
ABSTRACT 

LAMPERT, ZACHARY EVAN. The Role of Morphology and Electronic Chain Aggregation 

on the Optical Gain Properties of Semiconducting Conjugated Polymers.  (Under the 

direction of Dr. Tzy-Jiun Mark Luo and Dr. Justin Schwartz).   

 

 Conjugated polymers (CPs) are a novel class of materials that exhibit the optical and 

electrical properties of semiconductors while still retaining the durability and processability 

of plastics.  CPs are also intrinsically 4-level systems with high luminescence quantum 

efficiencies making them particularly attractive as organic gain media for solid-state laser 

applications.  However, before CPs can emerge as a commercially available laser technology, 

a more comprehensive understanding of the morphological dependence of the photophysics 

is required. In this thesis, the morphology and chain conformation dependence of amplified 

spontaneous emission (ASE) and optical gain in thin films of poly[2-methoxy-5-(2’-

ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV) was investigated.  By changing the 

chemical nature of the solvent from which films were cast, as well as the temperature at 

which films were annealed, CP films with different morphologies, and hence different 

degrees of interchain interactions were achieved.   Contrary to the common perception that 

polymer morphology plays a decisive role in determining the ASE behavior of thin CP films, 

we found that chromophore aggregation and degree of conformational order have minimal 

impact on optical gain.  In fact, experimental results indicated that an extremely large 

fraction of interchain aggregate species and/or exciton dissociating defects are required to 

significantly alter the optical properties and suppress stimulated emission.  These results are 

pertinent to the fabrication and optimization of an electrically pumped laser device, as 

improvements in charge carrier mobility through controlled increases in chain aggregation 



may provide a viable means of optimizing injection efficiency without significantly 

degrading optical gain. 

 To offset charge-induced absorption losses under electrical pumping, and to enable 

the use of more compact and economical sources under optical pumping, conjugated 

polymers exhibiting low lasing thresholds and large net gains are highly desirable.  In this 

thesis, we also discuss novel routes we developed for enhancement of ASE performance in 

MEH-PPV thin film planar waveguides.  The first technique relied on improving the 

distribution of the TE0 guided mode in the CP gain layer through optimization of waveguide 

architecture. This was achieved by fabricating symmetric heterostructure waveguides formed 

from a core layer of MEH-PPV sandwiched between an SiO2 buffer and index matched 

poly(methyl methacrylate) (PMMA) cover layer.  Relative to asymmetric waveguides of 

Si(100)/SiO2/MEH-PPV/Air, symmetric waveguides exhibited increased optical confinement 

and reduced propagation loss enabling lower ASE threshold (40%) and higher net gain 

(50%).   

 Independent of device architecture and degree of aggregation in the films, we 

discovered that optical gain is also highly dependent on the excitation conditions, specifically 

the temporal width of the pump laser pulses.  A 400% increase in net gain was achieved 

under transient (25 picosecond pulses), compared to quasi-steady state (8 nanosecond 

pulses), excitation conditions.   This large difference is attributed to low pumping efficiency 

and increased non-radiative recombination under ns pumping, which reduces the emission 

cross-section resulting in a net decrease in gain.  The gain values we achieved in the ps 

regime are to the best of our knowledge the largest gain values reported to date for thin 

conjugated polymer films measured using the variable stripe length (VSL) technique.  Films 



pumped in the transient regime also required 30 times less pump energy density to reach 

threshold in comparison with films pumped in the quasi-steady state regime, although the 

excited state densities were essentially the same.  These results demonstrate that the pumping 

efficiency, and hence generation rate of excited states in a gain medium, can be dramatically 

increased by using pump laser pulses that are shorter than the exciton luminescence lifetime. 
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1.1 Introduction to Semiconducting Conjugated Polymers 

 
 Over the course of the past century, the quality and efficiency of our daily lives have 

come to depend heavily on polymers.  For many of us, it would be nearly impossible to go a 

single day without them.  In addition to being an integral part of our daily lives, polymers 

have also become an integral part of technological progress and development.  Laptop 

computers, cell phones, high-definition televisions, compact discs (CDs), mp3 players, USB 

flash drives, contact lenses, and even super glue are all common examples of current 

technologies whose practicality, and functionality, have been made possible through the use 

of polymers.   

 The success and ubiquitous presence of polymers in today’s society is a consequence 

of their versatility, as their physical properties can be fine tuned to cover an almost limitless 

range of applications via simple modifications in the polymer’s chemical structure.  Chemists 

and materials scientists continue to push the envelope in polymer science with the hopes of 

developing radically new polymers with novel optical, electrical, and/or mechanical 

properties.  Such an example came in 1977 when Heeger, MacDiarmid and Shirakawa 

synthesized iodine doped polyacetylene, the world’s first conjugated, electrically conducting 

polymer
1
.  This ground breaking discovery was awarded the Nobel Prize in Chemistry in the 

year 2000 and led to the development of an entirely new class of electronic materials, known 

today as semiconducting conjugated polymers.   

 Despite the initial increase in interest generated among the research community 

shortly after the discovery of electrically conductive polyacetylene in 1977, it was quickly 
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realized that the inherent insolubility and infusibility of polyacetylene imposed a formidable 

barrier to the technological development of this new class of materials.  However, new 

synthesis routes were discovered that afforded new and more soluble and processable 

conjugated polymers with novel physical and chemical properties.  Most notable of these 

new properties was perhaps the report describing electroluminescence from the conjugated 

polymer poly(phenylene vinylene) (PPV) (Fig. 1.1), made by the Cavendish Laboratory at 

Cambridge University in 1990
2
.  Since the initial reports of electroluminescence from a 

conjugated polymer, a large variety of luminescent conjugated polymer systems have been 

synthesized (Fig. 1.1) with emission wavelengths spanning the entire visible spectrum
3
.   

 Following encouraging success in the commercialization of electroluminescent 

displays, increasing attention has recently been paid to the use of conjugated polymers as 

optical amplifiers
4-6

, with the hope of one day realizing a commercially available electrically 

pumped solid-state polymer laser that operates throughout the visible spectral range.  

Derivatives of the PPV family of conjugated polymers, in particular MEH-PPV, have 

established themselves as a particularly attractive class of materials in this respect.  To date, 

conjugated polymers are already being used as the active materials in light emitting diodes 

(LEDs)
2
, field-effect transistors (FETs)

7
, and photovoltaic devices

8
, to name a few.   
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1.2 The Chemistry of Conjugated Bonds 

 

 Like any other polymer, semiconducting polymers are organic macromolecules 

composed of repeating monomer units (Fig. 1.1).   

 

 

Figure. 1.1. Chemical structures of common conjugated polymers. 

 

However, what makes semiconducting polymers unique is the difference in bonding that 

takes place between the carbon atoms along the backbone of the polymer chain.  Unlike 

traditional saturated polymers (polyethylene, polypropylene, etc), conjugated polymers have 

an alternating sequence of single and double bonds along the backbone of the polymer chain.  

It is this alternating bond sequence that enables conjugated polymers to exhibit their unique 

optical and electronic properties. Using polyacetylene as an example, this alternating bond 

sequence is illustrated in Fig. 1.2(a).  As illustrated in Fig. 1.2(b), the carbon atoms in this 

sequence are sp
2
 hybridized, which leaves one pz molecular orbital perpendicular to the 

chemical bond direction unhybridized.   
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Figure. 1.2. (a) Chemical structure of polyacetylene along with structural repeat unit. (b) σ- and π-

bonds in polyacetylene.  Schematic at far right depicts energy levels in a π-conjugated system.9
. 

 

The electrons from these p-like atomic states of the carbon atoms form large overlapping 

orbitals which spread out across the length of the molecule.  These orbitals are referred to as 

π-orbitals, the electrons of which are effectively delocalized over the conjugation length of 

the polymer.  Compared to the single σ-bonds that form the backbone of the polymer chain, 

π-bonds are significantly weaker.  As such, it is the π-electrons contained within these π-

bonds that participate in the lowest lying optical excitations which involve electronic 

transitions from the completely filled π-bonding molecular orbitals  to the unoccupied π
*
-

antibonding molecular orbitals (Fig. 1.2(b)).  It is from these π-electrons that conjugated 

polymers derive their semiconducting properties.  With typical bandgap energies between 1.5 

and 3.5 eV,  conjugated polymers are extremely colorful materials that absorb and emit 

throughout the visible portion of the electromagnetic spectrum
9
. 
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1.3 Conformational Subunits of Conjugated Polymers 

 

 Although MEH-PPV is a conjugated polymer, it is not an ideal conjugated system.  

