectrometer was then used to selectively
image lines of nanopillar arrays onto the EMCCD detector. The measurement results in Figure 6.13(b) indicate a strong resonant enhancement at
wavelength around 650 nm. For a spacing of d = 10 nm, the nanopillar
resonance is found to be dependent on the nanopillar diameter D. The scattering peaks shift towards longer wavelengths for larger nanostructures and
the peak intensities increase for larger nanostructures.
Additionally, FDTD-simulations were performed to further check the
wavelength-dependent plasmonic effect on the electric ﬁeld intensities. For
this purpose a two-dimensional monitor (20 nm × 80 nm) normal to the xaxis was placed between two neighbor nanopillars. The simulation results
also predict a signiﬁcant dependence of the optimum excitation wavelength
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Figure 6.13: (a) Dark-ﬁeld microscopy in reﬂection conﬁguration. The white-light
continuum (generated with a halogen lamp) used for excitation is
shown with yellow arrows, while the scattered light generated at the
nanostructures of the sample is depicted in red, green, and blue. (b)
Scattering spectra of the Au/COC nanopillar arrays with interspacing
of 10 nm and different diameters.

on the nanoarray geometry, as shown in Figure 6.14. For instance, optimum
excitation at ∼ 600–650 nm (i.e., close to the laser wavelength applied in
this work) was revealed for the nanopillars with d = 10 nm and D = 20 nm.
Increasing the nanopillar diameter D, while keeping the same spacing of
d = 10 nm results in the red shift of the excitation resonance.
The dark-ﬁeld scattering characterization and FDTD simulations predict that the spectral resonance peaks of the nanopillar arrays are slightly
higher than the current laser wavelength. Consequently, the excitation at
longer wavelengths (∼ 750 nm and above) might be even more favorable.
These nanoarrays may be of signiﬁcant interest for near-infrared (NIR)
SERS analyses. It is noted that the NIR excitation range is currently practically inaccessible for organic semiconductor lasers (efﬁcient lasing till
∼ 700 nm). However, as the dense nanopillar arrays allow the excitation
of several modes in the visible spectral range, it is promising to employ organic tunable lasers as excitation sources to study the excitation wavelength
dependence in future.
In this chapter, organic semiconductor DFB lasers were applied in SERSbased (bio)analytics. The SERS condition was achieved by substrates con155
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Figure 6.14: (a) Schematic views of the Au/COC nanopillars model for FDTD simulations. An x-normal 2D-monitor (20 nm × 80 nm) was used check
the wavelength-dependent electric ﬁelds. (b) FDTD-simulated maximum electromagnetic ﬁeld enhancement over the two-dimensional
monitor on 25 nm gold-ﬁlm coated COC nanopillars with spacing of
10 nm.

