Chapter 2
Theory of Organic Semiconductor Lasers

2.1 Introduction

The acronym laser stands for ‘light amplification by stimulated emission of
radiation’. As early as 1960, Maiman demonstrated the first laser using a ruby
crystal as the active medium, pumped by a flash lamp [1]. Later in 1962, the first
semiconductor laser was demonstrated by two groups led by Robert Hall [2] and
Marshall Nathan [3], respectively. The first visible wavelength laser diode was
reported later in that same year by Holonyak [4]. These semiconductor lasers could
only operate with pulsed currents and at liquid nitrogen temperature (77 K). In
1969, room-temperature, continuous-operation diode lasers using heterojunction
structures were demonstrated by a team including Dmitri Garbuzov and Zhores
Alferov [5] (winner of the 2000 Nobel Prize for Physics) and by the competing
team of Izuyo Hayashi and Morton Panish [6]. The year 2012 marks the 50th
anniversary of the invention of first semiconductor laser. During these last
50 years, semiconductor lasers have experienced remarkable development; prod-
ucts are now ubiquitous, covering from pure science research including spec-
troscopy and bio-sensing, to our daily lives such as CD/DVD players, optical mice,
laser pointers and so on.

Organic semiconductor lasers (OSLs), on the other hand, are a relatively new
member of the laser family. The first laser using a conjugated polymer as the gain
medium was reported in 1992 by Moses [7]. In 1996, Tessler and co-workers
demonstrated the first optically pumped organic microcavity laser [8]. Available
OSLs nowadays are optically pumped by additional light sources such as inorganic
solid-state lasers or inorganic deep-blue laser diodes, and recently light emitting
diodes. With a diverse range of resonators and substrates, organic lasers offer
outstanding tunability, low-cost production and mechanical flexibility.

This chapter gives an introduction to the fundamentals of organic semicon-
ductors and lasers. In Sect. 2.2, the origins of semi-conductivity in conjugated
molecules is discussed and the basic electrical and optical concepts for organic
semiconductors are described. The types of commonly used organic semicon-
ductors for lasers are listed in Sect. 2.3. The optical properties of organic
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10 2 Theory of organic semiconductor lasers

semiconductors including absorption, fluorescence, gain and loss are described in
Sect. 2.4. Section 2.5 discusses various resonators and pump sources for organic
lasers as well as the output beams from these plastic lasers.

2.2 Electronic Properties
2.2.1 Conjugated Molecules

The essential element for an organic molecule is carbon (C). It is the building
block of many types of polymers by forming long chains of interconnecting C—C
bonds. Each atom of carbon consists of six electrons which occupy in different
orbitals around the central nucleus. For a ground-state carbon atom, the electron
configuration of 1s*2s?2p? is shown in Fig. 2.1a. The two electrons in the 1s orbital
are considered to be core electrons and are not available for bonding. There are
four remaining valence electrons, two paired in the 2s orbital, and two unpaired in
the 2p orbital which are able to form two bonds. The spatial distribution of the s
and p orbitals are shown in Fig. 2.2 [9].

As energy is released when bonds form, carbon tries to maximize the number of
bonds it can form. For this reason, an excited state carbon is formed by promoting
one of its 2s electrons into its empty 2p orbital resulting in four unpaired electrons,
which are able to form four bonds, see Fig. 2.1b. The excited state configuration is
therefore 1s*2s'2p>. This process is favourable because of the arrangement of
electrons leading to less repulsion and hence more stability.

In organic molecules, the atomic orbitals in carbon can hybridize into different
geometries. The exact orbital hybridization is dependent on the bonding of the
atoms. For example for a carbon atom in a methane (CH,4) molecule, sp3
hybridization is produced. The filled 2s combines with two half filled 2p orbitals to
become four half filled sp® hybridized orbitals. The model in Fig. 2.3a illustrates
the bonding in methane. In the methane molecule, the carbon’s four sp> hybridized
orbitals point to the corners of hydrogen. The hydrogen orbitals overlap with them
to form four C—H bonds which are 109.5° apart, equally spread in 3D with carbon
at the centre of the tetrahedron grouping of single bonded atoms.
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The bonding is different in trigonal planar groupings which include a C = C
double bond. Considering the double bond in ethylene (CH, = CH,), the 2s orbital
and two half filled 2p orbitals mix to become three half filled sp® hybridized
orbitals, and the fourth electron occupies an unhybridized 2p. The unhybridized 2p
is perpendicular to the trigonal plane of three sp> hybrids which are axially
symmetric and 120° apart from each other, presented in Fig. 2.3b. The two sp”
orbitals facing each other overlap to form a ¢ bond, and the overlapping between
the two parallel 2p orbitals is the origin of the formation of a © bond, as shown in
Fig. 2.3c. In an ethylene molecule, there are four hydrogen atoms which overlap
with the rest of the four sp> orbitals.