That is to say, each individual chain has kinks and twists.  These torsional defects along the 

polymer backbone break the translational symmetry of the molecule and limit the effective 

length over which π-electrons are capable of delocalizing.  As a result, disordered polymer 

chains are considered as being comprised of a series of linked chromophores or 

conformational subunits separated by chemical and/or structural defects, as shown in Fig. 1.3 

below.  On average, each of these chromophores will contain between two and twelve co-

planar repeat units. 

 

Figure. 1.3. Simulated PPV polymer chain (left) depicting the torsional defects and conformational 

subunits present along a selected region of the polymer chain (right). Adapted from Ref.
10

  

 

In MEH-PPV, and all other luminescent conjugated polymers for that matter, the 

conformational subunits or chromophores are the primary units capable of absorbing visible 

light.  Since π-electron delocalization is more effective over longer distances, longer and 

more extended chain segments will be lower in energy relative to shorter and less extended 

chain segments and will therefore absorb light at longer wavelengths due to the smaller  π  
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π
*
 energy gap (see Fig. 1.4 inset).  Therefore, the photophysical properties of MEH-PPV 

depend heavily upon both the nature of a single conformational subunit and the conformation 

of an entire chain comprised of multiple subunits
11-13

. 

 

1.4 Absorption and Spontaneous Emission  

 

 When a photon is absorbed by a conformational subunit or chromophore, an electron 

is promoted from the π-band to the π
*
-band, leading to the formation of a Coulombically 

bound electron-hole pair or singlet intrachain exciton
14,15

.  The high efficiencies at which 

conjugated polymers like MEH-PPV are capable of emitting light is attributed to the 

radiative recombination of these intrachain excitons which are formed in high yield upon 

photoexcitation. 

 As previously mentioned, conjugated polymers like MEH-PPV are highly disordered 

systems characterized by a broad size distribution of conjugated chain segments, and thus, a 

broad size distribution of π  π
*
 bandgap energies.   These conjugated segments will 

therefore absorb light at different wavelengths yielding an inhomogeneously broadened 

absorption band with an approximately Gaussian lineshape, as shown in Fig. 1.4, where a 

typical absorbance spectrum of MEH-PPV is displayed.  Notice that the main absorbance 

band is broad and featureless, with a maximum absorption wavelength (λmax) of 500 nm.  The 

average bandgap energy is often inferred from this absorption maximum, which corresponds 

to 2.48 eV in the case of MEH-PPV. In addition to the main absorbance band centered at 500 

nm, there is also a less pronounced peak in the ultraviolet region.  This peak corresponds to 
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the di-substituted phenyl rings along the polymer backbone, which absorb at approximately 

335 nm.   

 

Figure. 1.4. Typical absorbance spectrum of MEH-PPV in the solid state.  Inset shows relationship 

between conjugation length and absorption wavelength/transition energy.  

 

Unlike the absorbance spectrum which is broad and featureless, the emission spectrum of 

MEH-PPV is rich with vibronic structure.  The asymmetry between the absorbance and 

emission spectra is caused by the inhomogeneity and structural disorder in MEH-PPV films, 

a result of the conformational/torsional defects along the backbone of the polymer chains.    

Referring to Fig. 1.5, the emission spectrum is comprised of a purely electronic transition at 

590 nm (0-0) followed by two lower energy vibronic progressions centered at approximately 

640 nm (0-1) and 700 nm (0-2).  The well defined vibronic structure is due to the coupling of 

electronic excitations to a series of normal vibrational modes of the polymer’s electronic 
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ground state, specifically, the stretching vibrations of the carbon-carbon double bonds along 

the backbone of the MEH-PPV polymer chains
16

.  These vibronic progressions have 

characteristic frequencies, each of which corresponds to the relaxation of excited π-electrons 

from the purely electronic excited state to a different vibrational sublevel of the electronic 

ground state. 

 

 

Figure. 1.5. Absorbance (red) and emission (black) spectra of a 1.0% (w/v)  MEH-PPV thin film.  

Inset depicts the energy well diagram illustrating the origin of the electronic transitions associated 

with the absorption and emission of a photon.  Spectra have been normalized to facilitate comparison.  

 

The origin of each emission can be inferred from an energy well diagram (see inset in Fig. 

1.5).  For example, an electron that has relaxed from the purely electronic excited state of the 

S1,0 manifold into the purely electronic ground state of the S0,0 manifold will give rise to the 

purely electronic radiative transition which corresponds to the peak labeled as the 0-0 

transition on the emission vs. wavelength plot contained in Fig. 1.5.  Similarly, an electron 
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that has relaxed from the purely electronic excited state, S1,0, to the first vibrational sublevel 

of the electronic ground state, S0,1, would be labeled as the 0-1 vibronic transition.   

 A logical question that may arise is why is the absorbance spectrum featureless while 

the emission spectrum is rich in vibronic structure?  The answer is that while all conjugated 

segments (regardless of their length) absorb light, only the longest conjugated segments in 

the ensemble actually emit light.   That is, the longest conjugated segments are the most 

efficient for radiative recombination of intrachain excitons. The subject of electronic energy 

transfer will be covered in more detail in section 1.6. 

 

1.5 Amplified Spontaneous Emission  

 

 When sufficiently energetic photons (hν ≥ Eg) are incident on isolated MEH-PPV 

polymer chains, absorption will take place, whereby an electron is promoted from the ground 

state to a higher lying electronic excited state.   This electron must then return back to the 

lower energy ground state, but before doing so it must release an amount of energy equal to 

the energy difference between the two electronic levels involved in the transition.  One 

potential way in which an electron can release this extra energy is through the spontaneous 

emission of a photon.  However, excited state electrons can also be induced or stimulated to 

emit if they are illuminated with photons having an energy exactly equal to the electronic 

transition energy.  This condition of stimulated emission will result in the emission of two 

duplicate photons. Thus, unlike spontaneously emitted photons which have an incoherent 

phase and frequency relationship, stimulated photons are emitted coherently.  When viewed 
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as waves, the emitted photons will each have the same phase, frequency, polarization and 

direction of propagation and will therefore constructively interfere with one another leading 

to amplification of the original light wave’s intensity.  Assuming the availability of a 

sufficient number of excited state, this process of stimulated emission will continue resulting 

in a cascading cycle of coherent light amplification.  It is this underlying photon 

amplification process that governs laser action.  Figure 1.6 illustrates the process of 

spontaneous and stimulated emission for a simple two level system.   

 . 

 

Figure. 1.6.  Two level energy diagram illustrating the process of spontaneous (top) and stimulated 

(bottom) emission. E1 is representative of the ground state and E2 the excited state. 

 

 

 The main difficulty in achieving appreciable amounts of light amplification lies in the 

fact that under normal conditions, at thermal equilibrium, the population of the energy levels 

participating in the absorption and emission processes are not favorable for sustained 

stimulated emission.  In other words, the ground state will have a much larger population 

than the excited state.  Thus, before a system can arrive at the conditions required for true 

laser action it is necessary for the excited state population to be larger than the ground state 
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population, thereby forming a population inversion; only then can the process of stimulated 

emission lead to significant amounts of light amplification.   

 Due to the chemical nature of MEH-PPV, strong electron-phonon coupling 

interactions take place between photogenerated excitons and the conformational subunits to 

which they are Coumbically bound. As a result, phonon sidebands are formed giving rise to 

vibrational sublevels within the polymer’s electronic ground and excited state manifolds (Fig. 

1.5 inset).  In MEH-PPV, the occurrence of stimulated emission is facilitated by these 

vibronic levels which form an inherent four-level system.  Because the emission process in 

MEH-PPV involves two vibronic sublevels (Fig. 1.7) that do not participate in the absorption 

or excitation process, population inversion can be established between these two vibronic 

states, which allows optical amplification.   

 

 
 
Figure. 1.7. Energy level diagram depicting the inherent four-level system created by the vibrational 

sublevels of the electronic ground (S0) and first excited state (S1).  Relevant transitions as follows: 

12 absorption, 23 excited state thermalization (non-radiative), 34 emission, 41 ground state 

thermalization (non-radiative). 
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In practice, stimulated emission from luminescent conjugated polymers like MEH-PPV is 

achieved by pumping the systems with optical pulses beyond a threshold energy density.  

However, the ultimate goal for conjugated polymer photonics is to achieve an electrically 

pumped laser. 

 

1.6 Electronic Energy Transfer  

 

What makes conjugated polymers like MEH-PPV so fascinating is the fact that the 

emission characteristics are dominated by rapid intrachain and interchain  electronic energy 

transfer (EET) along and between conjugated chain segments, respectively
17,18

.  Upon their 

creation, singlet excitons diffuse from the shortest conjugated segments, which are higher in 

energy, to the longest conjugated segments which are lower in energy.  Consequently, nearly 

all the emission comes from the lowest energy, longest conjugation length chromophores.  

