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Abstract 

This thesis presents a study into organic semiconductor laser materials and the design and 

fabrication of distributed Bragg reflector microcavities that can achieve low threshold lasing. 

A range of organic laser materials were investigated, where the molecular packing for each 

material was probed using X-ray scattering to understand the effect on the amplified 

spontaneous emission (ASE) threshold. It was found that increasing the concentration of a 

fluorescent dye (Fluorescent Orange) dispersed in an inert polystyrene matrix caused 

aggregation. This was observed by an increase in the molecular disorder and quenching, and 

at high concentrations, supressed ASE. The lowest threshold measured in solution processed 

Fluorescent Orange was 259 µJ cm-2. This threshold was reduced to 55 µJ cm-2 by using co-

thermal evaporation with BCP. The ASE for the copolymer BN-PFO was also explored 

where increasing the relative fraction of BN to PFO resulted in the increase in molecular 

disorder. This enhanced disorder led to a reduction in the ASE threshold to 19 µJ cm-2. 

Finally, the lowest threshold (13.8 µJ cm-2) measured was from the small molecule, BSBCz. 

The two lowest ASE threshold materials (BN-PFO 12.7% and BSBCz) were then integrated 

within planar microcavities to achieve low-threshold lasing (12 µJ cm-2 and 1.7 µJ cm-2). This 

resulted in the lowest lasing threshold reported for a polymer microcavity. This record lasing 

threshold was reduced further by adding lateral confinement using laser patterning to write 

defects into the microcavity. This additional confinement resulted in a reduction in the lasing 

threshold from 11 µJ cm-2 to 7 µJ cm-2. This laser patterning approach offers a quick and 

simple way to fabricate micro-scale organic lasers that have improved lasing thresholds and 

a four times enhancement in the Q factor. 
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Chapter 1: Introduction 

The application of lasing, since its first discovery in 1960 with a ruby laser [1], has been 

spread over a wide range of industries, where it is now essential for communication, medicine 

and measurement. Most lasers in circulation today are made from inorganic materials, 

however, organic semiconductors offer an attractive alternative. Organic semiconductors 

offer high optical gain, broad-tuneable emission and processability [2-4]. The high optical 

gain is due to the large absorption cross-sectional area of organic semiconductors, therefore, 

only a thin film a few hundreds of nanometres is required to achieve lasing. Organic 

semiconductor lasers (OSL) have therefore been an attractive area of research, and since the 

60s, many key milestones have been achieved (shown in Table 1.1). One of the most 

significant discoveries being the organic light emitting diode (OLED) [5], that has 

revolutionised the display industry, asking the question of how organic semiconductors could 

change the commercial laser market?  

Table 1.1: Milestones in the development of organic semiconductor lasers 

Year Discovery 

1917 Stimulated emission proposed by Einstein [6] 

1960 First reported laser, using ruby [1] 

1967 First organic dye solid-state laser [7] 

1972 First organic crystal laser [8] 

1987 First OLED emitter [5] 

1996 First organic semiconductor laser [9] 

2008 LED pumped laser [10] 

2011 First biological laser [11] 

2017 continuous-wave organic laser [12] 
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2018 NIR TADF emitter [13] 

2019 electrically pumped organic laser [14] 

2023 OLED pumped organic laser [15] 

 

OSL can either be excited optically or electrically, the latter being the most challenging as 

this requires electrical contacts and charge recombination in the gain layer. Additional 

absorption from electrical contacts, polarons and the formation of triplet states are 

detrimental to the lasing process [16]. Accounting for the losses associated with electrical 

pumping, the predicted lasing threshold exceeds 500 A cm-2 [17]. At such high current 

densities, Joule heating strongly affects the performance of the device [18, 19]. Currently there 

have been two approaches to overcome this: indirectly exciting by using an OLED [15], and 

directly exciting the gain medium, which has good triplet management, with high charge 

densities created by reducing the size of the device [14]. This exceptional triplet management 

is another important breakthrough for OSL [12], as triplets can also be generated through 

optical pumping via intersystem crossing under continuous wave operation [20]. The material 

used for direct electrical excitation is one of the few organic semiconductors that has 

demonstrated quasi-continuous wave operation under optical pumping. However, this limits 

the wavelength tunability for this device as only this material has been reported for direct 

pulsed electrical excitation. Indirect operation has the benefit of being able to change the 

gain layer with other materials that have absorption overlapping the emission of the OLED. 

Additionally, OLEDs with high brightness are possible for a wide range of wavelengths. 

Both reports for electrical operation use distributed feedback gratings (DFG) as the 

resonator as this structure has widely reported low-threshold lasing. The next challenge to 

overcome for electrical operation is the long-term stability of the OSL device. Both indirect 

and direct operation require high charge density to work above the lasing threshold. Another 

resonator architecture that has yet to successfully claim electrical operation is the microcavity, 
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despite the planar structure of a microcavity favouring the stacked structure of an OLED. 

Planar microcavities are well known for their vertical confinement, however lasing from 

modified microcavities that also offer lateral confinement has not been so extensive. 

1.1 Thesis Outline 

Chapter 2 provides the background theory behind the work undertaken in this project. The 

basic structure of organic semiconductors is explained, describing how orbital hybridisation 

leads to the conjugation of an organic molecule. This electron delocalisation across the 

molecular backbone of the compound gives rise to the optical properties of organic 

semiconductors. These optical transitions made possible provide multiple energy levels that 

can support a population inversion and therefore, allow amplified stimulated emission. This 

stimulated emission enhanced with a resonator structure forms a laser. Finally, this chapter 

covers the different resonator architectures that have been used for optically pumped organic 

lasers. 

Chapter 3 covers the experimental methods and techniques used to fabricate and characterise 

all the samples used in this study. Starting with basic cleaning procedures and deposition 

techniques, then detailing the setups used for optical characterisation.  

Chapter 4 is the first experimental results chapter, where a range of organic compounds were 

characterised using an amplified spontaneous emission setup. The materials investigated 

were a pigment dye dispersed in a matrix, a copolymer (BN-PFO), and a small molecule 

(BSBCz). The amplified spontaneous emission behaviour of the films was corroborated with 

their morphology by probing with X-ray scattering. Using this, the optimal composition of 

each material was found by measuring the ASE threshold. From this, two materials that gave 

the lowest ASE thresholds were identified.  
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Chapter 5 continues the study on the two materials that showed the lowest ASE thresholds 

from Chapter 4 (BN-PFO 12.7% and BSBCz). Here the two materials were integrated into 

two planar microcavities to investigate their lasing behaviour. Transfer matrix modelling was 

used to optimise the design of the cavities before fabrication. The lasing performance of the 

two microcavities is compared with an added section including OLED performance to see 

which material offers more promise for electrical operation. The lasing thresholds for BN-

PFO 12.7% and BSBCz were 12 and 1.5 µJ cm-2 respectively. Compared to the literature (17 

µJ cm-2) [21], BN-PFO 12.7% was observed to have the lowest polymer microcavity lasing 

threshold. The lasing threshold for BSBCz measured was comparable to previously reported 

microcavity that used a CBP matrix (1.7 µJ cm-2) [22].          

Chapter 6 describes a laser patterning technique that writes defect structures into a 

polystyrene film. By using a laser focused through an objective, micro-dimples are melted 

into the polystyrene film, creating a Gaussian shaped defect. Growing the microcavity 

structure used in Chapter 4 on top of the defects, allows the whole structure to conform to 

the Gaussian profile. Therefore, the defect profile is also apparent in the active layer of the 

microcavity. This provides additional confinement and reduces the mode volume of the 

resonator, causing a decrease in the lasing threshold to 7 µJ cm-2. This is comparable to other 

organic micro lasers that report thresholds of 20 µJ cm-2 and 4.2 µJ cm-2 with the latter having 

more complicated fabrication involving e-beam lithography and focused ion beam [23, 24].        

Chapter 7 provides a summary of all the work that is detailed in the thesis and discusses ideas 

of the future work. 
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Chapter 2: Theoretical Background  

The first organic semiconductor laser was discovered in 1992 by Moses [1], where a 

conjugated polymer was used as the active layer. Later in 1996, lasing from an optically 

pumped organic microcavity was claimed by Tessler [2]. To this day, the predominant 

method of achieving lasing from an organic semiconductor is through optical pumping [3-

5]. Another method of excitation is through electrical excitation [6, 4], which has been 

demonstrated indirectly through OLED pumping [7]. In this chapter, we explain the 

semiconducting properties of organic materials, leading to their application as a lasing 

medium. This starts with the hybridization of orbitals, leading to the formation of π-π* bonds 

that delocalize charge over the molecule and establish the HOMO and LUMO energy levels. 

Energy transfer between the HOMO and LUMO allows the optical transitions essential for 

lasing. 

2.1 Organic Semiconductors  

Materials composed of carbon atoms that are bonded together are defined as an organic 

material. Carbon is at the centre of all organic materials, and it is this unique bonding of 

carbon atoms that enables their electronic and optical properties. Hydrogen and other 

heteroatoms can also bond to this carbon structure and can change the electrical and optical 

properties. These compounds can form long chains called polymers or shorter chains called 

monomers. The arrangement of the carbon bonds along the chain and the addition of other 

heteroatoms leads to an almost endless number of molecular configurations that have unique 

optical properties [8]. 
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2.1.1 The Semiconducting Properties of an Organic Molecule 

Atomic orbitals are central to the understanding of the semiconducting properties of organic 

materials. The location of electrons around a central nucleus is determined by a set of four 

quantum numbers (n, l, m and s) and the Pauli Exclusion Principle. The principal quantum 

number (n) takes a positive, non-zero integer number (1, 2, 3 …) that describes the energy 

of the electron and therefore the size of the orbital. The angular momentum quantum 

number (l) can take the value 0, 1, 2 … (n – 1) where this defines the shape of the orbital. 

The orbital shape is normally given in its letter notation s, p, d, f … an example of the s and 

p orbitals is given in Figure 2.1ab. The magnetic quantum number (ml), which takes the 

integer value (-l, …, 0, …, +l) specifies the orientation of the orbital, as shown in Figure 2.1b 

where the p-orbital can take three different orientations. The spin quantum number (ms = 

±1/2) allows two possible states: one where the spin is ‘up’ or one where it is ‘down’. This 

Figure 2.1: Orbital shapes given by the angular momentum quantum number (a) 
0→s and (b) 1→p (c) the electron configuation for a single stable carbon atom, 
where the principle and orbital quantum numbers are given. The direction of the 
arrow also give the spin of the electrons. 
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spin quantum number reflects the Pauli Exclusion Principle which states that two electrons 

cannot exist in the same quantum state in the same quantum system.  

The semiconducting property of organic molecules is due to the arrangement of the electron 

orbitals across the carbon chain. This originates from the hybridization of orbitals to 

conform to new bonding geometries. There are three different forms of hybridization that 

carbon can form, the ground state configuration of a carbon atom (shown in Figure 2.1c) 

where two core electrons occupy the 1s orbital, and the four left over are the valence 

electrons that occupy the 2s and 2p orbitals can be expressed as: 

1𝑠22𝑠22𝑝2 

Due to the Pauli exclusion principle the electrons in the 1s and 2s orbitals are paired or also 

referred to as antiparallel. The 2p electrons are unpaired and are free to form bonds and when 

a carbon atom bonds it stabilizes with as many bonds as possible. To form more bonds, 

electrons in the 2s orbital can hybridize following Hund’s rule to create a new sp orbital. 

Additional electrons from the 2s orbital can hybridize to form multiple sp orbitals with the 

following electron configuration: 

1𝑠2𝑠𝑝3 

1𝑠2𝑠𝑝22𝑝𝑥
1 

1𝑠2𝑠𝑝12𝑝𝑥
1𝑝𝑦

1 

The corresponding orbital arrangement for the above electron configurations is presented in 

Figure 2.2 in which the orbitals occupy the space that experiences the least repulsion and 

therefore this is their most stable form. 
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When bonding to a neighbouring carbon or hydrogen atom, the hybridized sp orbitals 

overlap and form a sigma bond (σ). This sigma bond occupies the space between the bonding 

atoms and has cylindrical symmetry around the internuclear axis [9]. The carbon atom will 

hybridize the number of sp orbitals to match the number of bonds. For the case of ethylene 

(shown in Figure 2.3), there will be three sigma bonds per carbon atom, two bonds to 

hydrogen and one to the other carbon atom. The remaining p orbitals will be orthogonal to 

the sigma bonding plane. These p orbitals do not have symmetry around the internuclear axis 

Figure 2.2: Electron orbitals for the hybridization of a carbon atom for different bonding cases: (a) 
four sigma bonds (sp3 hybridization) (b) three sigma bonds (sp2 hybridization) (c) two sigma bonds 
(sp hybridization). 

Figure 2.3: Two sp2 hybridized carbon atoms bonding together to 
form ethene molecule. Here two π bonds are formed and a single 
sigma bond. 



13 

and therefore overlap to form a  -bond (or  orbital), and the two carbon atoms are said to 

be double-bonded. This delocalizes the electron from a single atom over the molecule, giving 

the molecule semiconducting properties [10, 11]. If this bonding is repeated over a longer 

carbon chain, then the delocalization will extend over the whole molecule. Examples for sp 

and sp3 hybridization can be seen in ethane (C2H6) and acetylene (C2H2) respectively. The 

bonds formed in ethane are therefore sigma bonds, whereas acetylene has a triple bond 

between the two carbon atoms.   

When two orbitals overlap to form a bond, it must follow that the number of starting orbitals 

equals the number of bonding orbitals. Above we see the bonding case, but the second 

possible orbital is the antibonding case (* orbital), shown in Figure 2.4 [12]. These two 

bonding and antibonding cases have different energy levels, the bonding being the lowest 

energy and therefore most likely to be occupied (HOMO), and the antibonding having the 

highest energy and therefore the least likely occupied (LUMO). In the ground state, only the 

bonding orbital will be occupied as its energy is lower than the starting 2p orbitals. The 

difference between the LUMO and HOMO is the band gap and for organic semiconductors 

ranges between 2 to 5 eV [13]. 

Figure 2.4: In phase bonding (π orbital) and out of phase 
antibonding (π* orbital). The energy for the antibonding orbitals 
is higher than the in-phase case. 
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For a conjugated molecule with multiple bonded atoms that have different bonding and 

antibonding orbitals, there will be different energy levels over the molecule. This will widen 

the energy possible for the bonding and antibonding orbitals. Generally, the longer the chain 

the wider the energy levels. At 0K the highest molecular orbital that contains electrons is 

called the HOMO and the lowest molecular orbital that has no electrons is called the LUMO. 

For a conjugated molecule, the carbon backbone chain will form alternating single and 

double bonds in which a common structure is likely found called the benzene ring. Figure 

2.5a illustrates that around the ring six carbon atoms are bonded in which six p orbitals are 

above and below the molecular plane. These orbitals overlap in Figure 2.5b to form π bonds 

that delocalize the electrons around the benzene ring. The molecule anthracene is shown in 

Figure 2.5c and is made from three of these benzene rings that allow electrons to delocalize 

across the whole molecule. 

When an electron is excited to the LUMO, only two electrons can occupy -* orbitals and 

therefore only four electron spin configurations ned to be considered, where an electron is 

either in the spin up or spin down (↑↑, ↑↓, ↓↑, ↓↓). This gives rise to two different states where 

the electron pair is symmetric or antisymmetric under particle exchange, called the triplet and 

Figure 2.5: (a) p orbital orientation for a benzene ring (b) 
Delocalisation due to overlapping p-orbitals (c) Delocalisation over 
a whole molecule of anthracene. 
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singlet state (shown in Figure 2.6). Spin is a quantum number of ½ where the sign of spin is 

either positive or negative depending on the direction of the angular momentum that can be 

projected onto the z-axis and is represented as an up or down arrow. When the electron pair 

is symmetric, the total spin angular momentum is equal to one and is therefore in the triplet 

state in which there are three possible combinations: 

 𝑇 (𝑇𝑟𝑖𝑝𝑙𝑒𝑡) ⇒ 1 =

{
 

 
|1,1⟩ = ↑↑

|1,0⟩ =  
1

√2
(↑↓ +↓↑)

|1, −1⟩ = ↓↓ }

 
(2.1) 

For the antisymmetric case, the total spin angular momentum is equal to zero and is therefore 

in the singlet state in which there is one possible combination: 

 

|0,0⟩ =  
1

√2
(↑↓ −↓↑)} ⇒ 𝑆 = 0 (𝑆𝑖𝑛𝑔𝑙𝑒𝑡) 

 

(2.2) 

The ground state of a molecule resides in the HOMO and therefore the two electrons in this 

orbital must obey the Pauli exclusion principle by forming a singlet state. There are rare cases 

where the ground state is a triplet, for example, oxygen which has two symmetric electrons 

in the 2p orbital. 

Figure 2.6: Electron spin configuration for (a) singlet ground state (b) singlet excited state 
(c) triplet excited state. S0 represents the HOMO energy level and S1 and T1 the LUMO. For 
both singlet cases the two electron spins are antisymmetric (arrows point the opposite 
direction). The electrons in the triplet state are symmetric, so for the electron to relax back 
to the ground state, the spin must flip.  
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2.1.2 Exciton 

An exciton is classified as a quasiparticle, formed by the combination of an electron and a 

hole that is bound through the coulombic force. An exciton can diffuse between molecules 

and separates it from the definition of just an excited state. It can be formed by exciting an 

electron from the HOMO to the LUMO where the electron and the vacant hole left behind 

are paired. This is typical for an optical excitation. In the case of electrical excitation, charge 

is injected, and the electrons and holes move to occupy the same molecular site where the 

exciton can be formed. 

There are two types of excitons (shown in Figure 2.7), one for electron-hole binding in 

inorganic semiconductors (Wannier-Mott exciton) and the other for organic semiconductors 

(Frankel exciton) [14-16]. The main difference between the two is the binding energy 

between the electron and the hole pair. As inorganic semiconductors generally have a larger 

dielectric constant (𝜖𝑟 ) compared to organics, the following equation shows that this 

decreases the binding energy (𝐸𝑏). 

 𝐸𝑏 =
𝑒2

4𝜋𝜖0𝜖𝑟𝑑𝑒−ℎ
 

(2.3) 

Figure 2.7: Simplified exciton illustration for an organic and inorganic semiconductor. 
Here the hole is a dashed circle and electron solid circle.  The Frankel exciton (left) 
has a strongly bound electron-hole pair whereas the Wannier-Mott exciton (right) 
hole-pair are bound across the lattice. 
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This equation is similar to the energy level equation for the Bohr model of the atom. For 

inorganics, the large radius spans across multiple atoms and the excitons are not bound to a 

specific site. As for organics, the exciton radius is strongly confined within a single molecule, 

however, a combination between the Wennier-Mott and Frenkel exciton is possible for 

organics called a charge transfer exciton, in which the electron and hole are separated 

between two separate molecules. 