A backbone of conjugated polymer molecules consists of alternating single and
double carbon bonds, forming a long-chain molecule, sometimes containing
benzene rings. The ¢ bond is responsible for the rigidity of the C = C bond. More
importantly, compared to the ¢ bond, the m bond is weak resulting in electron
delocalisation along the backbone of the molecule. In other words, instead of being
localised to an orbital associated with a specific bond, the 7 orbitals spread above
and below the atoms and allow the electrons to move from one carbon to another
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along the entire backbone. Therefore directional conductivity can be produced
along the axis of the so-called conjugated polymer chain. Figure 2.4 represents
two typical semiconducting molecules, polyacetylene and anthracene. In an
anthracene molecule, the © bond orbitals actually join up to form a ring-shaped
orbital above and below the plane of each benzene ring. When three benzene rings
are fused together it ends with a continuous 7 bond orbital region enabling con-

ductivity, as shown in Fig. 2.5 [9].

2.2.2 Energy Levels

When two carbon atoms approach each other and form a molecular bond, it is also
possible that their p-orbital electrons interfere destructively, i.e. out of phase, to

Fig. 2.5 a Six p-orbitals in
the benzene ring; b these six
orbitals interact with each
other freely and become
delocalized; ¢ the 7 bond
orbital from each ring join up
in anthracene, resulting in a
continuous 7 orbital locating
above and below the
molecule. The n orbitals
below the molecule are not
shown in this figure
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form an antibonding orbital n*, see Fig. 2.6. When the n* orbitals are occupied,
the energy of the molecule is higher than when the m orbital is occupied. The
difference in the energy of n—n* orbitals forms an energy gap. The highest energy
7 orbital is occupied by two electrons at thermal equilibrium and is referred to as
the HOMO (highest occupied molecular orbital). The lowest unoccupied anti-
bonding w* orbital is referred to as the LUMO (lowest unoccupied molecular
orbital). The energy difference between the HOMO and LUMO is termed the
HOMO-LUMO gap, i.e. energy gap. An electron can move from the n to the ©*
molecular orbital when there is appropriate excitation, forming an exciton (a
bound electron—hole pair). Relaxation occurs with the electron moving back down
to the 7 orbital.

Since two electrons can occupy each m or 7* energy level, the spin of electrons
need to be considered. There are four possible spin combinations at each energy
level, such as

M, 7L 07,1 2.1)

The singlet state is anti-symmetric hence the total spin angular momentum
s = 0, while for the triplet state, s = 1.

1

0,0) = ﬂ(Tl — 11} = s =0 (Singlet) (2.2)
|17 1> =11

|0,0) = %(Tl +11) ¢ = s =1 (Triplet) (2.3)
|17_1> :ll

The electron transition in singlet or triplet states is restricted by spin-selection
rules [10]. Transitions are only allowed between same-spin states, i.e. singlet to
singlet or triplet to triplet, whereas singlet—triplet transitions are forbidden.
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2.3 Types of Organic Semiconductors

Organic semiconductors can be categorised into several groups based on their
chemical structures and how they are processed. Early studies were focused on
single crystals of organic molecules. A typical example is anthracene [8]; its
molecular structure is shown in Fig. 2.4b, however, extremely high voltages were
needed for it to emit light. The difficulty in the growing and handling of these
crystals made other types of materials more attractive for light emission. Evapo-
ration of small-molecule organic-semiconductors in order to deposit thin films that
provide efficient electroluminescence attracted serious interest from the late 1980s.
Aluminum tris(quinolate) (Alqz), shown in Fig. 2.7a, is an example of small
molecule organic semiconductors.