Referring to Fig. 1.5, this EET is made evident by the large apparent Stokes shift between the 

absorbance and emission spectra.  Note that the 0-1 vibronic transition of the spontaneous 

emission spectrum is shifted nearly 140 nm relative to the center of the absorbance spectrum.  

There is competition between intrachain EET, which occurs along the polymer backbone of a 

single chain, and interchain EET, which occurs between neighboring chromophores on a 

single chain (i.e. chain segment folded back upon itself) or multiple chains where the 

chromophores are very close to one another.  A schematic of intrachain vs. interchain EET is 

shown in Fig 1.8. 
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Figure. 1.8. Schematic depicts intrachain EET (left), which occurs along a single polymer chain, and 

interchain EET (right), which occurs between neighboring polymer chains.  In both examples, notice 

that energy is transferred from shorter conjugation length segments towards longer conjugation length 

segments. Adapted from 
19

. 

 

 

Experiments examining the flow of energy in isolated MEH-PPV chains encapsulated in the 

channels of mesoporous silica glass have determined that intrachain energy transfer is 2 

orders of magnitude slower than interchain energy transport, which occurs via Forster energy 

transfer (i.e. single-step long-range resonance energy transfer between two luminescent 

chromophores through non-radiative dipole-dipole coupling) and takes only a few 

picoseconds
20

.  In high concentration solid films of MEH-PPV, interchain energy transfer is 

also more efficient than intrachain energy transfer owing to the more favorable electronic 

interactions between co-facial segments that give rise to enhanced π-π interactions.  As a 

consequence, the majority of excitons travel between multiple polymer chains rather than 

along a single chain.  In this regard, an exciton can recombine on a polymer chain that is 

completely different from the one on which it was initially created.  Thus, while the 

absorption process occurs in all chains, short and long, photoluminescence (PL) is 
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preferentially emitted from the longest length, lowest energy chain segments that harvest 

most of the diffusing excitons.  Again, this is made evident by the large apparent Stokes shift 

between the absorbance and emission spectra.   

 

1.7  Polymer Morphology and Interchain Interactions  

The first  report of lasing from a conjugated polymer came in 1992 when Daniel 

Moses demonstrated laser action from a dilute solution containing MEH-PPV
21

.  After this 

initial report, numerous investigations were begun to demonstrate stimulated emission and 

lasing from conjugated polymers in the solid state.  In 1996, stimulated emission and lasing 

was finally reported from dilute blended films containing the conjugated polymer MEH-PPV 

and titanium dioxide nanocrystals
22

.  However, relative to the dilute solution approach, the 

achievement of stimulated emission in the solid state was a challenging endeavor, making it 

clear that the optical and electrical properties where somehow highly dependent on the 

morphology of the polymer chains and the manner in which they were packed together in a 

solid film. 

 In a pioneering study, Yan, et al. used femtosecond time-resolved spectroscopy to 

compare the decay dynamics and excited-state photophysics of isolated and well-packed 

polymer chains, as would typically be found in dilute solutions and high concentration solid 

films, respectively
23

. While studying the isolated polymer chains, their femtosecond pump-

probe measurements showed a large increase in probe transmission for wavelengths 

coincident with the steady-state PL spectrum.  This increase in probe transmission was 
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attributed to probe amplification via stimulated emission.  Furthermore, the decay dynamics 

of both the PL and the excited state absorption were found to be nearly identical, leading 

them to conclude that all the transient features resulted from a single photogenerated excited 

state, namely, singlet intrachain excitons.  In the films, however, the picture was found to be 

far more complex.  Contrary to what was found in dilute solution, very little, if any, 

stimulated emission was observed.  Instead, strong instances of photoinduced absorption 

were found to be present at all wavelengths, including those where the polymer exhibited 

luminescence.  To further complicate the matter, transient gain dynamics revealed an excited-

state species whose lifetime was much longer than the radiative lifetime of the singlet 

exciton.  Additionally, the photoluminescence and photoinduced absorption transients were 

found to exhibit markedly different non-exponential decay dynamics and the overall PL 

emission intensity was far less than that observed in solution. To reconcile these differences, 

Yan, et al. 
23

 argued that in addition to single chain excitons, interchain species were being 

formed in the excited states of high concentration films.   

Numerous studies have since determined that the presence of interchain species in 

high concentration solid films are a consequence of energetically favorable interchain 

aggregate formation, whereby neighboring chromophores in well packed regions of the film 

interact electronically to lower their overall energy
24-27

.  It is important to note that in the 

current context, chain aggregation is defined electronically, not morphologically, as would be 

the case for agglomerated polymer chains.  For instance, agglomerated regions would consist 

of a jumbled mass of polymer chains whose chromophores do not interact electronically (see 



29 

 

 

 

 

Fig. 1.9).  Aggregated chains, on the other hand, would consist of two or more closely 

packed, well extended polymer chains whose wavefunction overlap is significant enough to 

create inherently low energy structures with optical and electronic properties significantly 

altered from that of the isolated chains (see Fig. 1.9).  

 

 

Figure. 1.9. Illustration depicting potential aggregate (broken red circles) and agglomerate (broken 

black circles) sites within a mass of hypothetical polymer chains.  

 

 

Theoretical studies suggest that for electronic chain aggregation to occur, two or more 

neighboring chain segments must be within approximately 3-5 Angstroms of one another, 

and this close proximity must persist over the entire length of the interacting chromophores 

(2-12 repeat units)
28-31

.   

In terms of polymer film morphology, interchain polymer aggregation is one of the 

most important phenomena thought to influence the photophysical properties of conjugated 

polymer-based optical devices
13,28,30,32,33

.  Although it is well accepted that the formation of 

interchain species are the result of electronic interactions taking place between neighboring 

conjugated chain segments, there has been a great deal of controversy regarding their 
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significance and the degree to which they are capable of being formed.  For example, the 

pump-probe experiments initially performed by Yan, et al.
23

 on solid films of MEH-PPV 

have been repeated by various other groups and estimates of the fraction of interchain species 

that are formed ranges from essentially 0%
34,35

 to > 90%
36,37

.  Moreover, the identification 

and characterization of interchain species has remained unclear because their spectral 

signatures heavily overlap with those of the singlet exciton
32,33,38,39

.   Recall from section 2.6 

that upon their creation, excitons diffuse from the shortest conjugated segments, which are 

higher in energy, to the longest conjugated segments, which are lower in energy.  Because 

aggregated regions are inherently low in energy, excitons will preferentially diffuse to these 

sites, eroding the performance of a conjugated polymer-based device. Thus, beyond simple 

differences in the interpretation of the photophysics, the controversy over interchain species 

has important implications for device performance, as interchain species provide additional 

means of decay, which may reduce PL efficiency
33

 and suppress stimulated emission
40

.  In 

addition to dramatic reductions in the PL quantum yield
41

, aggregate formation could also be 

deleterious to device longevity, as efficient energy transfer to aggregate sites situated at the 

bottom of the energy funnel could potentially lead to unanticipated device degradation
42

.  

Moreover, chain aggregation has been assigned to various other changes in the photophysical 

properties including the shape and spectral position of the PL
13,33,43-45

 , the propensity of 

films to undergo non-linear processes like photooxidation and bimolecular recombination
33

 , 

as well as altering the charge transport characteristics of high concentration solid films
46

.   
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Since it is known that interchain interactions in high concentration polymer films can 

significantly alter the photophysical behavior of isolated chromophores,  the logical 

assessment is that to improve the optical properties of polymer films one must first mediate 

the formation of interchain species.  Studies have shown that the degree of interchain 

interaction is highly dependent on the conformational state of the polymer chains and the 

manner in which they are packed together in a film.  The chain packing morphology, in turn, 

is very sensitive to how the films are prepared.  Thus, by controlling the processing 

conditions used to make the films one can control the morphology, and hence many of the 

optical and electrical properties that are critical to device performance.  While numerous 

studies have been conducted to elucidate the precise nature of interchain interactions and the 

conditions under which they are capable of being formed, the question remains as to what 

role polymer morphology plays on the optical gain properties of these organic systems.     In 

view of the current interest in using conjugated polymers for solid-state laser applications, 

and the interrelationship between polymer morphology and device performance,  an 

understanding of the dependence of polymer morphology on optical gain is critical to the 

design and optimization of a practical device.    