sisting of arrays of gold coated cyclic oleﬁn copolymer (COC) nanopillars
with variable diameters ranging from 60 nm to 260 nm. Fabricated by laserassisted replication, the spacing between adjacent nanopillars was precisely
controlled down to ∼ 10 nm. The employed silicon master templates were
prepared by electron beam lithography technique and could be applied multiple times in the replication process. The replication is fast and potentially
low-cost. This fabrication method may contribute to the advancement of
analytical SERS applications. Furthermore, such polymer SERS substrates
may be directly integrated into, e.g., microﬂuidic channels of the photonic
devices. SERS enhancement factors estimated to be up to ∼ 107 for Rh6G
were determined for the “hot spot” regions in the nanopillar arrays-based
on FDTD modeling of their lateral extent. The modeling also supported
the experimentally characterized dependence of the SERS enhancement on
the nanopillar array geometry (nanopillar diameter and spacing). As a ﬁrst
application of this approach, the sensitive concentration detection of adeno156
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sine using an organic semiconductor DFB laser as the excitation source was
demonstrated. This combination of metallic/polymer surface-enhanced Raman nanopillars and organic excitation lasers appears to be particularly
promising for routine SERS biomolecular analytic in future miniaturized
lab-on-a-chip devices.
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7.1 Summary
In this thesis, organic semiconductor lasers (OSLs) have been studied with
special emphasis on the exploration of new application ﬁelds in Raman
spectroscopy. It has been shown, that optically pumped organic lasers exhibit a low laser threshold and a single longitudinal emission mode with
narrow spectral bandwidth. These features are determined by well-deﬁned
distributed feedback resonators. The laser emission stability and the average laser output power can be improved by variation of organic media,
resonator features and optical pumping conditions. Parallel, time-saving
fabrication approaches have been developed to create miniaturized spatially
deﬁned laser pixels for lab-on-a-chip spectroscopy applications. The results
of this work suggest further investigations concerning spectroscopic applications as well as basic research related to laser lifetime and laser output
power of organic semiconductor lasers.
The main results are summarized as follows:
• Two technologies, ink-jet printing for the local deﬁnition of active
materials and laser-assisted replication for the laterally controlled
fabrication of DFB-corrugations were presented in the fabrication of
spatially deﬁned organic semiconductor lasers. As the ﬁrst demonstration of ink-jet-printed organic semiconductor lasers, a blend of
high-boiling and low-boiling solvents was used for dissolving the
polymer to optimize the printing uniformity. The ink-jet-printed laser
devices showed laser thresholds as low as 76 nJ pulse−1 and a homogeneous laser emission with a standard deviation of 0.5 nm over
large areas. The laser emission properties were comparable to those
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of organic semiconductor lasers fabricated via established solutionprocessing methods. Additionally, ink-jet printing allows the deposition with arbitrary lateral shapes and small lateral dimensions.
Thus an accurate deposition of the organic active medium on grating trenches with no contamination of other parts of the functional
chip could be achieved. In the second approach, a novel nanoimprint
lithography method, laser-assisted replication, was employed for the
fabrication of spatially deﬁned DFB-corrugations. With the help of
an infrared laser beam instead of large-area heating, it allows a spatially deﬁned pixel-sized replication and a short processing period of
5 min for a replication area of 30 × 30 mm2 . Using this technique,
surface-emitting laser pixels based on second-order DFB nanogratings were accomplished with different periods in lateral dimension of
0.5 × 0.5 mm2 on a PMMA substrate. Novel coupled edge-emitting
organic lasers were achieved by evaporating Alq3 :DCM on both of
ﬁrst-order DFB-corrugations and neighboring microscale waveguide
trenches fabricated through laser-assisted replication. In comparison
with the conventional deep ultraviolet induced PMMA waveguides,
the waveguides from the same organic laser material are advantageous for an optimum light coupling efﬁciency. It was also proven
that using this fabrication method, further nanostructures could be
added into the chip platform without negative inﬂuence on neighboring photonic components.
• For applications in Raman spectroscopy, Alq3 :DCM organic lasers
were built on qualiﬁed one-dimensional glass grating with a period
of 400 nm. The DFB-OSLs showed a laser slope efﬁciency as high
as 7.6 % and offered an excitation power up to 350 μW. In the freebeam coupling conﬁguration, the bottom-emitting organic laser was
directly guided into an inverted microscope to excite the Raman spectra of the analytes. In the ﬁber coupling conﬁguration, the bottom
laser emission was additionally harvested by adding a reﬂector ﬁlm
on the bottom of the DFB grating. It was together with the top sur160