Another important member of the organic family is conjugated polymers.
Development of polymerisation techniques allowed the synthesis of conjugated
polymers which have long backbones of carbon, mentioned in Sect. 2.2. The most
commonly used conjugated polymers as laser materials are the poly(phenylene
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Fig. 2.7 Chemical structures of typical organic semiconductors used for lasers: a aluminum
tris(quinolate); b generic poly(para-phenylene vinylene) derivative; ¢ generic polyfluorene
derivative; d bisfluorene cored dendrimer; e spiro-linked oligomer



2.3 Types of Organic Semiconductors 15

vinylene) (PPV) [9, 11, 12] and the polyfluorene (PF) derivatives [13], shown in
Fig. 2.7b, c respectively. A major difference from the small molecule organic
semiconductors is that conjugated polymers are solution processible, which sig-
nificantly simplifies the fabrication of the light-emitting devices such as lasers and
light-emitting diodes. The materials discussed in Chaps. 5, 6 and 8 belong to this
category.

Two further categories of organic semiconductors are conjugated dendrimers
[14, 15] and oligomers [16, 17]. A conjugated dendrimer typically consists of a
chromophore core defining the photophysical properties of the molecule, several
conjugated dendrons (branches) controlling the intermolecular interactions of the
emissive cores, and surface groups attached to their ends providing solubility.
Figure 2.7d shows an example of these highly branched architectures. This is a
first generation dendrimer - one level of branching with a bisfluorene core [18]. In
contrast to polymers, the final category, oligomers, have a limited and known
number of repeating monomer units. These materials have remarkable perfor-
mance in light emitting devices [19]. Figure 2.7e shows an example of a successful
lasing material, with two oligomers linked by a spiro linkage [16]. The star-shaped
molecules to be discussed in Chap. 4 also belong to this category.

2.4 Optical Properties
2.4.1 Absorption and Emission of Light

As mentioned in Sect.2.2.2, the electronic transitions between 7 and 7* orbitals are
responsible for the absorption and emission of photons. The energy of the absorbed
photon equals the energy gap between m and ©* states. As the conjugation length
increases, the HOMO-LUMO gap decreases, hence the energy required for the
electronic transitions becomes lower, i.e. the absorption wavelength gets longer,
see Table 2.1.

The interaction strength of the light with the material is expressed by the Beer
Lambert Law equation:

I = Iyexp(—uz) (2.4)

where o is the absorption coefficient, z is the light path length in the material, I is
the intensity of light out and I, is the intensity of the incident light.

The emission of light in conjugated molecules can be explained with the aid of
the Franck—Condon principle [21]. As shown in Fig. 2.8, Sy and S, represent the
ground and first excited singlet states respectively, which split into a series of
vibronic states from the lowest energy level, numbered O upwards. In a simplified
situation, absorption occurs when an incoming photon excites an electron from the
lowest electronic ground state S, to an unpopulated higher singlet state S;, fol-
lowed by a fast, non-radiative relaxation to the Oth vibronic level in S;. A radiative
decay process occurs from the Oth vibronic level in S; back to the ground state S,
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Table 2.1 The principal value of the absorption wavelength as increasing numbers of benzene
rings [20]

Molecule Structure Absorption peak (nm)

Benzene 255 nm

Napthalene 315 nm

Anthracene ~ 380 nm

Tetracene 480 nm

Pentacene 580 nm

and again, rapidly relaxes non-radiatively to the bottom of the ground state, Oth
vibronic level in S,. In conjugated molecules, the separation between the
absorption and fluorescence spectrum, known as the Stokes’ shift, is due to the
energy loss between where a photon is absorbed and where it is emitted [22]. One
common loss mechanism is the interaction between the electrons and the carbon
lattice, which results in an energy displacement between the ground state and
excited state under the coordinate of the distance between neighbouring carbon
atoms. The disordered environment in long-chain polymers, i.e. different conju-
gation lengths at different locations forming various localized energy states, also
extends the Stokes’ shift in conjugated molecules.

A large energy shift in organic semiconductor molecules will result in less self-
absorption. It also helps to increase the photoluminescence quantum yield
(PLQY), leading to lower lasing thresholds. Further reduction of the spectral
overlap between absorption and fluorescence spectra can be achieved by polymer
blending or by doping with dye molecules [23, 24].