 

1.8 Organization of This Thesis  

 
When considering a materials suitability for use as the active gain medium in a laser 

device, the first and most fundamental requirement is that the material must exhibit positive 

optical gain.  While it has already been established that MEH-PPV is capable of exhibiting 
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optical gain, there have been relatively few investigations of optical gain in MEH-PPV such 

that one understands how much can be achieved and to what extent gain is influenced by the 

polymer morphology, and hence the chain conformation dependence of the degree of 

aggregation in the films.  To address this knowledge gap, this thesis presents experimental 

work investigating the effect of film morphology on the amplified spontaneous emission 

(ASE) threshold and optical gain properties of MEH-PPV planar waveguide structures.  

Novel techniques for controlling the threshold and net gain are also presented, which include 

optimization of the waveguide design as well as temporal shortening of the excitation pump 

pulses.  

The organization of this thesis is as follows.   Chapters 2 and 3 are geared primarily 

towards understanding how the conformation state and packing morphology of the polymer 

chains influence the optical properties of the respective MEH-PPV films.  That is, how does 

the degree of aggregation influence the amplified spontaneous emission and optical gain.    In 

chapter 2, polymer film morphology is controlled via the chemical nature of the solvent, 

whereas in chapter 3 control over the polymer morphology is achieved by thermally 

annealing the polymer films at various temperatures.  Chapters 4 and 5 focus on novel 

techniques for improving the ASE behavior of MEH-PPV films.  In chapter 4, for a fixed 

solvent and annealing temperature, we explore the influence of waveguide architecture on the 

threshold and gain.  In chapter 5 we clearly demonstrate that the temporal width of the 

excitation pump pulse has a significant impact on the threshold and gain for MEH-PPV.  

Conclusions and future work can be found in chapter 6. 
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2.1 Abstract 

 

 We report the results of a detailed investigation that addresses the influence of 

polymer morphology and chain aggregation, as controlled by the chemical nature of the 

solvent, on the optical gain properties of the conjugated polymer poly[2-methoxy-5-(2’-

ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV).  Using the variable stripe length 

technique in the picosecond regime, we have extensively studied the optical gain 

performance of asymmetric planar waveguides formed with thin MEH-PPV films spin cast 

from concentrated chlorobenzene (CB) and tetrahydrofuran (THF) solutions onto thermally 

oxidized silicon substrates. CB and THF solvents were chosen based on their known ability 

to promote and effectively limit aggregate formation, respectively.  Very large net gain 

coefficients are demonstrated, reaching values of 330 cm
-1

 and 365 cm
-1

, respectively, when 

optically pumping the waveguides with a maximum energy density of 85 µJ/cm
2
.  Our results 

clearly demonstrate that polymer morphology, and hence the chain conformation dependence 
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of the degree of aggregation in the films as controlled by the solvent, has minimal impact on 

the net gain. Moreover, the waveguides exhibit low loss coefficients of 10-20 cm
-1

 at the 

ASE wavelength.  These results question the importance of polymer morphology and 

aggregate formation in polymer-based optical devices operating at high excitation densities 

in the stimulated emission regime as would be characteristic of lasers and optical amplifiers. 

 

2.2 Introduction 

 

 Organic semiconductors have recently emerged as potential candidates for  cost-

effective optical components integrated on silicon due to encouraging success in the 

development of compact, solution processable, optically pumped conjugated polymer-based 

lasers
1
 .   An approach that has recently been proposed involves the incorporation of the 

conjugated polymer (CP) MeLPP [methyl-substituted ladder-type poly(p-phenylene)] into a 

Fabry-Perot-like cavity structure formed between two high index contrast sub-wavelength-

sized silicon gratings
2
.   Laser action has also been reported from Si-based hybrid structures, 

involving, for example, the combination of  microstructured silicon resonators with the 

conjugated polymer poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene] (MEH-

PPV)
3
.  Since these organic-inorganic hybrid structures are an economical alternative to 

previously proposed approaches
4-7

 for integration of light emission on silicon, a more 

comprehensive and quantitative understanding of the optical gain behavior as a function of 

polymer morphology is needed.  Such an understanding is critical in optimizing the 

performance of conjugated polymer-based optical devices. 
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 It is well accepted that the optical and electrical properties of MEH-PPV are heavily 

dependent on the conformational states of the polymer chains and the manner in which they 

are packed together in a film
8-13

.  For example, in high concentration films where the 

polymer chains are relatively well packed, there is a strong tendency towards molecular chain 

aggregation, which is driven primarily by energetically favorable π-π interchain 

interactions
14,15

.  Population of these aggregate states, either by direct excitation or through 

transfer of energy, produces interchain species with photophysical properties significantly 

altered relative to that of single chain excitons. In this sense, we note that our definition of an 

aggregate is conceptually different than that of an agglomerate; aggregated polymer chains 

interact electronically whereas agglomerated chains do not.   

 Studies have shown that the polymer morphology, and hence the degree of aggregate 

formation in the films, is highly sensitive to how the films are prepared. When a conjugated 

polymer like MEH-PPV is dissolved in an aromatic solvent like chlorobenzene (CB), the 

polymer strands adopt relatively open and well extended chain conformations, which persist 

into the cast film to promote chromophore aggregation through energetically favorable π-π 

interactions.  Alternatively, when dissolved in a moderately polar non-aromatic solvent like 

tetrahydrofuran (THF), the polymer backbone will kink and curl with the bulky side groups 

pointing irregularly in all directions, which effectively limits the degree of chromophore 

aggregation carried over into the film
9,10,16,17

.  Thus, conjugated polymer films cast from 

different solvents will have different degrees of interchain interactions.  Differences in the 

degree of interchain interactions, in turn, lead to different photophysical properties including  
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changes in exciton lifetime and quantum efficiency
11,18

, charge transport characteristics
18

,  as 

well as the propensity of films to undergo non-linear processes like photooxidation and 

exciton-exciton annihilation
9
.  Changing the spin speed

19
, using different solution 

concentrations
16

, or altering post-cast thermal
9,10,17,20

 and solvent vapor
21,22

 treatment 

conditions are also effective ways of controlling the film morphology, and hence the 

organization of the polymer chains into aggregates.  In this way, many of the electrical and 

optical properties that are critical to device performance can be controlled by varying the 

processing conditions. 

 At low pump energy before the threshold for amplified spontaneous emission, several 

groups have shown that a spectral characteristic of polymer aggregation is a marked change 

in the photoluminescence (PL) spectral lineshape.  For example, the PL spectra at low 

excitation density of thin films of MEH-PPV exhibit a diminishment of the electronic peak at 

592 nm (0-0 transition) relative to the vibronic peak at 640 nm (0-1 transition) as the polymer 

concentration is increased
9
. The vibronic structure of the PL at low pump energy is a 

manifestation of the strong electron-phonon interactions involving the coupling of π-

electrons to a series of stretching vibrations along the backbone of the MEH-PPV polymer 

chains
23

.  Qualitatively similar behavior was observed for solid solutions of MEH-PPV 

blended in poly(9,9-dioctylfluorene) (PF) 
24

 as well as in poly(para-phenylene vinylene) 

(PPV)-silica nanocomposites
25

.  Homogenous thin films of functionalized polythiophene
26

 

and poly(para-phenylene vinylene) (PPV) 
9,17,27

 derivatives also exhibit surprisingly small 0-

0 peak intensities relative to the 0-1 peak intensity
28

.  Optical interference and self-absorption 
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effects were ruled out because of the sample’s relatively low index dispersion
25

 and optical 

density
25,26,28

, respectively. Several authors
25,26,29,30

 have invoked the presence of two distinct 

emitting species to explain the anomalous evolution of the 0-0 to 0-1 peak intensity ratio with 

increasing active polymer concentration.  The first are intrachain excitons, which exhibit 

solution-like spectroscopy and are favored in disordered regions of a film.  The high 

efficiencies by which semiconducting polymers like MEH-PPV are capable of emitting light 

is attributed to the radiative recombination of these intrachain excitons.  The second are 

interchain species, which are favored in highly ordered or aggregated regions.  The basis of 

the two-emitter model is that the highest energy aggregate peak is redshifted into 

approximate spectral coincidence with the 0-1 peak of the isolated exciton.  Thus, an 

increasing aggregate concentration enhances the intensity of the 0-1 peak relative to the 0-0 

peak
28

.  Naturally, the two regions are coupled by efficient electronic energy transfer from 

high PL quantum efficiency isolated regions to low PL quantum efficiency aggregated 

regions
30

, which erodes  the performance of conjugated polymer-based optical devices.  

While there have been numerous reports of optical gain from a wide variety of conjugated 

polymers, to our knowledge, there have been no systematic studies that quantitatively 

investigate the optical gain behavior as a function of polymer morphology for a fixed 

conjugated system, such as MEH-PPV, at pump energies ranging from below to well above 

the ASE threshold.  In view of the favorable attributes conjugated polymers have for laser 

applications and the potential impact film morphology can have on device performance, such 
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an understanding would be beneficial to the optimization of polymer-based optical devices 

operating at post-threshold excitation densities. 