2.1.3 Optical Transitions 

For organic semiconductors, optical transitions occur between the HOMO and the LUMO 

energy levels. The ground state being the lowest energy level (HOMO) is denoted with S0 

and the first excited state given by S1. Absorption occurs when a photon with energy 

equivalent to the band gap excites an electron from the S0 to the S1 state (shown in Figure 

2.8a). An excited state can spontaneously emit a photon with energy equivalent to the 

transition back to the S0 state. This spontaneous emission is illustrated in Figure 2.8b. Similar 

to how an incident photon can induce absorption, a photon can also stimulate an excited 

state to emit. Figure 2.8c illustrates that the incident photon continues to propagate with the 

emitted photon and they have identical momentum and frequency. This is the fundamental 

process for achieving lasing.  

Figure 2.8: Optical transitions: (a) absorption, (b) spontaneous emission, and (c) stimulated 
emission. 
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2.1.3.1 Jablonski Diagram  

A more realistic model of the optical transitions considers the singlet and triplet energy levels, 

including the radiative and non-radiative processes. Figure 2.9 shows a typical Jablonski 

diagram that clearly illustrates all transitions possible in an organic molecule. These molecules 

have vibrational and rotational sub-energy levels that allow for additional transitions with no 

photon emission. Another non-radiative process that occurs within the higher energy singlet 

and triplet states is internal conversion (IC). As given by Kasha’s rule [17], emission is 

dominated by the S1 – S0, therefore, energy relaxation in higher energy states is typically non-

radiative. Not all non-radiative transitions occur between the same spin states, it is possible 

for a singlet state to become a triplet state via spin-orbit coupling. This is known as 

intersystem crossing (ISC). As optical excitation conserves the spin, triplets are not created 

directly through optical pumping. Therefore, for optical excitation triplet states are primarily 

populated from ISC. 

 

Figure 2.9: Jablonski diagram illustrating the energy states and transitions between them for 
an organic molecule. Absorption (blue arrow), fluorescence (green arrow) and 
phosphorescence (red arrow). The non-radiative processes are denoted with curly arrows.  
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Table 2.1: Radiative and non-radiative transition lifetimes for organic semiconductors. 

Transitions Lifetime (s) 

Absorption 10-15 [18] 

Fluorescence 10-8 [19] 

Phosphorescence 10-5 [20] 

Vibronic relaxation 10-12 [18] 

Internal conservation 10-11 [18] 

Intersystem crossing 10-6 [21] 

 

Table 2.1 shows the approximate lifetime for each radiative and non-radiative process. The 

absorption process happens on a timescale of 10-15 s where an electron in the ground state is 

excited to a higher energy singlet state. This excited state can take multiple paths for 

deexcitation. If the electron is promoted to a singlet state higher than 𝑆1, it will relax to the 

lowest vibrational level of that state in the order of 10-11 s through intersystem conservation. 

It can then emit a photon to return to the ground state 𝑆0 (10-8 s) or spin-flip to a triplet state 

where the time for intersystem crossing is of the order of 10-6 s. This triplet state can then 

relax to its lowest vibrational state (𝑇1), before it then flips its spin to return to the ground 

state (10-5 s). This process has a longer lifetime when compared to fluorescence, due to the 

multiple spin flips and is called phosphorescence [22]. Fluorescence is a more efficient 

process where the transition occurs directly from the 𝑆1  to 𝑆0 . The radiative and non-

radiative transitions control the total emission lifetime of a molecule (𝜏𝑃𝐿 ) and can be 

expressed using the following equation: 

 𝜏𝑃𝐿 =
1

𝑘𝑟𝑎𝑑 + 𝑘𝑛𝑟𝑎𝑑
 

(2.4) 

Where 𝑘𝑟𝑎𝑑 is the radiative decay rate, and 𝑘𝑛𝑟𝑎𝑑 is the non-radiative decay rate. Taking the 

ratio between these two values represents the ratio between the number of photons emitted 
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and the number of photons absorbed [23]. This ratio is called the photoluminescent quantum 

yield (𝜙𝑃𝐿𝑄𝑌): 

 𝜙𝑃𝐿𝑄𝑌 =
𝑘𝑟𝑎𝑑

𝑘𝑟𝑎𝑑 + 𝑘𝑛𝑟𝑎𝑑
 

(2.5) 

The photoluminescence quantum yield is typically given as a percentage and is a measure of 

how efficient a material can absorb and re-emit a photon. If 𝜙𝑃𝐿𝑄𝑌 = 100 % then every 

photon that is absorbed creates an exciton that decays radiatively.   

2.1.3.2 Stokes Shift  

The Stokes Shift refers to the red shift in the emission from the absorption wavelength and 

for organic molecules this Stokes Shift is relatively large. This shift to a lower energy 

wavelength suggests that energy is lost via relaxational processes such as vibration and 

rotation of the molecules. Figure 2.10 shows the Franck-Condon principle which gives a 

more detailed explanation for this [24-26]. This model uses the Born-Oppenheimer 

approximation and therefore assumes that the nucleus is stationary when compared to the 

fast movement of the bound electrons. The potential energy of the electrons as a plot against 

nuclear radius in Figure 2.10 is simplified for a diatomic molecule where the 𝑆1 (LUMO) 

state has a higher energy and nuclear position due to the antibonding orbital. The 𝑆0 

(HOMO) state represents the ground state and therefore the bonding case for the molecule. 

The vibrionic energy levels for each of the energy levels is represented with the 

corresponding wavefunction. Optical transitions are most likely to happen when the 

wavefunctions of the two vibrational energy levels have the most overlap between them, and 

therefore the probability of the transition is indicated by the normalized intensity of the 

absorption and emission. Due to the nuclear coordinate shift of the 𝑆1 excited state, the most 

likely transition occurs from the lowest vibrational energy level in 𝑆0 to a higher vibrational 

in 𝑆1 . This transition is represented vertically as the time it takes for the photon to be 
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absorbed is 10-15 s, whereas the relaxation of a molecule to the lowest vibrational energy level 

takes 10-12 seconds. For emission the 𝑆1 excited state must relax into the lowest vibrational 

energy state before any further transition into the ground state 𝑆0. 

2.2 Organic Semiconductor Lasers 

2.2.1 Laser Basics 

Lasing is the amplification of light through the process of stimulated emission. The 

amplification of the light happens inside a gain medium that increases the intensity of the 

output light. Most lasers are composed of three components, a pump source, gain medium 

Figure 2.10: Stoke Shift for an organic semiconductor where the emission (green) and 
absorption (blue) spectra are characteristic of the transition between the S1 and S0 states. The 
vibronic sublevels create multiple transitions that correspond to the separate peaks in the 
spectra. 
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and a feedback mechanism (Figure 2.11) [3]. The pump source excites the gain medium to 

sustain amplification, and the feedback mechanism directs the light back into the gain 

medium for increased amplification. The gain medium is where stimulated emission takes 

place and is responsible for amplification. 

Three optical transitions occur inside the gain medium: absorption, spontaneous emission, 

and stimulated emission. Through absorption, the gain material absorbs the pump energy to 

reach an excited state that will then spontaneously emit a photon with less energy. The 

spontaneously emitted photon will then interact with the gain medium, inducing other 

excited states to undergo stimulated emission. 

2.2.2 Einstein Coefficients 

Einstein developed a theoretical model for the absorption and emission of light for a material 

under optical excitation. It was Einstein who first theorized the process of stimulated 

emission which would then lead to the discovery of the laser [27]. The transition rates 

between the ground state and the excited state can be calculated using the Einstein 

coefficients (illustrated in Figure 2.12). The transition rate for absorption (stimulated 

absorption) is dependent on the energy density of the pumping photons (𝑢𝑣) and the 

Figure 2.11: Basic optically pumped laser construction 
consisting of an active layer placed between two mirrors, 
that is pumped by an external laser. 
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population of the ground state (𝑁1) where the Einstein absorption coefficient is the constant 

of proportionality (𝐵12): 

 (
𝑑𝑁1
𝑑𝑡
)
𝑎𝑏
= −𝐵12𝑁1𝑢𝑣 

(2.6) 

The stimulated emission transition rate is the reverse of absorption and can therefore be 

calculated using a similar equation where 𝐵21 is the Einstein stimulated emission coefficient: 

 (
𝑑𝑁2
𝑑𝑡
)
𝑠𝑡
= −𝐵21𝑁2𝑢𝑣 

(2.7) 

The transition rate for spontaneous emission is a process that does not involve an incident 

photon and is therefore independent of the energy density of the pumping photons: 

 (
𝑑𝑁2
𝑑𝑡
)
𝑠𝑝
= −𝐴21𝑁2 

(2.8) 

The probability for stimulated/spontaneous emission and absorption are proportional to the 

transition rates by dividing by the population of that state. Therefore, the probability for 

stimulated/spontaneous emission and absorption are related to the Einstein coefficients A 

and B. 

Figure 2.12: Optical transitions and their corresponding Einstein coefficients for (a) 
absorption, (b) spontaneous and (c) stimulated emission.  



24 

2.2.3 Energy Level Population  

Using Boltzmann’s law for a gas in equilibrium in a black box where black-body radiation 

will induce absorption, spontaneous and stimulated emission, the populations for the excited 

state and ground state can be calculated: 

 𝑁1 = 𝑁0𝑒
−
𝐸1
𝑘𝑏𝑇

 
 (2.9) 

Where 𝑁1 is the number of atoms with energy 𝐸1at temperature 𝑇 and 𝑁0 is constant with 

𝑘𝑏  being Boltzmann’s constant. This equation tells us that the population decreases for 

higher energy states when compared to lower energy states. Making 𝑁1 the population of the 

ground state and 𝑁2  the population of the excited state, the ratio between the two 

populations becomes: 

 
𝑁2
𝑁1
=
𝑒
−
𝐸2
𝑘𝑏𝑇

 

𝑒
−
𝐸1
𝑘𝑏𝑇

 
 (2.10) 

Therefore, the population for the excited state can be written as: 

 𝑁2 = 𝑁1𝑒
−
ℎ𝑣
𝑘𝑏𝑇

 
  (2.11) 

Where the energy difference between the ground state and excited state can be substituted 

for the photon energy (ℎ𝑣) emitted for this transition. For this system to reach equilibrium 

the previously discussed rate equations must be balanced: 

 𝐵12𝑁1𝑢𝑣 = 𝐴21𝑁2 + 𝐵21𝑁2𝑢𝑣 
(2.12) 

Substituting Planck’s formula, 𝑢𝑣 =
2ℎ𝑣3

𝑐2
(𝑒

ℎ𝑣

𝑘𝑏𝑇 − 1)

−1

 gives the energy spectrum for a 

black body: 
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 𝐵12
2ℎ𝑣3

𝑐2
= 𝐴21(1 − 𝑒

−
ℎ𝑣
𝑘𝑏𝑇) + 𝐵21

2ℎ𝑣3

𝑐2
𝑒
−
ℎ𝑣
𝑘𝑏𝑇 (2.13) 

For this equation to be consistent for all temperatures then as 𝑇 → ∞  the Einstein 

coefficients for absorption and stimulated emission must be equal (𝐵21 = 𝐵12). Now when 

𝑇 → 0 the Einstein coefficients show that a high absorption probability also relates to a high 

emission probability: 

 𝐴21 =
2ℎ𝑣3

𝑐2
𝐵21 (2.14) 

2.2.4 Population Inversion 

The acronym for LASER stands for ‘Light Amplification by Stimulated Emission of 

Radiation’ which implies that stimulated emission is integral to the lasing process. Stimulated 

emission is the process of an excited state emitting a photon identical to the photon 

stimulating the transition. The two photons will have the same wavelength, momentum, 

polarization and phase. For this process to continue, there must be as many excited states in 

the gain medium as possible. It is therefore the role of the external pump source to ensure 

that more states are excited than resting in the ground state. When the population of excited 

states is greater than that of the ground state it is known as a population inversion. For a 

population inversion to be created the stimulated emission rate needs to exceed the 

absorption rate: 

 𝐵21𝑁2𝑢𝑣 > 𝐵12𝑁1𝑢𝑣 
(2.15) 

Using this relation with equation (2.12), then only when 𝑁2 > 𝑁1 there is a population 

inversion that allows the system to act as an amplifier via stimulated emission.  
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Einstein stated that a photon has an equal probability of being duplicated via stimulated 

emission or absorbed by a ground state electron. Therefore, stimulated emission and 

absorption have equal probabilities. For stimulation to dominate there must be fewer 

electrons in the ground state and more electrons in the excited state (population inversion). 

The two-level system in Figure 2.14 cannot achieve a sustained population inversion as 

absorption and stimulated emission rates are closely related.  Figure 2.13 shows a four-level 

system that can achieve population inversion as the IC from the lower lasing transition state 

to the ground state is faster than the optical transition. Therefore, more electrons will be in 

the excited state than the ground state. The four-level system is natural for organic 

semiconducting materials due to the sub-vibronic energy levels of their excited states [28]. 

Figure 2.13: Population inversion of a 4-level system undergoing stimulated emission. (a) 
absorption due to excitation; (b) non-radiative relaxation to the lowest S1 energy level; (c) 
stimulated emission (d) non-radiative vibronic relaxation to the lowest ground state.  

Figure 2.14: Two-level system diagram showing that a population inversion cannot be 
sustained there is not a substantial difference between the rate of absorption and stimulated 
emission 
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2.3 Feedback Structures   

A requirement of lasing is that only the gain medium and the resonator should be responsible 

for the characteristics of the emitted light. The resonator's purpose is to give optical feedback 

at the stimulated emission wavelength in order to increase amplification. Feedback structures 

are commonly called resonators or optical cavities, but they all refer to the method by which 

light is confined into the gain medium. Due to the plastic behaviour of organics, feedback 

structures can be fabricated in a variety of different shapes (illustrated in Figure 2.15), such 

as microspheres [29, 30], microdisk [31], microrod [32] and photonic crystal [33]. However, 

due to their circular design, the emission is multidirectional, which is not beneficial for lasing 

[34]. The more commonly used resonator architectures are distributed Bragg gratings (DFB) 

[35-38] and microcavities that confine light using constructive interference [2, 39-44]. 

The gain of an organic laser is exponentially related to the distance the stimulated emitted 

light travels through the gain medium.  Most optical cavities are approximately hundreds of 

nanometres in size for single mode confinement, and therefore the distance for a round-trip 

cycle is extremely limited. The gain is also dependent on the population inversion in the gain 

Figure 2.15:  Feedback architecture for different resonators: (a) 
microsphere, (b) microdisk, (c) microrod, (d) 2D crystal, (e) DFB, (f) 
microcavity. 
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medium, which is controlled by the pumping intensity. Therefore, by increasing the efficiency 

of the resonator, less pumping power is needed and therefore lowers the lasing threshold. 

This is one of the reasons why feedback structures have been widely researched as a 

resonator that lowers the lasing threshold will make it easier to pump the gain medium. 

2.3.1 Microcavities 

A simple microcavity is made by sandwiching an organic gain material between two mirrors, 

where the distance between them is of wavelength scale. This is also known as a Fabry-Perot 

microcavity and was one of the first feedback structures realized for a diode configuration 

[45]. This architecture has already been demonstrated in optically pumped lasers and 

demonstrates a low lasing threshold by using the highly reflective DBR mirror to achieve a 

high Q factor [39]. Fabry-Perot microcavities are easily fabricated with organics due to their 

processability. An example design for a Fabry-Perot microcavity is illustrated in Figure 2.16. 

Figure 2.16: Simplified microcavity with a cavity length, dcav 
supporting multiple modes. 
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A microcavity is created by placing two planar mirrors in close proximity to one another. 

This distance between the mirrors (dcav) is typically comparable to the wavelength of the light 

so that a standing wave can be sustained. Figure 2.16 shows this in a very simplified case 

where only the light perpendicular to the mirrors is considered. For a more complete picture, 

light with a wavevector component parallel to the mirror needs to be considered. This can 

be shown in Figure 2.17 where light with a wavevector (𝑘 = 2𝜋/𝜆) can be derived from 

parallel (𝑘∥) and perpendicular (𝑘⊥) wavevector components so that: 

 𝑘 =  √𝑘⊥
2 + 𝑘∥

2 
(2.16) 

If light propagates through the active layer of the microcavity with an incidence angle of (𝜃), 

the 𝑘∥ and 𝑘⊥ can be expressed as [46]: 

 𝑘⊥ = 𝑘 cos(𝜃) 
(2.17) 

 𝑘∥ = 𝑘 sin(𝜃) 
(2.18) 

The wavelength perpendicular to the mirrors can be given as: 

Figure 2.17: Microcavity with wavevector (𝑘) with an angle (𝜃) from the cavity 

normal. This wavevector has components parallel (𝑘∥) and perpendicular (𝑘⊥) 
to the cavity normal. 
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 𝜆⊥ =
2𝑛𝑐𝑎𝑣𝑑𝑐𝑎𝑣

𝑚
  (2.19) 

Here 𝑛𝑐𝑎𝑣  is the refractive index of the active layer, and 𝑑𝑐𝑎𝑣  is the cavity length that is 

controlled by the active layer thickness. 𝑚 denotes the cavity mode order and has a positive 

integer value (𝑚 >1). Substituting this into 𝑘 = 2𝜋/𝜆, the perpendicular wavevector can be 

derived: 

 𝑘⊥ =
𝜋𝑚

𝑛𝑐𝑎𝑣𝑑𝑐𝑎𝑣
 

(2.20) 

Substituting the angular equation for 𝑘⊥ gives: 

 𝑘 =
𝜋𝑚

𝑛𝑐𝑎𝑣𝑑𝑐𝑎𝑣 cos(𝜃)
 

(2.21) 

and 

 𝜆 =
2𝑛𝑐𝑎𝑣𝑑𝑐𝑎𝑣 cos(𝜃)

𝑚
 (2.22) 

This is the angle-dependent wavelength of the cavity mode and can be expressed in terms of 

energy: 

 𝐸 =
ℎ𝑐

𝜆
=

ℎ𝑐𝑚

2𝑛𝑐𝑎𝑣𝑑𝑐𝑎𝑣 cos(𝜃)
=  

𝐸⊥

√1 − sin2(𝜃)
  

(2.23) 

Here 𝐸⊥ =
ℎ𝑐𝑚

2𝑛𝑐𝑎𝑣𝑑𝑐𝑎𝑣
 is the cavity mode energy when observed at normal to the mirror plane. 