7.2 Outlook

face laser mission coupled into a ﬁber-connected upright optical microscope. Using these two free-space setup conﬁgurations, the DFBOSLs were successfully applied as excitation sources in Raman spectra analysis of sulfur, cadmium sulﬁde and cyclohexane. One organic
semiconductor tunable laser was introduced to facilitate a speciﬁc
laser wavelength to match the commercially available optical ﬁlters
designed for use with He-Ne lasers at 632.8 nm.
• In the case of Raman detection of biomolecular analytes, the surfaceenhanced Raman scattering (SERS) effect was applied to overcome
the challenge of typically low analyte concentrations and improve the
detection sensitivity. To achieve an efﬁcient SERS condition, a novel
gold-deposited polymer substrate comprising various nanopillar arrays were fabricated via laser-assisted replication. The nanopillar
diameters were variably ranged from 60 nm to 260 nm and the spacing between adjacent nanopillars was precisely controlled down to
∼ 10 nm. Based on the FDTD modeling of the electromagnetic ﬁelds
and the experimental characterizations, SERS enhancement factors
on rhodamine 6G Raman peaks were determined to be up to ∼ 107
in the “hot spot” regions of the nanopillar arrays. The modeling also
indicates a strong dependence of SERS enhancement on the nanopillar array geometry. As the ﬁrst application of this approach, a sensitive concentration detection of adenosine down to < 300 pmol was
demonstrated by using Au/COC nanopillar arrays as SERS substrate
and an organic semiconductor DFB laser as excitation source.
7.2 Outlook
This work paves the way to apply organic semiconductor DFB lasers in
Raman spectroscopy and in further LOC spectroscopic applications. More
interesting topics are foreseen in both, basic research and technical processing of organic semiconductor lasers.
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For spectroscopic applications, especially for Raman detection, the limited average laser output power is the main issue of organic semiconductor
lasers. There are two feasible solutions available to enhance the emission
power. One is to further increase the average output power by increasing
the optical pump pulse energy or accelerating the repetition rate. However, in consideration of laser lifetime and emission stability, this method is
probably not the appropriate one for a long-term reliable system response.
Another idea is to integrate the pulsed organic lasers in a time-gated system for Raman spectroscopy. In the pulsed-laser Raman spectroscopy, a
pulsed laser is used to excite the sample instead of a cw laser and the signal detection system is turned on only during the time intervals occupied
by the laser pulses. During all other times the detection system is inactive. In effect, all of the Raman-information-bearing signal is compressed
into narrow time intervals [357]. This concept has been widely used in Raman detections to mainly eliminate the strong ﬂuorescence background of
the analytes excited by femtosecond or picosecond laser pulses. Nowadays
novel time gating systems have emerged to address the advantages of this
technique, e.g., the ultra-fast Kerr shutter [358, 359] and the CMOS singlephoton avalanche detector (SPAD) [360, 361]. The moderate pulse power
of organic semiconductor lasers is below the photodamage threshold for
biological living samples. Applying a gentle femto- or picosecond pulsed
excitation with organic lasers is also favorable for stabilizing the emission
output and prolonging the laser lifetime. In summary, it is prospective to
apply organic semiconductor lasers in pulsed-laser Raman spectroscopy in
the next stage.
The wide tunability in the visible spectral range is the main advantage
of organic semiconductor lasers. This indicates further potential application ﬁelds of organic lasers in resonance Raman spectroscopy (RRS) and
surface-enhanced resonance Raman spectroscopy (SERRS). For such applications, a wide-range tunable notch-ﬁlter is required for blocking the laser
refection and Rayleigh scattering from the Raman signals. There have been
already several designs of tunable notch ﬁlters in the research lab, e.g., the
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holographic notch ﬁlters [362, 363] and ﬁlters based on volume Bragg gratings (VBG) [364, 365]. More achievements on this issue will facilitate the
application of tunable organic semiconductor lasers in RRS. Meanwhile, as
discussed in this thesis, a basic research on device performance of tunable
organic lasers is required for spectroscopic applications. Until now, numerous approaches of tunable organic lasers have been reported. However, a
deep understanding and observation of variation of laser threshold, spectra
width, lifetime, etc. along with the tuning procedure is still missing. This
calls for a comprehensive study on this topic.
So far there have been no integrated laser excitation sources realized in
an on-chip Raman platform. Organic semiconductor lasers are very good
candidates for such purpose. Research should be addressed on the suppression of strong ﬂuorescence from the organic active media. In addition to the
perturbing signal from the laser itself, the all-polymer lab-on-a-chip platform delivers unavoidably its own Raman signals, i.e., interference with the
analyte Raman signals. In comparison to the free-space conﬁguration, it is
an issue to add standard optical lens and notch ﬁlters into an on-chip Raman system. The developments, not only on integrated organic lasers, but
also on other integrated optical passive elements should be key to the ﬁnal
solution. As elucidated in this thesis, the lasers based on polymer grating
substrates suffer from the problems of photodegradation. The performance
of integrated on-chip organic lasers should be further improved as qualiﬁed
excitation sources for spectroscopic applications.
The SERS approach is a good tool to improve the Raman detection sensitivity. It is promising to evolve the SERS-based optoﬂuidic platforms
incorporating the fabricated nanopillar arrays. Utilizing laser-assisted replication, the microﬂuidic channels/networks and the nanostructure arrays can
be simultaneously created on a polymer chip, allowing a mass production of SERS-active sites. Such microﬂuidic systems containing immobilized nanostructures are more stable in a bioﬂuid analysis than colloidbased systems due to variations in the ionic strength of the bioﬂuid [366].
The nanopillar arrays fabricated by laser-assisted replication are compatible
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with the lab-on-a-chip concept and offer the possibility of high-throughput
analysis.
In conclusion, many advantages and many opportunities for organic
lasers are foreseen in Raman spectroscopy and on-chip spectroscopic applications.
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Appendix A: Recipes
A.1 Fabrication of silicon template
Electron beam lithography

Process

Description

Duration

Labeling

n-doped Silicon wafer

Prebake

Hotplate 180 ◦ C

10 min

Spin-coating

PMMA 950k A2
1250 rpm
150 rpm ramp

60 s
(50 nm)