 Here, we report on the effect of polymer morphology and chain aggregation as altered 

by the chemical nature of the solvent on the ASE behavior of the conjugated polymer MEH-

PPV.  Using the variable stripe length technique with picosecond pulse excitation, extensive 

gain measurements are performed on asymmetric planar waveguides formed with thin films 

spin cast from concentrated tetrahydrofuran (THF) and chlorobenzene (CB) solutions onto 

thermally oxidized silicon substrates.  ASE threshold and waveguide loss measurements are 

also performed.  Both CB- and THF-cast films are found to exhibit low ASE thresholds and 

very large optical gains.  Our results conclusively show that the solvent, and hence the chain 

conformation dependence of the degree of aggregate formation in the films, has minimal 

influence on optical gain.  This is advantageous because it enhances the parameter space that 

is accessible during device fabrication allowing for greater flexibility in terms of 

optimization. In particular, the results reported here are relevant to fabrication of an electrical 

injection polymer laser, where some degree of chain aggregation will be required for both 

charge transport and stability purposes. The results reported here are also the first gain 

measurements on the conjugated polymer MEH-PPV that have been reported in the ps 

regime.  

 

2.3 Experimental Procedures 

 

Gilch type MEH-PPV (Mn = 286,712 g/mol, Mw/Mn = 4.1, as determined by GPC) 

was purchased from Sigma-Aldrich and used as received. High concentration (1.0 % w/v) 
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solutions of MEH-PPV in CB (Aldrich, anhydrous, 99.8%) and distilled THF (Aldrich, 

anhydrous, ≥99.9%, inhibitor-free) were prepared by dissolving the appropriate amount of 

polymer in each solvent under a high purity nitrogen environment.  To facilitate the 

dissolution process, the polymer solutions were sonicated for 30 minutes in an ultrasonic 

bath.  After stirring the solutions for 24 hours, in the dark at room temperature, they were 

sonicated for an additional 1.5 hours immediately prior to film formation.    Optical quality 

planar waveguides were fabricated by spin casting 120-130-nm-thick films from the CB and 

THF solutions at 2,000 rpm onto cleaned SiO2/Si(100) substrates. The thickness of the SiO2 

is 1 µm and was thermally grown on the Si(100) substrate.  The samples were then annealed 

under vacuum at 80 or 200
o
C for 60 min to remove any residual solvent.  The thickness and 

surface roughness of the films were measured using an atomic force microscope (Veeco 

Caliber) in tapping mode at a scan rate of 5 µm/s.  Thickness measurements were made by 

scratching the polymer with a razor blade and measuring the step height at different regions 

of the film.  As shown in Fig. 2.1, the CB- and THF-cast films are highly uniform, exhibiting 

very low average surface roughness of 3.7 nm and 5.1 nm, respectively, with less than 4% 

variation in thickness per 100 µm length.  To avoid any possible nonuniformity in film 

thickness near the edge of the substrate, the silicon substrates were cleaved before the optical 

measurements. 
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Figure. 2.1. Film thickness variation vs. position for CB (red curve) and THF-cast (black curve) 

films.  

 

The in-plane (ordinary) refractive index of the MEH-PPV films at 640 nm, as 

determined by spectroscopic ellipsometry, is 1.84, which agrees with values reported in the 

literature
31-34

.  The samples were photopumped with vertically polarized pulses of 25 ps 

duration delivered at a repetition rate of 10 Hz using a frequency doubled (λexc=532 nm, 

which is close to the absorption maximum of the polymer, namely 500 nm) regeneratively 

amplified mode-locked Nd:YAG (neodymium-doped yttrium aluminum garnet) laser. 

Pumping was performed perpendicular to the plane of the waveguides.  Because the 

excitation pulse duration is short relative to the PL decay time of MEH-PPV, which has been 

reported to be ~200-300 ps
35,36

, this experiment was performed under transient or non-

steady-state conditions.  Two spherical plano-convex lenses with focal lengths of 80 and 200 

mm collected and collimated the emission from the edge of the films (i.e. parallel to the plane 

of the waveguides) and focused it onto the entrance slit of an Acton Research 2150i 
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spectrograph coupled to a Princeton Instruments Spec-10 LN2-cooled charge-coupled device.  

The collection lens was positioned at a distance of 80 mm (the focal length of the lens) from 

the sample edge. The energy of the pulses was controlled using a set of calibrated neutral 

density filters.  A cylindrical lens (focal length f = 100 mm) was used to shape the pump 

beam into a stripe.  The center portion of this stripe was then spatially filtered through a 

stationary metal slit to create a thin, 100 μm x 1 mm, excitation stripe on the sample surface 

that was oriented perpendicular to the polarization direction of the pump pulses.  One end of 

the excitation stripe was positioned at the cleaved edge of the sample and the length of the 

stripe was varied by superimposing an adjustable shield directly over the fixed metal slit. The 

experimental arrangement used in the current work is shown in Fig. 2.2.  To minimize 

diffraction effects
37

, the fixed metal slit was placed in close proximity to the sample surface 

(~100 µm).  Using the method described by Negro et al
38

, we have confirmed that the 

collection efficiency and excitation intensity profile were effectively constant across the 

lengths of stripe used. All of the experiments reported here were performed under ambient 

conditions.  
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Figure. 2.2.  (a) Schematic of experimental setup. M, mirror. WP, waveplate. GLP, Glan-Laser 

polarizer. PH, pinhole. ND, variable neutral density filters. CL, cylindrical lens.  (b) Variable stripe 

length (VSL) configuration.  

 

 

2.4 Results and Discussion 

 

  In Figs 2.3(a) and (b) we show the edge collected photoluminescence (PL) spectra 

from waveguides formed with THF- and CB-cast films of MEH-PPV at three different stripe 

lengths with a low pump energy density of 5 µJ/cm
2
.  The PL spectra show a 0-0 transition at 

592 nm followed by vibronic progressions at 640 nm (0-1) and 696 nm (0-2).  Again, these 

vibronic peaks are attributed to the coupling of electronic excitations to a series of normal 

vibrational modes of the polymer’s electronic ground state.  As mentioned above, it has been 

postulated that the purely electronic transition at 592 nm (0-0) arises almost entirely from 

single chain excitons, whereas the peak intensity at 640 nm is a convolution of the highest 

energy aggregate emission band and the 0-1 vibronic  progression associated with the single 

chain exciton,
25,26,29,30

 which is a bimodal form of inhomogeneous broadening
30

. 
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Figure. 2.3. (a) and (b) PL spectra collected from the edge of waveguides formed with MEH-PPV 

films cast from THF and CB at different stripe lengths with a pump energy density of 5 µJ/cm
2
.  (c) 

and (d) Normalized spectra collected from the edge of the same waveguides at different pump energy 

densities with a pump stripe length of 0.1 cm. 

 

Thus,  an increasing aggregate concentration enhances the intensity of the 0-1 peak relative 

to the 0-0 peak
28

.  We note that when the low density PL is collected from the edge of the 

waveguide, self-absorption can distort the spectral lineshape,  predominantly at the blue edge 

of the PL where overlap with the absorption band is greatest
27

.  In our particular case, 

however, self-absorption effects are minimal because there is very little overlap between the 

absorption and emission spectra, which is approximately the same for both the CB- and THF-

cast films. That is, there is little optical density on the low energy side of the absorption band 

which could contribute to self-absorption. Furthermore, since the distance traveled along the 
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waveguide is the same, any self-absorption effects would be the same, and thus, would not 

influence our comparison of CB- and THF-cast films.  Figure 2.3 clearly shows that changing 

the solvent from THF to CB dramatically alters the PL lineshape: a diminishing (0-0) 592-nm 

peak relative to the peak at 640 nm accompanied by a reduction in the PL quantum yield.  

These emission features are consistent with prior investigations on PPV and its 

derivatives
9,17,28

 and can be attributed to the increased degree of chain aggregation in the CB-

cast films.   The larger aggregate fraction in our CB-cast films is also consistent with the 

results of a more recent second-harmonic generation (SHG) study
39

 of spin-cast films of 

MEH-PPV showing that the spin-speed dependence of the morphology of the polymer chains 

in the films is due to a competition between the rate of solvent evaporation, which kinetically 

traps the conformation of polymer chains in their solvent configuration, and the shear forces 

that are generated during spin coating, which enhances  π-π interaction by stretching out the 

polymer chains.  We note that the boiling point of CB (404
o
K) is higher than that of THF 

(338
o
K).  Thus, based on the results of the SHG study

39
, more balance between the lower 

evaporation rate of CB and the shear forces is expected to occur at a spin speed of 2000 rpm, 

which increases the degree of π-π interaction in the CB-cast films. However, for both the 

THF- and CB-cast films, as the pump energy density is increased, the stimulated emission 

component increases and results in gain narrowing centered at 640 nm, which coincides with 

the 0-1 vibronic transition of the spontaneous emission, as shown in Figs 2.3(c) and 3(d).  