When observing from outside the microcavity with an observation angle of 𝜃𝑜𝑏𝑠, Snell’s law 

(𝑛𝑐𝑎𝑣 sin(𝜃) = 𝑛𝑎𝑖𝑟 sin(𝜃𝑜𝑏𝑠)) can be applied to correct for outcoupling: 

 
𝐸 =

𝐸⊥

(1 −
sin2(𝜃𝑜𝑏𝑠)
𝑛𝑐𝑎𝑣2 )

1
2

 

(2.24) 
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Using this equation, the emission energy as a function of angle can be calculated, and this is 

shown in Figure 2.18. This cavity dispersion is normal for most commonly used microcavities 

[47-50]. 

2.3.2 Spontaneous Emission Enhancement 

Microcavities are designed to trap light between the two mirrors where the wavelengths of 

light that are confined within are determined by the cavity length. The lifetime of a photon 

inside the cavity gives information about the effectiveness of the confinement. This is 

typically estimated from the ratio of the linewidth of the cavity mode and its associated 

wavelength. This is commonly referred to as the cavity Q-factor [46]: 

 𝑄 =
𝜆

△ 𝜆
 (2.25) 

The constructive interference to create a standing wave within the microcavity amplifies the 

population of identical wavelength photons inside the cavity. This amplification has the 

effect of modifying the optical density of states. This effect is strongly related to the 

microcavity Q-factor as this is a measure of the cavity photon lifetime. As the wavelengths 

supported by the cavity are related to the effective mode volume, this also contributes to the 
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Figure 2.18: Calculated microcavity emission energy as a function of 
angle. This also considers the critical angle. 
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degree of enhancement. The optimum emission enhancement is given by the Purcell effect 

(𝐹𝑝) [51]: 

 𝐹𝑝 =
3

4𝜋2
𝜆𝑐
3

𝑛3
𝑄

𝑉𝑒𝑓𝑓
  

(2.26) 

The Q-factor and the mode volume (𝑉𝑒𝑓𝑓) of the cavity can modify the density of optical 

states for the organic material to emit into, this has the effect of modifying the emission 

lifetime (𝜏) when compared to free space (𝜏0): 

 
𝜏0
𝜏
= 𝐹𝑝

|𝒅 ∙ 𝐸(𝒓)|2

|𝐸𝑚𝑎𝑥|2
𝛿𝜆𝑐

2

𝛿𝜆𝑐2 + 4(𝜆𝑐 − 𝜆𝑒)2
+ 𝑓  

(2.27) 

This is more realistic as this considers the spectral and spatial mismatch. Here 𝒅 ∙ 𝐸(𝒓) is 

the field amplitude aligned to a dipole in the cavity, with a maximum amplitude of 𝐸𝑚𝑎𝑥.  

The cavity mode and emitter wavelengths are 𝜆𝑐 and 𝜆𝑒 respectively. 𝑓 takes into account 

additional losses associated with leaky modes.  

In the context of lasing, reducing the number of optical modes for the active layer to emit 

into causes an increase in the rate of spontaneous emission at the lasing wavelength. This 

effect is strong for a broad emitter such as an organic semiconductor. The fraction of 

spontaneous emission that is emitted into the lasing mode is given by the spontaneous 

emission coupling factor (β). The lasing threshold can be estimated using [46]: 

 𝐸𝑡ℎ =
ℎ𝜔𝑐

2

4𝜋𝑄𝛽
 

(2.28) 

The low-lasing threshold for microcavities is also due to the narrow thickness of the lasing 

medium as less energy is needed to excite such a small volume into a population inversion. 
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2.3.3 Increase Confinement 

Planar microcavities offer confinement in one spatial direction, for additional confinement, 

the other two spatial directions need to contribute. This can be achieved using a 2D photonic 

crystal (shown in Figure 2.19a) where lateral confinement is provided by the photonic band 

gap [52]. Another approach is to use a micropillar structure (see Figure 2.19b), where internal 

reflection confines light in a whispering gallery mode [53]. This additional confinement in 

the lateral direction effectively reduces the volume of the microcavity. Decreasing the mode 

volume (𝑉𝑒𝑓𝑓) in combination with a high Q-factor (𝑄) gives a large enhancement to the 

Purcell effect and therefore increasing the rate of spontaneous emission compared to free 

space [54].  

2.4 Distinguishing Lasing from Amplified Spontaneous 

Emission 

As discussed before, lasing requires optical confinement from a resonator structure. 

However, optical gain can also be observed in thin films without such structures. For 

example, a gain medium can be pumped with a laser that is focused into a stripe. If the pump 

energy can achieve a population inversion, then the emission that waveguides down the stripe 

Figure 2.19: Methods to increase lateral confinement in a (a) 2D photonic 
crystal nanocavity (b) micropillar. 
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can undergo stimulated emission. The intensity of the emission leaving the end of the stripe 

(𝐼(𝜆)) is given by: 

 𝐼(𝜆) =
𝐴(𝜆)𝐼𝑝

𝑔
(𝑒𝑔𝑙 − 1) 

(2.29) 

Where 𝐼𝑝 is the pump intensity, 𝑔 is the net gain coefficient, 𝑙 is the length of the stripe, and 

𝐴(𝜆) is a constant related to the spontaneous emission cross section. Keeping the stripe 

length constant, the non-linear output intensity is dependent the gain coefficient: 

  

 𝑔 = Ω(𝑁2 − 𝑁1) (2.30) 

Here Ω is the stimulated emission cross section and (𝑁2 − 𝑁1) is the population inversion. 

Therefore, the gain is dependent on the pump power of the excitation laser. 

To claim lasing, one must provide evidence that the emission has specific characteristics that 

are unique to lasers. The fundamental process for both lasing and ASE is stimulated emission 

and the two can be confused with each other due to spectral narrowing. The following 

recommended list of characteristics must be demonstrated for emission to be regarded as 

lasing [55]: 

1. Narrow emission linewidth due to stimulated emission dominating. For a laser, this 

process of amplifying identical photons is enhanced by the resonator. Therefore, the 

linewidth of this emission is typically < 1 nm, where ASE linewidths are substantially 

wider. 

2. Output in the form of a beam that therefore has narrow divergence and good spectral 

behaviour. As the photons outcoupling from the laser are identical, their momentum 

is also identical and therefore so is the direction. 
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3. Clear thresholds for both output intensity and linewidth. Once a population 

inversion is achieved, the dominant method of emission changes from spontaneous 

to stimulated emission. This is shown in Figure 2.20 where the threshold for this 

cross-over is indicated by the sudden increase in output intensity. This increase 

should also correspond to a collapse in the emission linewidth. Plotting both the 

linewidth and the emission intensity together is the most used evidence to claim 

lasing. 

4. Only the gain medium and the resonator should be responsible for the characteristics 

of the emitted light. Previous reports for lasing in organic semiconductors have been 

misinterpreted as lasing where narrow linewidths have been observed from leaky 

waveguided modes [56, 57]. 

5. Strong polarization and temporal coherence. This again is prevalent in ASE and 

lasing, however with the additional confinement from the resonator this effect is to 

a higher degree. 

ASE can sometimes be confused with lasing – a single pass through a gain medium will give 

rise to stimulated emission and therefore amplification of the spontaneously emitted photons. 

Figure 2.20: Example input-output characteristics for an organic 
semiconductor laser. The transition between the spontaneous to stimulated 
emission regime signifies the threshold energy density for lasing. 
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The results from this would be a narrower linewidth, polarization, and directionality. In this 

case, there is no resonator, this being the difference between a conventional laser. The 

emitted light will not have the enhanced characteristics provided by the resonator so the 

linewidth will be larger (Figure 2.21). 

Spectral narrowing can often be misinterpreted as lasing as monochromaticity is one of the 

most obvious characteristics. Waveguides are very popular for confining light and emerging 

light can be in the shape of a beam, which can also be mistaken for lasing. However, it is also 

possible for light to leak out of the waveguide for a specific wavelength, and into the substrate. 

This “leaky wave” can propagate next to the waveguide and emerge with spectrally narrow 

emission. Materials surrounding the gain medium can also be accidentally excited and relaxed 

through the emission of a photon. Optical transitions from a metallic electrode can be very 

narrow and misinterpreted. 

  

Figure 2.21: Comparison between the three different types of emission: 
photoluminescence (black), ASE (red) and lasing (blue) from a conjugated polymer. 
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Chapter 3: Experimental Methods 

This chapter covers the experimental methods used in the preparation, fabrication, and 

measurement of samples in this thesis. For the most important methodologies, additional 

theory will be added to provide a detailed description of the underlying physics. Additional 

information for specific material fabrication parameters (thermal evaporation deposition 

rates etc.) is given in the following chapters, as each experimental chapter will include a 

methods section. 

3.1 Sample Fabrication 

3.1.1 Thin Film Fabrication  

3.1.1.1 Substrate Cleaning Procedure 

In order to fabricate high quality films, ultra flat substrates are typically used. Here ultra-flat 

quartz coated (20 nm) substrates were purchased from Ossila with dimensions 15 x 20 mm. 

Before any processing, substrates were cleaned in the following order: sequential ultrasonic 

baths of Hellmanex III, deionised water and isopropanol for 10 minutes each. After the 

isopropanol bath, substrates were dried using a nitrogen gun and then transferred into a glass 

petri dish where they were exposed to a high-power UV light source that creates Ozone for 

15 minutes, removing any organic contaminants. 

3.1.1.2 Polymer Spin Coating 

The solution processability of organic materials is an attractive property as this offers a 

variety of fabrication processes such as spray coating. As shown in Figure 3.1, all polymer 

films were deposited by first dissolving the polymer in a solvent solution and then casting 

this onto a rotating substrate in ambient conditions. Substrates were vacuum sealed onto the 

chuck of the spin coater and rotated at a fixed revolutions per minute (rpm). This was usually 
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set to be over 2000 rpm in order to get sufficient film coverage. The solution was then 

deposited from a pipette (50-100 µL), onto the rotating sample to create a thin film of the 

polymer. Once all the solvent has evaporated from the film, a uniform polymer film remains. 

In order to control the thickness (d) of the film, two variables were controlled, the spin-

speed and the solution concentration. The film thickness (d) is related to the spin speed (ω) 

using d ∝ 1 /√ω [1]. If the desired thickness could not be achieved within the available range 

of spin speeds, the concentration of the solution was changed. 

3.1.1.3 Small molecule deposition 

An Angstrom Engineering thermal evaporation system (shown in Figure 3.2) was used to 

deposit all small molecules in this thesis. This deposition method provides accurate control 

over film thickness and can be used to deposit films with high surface uniformity.  Organic 

small molecules in powder form were loaded into a ceramic crucible that was slowly heated 

under a vacuum (2.6 × 10-7 mBar) using a Radak source.  A wire coiled around the crucible 

heated the material to the required evaporation temperature. The deposition rate was 

monitored using a quartz-crystal microbalance (QCM). The deposition rate measured from 

the QCM gave feedback to the power supplied to the Radak source to maintain a constant 

Figure 3.1: Spin coating procedure used to spin coat polymer thin films (a) the deposition 
with a pipette (b) spinning off the solution across the surface of the substrate (c) 
evaporating the residual solvent. 
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deposition rate. For all small molecules, a tooling factor was calculated and used to calibrate 

film thickness. This was done by comparing measured thickness (dmeas) determined using the 

Dektak stylus profilometer with desired thickness (dQCM). Using these two thicknesses with 

the equation below, the new tooling factor was calculated. 

 𝑇𝑛𝑒𝑤 = 𝑇𝑜𝑙𝑑 ×
𝑑𝑚𝑒𝑎𝑠
𝑑𝑄𝐶𝑀

 
(3.1) 

3.1.1.4 DBR fabrication 

Highly reflective mirrors were used to make microcavities. These were made by depositing 

alternating layers of, TiO2 and SiO2 due to the large difference in their refractive index. The 

TiO2 and SiO2 were deposited using an Angstrom Engineering electron-beam evaporator 

(shown in Figure 3.3) at a rate of 2 Ås-1 with a vacuum chamber base pressure of 4 x 10-6 

Figure 3.2: Simplified schematic of an Angstrom engineering thermal evaporator used to deposit 
small molecules. A resistive source was used to heat a ceramic crucible containing the material. 
The power delivered to heating the source was controlled using a quartz crystal microbalance 
(QCM) to maintain a constant deposition rate.  
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mBar. This e-beam system has four rotating pockets allowing the deposition material to be 

changed while still under vacuum.  

As the reflectivity of a DBR mirror is sensitive to the thickness of each of the alternating 

dielectric layers, the tooling factor for each material was updated before each fabrication 

attempt. First, the crucible was filled to 70% capacity and conditioned by slowly melting the 

TiO2. The chamber was vented and the TiO2 crucible was filled to 90% and then conditioned 

again. A silicon wafer was then loaded into the chamber and 100 nm of TiO2 was deposited. 

The real thickness and optical constants of the film were measured using a J.A Woolam M-

2000 ellipsometer. This real thickness was then used to update the TiO2 tooling factor. This 

was then repeated for SiO2. 

After TiO2 and SiO2 tooling factors were calculated, the optical constants were used to 

calculate the thickness of the alternating layers (discussed further in Chapter 5). Once the 

Figure 3.3: Schematic of Angstrom engineering electron-beam evaporation 
system used to grow DBRs. 
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layer thicknesses were finalised, the substrate were cleaned and loaded into the e-beam 

chamber for deposition. As the SiO2 layer is typically thicker than the TiO2 layer, the SiO2 

source often needed to be refilled. After four pairs had been deposited, the process was 

halted and the chamber is vented to refill the SiO2 crucible to 90% capacity. The chamber 

was then pumped down and the rest of the DBR deposited. 

3.1.1.5 Polystyrene laser patterning  

In Chapter 6, microcavities were grown above defect structures to increase their lateral 

confinement. Defects were melted into a polystyrene (PS) film using a, frequency-doubled 

Ti:sapphire (Coherent MIRA) laser that was focused onto the polystyrene film. The 

wavelength of the Ti:sapphire laser was selected to be 890 nm that was then frequency 

doubled to 445 nm. This had a pulse width of 150 fs and a 76 MHz repetition rate. This 

delivered an average power of 23 mW, with the laser focused using a 50x Mitutoyo Plan Apo 

SL infinity corrected objective (setup shown in Figure 3.4). A single defect was created by 

exposing the PS film for 2.3 s.  This caused localised melting and an out-flow of the semi-

liquid polystyrene, resulting in the creation of a Gaussian-shaped defect ‘dip’ having a 

diameter of 2.5 µm and a maximum depth of 40 nm. A similar process is described in more 

detail in ref [2]. The sample holder was mounted vertically to a motorized linear stage 

(Newport MFA-CC) in an XY configuration. Both stages were driven by a Newport ESP301 

2-axis controller. 

Figure 3.4: Laser patterning setup used for writing defect structures into PS films. Power 
meter (PM), beam splitter (BS), lens (Lx), mirror (Mx). 
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3.2 Surface Characterisation 

3.2.1 Dektak Thin Film Thickness Measurements 

A Bruker Dektak surface profilometer was used to measure film thickness. Figure 3.5 shows 

an example of a film thickness measurement. The surface of the thin films was scratched 

through to the quartz substrate and loaded onto the stage. The Dektak stylus then scanned 

over the scratch with a constant applied force. The variations in the restoring force of the 

stylus gave an estimate of the film thickness. For each sample, three scratches were measured, 

with multiple samples used to calculate the standard deviation. This estimation of the film 

thickness was used to calibrate deposition techniques in order to achieve the desired 

thicknesses. 

3.2.2 Atomic Force Microscopy 

Atomic force microscopy (AFM) is a nanoscale surface measurement technique that can 

make non-destructive topography maps of a surface. All AFM measurements were 

performed in tapping mode.  Figure 3.6 shows a typical schematic of an AFM setup. An 

oscillating cantilever taps the surface of the film with a laser focused onto the back of the 

cantilever and then reflected onto a 4-quadrant photodiode detector. The laser amplitude 

recorded by the detector changes as the oscillating tip moves across the surface. A feedback 

loop adjusts the vertical position of the scanner to maintain a constant tip oscillation. An 

AFM image is made by recording the vertical deflection at each (x, y) point. 

Figure 3.5: Example of a Dektak film thickness measurement. Here the sample is 
marked at the top, middle and bottom with a razor.  
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An atomic force microscope in tapping mode with a Nanoscope 3A feedback controller to 

control a 3100 Dimension scanning probe microscope (Veeco) was used to characterise the 

surface of films. This was equipped with Scot 350 (NuNano) probes with a spring constant 

of 42 N/m and a frequency of 350 kHz. Gwyddion software was then used to process the 

AFM images. 

3.2.3 Grazing Incidence X-ray Scattering 

A simplified experimental setup used for grazing incidence x-ray wide angle scattering is 

shown in Figure 3.7. Here X-rays are incident onto a film at a grazing angle of 𝜃𝑖 . Scattering 

is defined by an in-plane (𝜙) and an out-of-plane angle (𝜃𝑓). A 2D detector positioned at a 

distance l from the sample records these scattered X-rays. The scattering in vector space can 

be separated into three components Q = (Qx, Qy, Qz). 

 𝑄𝑥 =
2𝜋

𝜆
(cos(𝜙) cos(𝜃𝑓) − cos(𝜃𝑖)) (3.2) 

 𝑄𝑦 =
2𝜋

𝜆
(sin(𝜙) cos(𝜃𝑓)) (3.3) 

Figure 3.6: Schematic of an atomic force microscope used in tapping mode. 
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 𝑄𝑧 =
2𝜋

𝜆
(sin(𝜃𝑖) + sin(𝜃𝑓)) (3.4) 

Grazing incidence wide-angle X-ray scattering (GIWAXS) was used to characterise the 

molecular packing of thin films. The system used was a a Xeuss 2.0 (Xenocs) system that 

operated with a liquid gallium MetalJet source (Excillum) that produced 9.24keV (λ=1.34Å) 

X-rays. This X-ray beam was directed at the surface of films prepared on quartz-coated 

substrates at a grazing angle of 0.15°. A Pilatus3R 1M 2D X-ray detector (Dectris) positioned 

~ 300mm from the sample centre measured the X-rays that were scattered. The sample-to-

detector distance was calibrated using a silver behenate standard measured in transmission 

geometry. In order to reduce the background air scatter, the sample chamber was held under 

vacuum for each measurement. The GIWAXS data was then corrected, reshaped and 

reduced using the GIXSGUI Matlab toolbox.43 and 1D intensity profiles were generated by 

azimuthally integrating the 2D patterns as a function of Q=4πsinθ/λ where θ is the angle 

between the incident and scattered X-ray of wavelength λ. Integrations were performed 

across the full azimuthal angle (χ) range normal to the incident beam on the detector (0° < 

χ < 90°).  Intensity profiles were normalised to a flat region of background intensity. 

