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1. Introduction

The demonstration of the first laser, made with ruby in
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vibrations of chemical bondsThey are used in a remark-
able range of applications ranging from medicine to telecom-
munications. We now find them throughout everyday life
in CD/DVD players, printers, and supermarket scanners.

Materials developments have played a crucial role in the
development of new lasers. Organic semiconductors combine
novel optoelectronic properties, with simple fabrication and
the scope for tuning the chemical structure to give desired
features, making them attractive candidates as laser materials,
as well as for the other applications described in this issue.
The rapid recent development of organic semiconductor
lasers (OSLs) builds on the development of organic light-
emitting diodes, which are now commercially available in
simple displays. It opens up the prospect of compact, low-
cost (even disposable) visible lasers suitable for applications
from point of care diagnostics to sensing.

The development of organic transistoasd light-emitting
diodes (LEDs)® came many years after their inorganic
counterparts. In contrast, organic materials played a signifi-
cant role in the development of lasers within a decade of
the first laser. The broad spectra of organic molecules was
exploited in dye lasers to give sources whose wavelength
could be tuned, and lasers capable of short-pulse genera-
tion. In fact, the record for the shortest laser pulse was held
until the 1990s by a dye laser based systeye lasers
generally operated using dye solutions. Solid-state lasers
using organic materials were demonstrated using dye-
doped polymers in 1967in doped single crystals in 1972,
and on pure anthracene crystals in 197¢he growth of
high-quality single crystals is demanding, and it is the much
newer generation of easily processed organic semiconduc-
tors that opened up first the organic LED fi¢fdand then
the field of easily fabricated organic semiconductor lasers.
The first of this wave of organic semiconductor lasers was
reported in 1992 and consisted of a conjugated polymer in
solution!® Solid-state conjugated polymer lasers then fol-
lowed in 1996 and have been a topic of vigorous
research since. In this review, we will focus on subsequent
developments, with particular emphasis on the period since
1999-2001, when a number of very useful reviews
appeared® 1° We consider a wider range of materials than
previous reviews, most of which focused either on conjugated
polymerd>1720 or small molecule$S and conclude with the
recent breakthrough of direct diode pumping of organic
semiconductor lasers.

A laser consists of a material capable of amplifying light

1960! has led to a revolution in science and technology. in a cavity (or resonator), which applies feedback. The
Lasers have transformed spectroscopy giving previously amplification occurs by the process of stimulated emission,
undreamed of insights into the physics and chemistry of the illustrated schematically in Figure 1. An incident photon
world around us, such as the direct observation of the stimulates a transition between the excited state and ground
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Figure 1. Schematic illustration of the stimulated emission process.
An incoming photon interacts with a chromophore in an excited-
state to stimulate the emission of a second photon in phase with

the first.
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Figure 2. Chemical structures of typical organic semiconductors
used for lasers: (a) anthracene; (b) aluminum tris(quinolate); (c)
generic polypara-phenylene vinylene) derivative; (d) generic
polyfluorene derivative; (e) bisfluorene cored dendrimer; (f) spiro-
linked oligomer.

2. Materials

2.1. Types of Organic Semiconductors

There are several types of organic semiconductors relevant
to lasing, and their classification is by a combination of
structural features and how they are processed. Organic
semiconductors are conjugated molecules, with the semi-
conducting properties arising from the overlap of molecular
orbitals. Early work focused on single crystals of materials
such as anthracefefigure 2a. When sufficiently high
voltages were applied, light was emitted, but the difficulties
of growing and handling these materials meant that it was
the discovery by Tang and Van Slyke of efficient electrolu-
minescence in evaporated films of small molecule organic
semiconductors that attracted serious interest in using the

state of the medium, generating further photons. The crucial y,5terials for light emissiof\We will refer to this class of

point about stimulated emission is that the additional photons organic semiconductor as small molecules, and an example
have the same phase as the incident photon, and this leadgs aluminum tris(quinolate) (Figure 2b).

to the distinctive coherence of the emitted light, so laser

There are three other types of organic semiconductors that

beams can have extremely well-defined frequency and very have been studied as laser materials. The first is conjugated
small divergence. The remainder of the article discussespolymers. These long chain-like molecules have alternating
organic semiconductor materials for lasers, followed by single and double bonds giving electron delocalization along
resonator design, fabrication, progress toward applications,the molecule. Two families of conjugated polymer have been

and future challenges.

studied particularly extensively: the poly(phenylene vinyl-
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Wavelength (nm) For both LEDs and lasers, it is desirable to use materials
o 200 450 _ 500 850 600 650700 that emit light efficiently. The efficiency of light emission

: M ~ i can be described quantitatively by the photoluminescence
) 0.8 +O) ALY guantum yield (PLQY), which is defined as the ratio of the
e ; :' Vi ("\.\ number of photons emitted by a sample to the number of
g i : ',,‘4<_/—§ A, photons absorbed. For thin films of organic materials, it can
g v vk SN be conveniently measured by placing a thin film in an
£ RN AN +Q_\+".\ integrating sphere, which collects the light emitted in all
5 041 /y b i \\o\ " directions®®-6! Considerable effort has gone into increasing
5 ' PN the photoluminescence efficiency of thin films of organic

£ 021 W— / i N materials. In particular, a range of strategies have had to be
Ny / Sl developed to control intermolecular interactions. At high

0'%_2 30 28 26 24 29 20 18 concentrations or in the solid state, conjugated organic

Photon energy (eV) molecules can interact with their neighbors, leading to the

Figure 3. Fluorescence spectra of three conjugated polymers formation of (physical) dimers, aggregates, or excimers,
typical of those used for lasers with chemical structures shown asWhich can quench light emissiéAHence many laser dyes,
insets. which are extremely fluorescent materials in dilute solution,
ene)dl142:32 (Figure 2c) and the polyfluoren®s®’ are almost nonemissiye in the solid state. .