Softbake

Hotplate 180 ◦ C

5 min

E-beam exposure

Vistec VB6
Dose variation 650–800 μC cm−2

Development

MIBK:IPA 1:3

10 s
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UV-lithography

Process

Description

Adhesion promotion

IMTEC Star 2000
HMDS deposition
140 ◦ C
5.7 mbar

Duration
30 min

Spin-coating

AZ1505
3000 rpm

90 s
(0.5 μm)

Softbake

Hotplate 110 ◦ C

1 min

UV-exposure

EVG 620 mask aligner
soft contact mode
50 mJ cm−2

Development

AZ400K:water 1:4

1 min

Reactive-ion etching

Process

Description
◦C

Duration

Precooling

−125

Etching phase 1

Plasmalab 100 ICP 380 Oxford
Instruments
24 sccm SF6 , 6 sccm O2 ,
4.5 mTorr, 10 Torr Ar, 10 Torr He,
15 W RF, 600 W ICP, −125 ◦ C

3s

24 sccm SF6 , 6 sccm O2 ,
4.5 mTorr, 10 Torr Ar, 10 Torr He,
8 W RF, 600 W ICP, −125 ◦ C

3 s1
(∼ 100 nm)
/100 s2
(∼ 1.5 μm)

Etching phase 2

1 For
2 For
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fabrication of DFB gratings and SERS nanopillar arrays after EBL.
fabrication of grating trenches and waveguides after UV-lithography.

4 min

Appendix A: Recipes

A.2 Photoresist gratings fabricated by interference lithography
SX AR-N 4800/16 grating

Process

Description

Duration

Cleaning

Ultrasound bath
acetone/IPA

5 min/5 min

Prebake

Hotplate 150 ◦ C

10 min

Adhesion promotion

HMDS deposition

10 min

Spin-coating

SX AR-N 4800/16
500 rpm
1000 rpm

5s
45 s

Softbake

Hotplate 85 ◦ C

5 min

Laser-exposure

30–50 mJ cm−2

Exposure delay

4 min
◦C

Postbake

Hotplate 80

Development

X AR 600-54/3
stopped by nitrogen blow

2 min
40–70 s
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SU-8 2005 grating

Process

Description

Duration

Cleaning

Ultrasound bath
acetone/IPA

5 min/5 min

Prebake

Hotplate 150 ◦ C

10 min

Adhesion promotion

HMDS deposition

10 min

Spin-coating

SU-8 2005
500 rpm
4000 rpm

5s
30 s

Softbake 1

Hotplate 65 ◦ C

2 min

Softbake 2

Hotplate 96 ◦ C

5 min

Chilling
Laser-exposure

2 min
10–18 mJ

cm−2

Exposure delay

4 min

Postbake 1

Hotplate 65 ◦ C

1 min

Postbake 2

Hotplate 96 ◦ C

30 s

Chilling
Development

208

2 min
DEV 600
stopped by nitrogen blow

30 s
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A.3 E-beam doses applied for nanowell patterns
1. Nanowell spacing 20 nm: 9 lines of nanowell arrays with diameters
of 50, 70, 90, 110, 130, 150, 170, 200 and 250 nm. E-beam doses
for 7 columns: 400, 500, 600, 700, 800, 900 and 1000 μC cm−2 ,
respectively.
2. Spacing 200 nm: 9 lines of nanowell arrays with diameters of 50,
70, 90, 110, 130, 150, 170, 200 and 250 nm. E-beam doses for 7
columns: 500, 600, 700, 800, 900, 1000, and 1100 μC cm−2 , respectively.
3. Spacing equals the nanowell diameter plus 20 nm: 9 lines of nanowell arrays with diameters of 50, 70, 90, 110, 130, 150, 170, 190 and
210 nm. E-beam doses for 7 columns: 500, 600, 700, 800, 900, 1000,
and 1100 μC cm−2 , respectively.
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Appendix B: Components of Laser-Assisted
Replication Apparatus

Description

Manufacturer

Type

Fisba Optik AG
Fisba Optik AG
Fisba Optik AG
Fisba Optik AG
IAM-AWP

FLS iron 50/940 LH-018
PyroS
FLS ironScan
FT-163

Scanlab AG
Fisba Optik AG
Fisba Optik AG
Thermotek AG

RTC3
PMD-M
IRON PSIF
P302

Dr. Mergenthaler
GmbH
Scaps GmbH
Fisba Optik AG

LASCON v3.74

Laser system
Laser head
Pyrometer
Scanner system
Objective
Sample stage
External system
PC control board
Laser control unit
Power supply
Cooling system
Software
Data collection and
temperature control
Scanner software
Laser control
software