Figure 3.7: Setup for GIWAXS measurements, ki represents the incident X-ray beam 

wavevector directed at the sample with an angle 𝜃𝑖 , kf  represents the wavevector of the 

scattered-rays with component angles 𝜙 and 𝜃𝑓. 
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3.3 Optical Characterisation 

3.3.1 Absorption and Photoluminescence Characterisation 

Absorption and photoluminescence of organic thin films were characterised using a Horiba 

Fluoromax-4 fluorometer. The Fluoromax was equipped with a vertically mounted, CW, 150 

W Ozone-free xenon arc lamp, where the excitation wavelength was selected using a 1200 

mm blazed grating. A J1933 Solid Sample Holder was used to hold samples at normal 

incidence to the excitation port. Absorption and emission spectra was collected using an F-

3031 Transmission Accessory. 

3.3.2 k-space Imaging/Real Space 

A k-space imaging setup was used to measure the PL emission from the cavities. This setup 

is detailed in Figure 3.8 where the sample was excited using a 355 nm Nd:YAG (100Hz, 350 

ps) laser focused using a lens with a 150 mm focal length. The area of the spot size was 

measured with a Thorlabs beam profiler at the focal point. The beam profiler measured the 

semi-major and minor axis of the elliptical spot, and with these two lengths, the area of the 

laser spot was calculated. A UV filter was placed after the sample to prevent any damage to 

the objective. Emission from the sample was collected using a 20 × objective in a 

transmission configuration. The emission was then focused onto the back focal plane of the 

objective. This is also known as the Fourier plane and the position on this plane correspond 

to the angle at which the light was emitted. Therefore, this technique provides a detailed 

image of light emitted as a function of angle. This light was then collimated with a 250 mm 

focal length lens and focused with a 125 mm focal length lens onto the spectrometer CCD.  

With this, a dispersion of the emission can be captured as a function of angle and wavelength. 

The linewidth of the emission can therefore be measured, where the accuracy is dependent 

on the resolution of the spectrometer. By varying the pump power of the laser excitation, 

the input-output characteristics of cavities can be used to study the lasing threshold. The 
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power of the laser was adjusted with a neutral-density wheel. This method was used in 

Chapters 5 and 6. 

 

3.3.3 Photoluminescence Quantum Yield 

The photoluminescence quantum yield (PLQY) is the ratio of the number of emitted 

photons to the number of absorbed photons by a material [3]. This can be measured using 

an integrating sphere, where the PL of the sample is randomly emitted in all directions and a 

fraction of the light is collected orthogonal to the sample surface. The absorption and the 

emission of a reference and the sample were used with a correction factor (C.F) in the 

following equation to calculate the PLQY: 

 𝑄𝑌(%)  =  𝐶. 𝐹
(𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐸𝑚𝑖𝑠𝑖𝑠𝑜𝑛𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)

(𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)
× 100  

(3.5) 

Figure 3.8: Shows k-space setup used for microcavity Fourier imaging PL dispersion allowing the 
spatial collapse of laser emission to be captured. The yellow path maps the white light imaging 
optics used to align and inspect the sample area before measurements. The white light source was 
a DH-2000-BAL Ocean Optics deuterium-halogen lamp coupled to a fibre optic cable. Light from 
the fibre was reflected through a series of beam splitters (BS) and focused onto the sample through 
an Edmund Optics 20 × HR infinity corrected objective (OBJ, N.A. = 0.6). The reflected light is 
then collected by the objective and focused through L2, L3 and L4, onto a ThorLabs CCD camera. 
To measure PL, the sample was excited by a Teem Photonics pulsed Q-switched 355 nm Nd:YAG 
laser (PNV-M02510-1 × 0) that was focused onto the sample with L1. Emission from the sample 
passes through a UV filter and collected by OBJ, L2 collimates the beam and L6 focuses it on the 
spectrometer CCD. 
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The PLQY was measured using an integrating sphere attached to a Fluoromax-4 with the 

collection made using a photomultiplier. To prevent the saturation of the detector, a 0.5 % 

neutral density filter was placed just before it. Quartz cuvettes were used to contain the 

sample solvent solution with the reference being only the solvent. 

3.3.4 Time-resolved Photoluminescence 

For fluorescence lifetime measurements a Time Correlated Single Photon Counting (TCSPC) 

Becker and Hickl HPM-100 detector, coupled to a horiba microHR spectrometer was used. 

For this measurement, a sample was excited with a pulse of light having a duration shorter 

than the radiative decay lifetime (405 nm, 40 ps pules duration and 20 MHz reputation rate). 

The excitation pulse triggered an electronic signal that passed through a constant function 

discriminator (CFD) that measured the arrival time of the pulse. This same signal was then 

sent through a time-to-amplitude converter (TAC) that responds to the signal by generating 

a voltage that increased linearly as a function of time. Once the excitation pulse induces a 

photon to be emitted from the sample, the emitted photon is detected through a second 

channel. This channel sent a signal to the CFD that measures the arrival time. This triggers 

the TAC to stop increasing the voltage and the voltage difference was used to accurately 

calculate the time delay between excitation and emission. For this, the voltage is amplified 

Figure 3.9: Fluorescence lifetime measurement experimental setup. The blue beam marks the 
excitation path and the yellow beam marks the collection path from the sample. Mirrors M1, M2 
and M3 directs excitation laser to cuvette. Lenses L1 and L2 focus the emission from the sample 
into the monochromator. 
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by a programmable gain amplifier (PGA) and then converted from analogue to digital using 

an analogue-to-digital converter (ADC) to give a numerical value of the time delay. This 

capture happens for each excitation pulse and the time delay of each emitted photon is 

plotted in a histogram as a function of time and photon count. 

Figure 3.9 shows the experimental setup for time-resolved photoluminescence 

measurements. A Thorlabs Inc. (CV10Q700F) cuvette was used to contain solutions of 

organic materials dissolved in solvent. Excitation from a 405 nm diode laser (LASOS LGO 

1100-04) with a repetition rate of 20 MHz was guided to the cuvette through a series of 

mirrors. The photoluminescence was collimated and focused into a monochromator (Horiba 

- MicroHR). This signal could be imaged through the CCD (Princeton instruments ProEM 

HS:512BX3) or photomultiplier (Becker and Hickl HPM-100-40) for time-resolved 

measurements. 

3.3.5 Amplified Spontaneous Emission 

Amplified spontaneous emission (ASE) was measured in thin films using an ASE setup 

(shown in Figure 3.10). A Teem Photonics pulsed Q-switched 355 nm Nd:YAG (100Hz, 

350 ps) laser was expanded using an aspherical UV lens with a focal length of 100 mm. This 

Figure 3.10: Experimental setup for ASE measurements. A cylindrical lens focuses the 
excitation laser into a stripe onto the sample. A fibre optic cable connected to a 
spectrometer collects the emission from the edge of the sample. 
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expanded beam was focused into a stripe using a cylindrical lens (25 mm focal length). The 

sample of interest was then aligned to the focal point of the laser stripe, so that the stripe 

overlapped the sample edge. The length of the laser stripe is dependent on the waist of the 

beam before entering the cylindrical lens. Therefore, the shape of the stripe could be 

controlled by adjusting the distance between the aspherical lens and cylindrical lens. 

Emission from the region under the laser stripe was waveguided within the thin film and 

emitted from the edge of the sample. This emission was then collected using a fibre optic 

cable connected to an Andor Shamrock SR-303i-A CCD with a 300 mm-1 grating and 

entrance slit set to 50 µm. Power dependent measurements for ASE thresholds were 

performed by inserting a neutral density wheel in front of the laser. The pump fluence was 

then measured with a ThorLabs Inc. power meter in series with the neutral density wheel. 

3.3.6 Low-temperature Photoluminescence  

Low-temperature photoluminescence (PL) was recorded by loading samples into an Oxford 

Instruments Optistat Dry BLV cryostat. After reducing the temperature to the desired level, 

samples were then excited with a 405 nm diode laser. The emission was collected at normal 

incidence with a free space fibre optic cable connected to an Ocean Optics Flame 

spectrometer. 
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Chapter 4: Investigating Amplified Spontaneous 

Emission from Organic Semiconductor 

Materials 

4.1 Publication 

The study of the copolymer, BN-PFO and the effect of BN content discussed in this chapter 

is published in the Journal of Materials Chemistry C: 

Claronino, et al. Organic copolymer lasing from single defect microcavity fabricated using 

laser patterning. J. Mater. Chem. C, 2023, 11, 8204-8213. 

4.2 Introduction 

A key requirement for an organic semiconductor to be used as a laser active medium is to be 

able to undergo stimulated emission so that the light amplification of identical photons is 

greater than the optical losses. As discussed in Chapter 3, a common technique to identify 

materials that have potential application for lasing is the measurement of ASE. It has been 

shown that materials that have a low ASE threshold, give a strong indication for a low lasing 

threshold, where the lasing threshold is considerably lower than the ASE threshold, due to 

the increase in the confinement of photons inside the active layer. In this chapter, the ASE 

behaviour for a range of organic compounds are compared to identify materials for 

incorporation into a microcavity to achieve low threshold lasing. This chapter begins with 

the preliminary investigation of a fluorescent small molecule, Fluorescent Orange, that was 

dispersed into a polystyrene matrix at a range of concentrations. As solution processing 

limited the maximum concentration of the Fluorescent Orange in the matrix, the reduction 

in the ASE threshold was also constrained. Grazing incidence wide-angle X-ray scattering 
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(GIWAXS) was used to investigate the effects of aggregation of the Fluorescent Orange, on 

the molecular ordering of the film. Thermal evaporation of the pigment and bathocuproine 

(BCP) were found to further decrease the threshold. However, controlling the rates for the 

deposition limited the concentration that could be achieved. After this, another material (BN-

PFO) was investigated that has been reported to have low lasing thresholds and demonstrates 

quasi-continuous wave (CW) lasing. Organic materials with reduced triplet formation have 

been reported to show lasing under quasi-CW conditions and are therefore promising 

candidates for electrical operation [1-4]. The polymer polyfluorene 2, 7-(9,9-dioctylfluorene 

(PFO) has been investigated for lasing applications, with modifications to its structure being 

explored as a means to improve both its lasing characteristics and its charge-carrier mobility 

[5]. Including binaphthyl (BN) spacer groups between the monomer units has been one of 

the most promising copolymer variants of PFO, where it is reports indicate that increasing 

the degree of BN copolymerisation decreases the lasing threshold [6]. It has been reported 

that the inclusion of BN spacer groups modifies the molecular packing of the polymer chains, 

causing a suppression in β-phase formation in spin-cast films. The reductions in the 

formation of the β-phase have been reported to improve its lasing performance [6]. 

In this chapter we also present a study on a polyfluorene copolymer (BN-PFO), specifically 

a poly[2,7-(9,9-dioctylfluorene)] with modified degrees (5.2, 9.8, or 12.7 mol%) of 6,6’-(2,2’-

dioctyloxy-1,1’-binaphthyl) repeat units. Significantly, this copolymer has been reported to 

show low lasing thresholds and quasi-CW operation [7]. The current reports regarding lasing 

from BN-PFO have been with DFBs gratings, containing first and second-order periods [8], 

together with non-periodic circular gratings [9]. In the work described in this chapter, we 

investigate how the lasing performance of BN-PFO is affected by the relative concentration 

of the BN units and intermolecular packing. This study shows that increasing the relative 

fractions of BN spacer content in polydioctylfluorene (PFO) causes a decrease in its ASE 

threshold through suppression of intermolecular interactions. 
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At the end of this chapter one of the most promising organic small molecule laser materials 

is investigated; 2,4’-Bis(4-(9H-carbazol-9-yl)styryl)biphenyl (BSBCz). Not only has this small 

molecule demonstrated quasi-CW lasing under pulsed optical pumping due to its excellent 

triplet management, but it has also been claimed to undergo electrically driven lasing. 

Compared to the other materials studied in this chapter, BSBCz shows the lowest ASE 

threshold. 

4.3 Amplified Spontaneous Emission 

As discussed in Chapter 2, the four-level energy system of an organic semiconductor allows 

a population inversion when optically pumped. This population inversion allows for the 

amplification of light through stimulated emission (ASE). This process can be measured by 

exciting a region of an organic semiconductor with a laser that is focused with a cylindrical 

lens into a stripe [10]. An exciton within the stripe will emit light via spontaneous emission 

in a random direction. If this direction coincides with the axis of the excited stripe, the 

photon can stimulate another excited state to emit an identical photon. These identical 

photons will then waveguide through the stripe and undergo multiplication. This ASE exits 

from the edge of the stripe with a narrow linewidth and enhanced intensity. 

To induce a population inversion in a film using a laser stripe, the medium needs to be 

pumped with an energy density that maintains the majority of excitons in an excited singlet 

state. This can be identified by a clear threshold where the amplification of identical photons 

occurs. This is evident by spectral narrowing and the increase in intensity of the emission. 

For photons to waveguide through the film, a cut-off film thickness condition is defined by 

the emission wavelength and the refractive index of the film. The cut-off thickness (ℎ𝑐) for 

a 0th order mode is given by the following expression where λ is the wavelength of the 

emission, 𝑛𝑓, 𝑛𝑠 and 𝑛𝑎 are the film, substrate and air refractive indices [11]: 
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 ℎ𝑐
𝜆
=

tan−1(√
𝑛𝑠2 − 𝑛𝑎2

𝑛𝑓
2 − 𝑛𝑠2

) 

2𝜋√(𝑛𝑓
2 − 𝑛𝑠2)

 (4.1) 

Meeting the waveguiding condition is important for confining the emitted light within a thin 

film. Waveguiding occurs as the refractive index of the organic layer is higher than the 

substrate and air. Table 4.1shows the optical properties used to calculate the cut-off thickness 

for each material used in this chapter. 

Table 4.1: Material refractive index at their ASE wavelength  

Material λASE (nm) n at 
λASE 

n Glass at λASE hc (nm) 

FO in PS 570 1.6 1.46 216 

FO in BCP 613 1.7 1.46 114 

BN-PFO 445 1.7 1.47 88 

BSBCz 478 2 1.47 28 

 

4.4 ASE Characterisation of Organic Semiconductors  

4.4.1 Fluorescent Orange Perylene dye 

The first material used in this study was the pigment dye, Fluorescent Orange, Anthra[2,1,9-

def:6,5,10-d´e´f´]diisoquinoline1,3,8,10(2H,9H)-tetrone,2,9-bis[2,6-bis(1-

 

(a) (b) 

Figure 4.1: Chemical structure of a) Perylenediimide dye, Fluorescent Orange b) 
polystyrene used as the matrix. 
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methylethyl)phenyl] purchased from Kremer Pigment GmbH & Co.KG. The chemical 

structure for this pigment is illustrated in Figure 4.1. Pigment dyes dissolved in an organic 

matrix have been frequently used as the active medium for organic lasers due to their 

commercial availability, stability and favourable optical properties [12-15]. The commercial 

availability and simple processability of this dye made it the ideal laser material. 

Solutions were prepared with a concentration of 5%, 10% and 12% Fluorescent Orange in 

a 35mg/ml solution of polystyrene (PS) in dichloromethane (DCM). Both PS (M = 170 000 

g mol-1) and DCM were purchased from Sigma-Aldrich. Solutions were stirred for 1 hour on 

a hot plate at a temperature of 36°C at 700 rpm. Thin films were cast by spin coating solutions 

of each concentration onto quartz substrates following the process outlined in Chapter 3, 

creating films with an approximate thickness of 400 nm.  To characterise the photophysical 

properties, absorption and photoluminescence measurements were performed using a 

Horiba Fluoromax 4 (more details given in Chapter 3) with thin films consisting of 5% and 

10% Fluorescent Orange. As shown in Figure 4.2a the spectral shape of the absorption 

remains relatively unchanged for both concentrations, but the absorption for the 10% film 

is around twice that of the 5% film. The PL spectral shape shows a significant change, with 

the low-concentration Fluorescent Orange film having clear 0-0 and 0-1 vibronic transitions 

(see Figure 4.2b). This is less evident in the 10% film where typical vibronic progression of 

(a) (b) 

Figure 4.2: (a) Absorption and (b) photoluminescence properties of Fluorescent Orange thin film 
dispersed in a PS matrix at 5 and 10% wt. 
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a typical isolated molecule is not observed, indicating the formation of excimers due to the 

increase in Fluorescent Orange aggregation [16]. 

The aggregation from increasing the concentration of perylene dyes dispersed in a matrix has 

been widely reported in the literature, with extensive studies using PS and polymethyl 

methacrylate (PMMA) [13]. In this study, GIWAXS was used to probe the molecular order 

and packing of the films with concentrations of 13%, 9% and 5% Fluorescent Orange in PS. 

Figure 4.3 shows 2D GIWAXS patterns of the three concentrations of Fluorescent Orange 

dispersed in a PS matrix with corresponding 1D azimuthally integrated intensity profiles 

shown in Figure 4.4. The weak intensity and broad rings in the 2D GIWAXS suggests a 

random, disordered configuration of the PS with respect to the substrate (see Figure 4.4). 

Figure 4.3: 2D GIWAXS patterns for Fluorescent Orange in PS at a concentration of a) 5% b) 
9% and c) 12% 

Figure 4.4: Normalised 1D azimuthally integrated intensity profiles 
of Fluorescent Orange dispersed in PS at concentrations of 13, 9 
and 5%  
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The two weak intensity rings that are present for each concentration are Q = 0.7 Å-1 and 1.4 

Å-1. The scattering feature at Q = 1.4 Å-1 (d = 4.49 Å) can be attributed to the in-plane 

stacking of the polystyrene. An additional peak at 0.7 Å corresponds to a spacing of 8.98 Å. 

This most likely results from an out of plane stacking along the molecular long axis. A 

decrease in the intensity of the scattering rings as the concentration is increased suggests that 

there is an increase in PS molecular disorder within the films. This increase in disorder 

indicates that the aggregation of the Fluorescent Orange molecules disrupts the staking of 

the PS polymer chains. 