Optical transitions in conjugated molecules are not single wavelength transi-
tions, but broadened as presented in Fig. 2.8. This broadening is characterised as
both homogeneous and inhomogeneous broadening [25]. This means that the
absorption and emission throughout the conjugated molecules have a fluctuating
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Fig. 2.8 Schematic Emission
representation of the S,
absorption and emission

spectrum with corresponding

energy diagram

Absorption

Molecular coordinate
e,

Energy

Absorbance
Fluorescence

Wavelength ——

disorder which is the same for all the atoms, for example due to heat, and also a
static disorder, for example due to conformation change such as broken conju-
gation in the long chains.

In a realistic situation, there are more complicated transition processes hap-
pening in a conjugated molecule, as illustrated in Fig. 2.9. When the photo-excited
electron non-radiatively relaxes to the lower energy state in Sy, it is possible for the
population to migrate to the triplet manifold, T1, by intersystem crossing; however
this requires a spin-flip of an electron between the singlet and triplet state. To
return radiatively to the ground state, another spin-flip is required. This process
produces phosphorescence, however, has a much lower probability, in other words,
weaker intensity and longer radiative lifetime compared to fluorescence produced
with the S; to Sy transition. In most organic semiconductors, phosphorescence is a
very inefficient process [26]. Efficient phosphorescence were only observed in
organometallic materials [27, 28].

Fig. 2.9 A Jablonski s vibrational relaxation
diagram showing the various Ly

transition processes in a internal conversion
conjugated organic molecule

(adapted from Ref. [20]) S

intersystem crossing
—_—T

1

absorption
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The efficiency of the fluorescence process is quantified by the PLQY, which is
defined as the number of photons emitted divided by the number of photons
absorbed [29]. With the presence of the non-radiative decay mechanisms, the
PLQY of organic semiconductors is always below 100 %. The lifetime of an
emissive molecule, i.e. the measured natural lifetime, 7p;, is related to the radiative
(k,4q) and non-radiative (k... .q) rate by Eq. (2.6):

1

= 2.5
L krad + knanfrad ( )
The fluorescence yield, @, is defined by the expression:
kra
O = d (2.6)

krad + knonfmd

Thus the radiative lifetime, 1,,, is simply related to its natural lifetime and PLQY
by:

TPL
Trad = 3 (27)
For triplet phosphorescence in conventional organic materials, k,,, is very small so

that %,,,.,.« dominates and the PLQY is very low.

2.4.2 Light Amplification in Organic Semiconductors

Two energy levels, E; and E, (E; < E5), are illustrated in Fig. 2.10 to explain the
phenomenon of spontaneous emission and stimulated emission. The frequency of
the radiated wave is given by the well-known equation [30]:

E, — E;
vp=—"
h

where h is Planck’s constant. Spontaneous emission is characterized by the
emission of a photon of energy of vk with random phase, whereas stimulated
emission is induced by the incident wave and the emission from all molecules adds
in phase to that of the incoming wave and in the same direction, i.e. they are
coherent.
Stimulated absorption changes the upper state E, population, N, by:
dN,

—— = Bpp,N 2.9
dt 12P,1V1 ( )

(2.8)

where B;; is the Einstein ‘B’ coefficient for the transition E; — E,, related to the
absorption cross section, p is the photon density at frequency v and N; is the
population of the lower state E;. In the spontaneous emission process, the rate of
decay of N,, is given by:
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where 7, is the lifetime of the upper state. In the stimulated emission process, the
rate of decay of N, is given by:

dN,
—=-B N 2.11
dt 21P,1V2 ( )

For a system in thermal equilibrium, the ratio of the population in the two
energy states is given by Boltzmann statistics:

Ni_ g1 2B

_ & ho
N2 a gz kT

)= X(k_T

& P (2.12)

where g; and g, are the degeneracy of energy states E; and E respectively, k is the
Boltzmann’s constant and T is the temperature in Kelvin.

According to Eq. (2.12), under equilibrium, N, <g,N;/g;, which means the
material always acts as an absorber. However, if a non-equilibrium condition is
achieved, i.e. N, > g,N| /g1, then the material acts as an amplifier. This condition
is known as population inversion. The population inversion is the necessary
condition for light amplification through a medium.