Notice that the 0-1 transition shifts towards shorter wavelengths as the pump energy is 

increased.  This blue shift coincides with the threshold for gain narrowing and indicates that 
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ASE mainly occurs before spectral diffusion or interchain energy migration, which occurs 

within the first few tens of picoseconds after photoexcitation
40-42

.  Thus, once population 

inversion is established for one of the excitonic-vibronic transitions of the low energy PL, the 

fast ASE process takes over and effectively shortcuts slower nonradiative recombination 

pathways leading to a dramatic rise in PL emission efficiency, as discussed below.  We 

propose that such behavior is the most likely explanation for the observation of strong 

stimulated emission in CB-cast films, which are known to contain a large fraction of 

aggregates relative to films cast from THF. 

In Fig. 2.4 we show the dependence of the spectrally integrated PL intensity on the 

pump energy density for films annealed at 80 and 200
o
C. The inset shows the corresponding 

variation of the PL linewidth.  In the low pump energy regime, the integrated emission 

intensity for the 80
o
C annealed films grows linearly with the pump energy.  However, a 

superlinear increase in emission intensity is observed beyond a certain threshold value of the 

pump energy for both the THF and CB-cast films.   
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Figure. 2.4. Dependence of the spectrally integrated, edge emitted PL intensity on pump energy 

density for waveguides formed with THF (squares) and CB-cast (triangles) films annealed at 80
o
C 

(filled markers) and 200
o
C (open markers).  Inset shows the PL linewidth energy density dependence.  

The pump stripe length is 0.1 cm. 

 
 

This abrupt rise in the PL efficiency and associated spectral narrowing are attributed to the 

onset of stimulated emission and is a direct indication to the presence of positive net gain.  

Quantitatively, we define the ASE threshold as the pump energy density at which the full 

width at half maximum (FWHM) of the PL is reduced to half its low pump energy value.  

The deduced threshold values are thus 10 and 12 µJ/cm
2
 for the THF- and CB-cast films 

annealed at 80
o
C, respectively.  Due to the large optical density of our MEH-PPV films at the 

pump wavelength, essentially all of the excitation photons incident on the films are absorbed.  

The spectrally integrated emission intensity is therefore proportional to the total number of 

emitted photons.  That is, although we have not directly measured the absolute PL quantum 
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efficiencies (QE), the relative dependence of the PL QE on casting solvent can be inferred 

directly from the change in slope of the integrated emission intensity at low pump energy 

density (Fig. 2.4), before the threshold for ASE
25

.  It has previously been shown that the 

threshold for ASE in a PPV derivative is correlated with the spectrally integrated low-energy 

PL quantum efficiency (QE)
43

.  We note that the low-energy PL QE of the CB-cast films is a 

factor of 2 lower than the THF-cast films, which is a consequence of the larger aggregate 

fraction in the CB-cast films.  In this regard, aggregate quenching of the excited states 

reduces the PL efficiency of the CB-cast films by depleting the effective number of 

excitations that would otherwise contribute to the achievement of stimulated emission.  The 

probability for stimulated emission is therefore reduced and the threshold shifts to larger 

values of pump energy, as observed in Fig. 2.4.  However, considering the relatively large 

drop in PL yield (factor of 2), the increase in the onset pump energy of ASE for the CB-cast 

films is surprisingly small, only a factor of 1.2 times larger than the THF-cast films.  This 

small increase in the ASE threshold can be reconciled by taking into account that the 

waveguide loss coefficient α(λ) for the CB-cast films is nearly a factor of 2 less than the 

THF-cast films as determined by shifting excitation spot (SES) measurements shown in Fig. 

2.6. We believe that the 20% increase in the ASE threshold for the CB-cast film is mainly 

attributed to the reduction of the PL quantum yield that is observed at low pump energy 

relative to decreased loss observed in CB-cast films as discussed below. A more quantitative 

analysis is as follows. The threshold for amplified spontaneous emission is proportional to 

loss in the waveguide and inversely proportional to the quantum efficiency or the total decay 
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time of the excited state dependent upon whether one operates in the non-steady state
44

 or 

steady state
31

 excitation regime, respectively; for example, in our experiment of non-steady 

state excitation using 25 ps pulses, Eth ∝ α(λ)/, where  represents PL efficiency. All other 

parameters in the expression for the threshold pump energy are the same for both THF- and 

CB-cast films. Incorporating our values for the PL efficiencies and loss coefficients 

determined below into the relation above for Eth, we find that the ratio of threshold pump 

energies to be 1.21, which is entirely consistent with the 20% increase mentioned above and 

that the dominant factor is the difference in the PL quantum yields between the two films.  It 

is important to point out that THF and CB-cast films annealed at 200
o
C no longer exhibit 

ASE threshold behavior, even when pumped at energy densities near the photodamage 

threshold, as shown in Fig. 2.4. Instead, the spectrally integrated emission intensity grows 

linearly across all values of the pump energy, indicating that the PL efficiency has been so 

severely reduced that the films are no longer capable of generating a sufficiently large 

excitation density to support the stimulated emission; the aggregate fraction has become so 

large that the majority of photogenerated excited states are interchain species as opposed to 

isolated excitons. This is further illustrated in Fig. 2.5, which shows how the shape and 

spectral position of the PL changes when CB-cast films are annealed at 200
o
C compared to 

80
o
C.  In addition to being noticeably red shifted, the emission spectra of the 200

o
C films 

show considerably more emission intensity on the red side of the PL spectrum as well as 

dramatically lower output intensity.   
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Figure 2.5. Emission spectra of 200

o
C (red curves) and 80

o
C (black curves) annealed films of MEH-

PPV cast from CB at pump energy densities of 3 and 15 µJ/cm
2
 with a constant pump stripe length of 

0.1 cm.    

 

As noted above, these are all well known spectral signatures attributed to an increased degree 

of chain aggregation in the 200
o
C annealed films

9,17,28
.  THF-cast films annealed at 200

o
C vs. 

80
o
C exhibit qualitatively similar behavior (curves not shown).  These observations are not 

surprising given the extensive amount of structural relaxation that occurs at this high 

temperature, which is well above Tg ~ 70
o
C for bulk MEH-PPV used in the current work.   

 To characterize the effective waveguide losses  we performed shifting excitation spot 

(SES) measurements
45

, which involved measuring the edge emitted intensity ISES(λ)  as a 

function of the lateral displacement  x  of a fixed pump stripe (1 mm x 100 µm) away from 

the waveguide edge.  The SES data shown in Fig. 2.6 were then fitted assuming an 

exponential dependence on the length of the unpumped region according to,                                                                                                              
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                                                                                                                       (1) 

where α(λ) is the overall loss coefficient, which includes both absorption and scattering loss,  

and Isp(λ) is the spontaneous emission intensity at the end of the pump stripe.  Loss 

coefficients of 12 cm
-1

 and 20 cm
-1

 were extracted for the waveguides formed with CB and 

THF-cast films (Fig. 2.6), respectively, which are both relatively small loss values
46

 for neat, 

non-blended films of MEH-PPV.   

 

 
 
Figure. 2.6. PL intensity at 640 nm as a function of the distance x between the sample edge and the 

excitation stripe for THF-cast (squares) and CB-cast (triangles) films.  Data fits (broken lines) using 

Eq. (1) yields loss values of 12 cm
-1

 and 20 cm
-1

 for CB-cast and THF-cast films, respectively.  

 

Neglecting other contributing factors, waveguide loss is expected to be higher in CB-cast 

films because of the larger fraction of aggregates.  However, atomic force microscopy 
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measurements revealed that the average surface roughness of the THF-cast films was larger 

than that of the CB-cast films (Ra
THF

 = 5.1 nm, vs. Ra
CB

 = 3.7 nm).  THF-cast films were also 

found to exhibit a relatively large number of microvoids, which presumably formed by the 

rapid evaporation of solvent molecules during the spinning process.  Again, we note that the 

boiling point of THF (338
o
K) is much lower than the boiling point of CB (404

o
K).  Both the 

increased average surface roughness and the presence of microvoids will increase scattering 

loss in the THF-cast films. We suggest that it is these cumulative losses and the associated 

scattering of photons that most likely explain why the waveguide loss coefficient in the THF-

cast films is higher than that in the CB-cast films in spite of the fact that CB-cast films 

exhibit a higher degree of aggregation. 