(Figure 2d). A major difference from small molecules Clearly, most applications of organic semiconductors
is that conjugated polymers can be deposited from solution iNvolve their use in the solid state. The approaches to
by processes such as spin-coating and ink-jet printing, avoiding quenching gen_erally myplve increasing the spacing
giving even simpler fabrication of devices. Two further Of the chromophores (light-emitting units). For small mol-
types of organic semiconductor have been studied for €cules, this is frequently done by blending with a host
lasers (and LEDs). The first of these is conjugated den- Material®® In conjugated polymers, bulky side groups are
drimers3 These typically consist of a chromophore at the ©ftén used to confer solubility and to keep the polymer chains
core, conjugated branches (dendrons), and surface gotips. apart?>64Light-emitting dendrimers have been designed with
The core defines the key electronic properties such as thethe chror?lophore at the core and the dendrons acting as
color of light emission, while the surface groups confer SPacers>#-In the spiro compounds, the spiro linkage
solubility. The highly branched structure contrasts with the IMPOses a geometry that makes dense packing of the
much more linear structure of conjugated polymers. An phromophores difficult, thereby controlling the intermolecular
example of a conjugated dendrimer is shown in Figure 2e. interactions'4¢.56

The material shown is a first generation dendrimer, so it has . . .

just one level of branching. It consists of a bisfluorene core 2-3. Gain in Organic Semiconductors

with meta-linked biphenyl dendrons and ethylhexyloxy A |aser consists of a medium capable of amplifying light
surface groups. Dendrimers with nonconjugated dendrons andknown as the gain medium) in a resonator. In this subsec-
laser dyes incorporated into a dendritic host have also beention we will consider the origin and properties of the gain
studle_d for Igsmg and gmphflca_tlcﬁi’.“s Another type of in organic semiconductors, while the effect of the resonator
organic semiconductor is the spiro-compoufft” These il be discussed in the next section. When a photon is
consist of two oligomers coupled to each other by a spiro jncident on a material, it can cause an electron to be excited

linkage, and an example is shown in Figure 2f. from a lower to a higher energy level, the process we know
. . . as absorption. Similarly, when a photon is incident on a
2.2. Organic Semiconductor Photophysics material that has already been excited, it can cause an

There are many aspects of the photophysics of organicelectron to fall from a higher to a Io_wer energy level and
semiconductors that are relevant to lasers. First, the materialghe emission of another photon. This process is known as
absorb light very strongly, so at the peak of the absorption Stimulated emission, and its existence was first proposed by
spectrum, a thin film only 100 nm thick can absorb 90% of Einstein based on thermodynamic considerations. Further
the light incident on it. This means that light can be absorbed information about this discovery and laser physics can be
in very short distances and, since stimulated emission isfound in countless lasers textbooks including those of
closely related to absorption, also means that very strongSiegmafi’ and Sveltd® A crucial point is that the photon
gain is also possible. Both attributes have been demonstrate@Mitted has the same phase, frequency, and direction as the
very C|ear|y in Tessler's work Showing |asing using a incident photon. The fact that an add_lt_lon{_:ll photon IS Ijele_aSEd
conjugated polymer film only 100 nm thidk.The strong means that there has been amplification pf the |_nC|de_nt
absorption and gain have a major impact on resonator designphoton. So as light travels through a gain medium, it
which is discussed in section 3. The fluorescence spectra ofStimulates the emission of more and more photons and (for
organic semiconductors are broad and, in addition, can besmall signals) its intensity(z), increases exponentially with
tuned by changing the chemical structure to give light distance:
emission across the visible spectrum and into the near
ultraviolet and infrared. The broad spectra and scope for color 1(2) = 1(z=0) exp@2 (D)
tuning are illustrated in Figure 3, which shows the fluores-
cence spectra of three common conjugated polymers. Thewhereg is the wavelength-dependent gain coefficient of the
broad spectra mean that organic semiconductor lasers caimedium. Einstein showed that for a particular transition, the
be tuned over a significant spectral rafigf€ >3 and also cross sections for absorption and stimulated emission are the
mean that these materials are capable of short pulse generssame. This means that in order to get more stimulated
tion>*55 and broad-band optical amplificatiéh®” emission than absorption at a given wavelength, we need to
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e — Gaussian disorder model by &sder’s group?’® and the
@) |o) L (b) o=@ |S)) associated red shift of emisiion as agfungcion of time has
been observed experimentally’ Importantly, much of the
shift occurs in the first few picoseconds after excitation
(D 3 (though, of course, the dispersive nature of the process means
o @ that it continues over many orders of magnitude of time).
(:}2.._.,3! |d> H—>L This energy-transfer process means that emission occurs from
|a) v _E\So) the lowest energy sites in the sample and so increases the
separation between absorption and fluorescence. This in turn
Figure 4. Energy level diagrams for optical gain media: (a) energy is helpful for lasing because it reduces the amount of
levels and transitions of a generic four-level laser material absorption at the lasing wavelength. The separation between
transitions 1 and 3 are optical absorption and emission, and ghsorption and emission can be increased further by blending
transitions 2 and 4 are thermal relaxations; (b) energy levels of the v gifferent materials with different energy gaps. Light
lowest two singlet states in an organic semiconductor, including bsorbed by the wid terial wiil lead t
the corresponding optical and thermal transitions to those in panela SOrbed by the wider energy gap material will Iead to energy
a. transfer to the lower energy gap material and emission from
that material. One example is the use of a blend of the red

have more molecules excited to the upper state than are infaser dye 4-(dicyanomethylene)-2-methyl-6-(4-dimethylami-
the lower state, a situation known as a population inversion. Nostyryl)-4H-pyran (DCM) as a dopant in the green host
The gain coefficient is simply the product of the stimulated Material tris(8-hydroxyquinoline) aluminum (Ajg’>" An-
emission cross sectiony, and the population inversion Other example is green-emitting polymers in a blue Rost.
density,N, that is,g = oN. Inversion cannot be practically ~ he energy transfer process has been studied and been shown
achieved in a system with just two energy levels. However, 10 be by the Frster mechanisif~*° A closely related way

it can be achieved in a system with three or four energy Of separating the emission from the absorption is to use a
levels. copolymer consisting of wider and narrower energy gap