SAMLight v2.2
FisbaCom v1.2.0d

211

Appendix C: Abbreviations

Material

Name or IUPAC nomenclature

Ag

silver

Au

gold

Alq3

tris-(8-hydroxyquinoline)aluminum

CdS

cadmium sulﬁde

COC

cyclic oleﬁn copolymer

DCM

4-(Dicyanomethylene)-2-methyl-6-(pdimethylaminostyryl)-4H-pyran

DNT

2,4-dinitrotoluene

F8BT

poly[9,9-dioctylﬂuorenyl-2,7-diyl)-co-1,4benzo-{2,1-3}-thiadiazole)]

FDTS

perﬂuorodecyltrichlorosilane

GaN

gallium nitride

HfO2

hafnium oxide

HMDS

hexamethyldisilazane

InGaN

indium gallium nitride

IPA

isopropyl alcohol

MEH-PPV

poly(2-methoxy-5-(2’-ethylhexyloxy)-1,4phenylene vinylene)
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MIBK

methyl isobutyl ketone

Nd:YAG

neodymium-doped
garnet

Nd:YVO4

neodymium-doped yttrium orthovanadate

PDMS

polydimethylsiloxane

PMMA

poly(methyl methacrylate)

PPV

poly(p-phenylen-vinylen)

S8

sulfur

SiO2

silicon dioxide

THF

tetrahydrofuran

TNT

2,4,6-trinitrotoluene

yttrium

aluminum

Acronym

Explanation

AFM

atomic force microscope/microscopy

ASE

ampliﬁed spontaneous emission

CARS

coherent anti-Stokes Raman scattering

CCD

charge-coupled device

CMOS

complementary metal-oxide-semiconductor

CVD

chemical vapor deposition

CW

continuous wave

DBR

distributed Bragg reﬂector

DFB

distributed feedback

Appendix C: Abbreviations

DFB-OSL

organic semiconductor distributed feedback
laser

DPSS

diode-pumped solid-state

DUV

deep ultraviolet

EBL

electron beam lithography

EF

enhancement factor

EMCCD

electron multiplying charge-coupled device

E-Beam

electron beam

FDTD

ﬁnite-difference time-domain

FRET

Förster resonant energy transfer

FWHM

full width at half maximum

HOMO

highest occupied molecular orbit

ICCD

intensiﬁed charge-coupled device

IMT

Institute of Microstructure Technology

INT

Institute of Nanotechnology

ISC

intersystem crossing

IL

interference lithography

KIT

Karlsruhe Institute of Technology

LASER

light ampliﬁcation by stimulated emission of
radiation

LC

liquid crystal

LED

light-emitting diode

LOC

lab-on-a-chip
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LSPR

localized surface plasmon resonance

LTI

Light Technology Institute

LUMO

lowest unoccupied molecular orbit

NA

numerical aperture

NIL

nanoimprint lithography

OFET

organic ﬁeld-effect transistor

OLED

organic light-emitting diode

OSL

organic semiconductor laser

OTFT

organic thin-ﬁlm transistor

PLQE

photoluminescence quantum efﬁciency

RRS

resonance Raman spectroscopy

SEM

scanning electron microscopy

SERS

surface-enhanced Raman scattering/spectroscopy

SPAD

single-photon avalanche diode

SSA

singlet-singlet annihilation

STA

singlet-triplet annihilation

TE

transverse electric

TERS

tip-enhanced Raman spectroscopy

TM

transverse magnetic

TNIL

thermal nanoimprint lithography

UV

ultraviolet

UV-NIL

ultraviolet-nanoimprint lithography
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VBG

volume Bragg grating

VCSEL

vertical-cavity surface-emitting laser
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Enabled by the broad spectral gain and the efficient energy conversion in the active medium, organic semiconductor lasers are highly
promising for spectroscopic applications. This work presents the
application of organic semiconductor distributed feedback laser as
free-space excitation source in Raman spectroscopy. The laser performance is improved by enhancing the laser output power and
maintaining the emission stability. The encapsulated organic lasers
are tested in inverted and upright Raman microscope setups, using free-beam and fiber coupling, respectively. Additionally, surface-enhanced Raman scattering effect is exploited to improve the
sensitivity of Raman detection. The SERS condition is achieved by
using substrates consisting of arrays of gold-coated cyclic olefin
copolymer nanopillars, which are fabricated via laser-assisted replication. The organic-laser-excited SERS measurements are applied
to verify the concentration variation of the laser dye rhodamine 6G
and the biomolecule adenosine in aqueous solutions.
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