To obtain light amplification we use media with more than two energy states.
As such all practical gain systems can be simplified to three or four energy levels;
organic semiconductors are no exception. For a conjugated material, the energy
level system resembles that of a four level laser. As the thermal relaxations are
substantially faster (~ 10 ps) than the radiative decay (~ 1 ns), allowing a pop-
ulation inversion to be maintained relatively easily, as shown in Fig. 2.11.
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The gain coefficient is simply the product of the stimulated emission cross section,
o, and the population inversion, defined by:

g=0(N2—Ni) (2.13)

However, several mechanisms are present in organic semiconductors that can
deplete the excited state population non-radiatively. One of the mechanisms is the
presence of chemical defects and impurities in a conjugated polymer, resulting in
efficient quenching of the singlet photoluminescence [31]. Another possible
mechanism is exciton—exciton annihilation due to collisions of excitons travelling
along the backbone of a conjugated polymer [11]. This occurs at relatively high
excitation densities, leading to electron and hole polaron generation thus reducing
the number of the excitons that could contribute to fluorescence [32].

Apart from the above depletion mechanisms, there are some other optical losses
present in the organic semiconductor gain media, including the spectrum overlap
induced self-absorption that mentioned in Sect. 2.4.1, singlet excited state absorp-
tion, intersystem crossing and even triplet—triplet excited state absorption [33, 34],
as illustrated in Fig. 2.12. In reality in order to achieve light amplification, sufficient
gain is required to overcome not only the stimulated absorption in the material but
also the various losses. With all these losses taken into consideration, the net gain

Fig. 2.12 a Singlet excited S, .
state absorption; A
b intersystem crossing and (a) .
c triplet excited state :
absorption S, !




2.4 Optical Properties 21

(gain minus loss) in organic semiconductors can still be very high. Net gains over
60 cm™ ' have been measured in a wide range of organic materials [35].

2.5 Organic Semiconductor Lasers

Once a population inversion is established, the gain medium will amplify an
incident beam of light. To operate as a laser, another two elements are required, a
feedback resonator and an excitation source. The optical amplifier is responsible
for the generation of photons via either an optical or electrical excitation, while the
resonator acts as a feedback cavity that forces the photons to travel several times
through the amplifier and thus cause laser oscillation.

2.5.1 Resonators for Organic Lasers

The simplest organic laser resonator is two parallel mirrors with a slab of gain
material placed in between, to form a Fabry—Perot cavity as shown in Fig. 2.13a.
The resonant wavelengths are determined by the condition:

h="= (2.14)

where n is the refractive index of the gain material inside the cavity, L is the cavity
length and m is an integer. Organic semiconductor lasers (OSLs) with this type of
resonator are easy to fabricate; the organic gain medium can be either in solution
or in a solid-state film [7, 13]. Due to the high gain (and strong absorption) in
organic semiconductors, the gain medium thickness is required to be only in the
order of hundreds of nm to achieve lasing.

Other types of resonator configurations for OSLs, including micro-ring and
micro-sphere cavities, are illustrated in Fig. 2.13b, c. These types of microcavity
normally lead to a multi-longitudinal mode output, and the quality of the emitted
beam is usually not good as the light is emitted in multiple directions.

Fig. 2.13 Schematic resonators used in organic semiconductor lasers a Fabry—Perot microcav-
ity; b micro-ring resonator, i.e. an optical fibre coated with polymer; ¢ spherical microcavity
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Fig. 2.14 Schematic illustration of a one-dimensional and b two-dimensional distributed
feedback grating in glass coated with a layer of organic thin film

In the literature, low threshold organic semiconductor lasers have been dem-
onstrated mainly with distributed feedback (DFB) resonators and distributed Bragg
reflectors (DBR) [19, 36, 37]. In this section, I focus on the DFB cavities, which
are frequently used in this thesis. Chapters 3—6 will discuss in detail the DFB
cavity fabrication, their low threshold operation and the spectral tunability of
emission. Figure 2.14 shows schematic of one-dimensional (1D) and two-dimen-
sional (2D) DFB resonators.

An organic DFB laser consists of a thin film and a corrugated substrate.
Waveguide theory can be used to explain how the light is confined within the
organic semiconductor film [38]. Here we first do not consider the corrugation in
the substrate. A slab waveguide of organic semiconductor film is structured as
Fig. 2.15, allowing light to travel long distances in the planar film without
diverging, i.e. the optical ray follows a repetitive, zigzag path in the film.