 The gain characteristics of the waveguides were investigated using the variable stripe 

length (VSL) technique
46

.  To determine the net gain coefficient, g(λ), the peak intensity, 

IVSL(λ), at the ASE wavelength (640 nm) was measured as a function of the pump stripe 

length, L , and the resulting curves were fitted to the following expression, 

                                                   
      

    
                                                          (2)     

where Isp(λ) describes spontaneous emission, which is proportional to the pump energy.  

Figure 2.7 shows the peak intensity at λASE for waveguides formed with THF and CB-cast 

films as a function of excitation length at different pump energy densities.  It is clearly 

observed that at a pump energy density of 30 µJ/cm
2
 an exponential increase in the peak 

intensity at λASE accompanied by spectral narrowing occurs above a threshold excitation 

length Lt (see inset in Fig. 2.7), which decreases as the pump energy density is increased.  
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This decrease in Lt is a consequence of the higher gain.  Note that the ASE peak intensity 

deviates from the exponential increase at longer excitation lengths due to gain saturation.  

Across this saturation stripe length regime the high level of optical amplification depletes a 

substantial fraction of the population inversion, leading to a reduction of the net gain
46

.   

 

 

Figure. 2.7.  Excitation length dependence of the peak intensity at λASE for  waveguides formed with 

THF (a) and CB-cast (b) films at different pump energy densities.  The fitting to Eq. (2) is given by 

the dashed lines.  The inset shows the normalized PL spectra collected at three different stripe lengths 

with a pump energy density of 30 µJ/cm
2
.  The threshold excitation length Lt is indicated. 

 

 

Thus, in determining the net gain coefficient we used only the exponential subset of the data.  

It should be noted that this saturation behavior is not attributed to photodegradation of the 

films as subsequent scans on the same region of the film for each value of the pump energy 

yielded no significant changes in ASE intensity at a particular value of the excitation stripe 

length.  In Fig. 2.8, we show the net gain coefficient as a function of pump energy density for 
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the CB- and THF-cast films. At a low pump energy density of 5 µJ/cm
2
, the net gain 

coefficient for the THF and CB-cast films are -21 cm
-1

 and -10 cm
-1

, respectively, indicating 

a loss.  These loss values are in good agreement with the loss values obtained using the SES 

technique (Fig. 2.6), which confirms that our experimental setup for VSL measurements
38

 is 

configured properly.  As the pump energy density is increased, both the THF- and CB-cast 

films exhibit very large positive net gain, reaching values of 365 cm
-1

 and 330 cm
-1

, 

respectively, when pumped at a maximum energy density of 85 µJ/cm
2
. 

 

 
 
Figure. 2.8. Net gain coefficient as a function of pump energy density for waveguides formed with 

THF (squares) and CB-cast (triangles) films.   

 

Contrary to the common perception that chain aggregation is detrimental to the ASE 

behavior
17

, these data clearly demonstrate that the increased aggregation in CB-cast films has 

little effect on optical gain; in fact, very large net gain can still be achieved in spite of the 
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relatively larger aggregate concentration.  These results are consistent within the framework 

of radiative lifetime shortening upon achieving ASE
47-49

, which leaves significantly less time 

for energy migration to low energy aggregate sites and subsequent quenching of the excited 

states.  However, as the 200
o
C data in Fig. 2.4 show, polymer morphology can become 

significantly influential over the optical properties under conditions where extremely large 

aggregate fractions are formed, that is, stimulated emission is suppressed at elevated 

temperatures significantly above Tg.   

 It is important to note that the gain coefficients found in the current work are 4-5 

times larger than  what has previously been reported for MEH-PPV
31,46,50,51

 and other  PPV-

based derivatives
51

, and to the best of our knowledge are the largest values reported to date 

for thin conjugated polymer films
47,50-53

 measured using the VSL technique.  We have found, 

however, that these same waveguide structures exhibit markedly lower net gain under quasi 

steady-state excitation conditions using nanosecond pump pulses.  A net gain of 75 cm
-1

 was 

achieved for 8-10 ns pump pulses at a maximum pump energy density of 1.8 mJ/cm
2
 

(corresponding to a pump intensity of 200 kW/cm
2
), which is in good agreement with 

previously reported values for MEH-PPV
31,51

 and related PPV-derivatives
46,51

 under 6-10 ns 

pulse conditions.  The lower net gain obtained under quasi-steady-state excitation conditions 

is currently believed to be due to localized photo-chemical and/or photo-thermal changes in 

film morphology induced by the relatively long duration, high energy ns pump pulses
9,48

.  No 

photodamage to the samples was observed under picosecond pulsed excitation. Compared to 

THF-cast films, the relatively higher aggregate concentration in the CB-cast films affects 
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only slightly (<15 %) the net gain for both ps and ns pulses.  That is, the solvent dependence 

of the degree of aggregation in the films and its influence on the ASE behavior of MEH-PPV 

is preserved in both excitation regimes. The pulse width dependence (i.e. transient vs. quasi-

steady state excitation) of the ASE behavior is beyond the scope of the current work and will 

be the subject of a subsequent publication. 

 

2.5 Conclusions  
 

 In summary, we have presented the results of a detailed study investigating the 

morphology dependence of optical gain in thin spin-cast films of MEH-PPV. The polymer 

morphology and extent of aggregate formation in the films was controlled by altering the 

chemical nature of the solvent from which the films were cast. Chlorobenzene (CB) and 

tetrahydrofuran (THF) were chosen based on their known ability to promote and effectively 

limit aggregate formation, respectively.  Although films cast from CB were found to exhibit a 

significantly lower PL efficiency at low pump energy compared to films cast from THF, our 

variable stripe length measurements in the ps regime showed little difference (< 15%) in 

optical gain above the ASE threshold. Both the CB- and THF-cast films exhibited very large 

gain coefficients, reaching values of 330 cm
-1

 and 365 cm
-1

, respectively, at a maximum 

pump energy density of 85 µJ/cm
2
.  Loss measurements revealed low loss coefficients of 10-

20 cm
-1

. These results clearly demonstrate that the film morphology and aggregation state of 

the polymer chains as controlled by the chemical nature of the solvent has minimal influence 

on the optical gain properties of thin spin-cast films of MEH-PPV. Our data therefore suggest 
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that the impact of polymer morphology on device performance depends upon the operational 

regime, spontaneous vs. stimulated emission, of the actual device.  Furthermore, the present 

results make evident the fact that very large net gains and low losses can still be achieved 

from MEH-PPV films without the need for complex processing techniques involving, for 

example, the encapsulation of polymer chains in the nanopores of a silica host, as has 

recently been proposed
50

.  The results reported here may have important implications for the 

construction and optimization of an electrically pumped laser device where some degree of 

aggregation will be required for charge transport purposes.   
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3.1 Abstract 

 
 Aggregate formation in conjugated polymer (CP) films is one of the most important 

phenomena thought to influence the photophysical properties of CP-based optical devices. In 

the current work, we report the results of a detailed investigation on the morphology and 

chain aggregation dependence of optical gain in spin-coated thin films of the conjugated 

polymer poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV).  

Extensive gain measurements are performed using the variable stripe length technique with 

picosecond pulse excitation.  The polymer morphology and extent of aggregate formation in 

the films is controlled by annealing the films at different temperatures. Consistent with 

previous reports, the aggregation state of the polymer chains increases with the annealing 

temperature, resulting in a decrease in luminescence efficiency at low excitation density (≤ 

10
18

 cm
-3

).  However, the increase in aggregate formation with increasing annealing 

temperature does not significantly alter the optical gain; very large gain coefficients are still 

achieved in films containing a relatively large fraction of aggregates.  The largest gain 
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coefficients are observed for as-cast (non-annealed) MEH-PPV films, and exceed 450 cm
-1

 at 

a maximum pump energy density of 60 µJ/cm
2
.  Very large gain coefficients of 315 and 365 

cm
-1

 are also demonstrated for MEH-PPV films annealed at 60 and 80
o
C, respectively, in 

spite of the enhanced packing morphology and conformational order of the polymer chains. 

Amplified spontaneous emission (ASE) and positive net gain can, however, be suppressed 

when the films are annealed at 200
o
C, which is well above Tg.  These findings call in to 

question the detrimental effect aggregate formation is believed to have on the ASE behavior 

of polymer waveguides and related optical devices operating in the stimulated emission 

regime, as would be characteristic of lasers and optical amplifiers. 