A four-level system is shown in Figure 4a. Light excites segments, and this has been demonstrated successfully for

a molecule from the ground state to an excited state 12S€r8"**and optical amplifiers?
(transition 1 in the figure), and it then rapidly relaxes to The presence of gain in a material is an essential condition
another energy level (transition 2). The lasing transition (3) for it to be possible for lasing to occur. There have been
then occurs down to a fourth level, which is above the ground two main approaches to studying gain in potential organic
state. There is then a rapid return to the ground state viasemiconductor laser materials. The first is by transient
transition 4. The advantage of a four-level system such asabsorption measurements. The second is by measurements
this is that there can be a population inversion between levelsof amplified spontaneous emission (ASE). Transient absorp-
|cOand |d0) even when most molecules are in the ground tion measurements are an all-optical approach to ultrafast
state, so lasing can be obtained for a very low rate of measurements of photoexcitations. The sample is excited by
excitation, that is, the threshold for lasing is low. a short pump pulse, which generates photoexcitations, and
The energy levels in a typical organic semiconductor are @ time-delayed probe pulse is then used to measure the
shown in Figure 4b. The figure shows the ground state and esulting change in transmission of the sample due to the
first excited singlet state. Each of these electronic energy formation of the photoexcitations. By changing the time-
levels is subdivided into vibronic sublevels. The spacing of delay between the pump and probe pulses, one can measure
these sublevels is approximately 0.2 eV, so at room tem- the transmission as afu.nctlon of time with atlme—resoll,!non
perature, there is little thermal excitation from the lowest comparable to the duration of the laser pulses used (typically
level. Light can excite the molecule from its ground state to 100 fs). The newly formed photoexcitations absorb in some
an excited vibrational level of the singlet manifold (corre- Parts of the spectrum, while in other parts of the spectrum
sponding to transition 1 in Figure 4a). This will be followed there is a reduction of absorption (bleaching) due to the
by rapid vibrational cooling to the bottom of the singlet reduced population in the ground state. If there is gain in
manifold (transition 2). Lasing can then take place by the sample, the probe will be amplified by stimulated
transition 3 to a vibrationally excited level of the ground- emission and be stronger after passing through the sample.
state manifold, followed by vibrational relaxation (transition Hence transient absorption provides a powerful means for
4). Hence the energy levels of organic semiconductors enablestudying photoexcitations and their time evolution, together
them to behave as four-level lasers, with associated lowWith gain and its time evolution. An example of such a
thresholds. It also explains why the emission occurs at longermeasurement is shown in Figure 5. The decrease in absorp-
wavelength than the absorption. tion from 1.8 to 2.15 eV is mainly due to stimulated emission.
There is an additional factor that contributes to separating 1€ graph therefore shows the spectral and temporal evolu-
the absorption and emission, especially in the solid state. Intion of gain, including the red shift with time mentioned in
a film of an organic semiconductor, there will be a distribu- the Pprévious paragraph. There are three main factors that
tion of environments and hence a distribution of energy detérmine the overall gain spectrum. They are the gain
levels. This is particularly the case in conjugated polymers, SPectrum of the material, the ground-state absorption, and
which can have a great deal of conformational disorder, €Xcited-state absorption. The overall gain is the material gain
giving segments with a range of energy levels. We can regardMinus absorption.
the sample as consisting of many different sites of different Early work toward making conjugated polymer lasers
energy. We initially excite molecules or segments of involved making transient absorption measurements on
molecules with a wide range of site energies, but energy is members of the polytphenylene vinylene) family of
rapidly transferred to the lowest energy molecules or polymers38#4 In the first of these studies, no gain was
segments. This has been elegantly described in terms of aobserved, probably due to the material used or the excitation
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Figure 5. Transient absorption spectra of poly[3-(2,5-dioctyl-  Figure 6. The change in spectral shape with increasing excitation
phenyl)-thiophene]; chemical structure inset. Reprinted fioomal density of the edge emission from a PFO film. The normalized

of Luminescencevol. 76 and 77, A. Ruseckas, M. Theander, L. gpactra show a significant spectral gain narrowing at high excitation
Valkunas, M. R. Andersson, O. Iigas, and V. Sundstmo, “Energy densities. Reprinted with permission frokpplied Physics Letters

transfer in aconjuga}ted polyme(With requcgd interchain cpupling » vol. 81, G. Heliotis, D. D. C. Bradley, G. A. Turnbull, and I. D.
pp 474-477, Copyright 1998 with permission from Elsevier. W. Samuel, “Light amplification and gain in polyfluorene