Guiding is achieved by using a structure consisting of a high refractive index
region surrounded by regions of lower refractive indices which are known as the
cladding. In this case the organic film is the high index element (n, > 1.46),
sandwiched by low index air (n; = 1) and glass substrate (n; = 1.46). The light is
well confined in the polymer layer by total internal reflection. The effective
refractive index, n.4, is determined by the whole waveguide design. The equation
for waveguide mode is given as [38]

4nd

A
where £, is the refractive index of polymer, d is the polymer film thickness, 4 is the
light wavelength, m is an integer, ¢, and¢, are the phase shift upon total internal

reflection at the polymer/air and polymer/glass interface respectively. For the
transverse electric (TE) mode, ¢, and ¢, can be obtained using

n2 —nyy = O, + ®; + 2mn (2.15)

Fig. 2.15 Schematic n air
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ny glass
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ey = _
(l’)b =2 tan ,1272 s b:a7f (216)

For the transverse magnetic (TM) mode, @, and @, can be obtained using

2 2 2
¢h:2tanl<n—gwﬁ>; b=a,f (2.17)
b P eff

The allowed range for the effective refractive index of all guided modes is defined
as

Max{ng, n} <ngy <n, (2.18)

For each propagation mode there is a critical film thickness, so called cut-off
thickness for example d, for TE,,, which means when the film is thinner than d, no
TE mode can propagate in the film. The cut-off thickness is further discussed in
Chap. 5.

Now we must take the corrugation into consideration. Instead of using mirrors,
the DFB resonator provides optical feedback with a periodic corrugated micro-
structure. Coupled-wave theory can be used to explain how the microstructure
couples free space light into and out of a waveguided mode [39, 40].

In a DFB laser, the grating leads to a periodic modulation of the effective
refractive index of the optical mode propagating inside the active region. The
index grating couples the forward and backward propagating waves through Bragg
diffraction. Based on the coupled-wave theory, the intra-cavity electric field is
written as

E(z) = (A(z) exp(—ikpz) + B(z) exp(ikpz)) ¢ (x) (2.19)

where ¢(x) describes the guided wave, A and B are the amplitudes of the forward
and backward propagating waves respectively and kg is the Bragg wave-vector,
defined by:

_ 2mngy  mm

kg = B A

(2.20)

where m is the diffraction order, n.4is the effective refractive index experienced by
the guided mode, /43 is the Bragg wavelength and A is the grating period. Equation
(2.20) is also known as the Bragg condition for in-plane feedback in a thin film
waveguide. When m = 1, the feedback is provided by first order Bragg scattering
in-plane. In this case, the laser beam is emitted from the edge of the film; it is so-
called edge-emitting DFB lasers or first order DFB lasers. When m = 2, it is a
second order laser, whose output coupling is normal to the film plane due to the
first order diffraction, and optical feedback is provided by the in-plane second
order Bragg scattering, as shown in Fig. 2.16.
A(z) and B(z) in Eq. (2.19) are solutions of the coupled-wave equation:
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Fig. 2.16 First and second
orders Bragg scattering in a
surface emitting DFB laser
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where £, is the coupling coefficient arising from two first-order diffractions and %,
is the coupling coefficient arising from a second-order diffraction, while the other
terms describe the complex changes in refractive index caused by angular fre-
quency detuning Aw from the Bragg frequency and net gain g—a, and v, is the
group velocity [40]. In a second-order DFB laser, h; describes the radiation
coupling loss while %, describes the feedback coupling coefficient. The values of
h; and h; are given by

2
w*A?

= 2.2
dkok,c* (223)

1

[ axexsli) g

w?Ae
—- / b (x (2.24)

where exp(ik,x) approximately describes the scattered wave in the x direction, Ag¢
is the dielectric change in the grating, &; and &, are the Fourier coefficients of the
grating at position x. For a rectangular grating, ¢ is defined by

sin(mmnb/A)
mmn

En = (2.25)
where b is the width of the ridge of the grating, as shown in Fig. 2.16, b/A is
known as the duty-cycle of the grating and m is an integer [41]. Normalized
modulus of &; and &; are plotted against the duty-cycle in the range between 0 and
1 in Fig. 2.17. For a shallow grating, the relation between h; and h, can be

expressed as:
hi _ Aed, b
o T8 tan( == 2.26
Y R < A > (2.26)
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where d, is the groove depth. Experimental work has shown that for 50 % duty
cycle, the first-order diffraction effectively built up stimulated emission in a first-
order laser hence low threshold, while a duty cycle of 25 % gives the lowest lasing
threshold by optimizing the in-plane feedback in second-order DFB lasers [42].
Varying the grating depth has also shown some influence on the organic laser
threshold in Navarro-Fuster et al’s work [43, 44].