Studies have shown that an increase in aggregation has a negative effect on 

photoluminescence, where previous reports show a decrease in the PLQY with an increase 

in concentration [15]. For 5% and 12% concentration FO/PS films, there is a drop in the 

PLQY from 26% to 14%. As expected, increasing the dye concentration also has a negative 

effect on the ASE threshold. To measure this, the ASE setup discussed in Chapter 2 was 

used to characterise the ASE behaviour for films with 12%, 10% and 5% FO concentration. 

Samples were excited with a laser stripe from a 355 nm Nd:YAG (100Hz, 350 ps) laser 

focused with a cylindrical lens. The waveguided emission was collected from the edge of the 

thin film with a fibre optic cable connected to a spectrometer with a 300 mm-1 grating and 

Figure 4.5: ASE characteristic for films containing 5% Fluorescent Orange in a PS matrix (a) 
Integrated intensity as a function of pump fluence (b) spectral captures showing spectral narrowing 
as pump fluence was increased.  

(a) (b) 
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entrance slit set to 50 µm. All ASE characterisation measurements were carried out in 

ambient conditions. The spectra captured as a function of pump fluence was integrated to 

sum all of the emission intensity. To calculate the energy density, the laser stripe area was 

measured to be 0.3 mm2. For the 5% concentration films, a pump range from 100 to >300 

µJ cm-2 was used to capture the change in emission intensity from the edge of the substrate. 

As the fluence of the pump laser was increased past a threshold of 259 µJ cm-2 a sudden 

increase in emission intensity was observed. Two emission regimes can be identified from 

the sudden change in the output efficacy; one where spontaneous emission dominates below 

the pump threshold, and one where stimulated emission dominates after. Two linear fits of 

these regimes are also shown in Figure 4.5a and the intercept of the two fitted lines was used 

to determine the threshold. This is supported by changes in spectra shown in Figure 4.5b 

that illustrates the sudden collapse in linewidth of the emission above threshold. This 

narrowing is strong evidence of stimulated emission, and signifies a population inversion 

within the excitation area. The collapse in the emission centred on the 0-1 vibronic transition 

is typical for ASE and here it is observed at 580 nm.  

(a) (b) 

Figure 4.6: ASE characteristic for films containing 9% Fluorescent Orange in a PS matrix (a) 
Integrated intensity as a function of pump fluence (b) spectral captures showing spectral 
narrowing as pump fluence was increased.  
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Increasing the Fluorescent Orange dye concentration to 9%, there is a significant increase in 

the ASE threshold. The input-output characteristics for the 9% film is shown in Figure 4.6a 

were the pump fluence range was 50-350 µJ cm-2. Here it is also a clear that there is a sudden 

increase in the observed emission intensity above a threshold of 295 µJ cm-2. As expected, 

this threshold is larger than that in the 5% concentration film (259 µJ cm-2). Again, above 

threshold there is also clear narrowing in the emission spectra as shown in Figure 4.6b where 

the spectra collapses to 580 nm. 

When the concentration of Fluorescence Orange was increased to 12%, no spectral 

narrowing was observed, as demonstrated in Figure 4.7a. This figure shows that even when 

pumping the film with the maximum power output of the pump laser (353 µJ cm-2), there is 

no evidence of ASE. This suggests that either ASE is not possible, or that its threshold is 

beyond the capability of the setup. To investigate if changing the matrix would enable ASE 

to be generated at a 12% concentration, the matrix was changed to PMMA. For this, 

Fluorescence Orange was dispersed at 12% by mass in a 35 mg/ml solution of PMMA in 

DCM. Using the ASE setup, Figure 4.7b shows the spectra when pumping at maximum 

pump power. Again, ASE was also not observed in the PMMA matrix. For both 12% 

Figure 4.7: Emission spectra for 12% Fluorescence Orange films in a matrix of (a) PS (b) 
PMMA at a high pump fluence. 

(b) (a) 
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concentration in PS and PMMA the solutions appeared cloudy. Due to the observable 

aggregation in the 12% solution, concentrations above this were not tested. 

Increasing the concentration of the FO in solution caused aggregation, and therefore reduced 

the quality of the films. To avoid this the deposition method was changed to thermal 

evaporation with a second material. This allowed an increase in Fluorescent Orange 

concentration without the formation of aggregates as observed in solution. To see if ASE at 

a 12% concentration is possible, the small molecule bathocuproine was used as a matrix 

(BCP, Figure 4.8a). The BCP was purchased from Ossila with a 99.5% purity. Both molecules 

were co-thermally evaporated in a vacuum with the deposition process outlined in Chapter 

3. The base pressure for this co-evaporation was 2.6 × 10-6 mbar and the rates for BCP and 

Fluorescent Orange were 1.0 and approximately 0.12 Ås-1 respectively to give a final film 

thickness of 200 nm. The absorption and PL for this ~12% BCP:Fluorescent Orange film is 

shown in Figure 4.8b. Compared with the PS matrix films, there is a red shift in the PL, by 

90 nm creating an increased Stoke Shifts. 

 The input-output characteristics for the BCP:Fluorescent Orange (12%) film excited with a 

pump fluence range from 10 – 70 µJ cm-2 are shown in Figure 4.9a. This shows an increase 

in the output intensity and spectral narrowing (Figure 9b).  Changing the matrix to a BCP 

Figure 4.8: (a) Chemical structure of BCP (b) normalised absorption and PL for ~12% 
Fluorescence Orange in BCP. 

(a) (b) 
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blend led to an ASE threshold of 55 µJ cm-2, this is 4 times lower than the lowest solution 

processed threshold. Further decreasing the concentration theoretically should result in 

lower thresholds, however, due to organic film quality being highly dependent on deposition 

rates, changing the rate for BCP was not considered. As for changing the deposition rate of 

Fluorescent Orange, the rate used was very low and controlled manually. If this rate was 

further reduced, it would not be possible to report the film concentration with a measureable 

degree of confidence. 

4.4.2 BN-PFO 

BN-PFO was the second material investigated in this study. This copolymer consists of 

polyfluorene with binaphthyl spacer groups (shown in Figure 4.10) and is in the small group 

of organic materials that has reported quasi-CW lasing in a grating resonator. Operating in 

this quasi-CW regime shows that this material has excellent triplet management and therefore, 

Figure 4.9: ASE characteristic for films containing ~12% Fluorescent Orange in a BCP matrix (a) 
Integrated intensity as a function of pump fluence (b) spectral captures showing spectral narrowing 
as pump fluence was increased. 

(b) (a) 

Figure 4.10: Chemical structure of BN-PFO. 
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makes this material an excellent candidate for electrical operation. The synthesis of BN-PFO 

was performed by our collaborators (T. Jessewitsch & U. Scherf) using Yamamoto-type 

coupling with racemic binaphthyl monomer with the corresponding molecular weights: 5.2% 

(Mn = 94.8 kDa, Mw = 178 kDa), 9.8% (Mn = 68.3 kDa, Mw = 131 kDa), and 12.7% (Mn = 

80.7 kDa, Mw=158 kDa). The molecular weights were measured using gel permeation 

chromatography in solutions with a concentration of 0.5 mg/mL in chloroform. Proton 

nuclear magnetic resonance (H-NMR) was used to calculate the BN content. The range 

selected for the BN concentrations was chosen, as it has been reported that for BN 

concentrations above 12.7%, the backbone of the copolymer was modified to the extent that 

charge conjugation was lost.  To deposit thin films, BN-PFO was dissolved in a solution of 

toluene at a concentration of 35 mg/mL and stirred on a hotplate for 1 hour at a temperature 

of 65 °C in air. This solution was then spin-coated at room temperature onto a substrate at 

spin-speeds of 3000 rpm, creating films having a thickness of approximately 120 nm. The 

absorption and PL of BN-PFO is shown in Figure 4.11. All concentrations absorb strongly 

in the UV, with PL showing typical 0-0, 0-1 and 0-2 vibronic transitions at 423, 447 and 478 

respectively. 
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4.4.3 Binaphthyl Spacer Concentration Effect on ASE Threshold 

It has been well documented that the molecular packing of PFO thin films show coexisting 

amorphous (α), crystalline (β) and intermediate (γ) phases as well as nematic liquid crystalline 

phases [17-22]. Solution deposited PFO films are typically dominated by the α-phase but the 

more crystalline β-phase can be induced and is controlled through careful choice of casting 

solvent and post-deposition solvent and thermal treatments [19, 23-25]. In order to 

understand the impact of the BN spacer content on the molecular packing of neat BN-PFO 

Figure 4.11: Normalised absorption and PL for BN-PFO with BN concentrations 
of 5.2%, 9.8% and 12.7% 
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films, GIWAXS measurements were performed with relative BN fractions of 5.2, 9.8 and 

12.7 mol%. 

The typical 2D GIWAXS patterns of BN-PFO with varying fractions of BN content are 

shown in Figure 4.12, along with corresponding azimuthally integrated intensity profiles in 

Figure 4.13a. Each 2D GIWAXS pattern consists of two, weak intensity rings at Q = 0.40 

Å-1 and Q = 1.47 Å-1 corresponding to characteristic length scales (d-spacing’s) of 15.7 Å and 

4.3 Å respectively. In Figure 13a a weak-intensity shoulder is also visible in the 1D intensity 

profiles at Q ~ 1.1 Å-1 (d = 5.7Å). The stronger intensity 4.3 Å scattering feature has 

previously been assigned to π-π stacking of the PFO octyl side chains in the polymer 

backbone direction [18]. The larger 15.7 Å signature is similar to values reported for the edge-

Figure 4.12: 2D GIWAXS patterns of BN-PFO films with binaphthyl (BN) spacer contents of 
(a) 5.2 Mol%, (b) 9.8 Mol% and (c) 12.7 Mol%. 
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to-edge lateral stacking distance of PFO and its derivatives [18, 26]. The appearance of weak 

intensity, broad rings and lack of azimuthal dependence suggests BN-PFO adopts a 

disordered configuration with no preferential molecular orientation with respect to the 

substrate, and this is characteristic of the amorphous α-phase as expected for spin-coated 

PFO films. Interestingly, there is a decrease in scattering intensity of the 1.47 Å-1 feature with 

increasing BN spacer content, indicating that the BN moieties suppress π-π stacking and 

result in increased molecular disorder. 

(a) (b) 

Figure 4.13: (a) Corresponding normalised 1D azimuthally integrated intensity profiles. The higher 
BN concentration reduces the β-phase formation in the BN-PFO films. (b) Normalised low 
temperature PL emission for BN-PFO 5.2 Mol% (blue) and 12.7 Mol% (grey) at 30K. 
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Previous reports show that the insertion of BN spacer units along the polymer chain 

suppresses the formation of the PFO β-phase [6]. However, the PL emission from all the 

BN-PFO samples explored is characteristic of the α-phase (even at low temperatures), 

suggesting that for the films studied here have almost completely no β-phase (see Figure 

4.13b).  

The ASE threshold was measured for BN-PFO samples containing 5.2%, 9.8% and 12.7% 

BN units to investigate the effect of the BN concentration on the lasing threshold. Here, 

ASE originates from the same processes that generate lasing and is, therefore, a good 

technique to explore the ability of a material to exhibit optical gain. To measure ASE, thin 

films of BN-PFO at each BN concentration were measured using the ASE setup detailed in 

Chapter 3. Figure 4.14a shows the output characteristics as a function of excitation energy 

density for each BN concentration. For each concentration, it is evident that there is a change 

of gradient, indicative of a changeover from spontaneous emission regime to stimulated 

emission. This change can be clearly seen in Figure 4.14b, with the linewidth of the emission 

narrowing as stimulated emission dominates. At this point, a population inversion is created, 

with net gain exceeding losses. Figure 4.15 plots the ASE threshold for each BN 

concentration. Here it can be seen that there is an almost 2-times reduction in ASE threshold 
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between the polymers having the 12.7% and 5.2% BN concentrations. This result is 

consistent with other reports [6] in which similar reductions in lasing threshold are reported 

for BN-PFO with various concentrations of BN units, where the lower thresholds are 

attributed to a reduction in β-phase formation. However, from our results, it is not believed 

that the films contain any appreciable concentration of β-phase and thus a different 

explanation is needed. Instead, it is suspected that the increased molecular disorder as 

evidenced by GIWAXS data, in addition to the ‘dilution’ and conjugation-breaking effects 

caused by the increased BN-fraction, enhances exciton diffusion at high BN concentration. 

This results in decreased exciton-exciton interactions that cause quenching of singlet-excited 

states that are fundamental to the lasing process. 

4.4.4 BSBCz 

We have also investigated the small molecule 2,4’-Bis(4-(9H-carbazol-9-yl)styryl)biphenyl 

(BSBCz). The chemical structure for BSBCz is shown in Figure 4.16. BSBCz has been 

reported to have excellent optical properties, one of the lowest reported lasing thresholds, 

and is one of the few organic semiconductors to demonstrate quasi-CW lasing in a blend 

with CBP [1, 27-29]. This material was purchased from LumTec having >99% purity and 

used without further processing. Thin films of BSBCz were thermally evaporated in a 

vacuum at a rate of 2 Ås-1 at a base pressure of 2.7 × 10-7 mbar to achieve a thickness of 100 

nm. To investigate the molecular orientation and packing of BSBCz in thin films, GIWAXS 

was performed. Figure 4.17a illustrates the 2D GIWAXS pattern of BSBCz with Figure 4.17b 

showing the corresponding azimuthally integrated intensity profile. Here the 2D GIWAXS 

Figure 4.16: Chemical structure of the small molecule BSBCz. 
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pattern consists of a single intensity ring at Q ~ 1.49 Å-1 that corresponds to a characteristic 

length scale of 4.49 Å. This intensity ring is relatively narrow and suggests that the molecules 

adopt a face-on orientation. This is in accordance with the literature where neat films of 

BSBCz molecules were reported to lie parallel to the substrate [30]. 

The photophysical properties of BSBCz are shown in Figure 4.18 where absorption occurs 

in the UV and emission is deep blue. Unlike the other materials, this material has a large 

Stoke Shift, and therefore has minimal losses caused by reabsorption, making this very 

Figure 4.18: Absorption and photoluminescence for BSBCz thin film. 

(b) (a) 

Figure 4.17: (a) 2D GIWAXS patterns of neat BSBCz thin film (b) Corresponding normalised 
1D azimuthally integrated intensity profile. 
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favourable for lasing. Using the ASE setup, 100 nm thick films of neat BSBCz were excited 

with a 355 nm Nd:YAG (100Hz, 350 ps) laser with a pump fluence range of 2 to 50 µJ cm-2. 

The integrated intensity as a function of pump fluence is shown in Figure 4.19a. Using two 

linear fits on the spontaneous and stimulated emission regimes, a threshold of 13.8 µJ cm-2 

was determined. As the sudden increase in output intensity is less well defined than in 

previous materials, stimulated emission can also be evidenced by the spectral narrowing as 

shown in Figure 4.19b. 

Compared to the literature, ASE thresholds for neat films of BSBCz have been reported to 

be as low as 0.63 µJ cm-2 [31]. The threshold reported in this study is an order of magnitude 

higher (13.8 µJ cm-2), however, these reported measurements were performed in a nitrogen 

environment with as laser pulse width of 0.8 nm. The films explored in this study were 

measured in ambient conditions and the photo-oxidation of the films and longer pulse width 

(3 ns) possibly accounts for the increase in the threshold.      

4.5 Summary 

This chapter investigated the ASE behaviour of three different types of organic compounds. 

The first was Fluorescent Orange, a pigment dye dispersed in a PS matrix that at high 

(a) (b) 

Figure 4.19: (a) ASE integrated intensity as a function of energy density for BSBCz (b) BSBCz 
ASE spectra linewidth narrowing as pump fluence increases. 
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concentrations causes aggregation within the matrix and leads to higher ASE thresholds. The 

lowest threshold from spin coating Fluorescent Orange was 259 µJ cm-2. By using co-

evaporation with BCP, the threshold for ASE was reduced to 55 µJ cm-2. ASE from films of 

the co-polymer BN-PFO was then explored and it was demonstrated that increasing the 

relative fraction of BN to PFO along the molecular backbone increased molecular disorder. 

As a result of such enhanced disorder, a reduction in the threshold for ASE by 1.9 times to 

19 µJ cm-2 was observed. Finally, the ASE of the small molecule BSBCz was studied. This 

had the lowest ASE threshold (13.8 µJ cm-2) of the compounds measured. This promising 

material has impressive optical properties, with a large Stokes shift, high PLQY and reported 

quasi-CW lasing. As BN-PFO (12%) and BSBCz, both have the two lowest observed ASE 

thresholds, they were chosen for further study in planar microcavity resonators as discussed 

in the next chapter. A summary of the ASE characteristics for each material is shown below 

in Table 4.2.   

Table 4.2: Summary of the ASE properties of all materials studied in this chapter. 

Material λASE (nm) Eth
ASE (µJ cm-2) literature Eth

ASE (µJ cm-2) 

FO (PS) 570 259 300 [15] 

FO (BCP) 613 55 - 

BN-PFO (5.2%) 445 36 - 

BN-PFO (9.8%) 450 22 - 

BN-PFO (12.7%) 450 19 - 

BSBCz 478 14 0.63 [31] 
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Chapter 5: High-Performance Small Molecule and 

Polymer Planar Distributed Bragg Reflector 

Microcavity Lasers  

This chapter investigates the organic materials that had the two lowest ASE thresholds as 

identified in Chapter 4. Here, we explore integrating both materials into a resonant cavity to 

create a laser device. The resonator chosen for this study was a planar microcavity that uses 

highly reflective mirrors to confine light inside the active layer. Microcavities were designed 

for single-mode confinement to modify the local optical density of states. This results in a 

greater fraction of spontaneous emission being guided into the lasing mode, resulting in low 

threshold lasing achieved in both BN-PFO and BSBCz microcavities.  

5.1 Introduction  

Organic semiconductor lasing has been realised in a variety of resonator architectures, with 

some of the lowest thresholds being reported from DFB gratings, including a claims for 

direct and indirect electrical operation [1, 2]. However, the complexity in the fabrication of 

grating resonators remains a problem for organic light-emitting diode OLED integration. 