. waveguides”, 415417, Copyright 2002 American Institute of
wavelength (310 nm). In the other study, the gain was ex- physi?:s_ PP Pyrg

tremely short-lived, and this was attributed to the rapid for-

mation of intermolecular photoexcitations with strong pho- the edge of the film, it is possible to measure the waveguide
toinduced absorption overlapping the gain. In subsequent|nsses of light propagating through an unpumped region of
work, with improved materials, there have been numerous the film, Waveguide losses in conjugated polymers typically
reports of gain in organic semiconductors and its dynam- jie in the range of 3-50 cnT?, with the lower end of the
ics 2474858 These studies have confirmed that very high gain range being for copolymers. Even lower lossed (cni )
is possible. They have also shown that gain lifetimes are haye been reported in blended organic thin fiffhislet gains
usually short, on the picosecond time scale. This presents &yave been measured for a wide range of materials and can
challenge for lasers, because a short excited-state lifetimepe over 60 cm! at modest pumping densities of 4 kW
means that a high pump rate is needed to maintain acm-291 Measurements of ASE are generally very useful
population inversion. However, too high a pump rate leads pecause they are relatively simple to perform and the
to exciton-exciton annihilation, which is an undesirable geometry is close to that used in waveguide lasers. However,
nonradiative decay process. _ o transient absorption gives more insight into the factors
The other main method for measuring gain is by ASE. controlling the gain, can readily probe the entire emission
This involves making a slab waveguide of an organic gpectrum, and gives the gain dynamics. The high gain of
semiconductor, exciting it with pulsed pump-laser lightin a organic semiconductors has several consequences: very
stripe near the edge of the sample, and looking at the light compact lasers can be made, the lasers are tolerant of minor
emitted from the edge of the sample. Some of the light faprication defects, and the materials can also be used to
emitted by the material is waveguided along the length of make compact optical amplifiers (section 4.2).
the excitation stripe. This guided spontaneous emission can
be amplified by stimulated emission before being emitted i i ;
from the edge of the film. Light at the peak of the gain é:mggrr?dpu%rtlg?sn with Dyes and Inorganic
spectrum of the material will be amplified more than other
light, leading to a spectrally narrowed emission (typically a  Readers familiar with laser dyes will have noticed some
few nanometers full width at half-maximum) above a similarities between dyes and organic semiconductors, and
particular pumping intensity. The change in spectral shapeit is useful to compare and contrast the two classes of
with excitation density is illustrated in Figure 6. material. The main similarities are that both classes of
In the case of ASE, spontaneous emission within the film material have broad spectra, can be tuned across the visible
acts as the “probe pulse”. One must therefore use an indirectspectrum (and beyond) by changing the structure, and behave
method to measure the gain of the material. The wavelength-as quasi-four-level laser materials. There are, however, some
dependent output intensitlA), of the ASE is given by the  important differences. One is that organic semiconductors
relationship can have high photoluminescence quantum yield even as neat
films in the solid state. In contrast, dyes need substantial
AL, dilution to give high solid-state quantum yields. This gives
a(h) [exp@()!) — 1] () organic semiconductors scope to offer stronger pump absorp-
tion and gain than dyes in the solid state. Another difference
whereA(2) is a constant related to the emission cross section,is that many organic semiconductors offer the scope for
I, is pumping intensity, antlis the length of the stripe. So, ~ Simple processing to make thin film laser structures, for
by monitoring the intensity of the line-narrowed emission €xample, by solution processing. A further difference from
as a function of the stripe length, one may calculate the netdyes is that organic semiconductor films are capable of
gain,g(A). This method was initially applied to the inorganic charge transport, opening up the possibility of electrical
semiconductor cadmium sulfigfebut has since been widely ~ pumping in the future.
applied to determine the gain of organic semiconductsfs? It is also interesting to compare organic and inorganic
Additionally, by progressively moving the stripe away from semiconductors. Similarities are that they can both give

I(4) =
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(a) the constraint of the gain medium’s emission spectrum) and
hence the wavelengths of the laser field. Second, they define
« ﬁ the spatial characteristics of the laser beam that is output
from the resonator. These defining characteristics of the laser
‘ light arise from the fundamental boundary condition of the
laser field: the laser light field must be unchanged in both
amplitude and phase following one round-trip of the optical
cavity. This requirement leads to a discrete set of resonant
(b) frequencies for a given laser resonator, each of which must
have an integer number of optical cycles, or wavelengths,
in one round-trip of the cavity. These frequencies are known

\ as the longitudinal, or axial, modes of the resonator. The
) optical cavity will also define certain transverse mode
' /' patterns that are self-replicating following a round trip of
' : the structure. These transverse modes within the laser cavity

Figure 7. Schematic diagrams of generic laser resonator struc- ulimately determine the transverse light pattern of the

tures: (a) linear FabryPerot cavity, with gain medium located emitted Ia§er.beam. o
between two parallel mirrors, supporting a standing-wave resonant 1€ cavity is al'so key to the power Charé}Cte”St'CS of the
light field; (b) three mirror ring cavity, supporting a traveling-wave laser and has an impact on both the oscillation threshold and

resonant light field through the gain medium. the output efficiency. To achieve a sustained oscillation in a
laser, amplification in the gain medium must (at least)
efficient light emission in the solid state and that they are balance out with the optical loss (dissipation) during each
both capable of charge transport. There are however,round-trip of the cavity. The intensity of light passing through
numerous differences. The organic semiconductors currentlya gain medium of lengthis amplified by a factor expNlI).
of interest for lasers are much more disordered than their The magnitude of the population inversion density, and hence
inorganic counterparts, giving much lower mobility. Exciton the gain, depends on the external pumping rate. In the case
binding energies in organic semiconductors are very much of steady-state optical pumpinty, = P,t/(hwV), where,P,
larger ¢~0.5 eV), so their excitons are strongly bound even is the pump powers is the excited-state lifetiméyw is the
at room temperature. The localized excited states in organicpump photon energy, ardis the volume of the population
semiconductors mean that there is little dependence of theinversion. For pulsed optical pumping, with a pump pulse
threshold on temperature, in contrast to inorganic semicon-of energyE, and a duration much less than the excited-state
ductors® In general, organic semiconductor excited-state lifetime, the initial excitation density ibl(t=0) = Ey/(hwV)
lifetimes of up to around a nanosecond are shorter than thoseand decays away with time due to spontaneous and stimu-
in inorganic semiconductors. In the case of organic semi- lated emission and various nonradiative decay paths. The
conductors, there is a very wide range of materials with optical loss in the resonator, meanwhile, is due to a product
visible band gaps. However, the greatest difference is of transmission losses through each of the mirrors and any
probably the scope for simple fabrication of organic semi- other absorption and scattering losses in the cavity compo-
conductor devices by simple techniques such as evaporatioments. The round-trip fractional optical lg8snay therefore

and ink-jet printing. be written as
3. Laser Resonators p=1-exp) []R (3)
3.1. Generic Properties of Laser Resonators whereR; is the reflectivity of theith mirror in the cavity

and y is a loss coefficient embodying all scattering and
As mentioned in the introduction, every kind of laser absorption losses.