In Eq. (2.20), it is evident that the Bragg scattering angle is wavelength
dependent. In Fig. 2.18, 6 is the output coupling angle of the optical mode to the
normal direction and ¢ is the in-plane propagation direction. The parameters k,
and k, define two wave-vector components in the plane of the waveguide, per-
pendicular and parallel to the grating grooves. The magnitude of the in-plane
wave-vector of the guided mode, k,,,,4., is coupled into a free-space wave at angle
(0, ) by:

K2

‘mode

— (mkgx — ko sin 0 cos q))er(pkgy — ko sin 0 sin go)z (2.27)

where kg, and k,, are the two orthogonal grating vectors, while m and p determine
the order of the scattering process [45]. Equation (2.27) is illustrated diagram-
matically in Fig. 2.18, where the magnitude of k,,,,4., i.€. the diameter of the mode
circle, is given by 27mn,,4//, and hence varies with the photon frequency. This can
be experimentally observed by an angle-resolved photoluminescence measurement
in one dimension (i.e. ¢ = 0). Equation (2.27) can be rewritten as

2”Zeﬁ‘ - m%” - 27nsin 0 (2.28)

Figure 2.19 shows an example of angle-dependent emission for ¢ = 0 [46]. In
the left figure, the ‘X’ shaped pattern corresponds to the PL that emits into the
guided transverse mode and is subsequently Bragg scattered out of the waveguide.
A is a photonic stop-band where the propagation in the waveguide is forbidden; B
and C are edges of the stop-band, where standing waves form in the thin film. In
the right figure, lasing occurs at point B, i.e. on the long-wavelength edge of the
stop band, where the largest gain is experienced. The stop-band is seen as a dip in

+
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Fig. 2.18 (Top) light
scattering in a corrugated
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the emission spectrum observed in the normal direction to the film below laser
threshold. An example of an emission spectrum below and above laser threshold is
shown in Fig. 2.20a, along with the shapes of output beams observed from a 1D
and 2D second-order DFB lasers in far field. Lasing occurred only on the long-
wavelength side of the stop-band because the output coupling loss of the standing
wave field at the long-wavelength band edge is much lower than at the short-
wavelength band edge, hence a lower lasing threshold for the long-wavelength
mode [47]. The laser emission from 1D DFB resonators forms a ‘double-fan’
shaped pattern and is very divergent in the direction parallel to the orientation of
the grating grooves due to the lack of optical confinement [48]. In the case of a 2D
DFB laser, the emission pattern when the pump intensity is far above threshold is
formed into a cross shape as a result of the 2D resonator, which is equivalent to
two identical 1D gratings perpendicular to each other.

The out-coupled emission of the DFB laser represents a loss mechanism and
thus increases the laser threshold. Therefore in theory the first-order DFB resonator
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Fig. 2.19 Angle-dependent measurement for PL (left) and lasing (right) [46]. Reprinted with
permission from Turnbull, G. A., Andrew, P., Jory, M. J., Barnes, W. L., Samuel, I. D. W. (2001)
Physical Review B, 64, 125122. Copyright (2001) by the American Physical Society
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is preferred in order to achieve lower threshold operation. However, lasers based
on this type of grating emit from the edge of the resonator. Due to the fact that
cleaved edges are not easy with amorphous organic layers, the creation of a well
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defined edge for light emission is difficult. The output beam quality is also poor in
this case.

In 2007, Karnutsch et al. reported a blue-emitting fluorene-based copolymer
laser based on a mixed-order distributed feedback resonator - a second-order
Bragg scattering region surrounded by first-order scattering regions [49]. The idea
of the mixed-order resonator is that the second-order region provides some vertical
outcoupling of the laser radiation while the first-order regions provide strong
feedback. A very low laser threshold of 36 nJ/cm® (equivalent to 3.6 W/cm?) was
realized with this resonator. To date, this is the world-record for lowest organic
semiconductor laser threshold. This special type of resonator is further discussed in
Chap. 6.