Optical microcavities are an attractive type of optical resonator used to reduce lasing 

thresholds [3]. Additionally, they readily allow the integration of conventional OLEDs, 

allowing charge to be injected into the semiconductor gain medium [4]. Optical microcavities 

are typically made of two highly reflective mirrors placed on either side of a gain medium (as 

detailed in Chapter 2). Such highly reflective mirrors can be made from reflective metals, 

however, distributed Bragg Reflectors (DBR) are often used as they can be designed to have 

a reflectivity above 99%, allowing very low lasing thresholds to be demonstrated [3]. Fine 

control over cavity mode wavelength can also be achieved through control of the thickness 
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of the cavity. By having the microcavity optical path length on the order of half the lasing 

wavelength, it is possible to generate single mode confinement which increases the emission 

of spontaneously emitted photons into a single lasing mode which reduces the lasing 

threshold [5]. The first polymer microcavity laser was reported in 1996 using poly(p–

phenylenevinylene) (PPV) as the gain medium, with a DBR bottom mirror and silver top 

mirror [6]. Follow-on studies now generally use DBRs as both top and bottom mirrors to 

improve the lasing performance [7].  

Although DFB gratings offer impressive low lasing thresholds in optically pumped systems, 

their structure makes it challenging to implement electrical contacts for charge injection. A 

planar resonator design is a promising solution to solve this by favouring a stacked layer 

construction. In this chapter, two state-of-the-art organic semiconductor materials, a 

copolymer BN-PFO (12.7%) and small molecule BSBCz (which both have reported low 

threshold and quasi-CW lasing) [8-11] are studied in a DBR-DBR planar microcavity 

structure. Such structures provide strong confinement and result in low lasing thresholds and 

offer better light-out coupling than grating structures. The performance of the materials is 

compared, and we find the BSBCz lasing threshold to be an order of magnitude lower than 

the BN-PFO microcavity. Finally, we compare the performances of both materials in 

OLEDs to determine which material has the most potential in an electrically pumped device. 
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5.2 Design of Microcavity 

The basic design of a planar microcavity can be broken into three components: the bottom 

mirror, the active layer, and the top mirror as shown in Figure 5.1. The active layer is typically 

a light-emitting material, such as an organic semiconductor. The mirrors that are placed on 

either side are able to confine light inside the cavity, as they are made of highly reflective 

metal or a stack of alternating dielectric layers. Such distributed Bragg reflectors (DBRs) are 

more reflective and have lower absorption than that of a metal. The thickness of the active 

layer (𝑑𝑐𝑎𝑣) determines the wavelengths supported by the microcavity using the following 

relation: 

 𝑑𝑐𝑎𝑣 =
𝑚𝜆0
2𝑛𝑐𝑎𝑣

 
(5.1) 

Here 𝑛𝑐𝑎𝑣 is the refractive index of the active layer, 𝜆0 is the wavelength of the cavity mode, 

and 𝑚 is the cavity order, which can take any integer value (1, 2, 3, ...). The length of the 

cavity is controlled by the thickness of the active layer, which in this work this is defined by 

the thickness of the organic semiconductor. As a result of this, the cavity length can be easily 

controlled by adjusting the speed of the spin coater, or for evaporated small molecules, the 

deposition time. For single-mode confinement, such films are usually around 100 nm thick. 

Careful control over deposition conditions is therefore required. 

Figure 5.1: Basic planar microcavity structure 
made from four layers: a supporting transparent 
substrate, a bottom mirror, active layer and top 
mirror. 
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5.2.1 DBR Design  

To generate lasing, it is necessary to fabricate mirrors with high reflectivity to minimise losses 

associated with absorption and transmission. This will help confine light in the active region 

and therefore promote simulated emission. For this reason, DBR mirrors (see Figure 5.2) are 

commonly used in microcavity lasers. The interface at each alternating high and low 

refractive index layer reflects light, and the spacing between the layers is designed to reflect 

light so that there is constructive interference. As DBR mirrors have many interfaces that 

reflect light, the transmitted light from the whole stack is extremely low, and total reflectivity 

approaches 100%. The thickness of each alternating layer (𝑑𝑚𝑖𝑟𝑟𝑜𝑟) in a DBR mirror is given 

by: 

 𝑑𝑚𝑖𝑟𝑟𝑜𝑟 =
𝜆0

4𝑛𝑚𝑖𝑟𝑟𝑜𝑟
 

(5.2) 

Where the desired wavelength at the centre of the DBR stop-band is 𝜆0. DBRs are made by 

repeating alternating layers on higher and lower refractive index materials (often referred to 

as pairs). The thickness of each layer is dependent on its refractive index. It is this difference 

Figure 5.2: Illistration of a DBR mirror comprised of 
alternating high and low refractive index layers. The black 
arrows show the incident light reflected and transmitted 
thorugh the stack.  
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in the refractive index that creates the reflectivity stopband that is centred at 𝜆0 . The 

reflectivity at the centre of the stopband is given by: 

 𝑅𝐷𝐵𝑅 =

(

 
 
1 −

𝑛𝑜
𝑛𝑖
(
𝑛𝑙𝑜𝑤
𝑛ℎ𝑖𝑔ℎ

)
2𝑁

1 +
𝑛𝑜
𝑛𝑖
(
𝑛𝑙𝑜𝑤
𝑛ℎ𝑖𝑔ℎ

)
2𝑁

)

 
 

2

 (5.3) 

Here 𝑛𝑜, 𝑛𝑖 , are the index of refraction at incidence and transmission. 𝑛𝑙𝑜𝑤 and 𝑛ℎ𝑖𝑔ℎ are 

the refractive index of the lowest and highest refractive index dielectric. 𝑁 is the number of 

pairs in the DBR mirror. From this equation, we find that higher reflectivity is achieved when 

a DBR is made from layers with a larger refractive index contrast. The width of the stopband 

(Δ𝜆) is also determined by the contrast in the refractive index and is given by: 

 Δ𝜆 =
4𝜆0
𝜋
sin−1 (

𝑛ℎ𝑖𝑔ℎ − 𝑛𝑙𝑜𝑤

𝑛ℎ𝑖𝑔ℎ + 𝑛𝑙𝑜𝑤
) 

(5.4) 

where 𝑛𝑙𝑜𝑤 and 𝑛ℎ𝑖𝑔ℎ are the respective refractive index of the two dielectric layers, and 𝜆0 

is the centre wavelength of the DBR. It is clear that for a DBR mirror to have high reflectivity 

it must have the highest index contrast with multiple pairs. The reflectivity of such DBR 

mirrors surpasses 97% reflectivity and allows DBR-DBR microcavities to achieve very high 

Q-factors. Figure 5.3a illustrates how each of the variables changes the total reflectivity of a 

DBR mirror using a TMM model [12]. The centre wavelength of the stopband is controlled 

by the thickness of each of the dielectric layers and Figure 5.3b demonstrates that the centre 

wavelength of a mirror is shifted when just the relative thickness of the layers is changed. 

Figure 5.3c indicates the effect of changing the refractive index contrast between the two 
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high and low index dielectric layers on its reflectivity. It can be seen that as the difference 

between the refractive index increases, the width of the stopband of the DBR mirror 

increases. Figure 5.3d shows that increasing the number of interfaces/pairs (N) from 2 to 12 

increases reflectivity across the stop-band. 

In this work, the dielectric materials used to fabricate the DBR mirrors were TiO2 and SiO2. 

This combination has been frequently used in microcavities, as both materials can be 

deposited using evaporation techniques. As shown in Figure 5.4 there is a large contrast 

between their refractive indices. 

Figure 5.3: Normal incidence reflectivity spectra showing: (a) the effect of changing the number 
of pairs (dark green), index contrast (light green) and layer thickness (brown) (b) stopband shift 
due to changing dielectric layer thickness (c) stopband width dependence on the index contrast 
(d) stopband reflectivity dependence on the number of pairs. 
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5.2.2 BN-PFO Planar DBR-DBR Microcavity Design and Fabrication 

One of the only polymers that has been reported to show quasi-CW lasing is the copolymer 

BN-PFO, and it is for this reason that the material is of great interest for lasing. Quasi-CW 

operation alongside low threshold lasing for BN-PFO has been demonstrated in a multitude 

of different grating architectures [11, 13, 14], with the lowest being reported in a circular 

grating [15]; however, the work discussed here is the first time that this material has been 

placed within a microcavity. In the previous chapter, BN-PFO with a BN content percentage 

of 12.7% was found to have the lowest ASE threshold of all BN-PFO copolymers studied 

(19 µJ cm-2), and therefore this material was chosen for implementation into a planar 

microcavity.  

Figure 5.5: Schematic of the full planar microcavity with BN-PFO as the active layer (120 nm), 
where the DBR mirrors were made from alternating layers of SiO2 (77.9 nm) and TiO2 (51 nm). 
The bottom and top DBR mirrors were comprised of 10.5 and 7.5 pairs.  

Figure 5.4: Refractive index as a function of wavelength measured using ellipsometry for 100 nm 
films deposited using electron-beam deposition of (a) TiO2 (b) SiO2. 
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The planar microcavies designed for this study used highly reflective DBR mirrors, where 

the BN-PFO active layer thickness determines the wavelength of the modes that are 

supported by the cavity. In order to optimise the design of the microcavity, numerical 

simulations were first used to model its structure. The structure of microcavity explored 

(illustrated in Figure 5.5) was modelled using Transfer Matrix Method (TMM) with the 

optical constants (measured using ellipsometry) included for TiO2, SiO2 and BN-PFO. The 

wavelength-dependent values of BN-PFO (12.7%) measured using ellipsometry and are 

shown in Figure 5.6a. ASE measurements indicated that amplification should be maximized 

around 450 nm, and thus the cavity was designed around this wavelength. A TMM model 

was first used to design the DBRs. Here, the TiO2 and SiO2 layers had thickness of 51 nm 

and 77.9 nm respectively with the bottom DBR mirror consisted of 10.5 pairs and the top 

7.5 pairs. The predicted cavity reflectivity shown in Figure 5.6b was used to adjust the cavity 

length so that single mode confinement coincided with the peak of maximum gain as 

observed in the ASE measurements. The TMM model suggested that a total cavity thickness 

of 120 nm was needed to place the cavity mode at 450 nm. The linewidth of the cavity 

reflectivity was used to calculate the cavity Q-factor by measuring the full width half 

maximum (FWHM) of the cavity mode. Q-factor is defined as Q = λ/∆λ, where λ is the 

Figure 5.6: (a) BN-PFO 12.7% optical constants measured with ellipsometry (b) Simulated 
reflectivity for the total BN-PFO microcavity using TMM.  

(a) (b) 
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centre wavelength, and ∆λ is its FWHM. The model suggested a Q-factor of 4550 at a 

wavelength of 455 nm with a linewidth of 0.1 nm.  

The simulated reflectivity at normal incidence is illustrated in Figure 5.7a, where the cavity 

mode can be seen centred at 455 nm. Figure 5.7b shows the simulated microcavity reflectivity 

as a function of angle. The wavelength range of this plot covers the stop band of the DBR 

mirrors with the dark regions corresponding to 99% reflectivity. The light-coloured parabolic 

curve is the dispersion of the cavity mode as a function of angle. 

The fabrication routine of the BN-PFO (12.7%) cavities is illustrated in Figure 5.8. First, 

substrates were cleaned, with the cleaning process detailed in Chapter 3. A bottom DBR was 

Figure 5.8: Fabrication process for BN-PFO planar microcavity starting with the deposition of the 
bottom 10.5 pair DBR mirror, followed by spin coating the BN-PFO, and finally depositing the 
7.5 pair DBR mirror.   

Figure 5.7: (a) Spectra from simulated BN-PFO microcavity reflectivity simulated with TMM. 
Using the FWHM from this the a simulated value for the Q-factor can be calculated (b) 
Simulated BN-PFO cavity dispersion using TMM. 

(a) (b) 
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then grown (see Chapter 3) onto the substrate, consisting of 10.5 pairs of alternating TiO2/ 

SiO2 quarter-wave layers having a thickness of 51 nm and 77.8 nm. This resulted in a mirror 

having a stopband at 455 nm, with TiO2 as the final layer. As the refractive index of TiO2 is 

greater than SiO2, the final TiO2 layer results in a larger contrast in refractive index to the 

organic layer; an effect that increases optical confinement. The samples were then spin-

coated with a solution of BN-PFO (12.7%) in toluene as the active layer. This solution was 

made by dissolving BN-PFO in toluene at a concentration of 35 mg/mL on a hot plate for 

1 hour at a temperature of 65 °C in ambient conditions. Solutions were spin-cast at 3000 

rpm, creating a film with a thickness of approximately 120 nm. After spin coating the BN-

PFO, a top DBR composed of 7.5 TiO2/ SiO2 layers was deposited onto the BN-PFO, with 

TiO2 being the first layer. In all cases, deposition rates for TiO2 and SiO2 were 2 Ås-1 at a 

vacuum chamber base pressure of 4 x 10-6 mBar.  

5.2.3 BSBCz Planar DBR-DBR Microcavity Design and Fabrication 

The small molecule BSBCz has been reported to have one of the lowest lasing thresholds 

for an organic semiconductor (0.09 µJ cm-2) [16] and in the previous chapter, it was shown 

to have a low ASE threshold of 13.8 µJ cm-2. This material has also demonstrated quasi-CW 

lasing [8] and has the first reported material undergoing electrical pumped lasing in a Bragg 

grating architecture [1]. This makes it one of the most promising lasing materials to create 

Figure 5.9: Schematic of the full BSBCz planar microcavity, where the mirrors are made from 
alternating layers of SiO2 and TiO2. 



94 

the highly sought-after directly driven organic laser diode. This material has been previously 

studied in a variety of resonators, including in a microcavity with a guest-host active layer [3]. 

The demonstration of electrically pumped lasing using a pure film of BSBCz as the active 

layer suggests this to be a promising composition and is therefore adopted here. Thus, 

studying the neat film in a planar microcavity offers more insight into potential OLED 

integration. The design of the BSBCz planar microcavity is illustrated in Figure 5.9 and 

follows the same optimisation used for the BN-PFO microcavities. 

BSBCz planar microcavities were designed using the same method discussed in the previous 

section. This structure used 10.5/7.5 pairs of alternating SiO2/TiO2 for the bottom and top 

DBR mirrors, with TiO2 placed next to the active layer. The thickness of the TiO2 and SiO2 

layers were 52 nm and 81.1 nm, creating a stop band that coincided with the ASE wavelength 

of BSBCz which is approximately at 486 nm. Using the known refractive index of BSBCz at 

486 nm (Figure 5.10a, n = 2), the cavity length was adjusted to generate single mode 

confinement around this wavelength. The cavity length was set to 140 nm provide single 

mode confinement at the lasing wavelength. Figure 5.10b shows the calculated cavity 

reflectivity where the dip in the centre of the stop band corresponds to the cavity mode.  

Figure 5.10: (a) BSBCz optical constants measured with ellipsometry (b) Simulated TMM reflectivity 
BSBCz microcavity.  

(a) (b) 
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Using the calculated FWHM of the cavity mode (shown in Figure 5.11a), we estimate a Q-

factor of 3739. This apparent reduction in Q-factor compared to the BN-PFO microcavity 

results from a decrease in reflectivity at the cavity mode wavelength from 82% to 80%. 

We can model the reflectivity as a function of angle as shown; this has a parabolic dispersion 

as can be seen in Figure 5.11b. As the wavelength range for this plot spans the stop band of 

the DBR, the majority of light is 99% reflected (represented by dark regions). At the angle 

of incidence, there is single mode confinement at the lasing wavelength. 

The process to fabricate the cavity again follows that used to create the BN-PFO microcavity 

as shown in Figure 5.12. Here however, the BSBCz active layer was deposited by thermal 

evaporation using an Angstrom thermal evaporator at a rate of 1-2 Ås-1, giving a final film 

Figure 5.12: Schematic illustrating the fabrication process for BSBCz planar microcavity. 

Figure 5.11: (a) TMM BSBCz cavity reflectivity used to simulate the Q-factor (b) Simulated BSBCz 
cavity dispersion using TMM. 

(a) (b) 
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thickness of approximately 140 nm. The start base pressure for the deposition was 2.6 × 10-7 

mBar and the crucible was heated using a Radak source.  

5.3 Results and Discussion  

5.3.1 BN-PFO Planar Microcavity  

Before characterisation, the surface of the microcavity was cleaned using a nitrogen gun to 

remove any particulates. All samples were stored and measured in ambient conditions. To 

investigate the lasing characteristics of the planar microcavities, a Q-switched 355 nm 

Nd:YAG laser (100Hz, 350 ps) was focused to a spot area of 8.18 × 103 µm2 on the cavity 

surface. The laser spot size was measured with a Thorlabs, Inc. beam profiler at the focal 

point and this capture is shown in Figure 5.13. This area was used to calculate the energy 

density of the pump laser. This calculation also accounted for the pump energy lost via 

absorption and reflection from the bottom DBR and substrate. This was accounted for by 

calculating the percentage loss by using a power meter to measure the incident and reflected 

laser power from a bottom DBR sample. At an incident power of 2 µW, it was found that 

the reflected power loss was 0.4 µW and the transmission power loss was 0.9 µW. Therefore, 

Figure 5.13: 355 nm Nd:YAG laser beam profile image taken 
with a Thorlabs, Inc. beam profiler.  
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the pump power lost to reflectivity and transmission is assumed to be 20% and 45%, with 

only 35% of the pump power absorbed within the cavity active layer. 

Characterisation of the BN-PFO microcavity lasing performance was performed using the 

k-space setup detailed in Chapter 3. Here samples were positioned on an x-y-z axis stage and 

moved in (z) into the focus of the objective using the white light imaging path of the setup. 

The x-y stage adjustments allowed of the sample surface to be inspected to find a region free 

of particulates. For measurements, the beam splitter in front of the charge-coupled device 

(CCD) camera was removed from the path using a flip mount.  

After the sample alignment was complete, it was then excited using a 355 nm Nd:YAG 

(100Hz, 350 ps) laser. The emission from the microcavity was collected in transmission 

through the top DBR. A UV filter was placed before the objective to remove the laser signal 

and prevent damage to the collection optics. The spectrometer CCD used a 1800 mm-1 

grating with a slit set to 50 µm. Images were captured with an exposure time of 5 s. 

Dispersion images were captured over a range of pump fluence (3 – 19 µJ cm-2) to analyse 

the input-output characteristics of the microcavity emission. The pump fluence was changed 

using a neutral density wheel that was placed in front of the laser. Excitation fluence was 

Figure 5.14: (a) Dispersion capture using k-space setup showing how the spectra was extracted 
over all angles to measure the threshold and linewidth at 0°. The pixel value shows the total 
counts. (b) Slice of the spectra emitted at 0° (black) and the Lorentz fit (red) to measure the 
linewidth. 