consists of two basic elements. First there is an optical gain  Thus as light propagates round a ring laser resonator, its
medium that amplifies the light via stimulated emission and intensity will change by a factor expill) exp(y) MR in
second an optical feedback structure that repeatedly passegach round trip. (For a linear laser resonator the intensity
a resonant light field through the gain medium to establish will change by a factor exp(I) exp(—y) R, due to the
a very intense, coherent optical field inside the laser. This double pass through the gain medium in each round trip.)
optical feedback system is conventionally called the optical | the pumping rate is too low, then the gain from
resonator or optical cavity. In the very simplest case, this stimulated emission cannot exceed the round-trip loss, and
optical cavity may comprise only two mirrors, conﬂgurec_j a light field cannot build up in the laser cavity. In this case,
as a Fabry Perot interferometer, between which the ampli- the excitations in the gain medium are radiated in all
fying gain medium is situated (Figure 7a). This FabBerot-  directions as spontaneous emission. At a certain critical

type resonator is the simplest example of a linear cavity that pumping rate, known as the threshold rate, the gain balances
supports a standing-wave optical field between the two out the round-trip losses, and

mirrors. A second simple configuration for an optical cavity

is an optical ring resonator, in which the light circulates as expEN.yl) exp(=y) |_|Ri =1 4
a travelling wave around a closed path defined by three or
more mirrors (Figure 7b). whereNqy is the excitation density at threshold. When the

There are many variations of these two basic cavity pump rate increases beyond this value, a coherent light field
structures$/-58 but they ultimately all impose two basic  will grow inside the laser cavity. Some of this light will leak
properties upon the oscillating laser light field. First, they out as an intense coherent laser beam whose power will rise
define the allowed resonant frequencies of the device (within linearly with the excess pump rate. The lower the loss of
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the optical cavity, therefore, the lower will be the optical

gain required to make the laser oscillate. Low-loss resonators
are therefore very attractive for achieving lasing for modest (a)
external pumping rates.

The striking change in operation around the lasing
threshold can be understood by considering the many “photon
modes” into which light may be emittéd Below threshold
there may be~1(P to 10'° spectral and spatial modes into (c)
which the light may be emitted. That is it may be emitted
into a wide range of different spatial directions and different
wavelengths. As the pump excitation increases, the prob-
ability of finding a photon in any one of these modes at a
given time rises. The lasing threshold occurs when one of
these modes (the one with the lowest cavity losses) exceedf(e)

an average of one photon in it at all times. When pumping _
above this threshold, the stimulated emission into this one /
mode rapidly builds up to dominate spontaneous emission

into all of the others, and the excess pumping energy is

efficiently converted into a coherent laser field. Figure 8. Schematic resonators used for organic semiconductor
Independent of this requirement for lasing threshold, the lasers showing propagation directions of the resonant [aser field:

resonator also affects the output efficiency of a laser. When () planar microcavity; (b) FabryPerot dye laser cavity; (c)

ViR microring resonator, coated around an optical fiber; (d) spherical
5;:?626\?\/%? %\Ler;grgzcvcg?ﬁth:sompm povRas, from a laser microcavity; (e) distributed feedback resonator; (f) 2D DFB/
Yy Py

photonic crystal resonator.
Touth

Pyt = %‘"_"npl_(pp - ppTH) (5) structures. These include the “conventional” laser cavities
described above, although most work has concentrated on
microscopic resonators based on thin films of the organic
semiconductor. Organic lasers configured as planar, cylindri-
cal, and spherical microcavities, optical waveguide based
cavities, and a remarkable range of diffractive structures have
been studied, some of which are illustrated in Figure 8. While
some of these appear quite different from the generic cavities
shown in Figure 7, their basic function, in providing resonant
feedback through the gain medium, is fundamentally the
same. The different geometries of these lasers, however, lead
to a rich variety of spectral, spatial, and power properties.
In the rest of this section, we will discuss the properties of
OSLs grouped by the resonator type and discuss progress in
designing and fabricating novel feedback structures.

(b)

(d)