2.5.2 Pump Sources for Organic Lasers

Compared to the simple fabrication and small size of inexpensive organic semi-
conductor lasers, the pumping source for organic semiconductor lasers becomes
one of the major factors which complicates the design and increases the cost,
which would limit the potential applications. Many different pump lasers have
been used for pumping OSLs, such as dye lasers, nitrogen lasers, optical para-
metric oscillators (OPOs) and so on. By using a DFB resonator the laser threshold
has been dramatically reduced, making pump light sources with lower output
power feasible.

Microchip lasers with size about 10 x 5 x 5 cm are commonly used in low
threshold organic laser systems. More recently, polymer lasers pumped by a more
compact and cheaper pump source, InGaN laser diode, have been demonstrated
[50]. An InGaN laser diode emitting at 407 nm with maximum output energy
about 0.67 nJ at 10 kHz repetition rate was used to pump DBR laser based on
MEH-PPV blended with dye. The lasing threshold was as low as 0.42 nJ. Alter-
natively, blue-emitting lasers made of PFO doped with DPAVB were also pumped
by InGaN diode lasers [51].

Since the first demonstration of an organic semiconductor laser, there has been
great interest in making electrically pumped polymer lasers, however, it is
extremely challenging mainly due to the following reasons [52]:

e High charge-carrier mobility in one gain material is essential in order to reduce
the impact of singlet—triplet/polaron annihilations and induced absorption losses
including polaron and triplet absorption. Charge-carrier mobilities of at least
5 x 1072 cm?/Vs are predicted to be required in order to achieve laser operation
at a current density of about 10 kA/cm?® [53], however, commonly used organic
laser gain media have mobilities of only about 10~* cm?Vs. Enhancement has
been achieved, with ff-phase PFO for example, the improved mobility can reach
8 x 1077 em*/Vs [56];
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e To pump above threshold, a current density of at least a few kA/cm? is required.
However, the non-radiative losses such as singlet-polaron annihilation would
increase with excitation strength at the same time;

e Significant losses are incurred at the metal contacts. From a study of the
behaviour of Alqz with metal contacts, injection is seriously limited by electron
trapping at the Algs/metal interface [54];

e Thermal stability of organic semiconductors with such high density current
injection is poor [55, 56].

In 2008, a big step to address this problem was the demonstration of first
indirect electrically pumped polymer laser [57]. The integration of polymer lasers
with high-power nitride LEDs provided a compact and convenient electrically
controlled laser device. Compared to other laser pump sources for OSLs, the
InGaN LEDs are electronically and physically more robust, and much cheaper. In
the same year, an electrically driven hybrid light source in the visible wavelength
range was demonstrated [58]. Thin conjugated polymer films were spin-coated on
nano-structured DFB gratings which were combined directly upon an inorganic
LED, as shown in Fig. 2.21. With this structure, electrically generated 390 nm
ultraviolet light was transferred into an organic polymer layer via optical pumping
and out-coupled green light by the second-order DFB grating, although only line-
narrowed fluorescence was observed in this case. Indirect electrically pumped
organic semiconductor lasers are discussed in Chaps. 5 and 6.

So far all organic semiconductor lasers are pumped under pulsed conditions
rather than CW conditions. The reason for this is the excitons lifetime is short—
between hundreds of picoseconds and a few nanoseconds and so required high
excitation densities to maintain the population inversion. Non-radiative decays
from intersystem crossing, excited-state absorption and exciton—exciton annihi-
lation can dramatically increase the cavity losses and thus reduce the net gain. The
ideal pulse duration of the pump source should be less than a nanosecond with a
low repetition rate so that there is enough time for the long-lived excited states to
relax before the next pulse arrives. For the field of organic semiconductor lasers,

@ (b) A A A
Pulsed current t1 M1
source > : 150 nm
50 nm
InGaN LED A Si0; 4s0nm
[ 1 4 CYTOP
S nS= | ADS233YE i
‘i i N p+GaN
i V] Silica [ AlGaN BI. Layer
: , QWell/Barri
[ 1 Pump filter GaN
N/ Laser Output n+Gahy

Fig. 2.21 a Hybrid InGaN LED pumped polymer laser; [S7] b a compact light source that
incorporates an inorganic LED, DFB grating and light-emitting polymer layer [58]
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achieving CW/quasi-CW operation is an important challenge [59, 60]. The lasing
thresholds with different pump pulse durations are studied in Chaps. 5 and 6.
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