(a) (b) 
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measured with a power meter connected to a flip mount placed before the sample. A typical 

dispersion is shown in Figure 5.14a; here emission is below the lasing threshold.   

To extract the input-output characteristics from the dispersion images, the total intensity 

over all angles for each fluence was integrated and the spectra at normal incidence was fitted 

with a Lorentzian function to find its full-width half maximum (FWHM). This is illustrated 

in Figure 5.14a where the red dashed line at 0° in the dispersion image corresponds to the 

point at which the spectra in Figure 5.14b was defined. This is then used to measure the 

linewidth of the emission below threshold which is used to provide an approximation of 

cavity Q-factor. Here the Q-factor of the BN-PFO planar cavity is estimated to be 1271 

using Q = λ/∆λ. Compared to the TMM model (4550), the measured Q-factor is much lower 

as there are additional optical losses associated with the fabricated cavity. Simulations do not 

take into account factors such as the surface roughness of the cavity mirrors or active layer, 

and therefore the additional scattering from a rough surface will reduce the Q-factor of the 

cavity. 

As the pump fluence was increased, a clear collapse of the angular emission into a forward 

cone is observed. This is shown in Figure 5.15 where there the emission at a fluence of 3.4 

µJ cm-2 and 8.6 µJ cm-2 is plotted. Here the angular emission collapses to 0° due to the high 

density of states at this angle, stimulating the amplification of photons with the same 

Figure 5.15: BN-PFO planar microcavity dispersion showing the collapse of the spatial emission to 
a single angle with a fluence of (a) 3.4 µJ cm-2 and (b) 8.6 µJ cm-2. The pixel value shows the total 
counts.    

(a) (b) 
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momentum and energy. As spontaneous emission still takes place and escapes the cavity, the 

random directionality of this is observed in the faint dispersion curve still visible in Figure 

5.15b. This fluence dependent spatial collapse is evidence of stimulated emission becoming 

the dominant emission process. 

Using the method detailed in Figure 5.14, the input-output characteristic extracted from the 

dispersion captures is displayed in Figure 5.16a. As the pump fluence is increased, the 

integrated intensity dramatically increases at a threshold of (12 ±1.2) µJ cm-2. This is evidence 

of lasing behaviour as the dominant process of emission changes from spontaneous to 

stimulated. To determine the threshold, the spontaneous and stimulated emission regimes 

were fitted with separate linear fits, with the threshold defined at their intercept. We find that 

the threshold is half that of other reported polymer microcavities [6, 17, 18]. 

As the planar cavities were designed for single mode confinement, the number of optical 

modes that are available for BN-PFO to emit into are reduced relative to vacuum. This has 

the effect of funnelling more of the spontaneous emission into the lasing mode. As more 

light is now available to promote simulated emission, it results in a reduced lasing threshold. 

One of the typical characteristics of lasing is the emission having a narrow linewidth (< 1 

nm) [19]. However, for microcavities the high Q-factor and single mode confinement results 

in narrow emission linewidths (< 0.5 nm) even below threshold, as shown in Figure 5.16a. 
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Figure 5.16: (a) Input-output characteristics for BN-PFO microcavity: integrated intensity (black), 
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The sudden narrowing in the spectral linewidth that coincides with the increase in output 

intensity is evidence for lasing. As shown in Figure 5.16b we see a blue shift in the peak of 

the lasing emission as the pump fluence was increased. This can be attributed to both 

reversible and irreversible photobleaching caused the pump laser that reduces the refractive 

index of the active material. 

As the lasing characteristics for a BN-PFO microcavity have not been reported so far we can 

only compare the threshold measured with other microcavity polymer lasers. We find that 

the threshold of 12 µJ cm-2 to be one of the lowest reported thresholds for a planar polymer 

microcavity (1120, 84, 20 µJ cm-2) [6, 7, 18]. 

5.3.2 BSBCz Planar Microcavity 

Lasing measurements on BSBCz microcavities were conducted using the same k-space setup 

that was discussed in the previous section. Both BN-PFO and BSBCz have strong absorption 

in the UV, therefore, the BSBCz microcavities were also excited with using a 355 nm 

Nd:YAG (100Hz, 350 ps) laser. Here dispersion captures were taken over a pump fluence 

range of 0.09 - 1.9 µJ cm-2. Figure 5.17a shows an example dispersion curve below threshold; 

here the wavelength of the cavity mode at normal incidence was 494 nm. Again, emission 

spectra at 0° (blue dashed line) was fitted using a Lorentz function to estimate the FWHM. 

Figure 5.17: (a) Illustration showing how the spectra was extracted to measure the threshold and 
linewidth at 0° The pixel value shows the total counts. (b) Lorentz fit of the emission at 0°. 

(a) (b) 
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This fitting is shown in Figure 5.17b where the FWHM was determined as 0.35 nm at a 

wavelength of 494 nm at normal incidence, corresponding to a Q-factor of 1411. This is also 

significantly lower than the Q-factor (3800) calculated using TMM simulation. When 

compared to microcavities that also use BSBCz as an active layer, their reported Q-factors 

are higher with values >2000, but use a longer cavity length of 600 nm [3]. This is a common 

way to increase the Q-factor of a cavity, as increasing the length of the cavity increases the 

photon cavity lifetime.   

The spatial collapse in the dispersion curve was also observed for the BSBCz microcavities 

as the pump fluence was increased. This is shown in Figure 5.18, where dispersion curve 

below and above threshold at pump energy densities of 1.1 µJ cm-2 and 1.7 µJ cm-2 are shown. 

Again, Figure 5.18a shows the typical dispersion curve expected for a spontaneous emission 

from a planar microcavity. Figure 5.18b shows the spectral collapse to normal incidence with 

increasing pump intensity. This again suggests that the lasing condition has been met. 

Using the method detailed in Figure 5.17, the input-output characteristics were extracted 

from each dispersion capture. The integrated intensity and the FWHM of the emission as a 

function of pump fluence is plotted in Figure 5.19a. As the pump fluence was increased, 

there is a sudden change in the output intensity, indicating that the emission is now 

dominated by stimulated emission. Taking separate liner fits of the two regimes the intercept 

Figure 5.18: BSBCz planar microcavity dispersion (a) before threshold (b) after threshold. The pixel 
value shows the total counts. 

(a) (b) 
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gives a threshold of (1.5 ±0.15) µJ cm-2. This is 8 times lower than the BN-PFO (12.7%) 

cavity. The narrowing of the emission linewidth is also seen at threshold, as shown in Figure 

5.19a where the FWHM reduces from 0.42 nm to <0.20 nm. This is shown in Figure 5.19b 

where the linewidths at 0.17, 0.94 and 1.46 µJ cm-2 are plotted. Here the spectra are 

normalised and undergo narrowing around at 494.4 nm. Unlike the BN-PFO microcavities, 

there is no observed blue shift caused by increasing the pump fluence. Compared to the BN-

PFO, BSBCz excitation used a pump fluence that was an order of magnitude lower, therefore, 

the extent of the reversible and irreversible photobleaching effects attributed to the refractive 

index change was not observed.  

The threshold measured in this study is very similar to that reported in the literature (1.5 µJ 

cm-2) where the active region was comprised from blend of BSBCz and CBP, with the top 

DBR deposited by thermal evaporation (TeOx/LiF) [3]. 
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5.4 BN-PFO and BSBCz Planar Microcavity 

Comparison 

If we compare the lasing performance of both materials, a clear difference is seen, as BSBCz 

has a much lower threshold of 1.5 µJ cm-2 compared to BN-PFO 12 µJ cm-2. This is 

consistant with the results from Chapter 4 where BSBCz had a lower ASE threshold of 13.8 

µJ cm-2, compared to 19 µJ cm-2 of BN-PFO (12.7%). The lower lasing threshold of BSBCz 

is therefore to be expected, however the difference between the lasing thresholds is one order 

of magnitude. This suggests that BSBCz has properties that are more favourable for lasing 

in a microcavity. This might be attributed to the optical properties of the material or from 

the physical quality of the film resulting from its deposition by thermal evaporation.   

The optical properties of the materials are shown in Table 5.1. Interestingly BSBCz and BN-

PFO have PLQYs of 89% and 93.6% respectively. PLQY measurements were carried out 

using the setup detailed in Chapter 3. BSBCz is reported to have a PLQY of 99% when kept 

in an inert atmosphere [20]. In this study, PLQY measurements were recorded under ambient 

conditions. The fact that BSBCz is measured having a PLQY less than that of BN-PFO 

suggests that BSBCz is more susceptible to degradation under ambient conditions.  

The radiative decay lifetimes for each material were measured using a TCSPC experimental 

setup as detailed in Chapter 3. The measured lifetimes for BSBCz and BN-PFO (12.7%) are 

0.219 ns and 0.251 ns respectively. Organic laser materials with reduced radiative decay 

lifetimes have been reported to correlate strongly with reduced lasing threshold [21]. 
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Table 5.1: Planar microcavity lasing comparison for BN-PFO and BSBCz 

Material 
Lasing 

wavelength 
(nm) 

Eth (µJ 
cm-2) 

PLQY 
(%) 

Q-
factor 

 
τ (ns) 

Eth 
literature-

grating 
(µJ cm-2) 

Eth 
literature-

planar 
microcavity 

(µJ cm-2) 

BN-PFO 
(12.7%) 

445 12 93.6 1271 0.251 1.2 [15] - 

BSBCz 
 

494 1.5 89 1411 0.219 0.09 [16] 1.5 [3] 

 

The Q-factors of each cavity is a measure of the lifetime of photons trapped inside the cavity. 

Longer cavity photon lifetimes enhance the probability for interaction with excited singlet 

states and stimulate emission. Therefore, increased photon confinement can reduce the 

threshold required to reach a population inversion. We suspect that the difference between 

the Q-factors of the BSBCz and BN-PFO microcavities may cause a reduction in the lasing 

threshold. One factor that will influence the Q-factor of the cavity is the surface quality of 

active layer between the DBR mirrors. As BN-PFO was spin-coated, this technique can cause 

increased surface roughness. AFM scans measuring the top of completed BN-PFO and 

BSBCz cavities are illustrated in Figure 5.20: AFM scan of a) BSBCz microcavity b) BN-PFO 

(12.7%) microcavity. Here the root mean square (RMS) roughness for BN-PFO and BSBCz 

cavities are 2.6 nm and 1.5 nm respectively. This increase in surface roughness at the interface 

between the active layer and the top DBR mirror may result in an increase in the losses 

Figure 5.20: AFM scan of a) BSBCz microcavity b) BN-PFO (12.7%) microcavity. 

(a) (b) 
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associated with scattering. As more photons will be scattered and removed from the cavity 

mode, the average photon cavity lifetime is reduced, leading to a reduced Q-factor. 

5.4.1 Organic Light Emitting Diode Characterisation 

One of the most attractive features of planar microcavities is their simplistic integration with 

an OLED structure. Consequently, two OLEDs were fabricated with BN-PFO and BSBCz 

to compare their electrical operation. The layers and corresponding thicknesses deposited in 

each device are illustrated in Figure 5.21. The current density and luminance for the BSBCz 

OLED are orders of magnitude higher that the BN-PFO OLED (displayed in Figure 5.22). 

The electroluminescence from BN-PFO (shown in Figure 5.23) includes additional emission 

in the green that is not present in the normal PL. This can be attributed to the formation of 

excimers. Therefore, less light can be efficiently generated at the lasing wavelength. This 

suggests that further study into electrical operation of planar microcavities should 

concentrate on devices containing BSBCz. 
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Figure 5.21: OLED device structure for (a) BN-PFO 12.7% and (b) BSBCz 
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5.5 Summary  

In this chapter, the two organic compounds, BN-PFO 12.7% and BSBCz were explored and 

integrated into a planar microcavity. DBR mirrors were designed so that the stop band was 

centred at the lasing wavelength, with the cavity length supporting single mode confinement. 

Numerical simulation suggested Q-factors of 4550 and 3800 for BN-PFO and BSBCz. 

Organic microcavity lasers were then fabricated using e-beam deposition to grow the DBR 

mirror. Spin coating and thermal evaporation was used to deposit BN-PFO and BSBCz. Low 

lasing thresholds of 12 µJcm-2 and 1.5 µJcm-2 were measured from both microcavities with 

Q-factors of 1271 and 1411 determined. Although both materials undergo low threshold 

lasing, the BSBCz microcavity had 8 times reduction in lasing threshold. This difference in 

threshold was attributed to the higher Q-factor of the BSBCz cavity, which we suspect is 

caused by the surface roughness of the BN-PFO being larger.   

 

 

  

Figure 5.23: Electroluminescence measurements for (a) BN-PFO 12.7% and (b) BSBCz OLEDs. 
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Chapter 6: Organic Copolymer Lasing from Single 

Defect Microcavity Using Laser Patterning 

The previous chapter explored the lasing performance of BN-PFO (12.7%) and BSBCz 

planar microcavities. This chapter investigates how increasing optical confinement inside a 

microcavity can reduce its lasing threshold. In optically pumped organic lasers, reducing the 

lasing threshold is a necessary component to drive the development of an organic laser diode, 

as this might help overcome the losses associated with electrical contacts and charge injection. 

Using the low lasing threshold co-polymer BN-PFO, a laser patterning technique was used 

to write Gaussian-shaped defects (having a diameter of  2.5 mm) within a vertical 

microcavity. The increased lateral confinement provided by such defect provided a four-fold 

increase in cavity Q-Factor from 495 (planar microcavity) to 2300, resulting in the reduction 

in of the lasing threshold from 11 µJ cm-2 to 7 µJ cm-2. We argue that the enhanced 

performance and the layered structure of the defect microcavity presents a promising 

architecture for an organic laser diode. 

6.1 Publication 

This chapter is adapted from the work on organic defect lasing published in the Journal of 

Materials Chemistry C: 

Claronino, et al. Organic copolymer lasing from single defect microcavity fabricated using 

laser patterning. J. Mater. Chem. C, 2023, 11, 8204-8213.     

6.2 Introduction 

Reducing the laser threshold can be achieved by enhancing the Purcell factor (detailed in 

Chapter 2). This can be accomplished by reducing the mode volume within a microcavity; as 
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previously demonstrated with focused ion beam (FIB) milling to create micropillars [1], or 

by patterning deformations that add lateral confinement [2-6]. A thermal evaporation 

technique using a shadow mask with a set of micron-sized rectangular openings has also been 

used to define such features [7]. Here, an optical patterning method, outlined in more detail 

in Chapter 3, was used to provide lateral confinement in a microcavity which is also capable 

of rapidly fabricating large arrays of defects [8]. Such lateral confinement supports additional 

transverse modes that can be spectrally resolved using k-space imaging.  

In the previous chapters, materials that have the lowest ASE thresholds were identified and 

fabricated into planar microcavities. Here, planar microcavities are fabricated using a laser 

patterning technique to write physical ‘defect’ structures inside a microcavity. The emission 

from a single defect was characterised using a k-space imaging technique that reveals the 

modified optical mode structure. It was found that the defect structure generated lateral 

optical-confinement, enhancing the cavity Q-factor and reducing the lasing thresholds from 

11 µJcm-2 to 7 µJcm-2. This threshold is also consistent with other reports using a DFB grating 

with the same copolymer (BN-PFO) [9-11], (the lowest reported threshold being 1.2 µJ cm-2) 

and is lower than thresholds reported for other polymer DBR microcavities with similar 

structures (84 µJ cm-2) [12].  

6.3 Experimental 

6.3.1 Microcavity Fabrication and Design  

The fundamental microcavity layer design used in the previous chapter was also used in this 

chapter, the main difference being that a thick PS layer was placed between the substrate and 

bottom DBR (see Figure 6.1a). Here the microcavity was composed of a bottom mirror made 

from 10.5 pairs of alternating TiO2/SiO2 quarter-wave layers having a thickness of 51 nm 

and 77.8 nm respectively, and a top mirror composed of 7.5 TiO2/SiO2 layers. The TiO2 and 

SiO2 layers were deposited by electron-beam evaporation at a rate of 2 Ås-1 in a vacuum 
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chamber base pressure of 4 x 10-6 mBar. The thickness of each dielectric layer was calculated 

using the equation c/4nd, where nd is the respective refractive index of TiO2 and SiO2, and 

c is the centre wavelength of the reflectivity stop band. The cavity contained a layer of BN-

PFO having a thickness of 120 nm, corresponding to c/2n. The reflectivity of the cavity 

and ASE of BN-PFO is shown in Figure 6.1b. 

6.3.2 Fabrication of Optical Defects Inside Microcavities 

To engineer a physical ‘defect’ within the active layer of a microcavity, the planar microcavity 

structure was deposited on top of a micro-lattice patterned polystyrene film. The Gaussian 

shape of the defect patterned into the polystyrene film propagated throughout all the layers 

in the cavity stack and established a localised region inside the cavity in which a relative 

modification in the lateral refractive index provided 3D optical confinement. This is 

illustrated in the schematic shown in Figure 6.1a. Note that in this figure, the relative depth 

of the defect is enhanced for the purpose of clarity. Fabrication of defect microcavity 

structures were made by first sequentially cleaning substrates following the process outlined 

in previous chapters. Polystyrene from Sigma-Aldrich (Mw 350 kDa) was then dissolved in 

toluene at a concentration of 100 mg/mL by stirring on a hotplate for 24 hours at 65°C. This 

Figure 6.1: (a) Cross-section of defect microcavity structure: quartz/PS (with defect)/10.5 Pair 
DBR/BN-PFO (12.7 mol% binaphthyl)/7.5 pair DBR. Note that the relative depth of the defect 
structure is increased significantly for the sake of clarity.  (b) Total simulated microcavity reflectivity 
(black) centred at the peak of ASE spectra (red). 

(a) (b) 
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solution was then spin-coated on top of a quartz substrate at 3500 rpm creating a film having 

a thickness of 1100 nm.  

After all solvent had evaporated from the PS film, the samples were then loaded into a 

vertical sample holder, illustrated in the laser patterning experimental setup in Chapter 3, 

Figure 3.4. The sample holder was mounted onto an x-y-z axis translational stage, where the 

z-axis was controlled by a manual linear stage, that was adjusted to move the sample into the 

focus of the objective using the imaging path of the setup. After alignment, the motorized 

x-y axis stages were homed, bringing the centre of the sample into view of the objective. 