In eq 5,4 and/, are the wavelengths of the laser and optical
pump sourceyp. is the emission efficiency of the optical
gain medium (when under strong excitatiof},: is the
transmission of a partially reflecting output-coupling mirror,
andP,y is the pump power at threshold. Output efficiencies
from a laser are usually expressed as a power slope
efficiency, which is the differential efficiency of output power
to pumping poweryeidpToud(A5). Clearly several factors
affect the slope efficiency, including the emission efficiency
of the gain medium. But one easily engineered parameter is
the ratio of useful output-coupling losses to the total round-
trip losses of the cavity. In order to have a highly power-
efficient laser, one requires that the useful output-coupling
losses form a very large fraction of the total losses of the : :
resonator. These total losses may include absorption, scat-3'2' Microcavity Lasers
tering, and unwanted transmissions of the resonant light field.  Building on the successful development of organic semi-
In order to optimize the power characteristics of the laser, conductor LEDs, which consist of a planar sandwich of the
one would therefore choose to have as low a loss or high- organic material between two conducting contacts, perhaps
quality optical cavity, of which as great a fraction of the the most natural initial cavity arrangement for a solid-state
loss as possible is due to an element that extracts a usefubrganic semiconductor laser was the planar microcavity.
output beam from the intracavity light field. Tessler and co-workers were first to demonstrate an optically
Laser resonators are, of course, often much more com-pumped organic microcavity laser in 1996The structure
plicated than the very simple generic linear and ring cavities of their laser is illustrated in Figure 8a. It consisted of a 100
shown in Figure 7 and may contain many other elem&nts. nm thick layer of polypara-phenylene vinylene) (PPV)
Notably there may be other structures that provide additional between a pair of mirrors. The laser was fabricated by spin-
wavelength selection, control of the polarization state or coating the polymer film onto a broad band, highly reflecting
transverse mode, or even switching elements that maydielectric mirror, and then a second partially transmitting
modulate the losses of the resonator. For lasers based omilver mirror was deposited on top of the polymer. This
very broad-band gain media, such as organic molecules, itstructure is essentially the same as the basic linear cavity
is common to include a highly dispersive element such as aillustrated in Figure 7a and was designed to support a
diffraction grating, which will introduce additional substantial standing-wave optical field between the two mirrors. As
losses for all but a narrow band of wavelengthBy mentioned above, this kind of cavity supports a discrete set
changing the properties or orientation of this dispersive of wavelengths such that twice the optical length of the
element, one may tune the narrow wavelength band thatresonator is equal to an integer number of wavelengths. This
experiences low loss and hence tune the laser emissiorparticular laser supported three resonant modes between 500
throughout the wide gain bandwidth of the gain medium. and 600 nm. Below threshold, the spontaneous emission was
Optically pumped organic semiconductor lasers have beenemitted almost equally into each optical mode. However,
demonstrated in a very wide variety of different resonant above a pulsed optical pump energy €100 nJ (pump
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therefore partly explain the apparently enormous gain coef-
Emission ficient.

Silver Following on from this first study of planar microcavity
lasers, there have been a number of other studies of OSL
microcavities, based on a range of materfafs:36.78.97106
{ PPV Both transform-limited linewidt®§ and highly polarized
emissiofd”*%*have been demonstrated. Symmetric structures
DBR with low-loss dielectric Bragg reflecting mirrors on both sides
of the polymer film have also been studied. Such structures

60 nm

~100 nm | =,

Excitation have been demonstrated by sandwiching together two
T 355 nm polymer-coated mirror;101.193105 and more recently, struc-
tures in which the top dielectric Bragg mirror has been
SRR ELELELE B B L B directly deposited onto the organic semiconductor have been
- Low demonstrated®* Such lasing structures are comparable to
High energy the vertical cavity surface emitting las&rs(VCSELSs) that
L energy x50

have been widely studied in inorganic semiconductors and
have the attractive features of low oscillation threshold

combined with a low-divergence, surface-emitted output. A
variant on such lasers are vertical external cavity surface
emitting laser¥® (VECSELS) in which one of the mirrors is

3 in direct contact with the gain material and the second curved
E i “external” mirror is spaced a small distance from the gain

- __.) L__’/{__A.._ medium?-111 Such structures have definitively shown the

: impact of the resonator on the polymer laser emission and
hence clearly confirmed the resonant nature of the
500 520 540 560 580 600 620 lasing10®

Wavelength (nm)

Intensity (arb. units)
I
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Figure 9. (a) Schematic structure of planar microcavity laser based 3.3. Fabry —Perot Wavedee Lasers

on PPV and (b) emission spectra when operating below (dotted ; S ; _
line) and above (solid line) lasing threshold, showing laser light An alternative configuration of the Fabrperot-type

preferentially stimulated into only one of the resonant modes. "€SOnator is to arrange the resonator axis parallel to the plane
Reprinted with permission from Macmillan Publishers Lidature of the film, rather than perpendicular as in the microcavity.
vol. 382, N. Tessler, G. J. Denton, and R. H. Friend, “Lasing from In such a structure, the light is waveguided in the high
conjugated polymer microcavities”, pp 69697, copyright  refractive index organic film via total internal reflection at
1996. the semiconducterair and semiconductersubstrate inter-
faces. To form mirrors at either end of the waveguide one
density ~200 uJ cnt?), the emission was stimulated must cleave the structure to create a flat end to the
preferentially into only one spectral mode, near the peak of waveguide. This is the most common, low-cost configuration
the gain of PPV (see Figure 9). This mode ultimately for inorganic semiconductor lasers, in which the semicon-
dominated the emission spectrum of the laser. ductor crystal may be readily cleaved to form very flat facets
It is remarkable to note that the gain medium in this laser of typically 30% reflectivity, due to the very high refractive
was only 100 nm in length along the resonator axis, showing index of the semiconductor. For organic semiconductors, this
the enormous gain available from conjugated polymers. If is rather less attractive because the refractive index of
one assumes a round-trip loss Bf ~ 30%, the gain  organics is typically only half that of their inorganic
coefficient g ~ 20000 cm™ It should also be noted,  counterparts. In practice, it is rather difficult to form good
however that exceptionally thin microcavities can in principle quality edges with polymer films, though such laser cavities

exhibit thresholdless lasirf§. A microcavity of half a ~ phaye heen successfully demonstrated in both evaporated
wavelength in thickness can substantially modify the spatial ¢,576.78.94 and molecular crystak2116 Kozlov et al.

distribution of spontaneous emission from a material placed demonstrated such a laser based or Aliped with DCM2
within the cavity via interference effects. In the photon mode with a 1 mmlong cavity, many orders of magnitude longer

picture, we can think of this as reducing the total number of . o .
allowed photonic modes for spontaneous emission. If the than 'the microcavities descrlt_)eq above and asa coznsequence
requiring a much lower excitation density (@ cn?) to

number of photon modes is reduced, then more of the . 5 o s
spontaneous emission is channeled into the lasing mode attain threshold® The output emission was very efficient

which effectively increases the emission cross section andPut highly divergent perpendicular to the plane of the film
ultimately reduces the pumping rate required to achieve dué to the emission coming from a subwavelength aperture
lasing threshold. Experimentally, however, ideal microcavi- at the end of the waveguide. An alternative mirror config-
ties are difficult to fabricate and usually have many in-plane uration is to use distributed Bragg reflector (DBR) gratings
modes, giving a reduced but nonzero threshold. Granlund etin place of the end facets. Such grating reflectors, which are
al. have shown that a conjugated polymer microcavity can discussed in more detail in section 3.6, both avoid the need
increase the coupling of spontaneous emission into the lasingfor end facets and allow higher reflectivities or surface
mode by 2 orders of magnitude compared with a conven- emission. Berggren et al. demonstrated a DBR laser in a
tional polymer waveguid®. The increased coupling will comparable small molecule blend to Forrest's work and
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measured a similar threshold densftfzabry-Perot polymer ST T T T ]
fiber lasers have also been demonstrated using conjugated L |<— sv —| =t
polymer and small molecule emittelfd 119 ok @ [_Q\_] ]
- 2 :
. . . L c 4
3.4. Microring and Microsphere Resonators ] Av S i1
One of the key advantages of organic semiconductors is B T Ty T

the simple solution processing that permits some very novel

e_.
. . . . . . . ’(7)\ cm'1 J
fabrication methods that are impossible with inorganic g 2| AM

semiconductors. Such novel processing has allowed the 3
demonstration of other less conventional microresonator 2

structures in polymer lasers, notably microlasers with annular & ' [ “

or even spherical resonator structures. One example of this 2» [

is the polymer microring laséf?2%125 which consists (as ‘@ o L—— L
shown in Figure 8c) of a thin polymer waveguide deposited S - '
around a dielectric or metallic core. These structures can be € 6L .

. . . . N — ntegrated Intensity
readily fabricated from solution simply by dipping the core, & [ S Aaaaaaneer:
which may be a silica optical fiber or metal wire, into a .2 g[
concentrated solution of the polymer. On withdrawal of the 3 L )
fiber from the solution, an annular droplet surrounding the & 4 [ °
core dries to deposit a thin polymeric film. An alternative W [} .
approach is to deposit a polymer on the inner surface of a 3T . "
microcapillary, which has the advantage of encapsulating the r 0““;' ST
organic film126 2E° inputEnergy (n))

Such films form a type of ring cavity broadly analogous 1 MWWM A 1
to that shown in Figure 7b. Reflection of the light beam T e T T T e T T D TN AT AR
around these structures, however, works by total internal [+ )] P S T T T T
reflection of the light at the interfaces between the polymer 15700 15800 15900 16000 16100

and surrounding media. These lasers are rather larger in Wave number (cm'1)

dimension than the planar microcavities, in that the diameter, ) ) )

D, of the cores are typically tens to hundreds of micrometers. Figureé 10. Typical lasing spectra from conjugated polymer
The round trip path of the resonator is approximately equal microring lasers, showing the complicated clusters of closely spaced

. modes arising from the superposition of waveguide and whispering-
to 7D, and hence light travels through a much longer path gajjery mode resonances. Insets show the emission spectrum and

of the gain medium in a round trip. Assuming that the round- chemical structure of the polymer used, a schematic of the resonator
trip losses are not substantially greater than in the case ofstructure, and the integrated power characteristics of the lasers.
the planar microcavity, this means that a much lower Reprinted figure with permission from S. V. Frolov, M. Shkunov,
excitation density£1 xJ cnm?)120123is required in order to Z. V. Vardeny, and K. quhlnol?hysmal Reiew B, vol. 56, pp
achieve sufficient gain to reach lasing threshold. Lasers with 24363._ Etélfgg%lt?QZh(ht,&p.// '".‘k-apgﬁrg./ablsgac."Ft)RB/"%/ p4363).
very low threshold pulse energies of 100 pJ have also been opyng y the American Fhysical Sociely.

reported?! Typically these lasers are pumped on one side
of the ring, though axial pumping (in which the pump light
is sent down the core of the ring) can lead to reduced
threshold densities due to a more uniformly pumped struc-
ture’?” These structures can also be configured as light-
emitting diodes and so have the possibility of electrical
excitation for lasers by using gold wire as the core and
depositing a partially transmitting outer conté&tHowever,
lasing has only been achieved by optical pumping (see
section 5.1).

The longer round-trip distance, however, means that there
are commonly many more longitudinal modes supported by
the cavity, so these lasers tend to oscillate on many closely
spaced wavelengths. The feedback mechanism can also b
rather complicatedf®1?*with a combination of whispering-
gallery modes, in which total internal reflection around the
ring can form a closed-loop optical path, plus other waveguide
modes, in which light is trapped in the polymer film by total :
internal reflectiongat both Eglymefair eltondypolymefczre 3.5. Macroscopic Laser Resonators
interfaces. Each mechanism supports a distinct set of resonant There have been several studies of lasers based on
frequencies. These are superimposed to give complicatedconjugated polymers in liquid or solid solutions. These are
clusters of closely spaced modes within the polymer gain usually configured as conventional dye lasers, with resonators
bandwidth (Figure 10). For sufficiently small diameterd,0 of a few centimetres in length. In these lasers the conjugated
um, these clusters can be engineered to give single-frequencyolymer is diluted (at typically a few parts per thousand
lasing. In addition to the often complicated spectral output, concentration by weight) in a solvéft3235581.134136 gf
these resonators are distinctive in that they do not emit apassive polymer hos$8!37138 Typical resonators either

well-defined directional output beam; instead light is emitted
uniformly in all radial directions. While this may generally
be considered an unappealing feature, such an unusual output
pattern may have some potential for sensing applications,
as will be discussed in section 4.