Both the shutter that obstructed the laser path and the motorized stages were automated 

using MATLAB. Opening the shutter and exposing the PS film to the focussed, frequency-

doubled Ti:sapphire (Coherent MIRA) laser caused localised melting. Overexposing the film 

to the laser resulted in sudden burning. Once an area had been burnt, the motorized stage 

was moved >30 µm in the y-direction to a new location that was unexposed. The shutter 

exposure time was then adjusted to induce melting rather than burning the film. It was found 

that the optimal exposure time was 2.3 s; this caused localised melting and an out-flow of 

the semi-liquid polystyrene, resulting in the creation of a Gaussian-shaped defect ‘dip’ having 

Figure 6.2: AFM scan of patterned defect lattice on PS layer 
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a diameter of 2.5 µm and a maximum depth of 40 nm. The sample was then displaced in the 

y-direction and a lattice of defects was written by moving in the x-direction. After a row of 

defects had been written, the sample was moved in the y-direction to write another line of 

defects, creating a lattice. The number of defects written in each row and column was 

controlled along with the spacing between them. Figure 6.2 shows an AFM scan illustrating 

the typical defect lattice. The main reason why lattices were written was to make finding them 

easier for subsequent optical characterisation measurements. Once a series of lattices were 

written, the sample was displaced again in the y-direction. In this final location, the shutter 

was intentionally opened to burn the PS film, then the sample was continuously displaced in 

the y-direction. This caused a line to be “burnt” from the region of the defects to the edge 

of the sample, allowing the defects to be easily located. On top of this, a BN-PFO (12.7%) 

microcavity was fabricated using the methodology described in the previous chapter. This 

consisted of a bottom DBR, a BN-PFO (12.7%) film and a top DBR.  

6.3.3 Optical Characterisation of Microcavities  

Microcavities were characterised using the k-space imaging dispersion setup detailed in 

Chapter 3. As was used in previous chapters, defect microcavity samples were placed onto 

the k-space setup sample holder which was mounted onto an x-y-z axis stage. The sample 

was moved into the focus of the objective by moving in the z-direction, using the white light 

imaging path. Once in focus, the sample was moved in an x-y plane to find the burned line 

connecting the defects to the edge of the sample. With the defect area located, the area was 

excited using a 355 nm Nd:YAG (100Hz, 350 ps) laser at low power. This allowed individual 

defects to be located, as they had relatively enhanced emission intensity. A spatial filter 

positioned at the focus of the imaging lens was used to isolate the emission from a single 

defect by rejecting the unwanted surrounding emission. An f = 125 mm lens then focused 

emission into an Andor Shamrock SR-303i-A CCD spectrometer with the grating set at 1800 

mm-1 with an entrance slit of 50 µm, giving a spectral resolution of 0.06 nm.  
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6.3.4 Numerical Simulations 

Simulations of the defect cavity were performed in collaboration with Dr Alaina 

Muravitskaya at the University of Hull. Numerical simulations of the far-field projections 

were performed using Ansys Lumerical software, that used the Finite Difference Time 

Domain method. In order to create free field conditions, a perfectly matched layer was set 

as the boundary conditions of the simulation box, with the mesh size set to 3 nm. The 

refractive index of the TiO2 and SiO2 layers were measured using ellipsometry (see Figure 

6.3) with the optical constants of the BN-PFO film shown in Figure 6.4a. The experimentally 

defined thicknesses of the layers were (similar to Chapter 5) used to model the structure. 

Specifically, TiO2, SiO2 and BN-PFO had thicknesses of 51, 77.8 and 120 nm respectively. 

The defect was modelled as a cylindrical dip through all the layers, as shown in Figure 6.4b. 

A dipole source was used to simulate the emission of the BN-PFO and was oriented in-plane 

of the structure. A top field monitor gave the intensity of the outcoupled emission and its 

angular distribution. The far-field projections were then averaged for different dipole 

orientations in-plane of the cavity.   

Figure 6.3: Refractive index measured using ellipsometry of (a) TiO2 (b) SiO2. 
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6.4 Experimental Results 

In order to compare the optical characteristics of the defect and planar cavity, two regions 

of the sample were measured. As illustrated in Figure 6.5, the defect and planar region on 

the same sample were excited to determine whether the additional confinement from the 

defect could reduce the lasing threshold. Unlike the planar microcavities studied in the 

previous chapter, the planar region for this microcavity was considered a more accurate 

comparison as it incorporates a bottom PS layer.  This results section is split into two parts, 

first characterisation of the planar PS microcavity, and secondly characterising the defect 

microcavity.  

Figure 6.5: Extended defect microcavity where the planar region outside of the defect can be 
observed. The glowing from the active areas represents the excitation for defect and planar 
measurements. (defect - planar) 

Figure 6.4: (a) Optical constants measured using ellipsometry for BN-PFO with 12.7% BN 
content (b) design architecture of the structure used in numerical simulations. 

(a) (b) 
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6.4.1 BN-PFO and PS Planar Microcavity  

In the previous chapter, a BN-PFO 12.7% planar microcavity was studied. The planar 

structure studied here is very similar to the previous structures discussed in Chapter 5, 

however, there was a thick PS layer positioned beneath the microcavity. The structure of the 

cavities (without a defect) is shown in Figure 6.5. The cavity was pumped optically using a 

Q-switched 355 nm Nd:YAG (100Hz, 350 ps) laser that was focussed to a spot size with an 

area of 8.18×10-5 cm-2 at normal incidence. Emission through the top DBR of the cavity was 

collected as a function of pump fluence using the k-space imaging PL dispersion set up in a 

transmission configuration (see details in Chapter 3). At low pump fluence, the emission 

measured from the planar microcavity region at normal incidence is centred at 445 nm, with 

a broad angular dependence, having a close to parabolic dispersion as shown in Figure 6.6a. 

The FWHM was found to be 0.9 nm, corresponding to a cavity Q-factor of 494; a value 

comparable to other cavities having a similar structure [13]. 

The planar microcavity was then optically pumped at a range of excitation fluences, with PL 

emission at normal incidence shown in Figure 6.6b. It can be seen that as the excitation 

fluence is increased, a reduction in the emission linewidth is also observed. This is more clear 

in Figure 6.7b where emission linewidth (measured at normal incidence) is plotted as a 

function of pump intensity. Here a corresponding drop in linewidth is observed at a 

Figure 6.6: Planar microcavity k-space imaging PL dispersion (a) under threshold at 6 µJcm-2 
(b) above threshold (11 µJcm-2). The pixel value shows the total counts. 
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threshold of 11 µJcm-2; a result consistent with the planar microcavity threshold (12.5 µJ cm-2) 

reported in Chapter 5. This threshold is lower than previously reported polymer 

microcavities (84 µJ cm-2 and 17 µJ cm-2) [12, 14]. This reduction in linewidth and a non-

linear increase in the integrated emission intensity is associated with a lasing threshold. 

Notably, a sudden change to a normal emission directionality above the lasing threshold is 

also evidenced. This can be seen in Figure 6.6b where the emission dispersion is plotted at 

threshold. Here it can be seen that emission is now consolidated into a narrow forward cone 

having an angular spread of 1.5°. This collapse in angular emission is again consistent with 

lasing emission.  

Figure 6.7: (a) Input-output characteristics for planar microcavity, where integrated intensity 
(left) and (b) FWHM (right) is plotted as a function of energy density. 
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6.4.2 BN-PFO Defect Microcavity 

Here we discuss the effect of generating a localised defect in a planar microcavity on its 

emission and lasing properties. The structure of the defect characterised using AFM is shown 

in Figure 6.8. Here, measurements were taken on the patterned region of the PS layer, on a 

bottom DBR deposited onto the patterned PS layer and finally on the top DBR surface that 

completed the microcavity stack. From this, it can be clearly shown that typical defects have 

a near Gaussian shape, with a maximum depth of 40 nm and a diameter of approximately 

2.5 mm. Here the diameter of the defects was defined by the beam-waist of the focussed 

patterning laser on the sample surface, with the depth being chosen to minimise thermally 

induced damage to the patterned PS layer. These measurements indicate that the defects 

propagate throughout the whole structure of the microcavity and are not planarized by the 

BN-PFO copolymer film. This modification to make the microcavities concave results in a 

relative change in lateral refractive index, effectively adding 3D confinement to a 2D 

microcavity in order to reduces the mode volume. 

Figure 6.8: Defect profiles for the PS, bottom DBR and top DBR layers of the 
microcavity, measured with AFM. 
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Using the k-space setup detailed in Chapter 3, images of the emission dispersion below and 

above threshold is shown in Figure 6.9. Here it can be seen that the defect cavity supports 

additional modes, as the emission is quantised into a series of modes evident at 444.89, 445.37, 

447.17, 447.63, 449.46, and 451.55 nm. It is observed that the modes at 444.89, 447.17, and 

447.63 nm are split into two maxima which are located at angles of -8.4° and 8.4°, and 

therefore suggest that at this wavelength, emission is emitted into a ‘ring’. Similar mode 

structures have also been reported for photonic dots that also effectively reduce the mode 

volume in a microcavity [3, 7]. 

To describe the structure of the selected defect modes finite-difference time-domain (FDTD) 

numerical simulations were used. Here a cylinder defect having a diameter of 2.5 µm and a 

Figure 6.9: k-space image for the defect microcavity dispersion (a) under threshold (7.7 
µJcm-2) (b) over threshold (12.0 µJcm-2). The pixel value shows the total counts. 

Figure 6.10: Numerical simulation of the far-field projection for cylindrical defect (a) lowest energy 
mode (b) lasing mode. 
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depth of 40 nm was used to approximate the microcavity defect (Figure 6.4). The far-field 

projections of the lowest energy mode and the lasing mode are plotted in Figure 6.10a and 

Figure 6.10b. In both the numerical and experimental measurements, the field projections 

for these modes have this observed circular symmetry as a result from the structure of the 

defect. 

The FWHM of the emission of the various modes is around 0.2 nm: a value much narrower 

than found for the planar microcavity (0.9 nm). Interestingly, it was found that emission 

originating from the mode at 447.17 nm has the highest intensity. The approximated Q-

factor (below threshold) for this mode is 2300, indicating that the enhanced lateral 

confinement from the defect increases the photon lifetime and therefore results in an 

increase in Q-factor. The reduced mode volume (V) and high Q-factor are expected to 

enhance the rate of spontaneous emission into the lasing mode to reduce the lasing threshold 

[15]. 

Figure 6.9b shows the dispersion of cavity emission at an excitation fluence of 12.0 µJcm-2 

(above threshold in the planar microcavity). It is evident that the majority of the emission 

comes from the ring-like mode at 447.17 nm, with the intensity of other modes being much 

less. This non-linear increase corresponds with the instigation of lasing – a conclusion that 

is also supported by comparing the relative input-output behaviour of the different cavity 

modes. This is shown in Figure 6.11, where the integrated intensity of each of the different 

optical modes as a function of pump excitation is plotted. Significantly, the mode at 447.17 

nm undergoes a large, non-linear increase in intensity with increasing pump-fluence, whilst 

the emission intensity from the other modes grows only linearly. This is clear evidence of a 

lasing process, with a threshold of 7 µJcm-2 identified. It is worth noting that the mode at 

447.63 nm also follows a non-linear increase in emission intensity, however as the intensity 
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from this mode is comparable to that of the other non-lasing modes, it is therefore not 

characterised it as lasing. The recorded threshold of 7 µJ cm-2 is also comparable to other 

organic micro lasers that have reported thresholds of 20 µJ cm-2 using a thermal evaporation 

shadow mask technique [16], and 4.2 µJ cm-2 with more complex fabrication processes 

involving e-beam lithography and FIB [17]. To offer a wider scope for completeness, Figure 

6.12 compares the thresholds measured in this study with other polymer laser architectures. 

It is important to note that the linewidth of the emission for the defect microcavity was 

below the resolution of the spectrometer both below and above threshold, and it was 

therefore not possible to evidence the lasing threshold from changes in the mode linewidth 

alone. When compared to the planar microcavity threshold (11 µJ cm-2), it is found that the 

defect microcavity cavity gives a 40% reduction in threshold. This suggests that despite the 

enhanced optical confinement generated by the defect, its effect on optical gain is relatively 

modest. Indicating that this is due to light emission originating from a higher order mode, 

suggesting that coupling to higher energy modes is less efficient. This has been demonstrated 

in photonic dots, where higher energy modes have increased lasing thresholds [7]. As the 

Figure 6.11: (e) Defect profile for each layer of the microcavity, measured with AFM (f) 
Integrated intensity extracted from the Fourier imaging dispersion as a function energy 
density for each emitting mode with lasing coming from 447.17 nm. 
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lasing emission from our defect is not from the lowest mode, this indicates that with further 

optimisation the threshold for the defect cavity can be reduced.  

 

Table 6.1: Polymer laser thresholds referred to in Figure 6.12. 

 

  

Resonator Lasing threshold (µJ/cm2) 

Microcavity 1120 [18] 84 [12] 20 [19] 11 (this work) 

DFB 1.2 [9] 0.4 [20] 0.3 [21] 0.04 [22] 

WGM 7.8 [23] 0.37 [24]   

Defect microcavity 7.0 (this work)    

Figure 6.12: Polymer laser threshold comparison for DFB (Grey Square), DBR (red circle), 
WGM (Blue triangle), and defect cavity (purple star). The dashed square outline the thresholds 
measured in this study. 
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6.5 Summary 

In this chapter, lasing from BN-PFO is explored as an active layer for a regular planar 

microcavity, and a microcavity containing a 2.5 mm wide defect that provides additional 

localisation of confinement. It is shown that the addition of the defect structure results in 

enhanced optical confinement, indicated by an increase in cavity Q-factor from 494 in the 

planar cavity, to over 2300 in the defect cavity. Lasing was observed in both structures, 

however, despite the additional optical confinement, the thresholds for lasing in both types 

of structure were similar at 7 µJ cm-2 and 11 µJ cm-2 in the defect cavity and planar cavity 

respectively. The fabrication of such defect structures was achieved using an optical 

patterning technique that melted Gaussian shaped dimples into a PS film and has the 

potential to be used to write large arrays of defects. With this approach there is potential 

application in the fabrication of microscale laser devices for integrated photonic circuits and 

sensors. 
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Chapter 7: Conclusion and Future Work 

Organic semiconductors have been an attractive area of research due their ease of 

processability, flexibility and wavelength tunability. This has already been realised by the 

commercial success in OLED display technology. The high optical gain of organic 

semiconductors also makes them promising gain materials and over the past 60 years major 

breakthroughs have been made in the development of an electrically driven organic laser 

diode. A large majority of research has been focused on DFB gratings as the resonator 

structure. This thesis has investigated the ASE threshold for a range of organic 

semiconductor lasing materials for their potential for integration into a planar microcavity. 

From this, one of the lowest lasing polymer microcavities was achieved. The low-lasing 

threshold of the planar microcavity was reduced even further by enhancing confinement by 

implementing defect structures into the cavity. 

In the first experimental chapter the ASE threshold was measured for a range of materials. 

First the pigment dye, Fluorescent Orange (FO), Anthra[2,1,9-def:6,5,10-d´e´f´] 

diisoquinoline1,3,8,10(2H,9H)-tetrone,2,9-bis[2,6-bis(1methylethyl)phenyl] was dispersed in 

an inert polystyrene (PS) matrix. Reducing the FO concentration relative to the PS matrix 

reduced the ASE threshold, the lowest being 259 µJ cm-2. This is attributed to the increase 

in aggregation of the FO molecules that occurs at higher concentrations. The matrix was 

then change to PMMA where no ASE was observed. Co-thermal evaporation was then used 

with bathocuproine (BCP) as the matrix, effectively separating the FO, reducing the ASE 

threshold to 55 µJ cm-2.  

The next material investigated was the polymer polyfluorene 2, 7-(9,9-dioctylfluorene (PFO) 

that including binaphthyl (BN) spacer groups between the monomer units (BN-PFO). The 

relative concentration of BN spacer units to the PFO was altered (5.2%, 9.8% and 12.7%). 

Using low-temperature and GIWAXS measurements it was observed that the molecular 



130 

disorder of the film was increased by increasing the BN spacer concentration. The lowest 

threshold observed was 19 µJ cm-2, attributed to the enhanced disorder in the 12.7% BN-

PFO. The last material studied was the small molecule 2,4’-Bis(4-(9H-carbazol-9-

yl)styryl)biphenyl (BSBCz). This material was thermally evaporated as a neat film and 

produced the lowest ASE threshold of all the materials studied (14 µJ cm-2). 

The work in chapter 4 highlighted both the physical and optical properties for organic lasing 

materials. With this approach further understanding between the molecular packing and the 

ASE behaviour can be developed.  Future studies should conduct GIWAXS measurements 

on thermally evaporated BCP:FO films in order to understand this more favourable 

molecular packing.  

Planar microcavity lasers made with the two lowest ASE threshold materials (BN-PFO 12.7% 

and BSBCz) were then studied in Chapter 5. Both planar microcavities were optically 

pumped and produced deep blue lasing with BN-PFO and BSBCz having lasing wavelengths 

of 445 and 494 nm. Low threshold lasing was observed for each material, due to the high Q 

factor of the planar microcavity. Using BN-PFO (12.7%), one of the lowest thresholds for 

an organic polymer microcavity laser was reported (12 µJ cm-2). The BSBCz microcavity 

produces the lowest lasing threshold of 1.5 µJ cm-2.    

The low-threshold lasing reported in this chapter emphasises the need for a wider study on 

organic microcavities. Further studies should expand these results with time-resolved 

measurements as both materials used here have been reported to show quasi-CW lasing in 

DFB gratings. Additionally, the BSBCz OLED design outlined at the end of the chapter 

should be integrated into the planar microcavity to characterise it under electrical operation.   

In the final experimental chapter, Chapter 6, a laser patterning setup was developed to write 

defects into a PS film. Growing the BN-PFO planar microcavity over this structure, the total 

microcavity structure conformed to the profile of the defect. This gaussian shape defect 
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within the cavity active layer added a refractive index difference in the lateral direction, 

enhancing the cavity confinement. The resulted in a high Q factor of 2300, further reducing 

the lasing threshold from 11 µJ cm-2 to 7 µJ cm-2. 

The laser patterning technique outlined in this chapter offers a simple and effective way to 

increase the confinement of a planar microcavity. An almost quadruple enhancement to the 

Q factor caused a further reduction to the lasing threshold. Further studies should apply the 

same technique to the BSBCz cavity with the potential to achieve the lowest lasing threshold 

for an organic microcavity laser. 

  