Related geometries to the microring resonator are the
microdisk?® 13t and microsphefé? cavities. The microdisk
is formed by lithographically patterning, then etching, an
organic semiconductor film to form circular disks of3—
20 um diameter>'33These disk lasers support whispering
gallery modes similar to those in the microrings. The
microspheres are fabricated from microdisks by melting and
resolidifying the semiconductor on a lyophobic surface, to
form small solid droplets of organic semiconductor. Such
beads can also support a whispering-gallery resonance of
potentially much higher quality than the riA.
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comprise a pair of mirrors around a cuvette or polymer block, : Air
or include a diffraction grating in place of one mirror, in ' ' ' “\
either a Littrow or Hasch cavity configuration (the diffrac-

<

tion grating may replace the mirror by orienting it such that
the first-order diffracted light is retroreflected back into the
cavity. By rotating the diffraction grating, one may thereby
tune the lasing wavelength). Indeed the first example of a
conjugated polymer laser, reported by Moses in 1992, was
of this typel® A 10 mm cuvette of poly(2-methoxy-5-¢2 Figure 11. Schematic structure of a polymer DFB laser with
ethylhexyloxy)-1,4,-phenylene vinylene) (MEHPPV), at a g%;%%?ﬁ%sfrgr; I%?tntc())dr/i:;.htLilng(t:atct)(fer;\(ljaf\?glrm%teh;er;di%ngf[frll}cture
concentration O.f 0.21 mg/mL in chlorofor_m, was sandwiched to create a diffracted wave propagating in the counterpropagating
between a pair of parallel planar mirrors to form the \yayequide mode.

resonator. One mirror was highly reflecting, and the other a

3% output coupler for the lasing wavelength of 600 nm. This dependent, so one finds that different wavelengths are
laser exhibited a threshold of 4500 and an output pulse diffracted into different directions.

energy of 2.6uJ at 500uJ pumping rate. Such macroscopic For a given period of the corrugation, there is a particular
lasers tend to operate with much higher energies than theset of wavelengths that will be diffracted from a propagating
microcavity structures, commonly with thresholds of tens mode of the waveguide into the counterpropagating waveguide
to hundreds of microjoules and output pulse energies of amode. This situation will arise when the Bragg condition is
few microjoules up to~0.7 mJ in the case of the work of  satisfied:

Brouwer et af! While these lasers are usually in a non-

semiconducting host, (an exception was the work of Kumar Ml = 2ngA (6)

et al., who blended a PPV derivative in PVK to produce a

semiconducting slab laser of centimeter dimensiétishey Here, 4 is the wavelength of the light\ is the period of the
provide a useful comparison to the performance of conven- structure, ananis an integer that represents the order of the
tional dye lasers. Such comparisons have shown thatdiffraction. nex is the so-called effective refractive index of
conjugated polymers perform as well as common rhodaminethe waveguide; this is a geometrical average of the refractive
and coumarin laser dyé&8Lwhile offering the advantages indices of the three layers of the waveguide and may be

Polymer

Silica

discussed in section 2.4. calculated through a solution of the Helmholtz wave equation
for a planar multilayer structure. For first-order diffraction
3.6. Diffractive Resonators therefore the wavelength of the reflected light will equal

twice negA. For the case afn = 2, the reflected wavelength

A final key class of resonator for organic semiconductor s equal tonesA, but now light is also diffracted out of the
lasers are diffractive structures. These resonators do not usgurface of the film perpendicular to the plane of the

either mirrors or total internal reflection for feedback, but Waveguide_ Such second-order structures can therefore

instead use periodic, wavelength-scale microstructures thatprovide a surface-emitted output coupling of the laser light
diffract, or Bragg-scatter the light (Figure 8e,f). These vyia first-order diffraction while providing in-plane feedback
periodic structures can be readily incorporated into planar via second-order diffraction.
organic semiconductor waveguides and avoid the need for The full theory of DFB lasers is somewhat more compli-
good-quality end facets to provide the feedback. cated than this simple diffractive picture, since the wave-
By imposing a periodic surface corrugation on the organic |ength that exactly satisfies the Bragg condition cannot
semiconductor film, one may create a structure that will propagate in the film. This leads to what is known as a
reflect propagating waveguide modes without needing to photonic stopband, centered on the Bragg wavelength, for
form end facets. There have been many different diffractive light propagating in a direction perpendicular to the grating
structures explored for organic semiconductor lasers, includ-grooves. (In an extreme example of such a structure, in which
ing simple diffraction gratings that form so-called distributed there is a two- or three-dimensional grating and very strong
feedback (DFB) lasers, two- and three-dimensional photonic feedback due to a large refractive index difference between
crystal structures, and concentric circular gratings that the component materials, the photonic stopband can become
provide a radial feedback about a particular point. There havea full photonic band gap, for which a range of wavelengths
also been lasers with aperiodic feedback structures based omre forbidden from propagating in any direction. The
high-rotational-symmetry photonic quasi-crystals, or even photonic band gap is analogous to the electronic band gap
with completely random scattering centers that may provide caused by the Bragg scattering of the electron wavefunction
closed-loop feedback in the films. Distributed feedback lasersin an atomic crystal.) This behavior is described by the
have proved particularly successful and are discussed in morecoupled mode theory of Kogelnik and Shéatfithat predicts
detail in the following subsections that the DFB laser will normally oscillate on a pair of
Figure 11 shows a typical structure of a polymer DFB wavelengths, one at either edge of this photonic stopband.
laser with diffractive feedback along one axis in the plane The spacing between these wavelengths is determined by
of the waveguide. The laser consists of a thin organic the s