 
3.2 Introduction 

 

 Conjugated polymers are, in many ways, extremely well suited for use as laser 

materials.  They have high photoluminescence quantum efficiencies, exhibit stimulated 

emission in solid film form, and have emission wavelengths spanning the full visible 

spectrum.  Furthermore, conjugated polymers are solution processable, which means active 

components can be fabricated with high yield, at low-cost, with virtually no size restrictions 

or substrate limitations.   For these reasons, conjugated polymers are actively being pursued 

as cost-effective optical components integrated on silicon.  An approach that has recently 

been proposed involves the incorporation of the conjugated polymer MeLPP [methyl-

substituted ladder-type poly(p-phenylene)] into a Fabry-Perot-like cavity structure formed 

between two high index contrast sub-wavelength-sized silicon gratings.
1
   Similar instances 

of laser action have also been reported from Si-based hybrid structures, involving, for 
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example, the combination of  microstructured silicon resonators with the conjugated polymer 

poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV).
2
   Although these 

hybrid organic-inorganic structures are an economical alternative to previously proposed 

approaches
3-6

 for integration of light emission on silicon, the achievement of optical 

amplification under an electrical pumping scheme has remained elusive, primarily because of 

the low charge carrier mobilities of these organic systems and the high current densities 

required to achieve threshold
7
.  Furthermore, non-radiative losses arising from polaron 

absorption
8-11

 and singlet-triplet annihilation,
11-14

 as well as thermal and electrode related 

losses
7,10,15,16

 cause dramatic reductions in the net gain under direct charge injection.  It is 

therefore highly desirable to understand and further improve the optical properties of 

luminescent conjugated polymers in an effort to reduce the threshold and increase the gain 

without degradation of the carrier transport properties.  This will enable the use of smaller 

and more economical optical pumping sources as well as increase the likelihood of one day 

achieving positive net gain under direct charge injection.
17

 

 It is well known that conjugated polymers derive their optical and electronic 

properties directly from their chemical structure.  As such, the development of radically new 

polymer structures has proven to be an effective means of controlling  properties such as the 

stimulated emission threshold and gain.
18,19

  In addition to chemical structure, the optical and 

electrical properties of conjugated polymers are also heavily dependent on the conformation 

of the polymer chains and the manner in which they are packed together in a solid film.  The 

packing morphology, in turn, is strongly sensitive to how the films are prepared.  Factors 
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such as the choice of solvent,
20-22

 spin speed,
23

 solution concentration and thermal annealing 

temperature
5,24,25

 are all well established processing parameters that, when varied, will alter 

the polymer morphology, and hence the optical properties of the film.   

 In terms of film morphology, the organization of polymer chains into aggregates is 

considered one of the most important phenomena thought to influence the photophysical 

properties of polymer based optical devices.  This tendency towards molecular chain 

aggregation is driven primarily by energetically favorable interchain interactions, whereby 

vicinal chromophores in well packed regions of the film interact electronically to lower their 

overall energy.
26-29

  It is important to note that our use of the term aggregate is defined 

electronically, as opposed to morphologically.  For example, an aggregate is conceptually 

different from that of an agglomerate; aggregated polymer chains interact electronically and 

quench luminescence whereas agglomerated chains do not. Population of these aggregate 

states, either by direct excitation or through a transfer of energy, produces interchain species 

with optical and electronic properties that are significantly altered relative to that of single 

chain excitons.  For example, wavelength-dependent excitation and photoluminescence (PL) 

spectroscopies have shown that aggregate ground state absorption and emission spectra, 

although very weak, are distinctly redshifted in relation to the single chain exciton.
20

  More 

importantly, aggregate states are known to cause luminescence quenching in both 

photoluminescent (PL) and electroluminescent (EL) devices, thus reducing the internal 

PL/EL quantum efficiency.
30

  However, studies investigating the effect of film morphology 

on the performance of polymer-based light emitting diodes (LEDs) report that thermally 
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annealed films exhibit dramatic improvements in carrier mobility and electron injection 

current, as well as improved operational stability and thermal endurance relative to non-

annealed films.
21,31-33

 These changes in LED operation have been attributed to thermally 

enhanced interchain interaction and improved chain packing morphology, which over-

compensate for the accompanying reduction in PL efficiency leading to an overall increase in 

device performance.
34

  Therefore, while chain aggregation is typically avoided in optically 

pumped devices, it is clear that some degree of chain aggregation will be required in an 

electrically pumped laser device for both transport and stability purposes.  Given this 

requirement, it is highly desirable to understand how thermal annealing and the associated 

changes in polymer morphology and aggregate formation influence the optical gain 

properties of these materials. However, a systematic study of the morphology dependence of 

the optical gain on thermal annealing has not yet been reported. In view of the favorable 

attributes conjugated polymers have for laser applications and the potential impact film 

morphology can have on device performance, such an understanding is crucial to 

optimization of polymer-based optical devices operating at post-threshold excitation 

densities. 

 Here, we systematically investigate the influence of polymer morphology and chain 

aggregation as controlled by thermal annealing on the optical gain properties of spin-coated 

thin films of the conjugated polymer poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene 

vinylene] (MEH-PPV). Extensive optical gain measurements are performed on as-cast and 

thermally annealed films using the variable stripe length (VSL) technique
35

 in the picosecond 
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regime at pump energy densities ranging from below to well above the ASE threshold. 

Waveguide loss and ASE threshold measurements are also reported.   We find that the extent 

of aggregate formation in the films increases with annealing temperature, which is consistent 

with previous reports by others.
31,33

  However, in contrast to the common perception that 

aggregate formation is detrimental to the ASE behavior of MEH-PPV in neat film form,
33

 we 

demonstrate conclusively that very large optical gain (> 310 cm
-1

) can still be achieved in 

films that contain a relatively large fraction of aggregates.  The implications of these results 

on optically and potentially electrically pumped conjugated polymer-based optical devices 

and their optimization are discussed.  For example, improvements in charge carrier mobility 

through controlled increases in chain aggregation
21,31,32,36

 may provide a viable means of 

improving injection efficiency without significantly degrading optical gain. 

 

3.3 Experimental Procedures 

 

MEH-PPV (Gilch-type, Mn = 70,000 – 100,000 g/mol, Mw/Mn ~ 5) used in the 

present investigation was acquired from Sigma-Aldrich and used without further purification.  

High concentration (1.0 % w/v) polymer solutions were prepared by dissolving the 

appropriate amount of MEH-PPV in distilled tetrahydrofuran (THF) under a high purity 

nitrogen environment. THF was chosen as the solvent in this investigation since it is known 

to hinder polymer aggregation. The solutions were sonicated for 30 minutes in an ultrasonic 

bath and allowed to stir for 24 hours in the dark at room temperature.  Immediately prior to 

film formation, the solutions were sonicated for an additional 1.5 hours. Optical quality 
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asymmetric planar waveguides were fabricated by spin casting 130-140-nm-thick films from 

1.0 % w/v MEH-PPV solution onto cleaned SiO2/Si(100) substrates at 2,000 rpm for 1 

minute using a Laurell Technologies WS-400 spin coater.  The SiO2 was thermally grown on 

the Si(100) substrate to a thickness of 1 µm .  Cleaning of the SiO2/Si(100) substrates was 

performed in a clean room facility using  a 1:0.22:5 mixture consisting of JTB-111, 30% 

H2O2 and ultra-pure deionized H2O, respectively, followed by a 5x rinse with ultra pure 

deionized water. The samples were then stored at 22
o
C (designated as-cast and serves as our 

control sample) or annealed at 60, 80, and 200
o
C under a high purity nitrogen atmosphere for 

several hours. For absorption measurements, 130-140-nm-thick films were spun on cleaned 

BK7 glass substrates (refractive index, n = 1.51 at 640 nm) and analyzed using a Cary 100 

UV/Vis spectrophotometer. The thickness and surface roughness of the films were measured 

using a Veeco Caliber atomic force microscope in tapping mode at a scan rate of 5 µm/s.  

Thickness measurements were made by scratching the polymer with a razor blade and 

measuring the step height at different regions of the film. To avoid any possible 

nonuniformity in film thickness near the edge of the substrate, the silicon substrates were 

cleaved before the optical measurements.  

The in-plane (ordinary) refractive index of the MEH-PPV films at 640 nm, as 

determined by spectroscopic ellipsometry, is 1.84, which agrees with previous reports.
17

  

Because the refractive index of the MEH-PPV (n = 1.84) is larger than that of the cover layer 

(air, n = 1) and the substrate layer [SiO2(thermal oxide), n = 1.46] at the ASE wavelength 

(~640 nm), an asymmetric planar waveguide is formed.  The emitted light is therefore 
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confined within, and guided along the plane of the MEH-PPV film by a series of total 

internal reflections at the SiO2/MEH-PPV and Air/MEH-PPV interfaces. These waveguides 

are mono-mode and preferentially support TE polarization only.   

Photoluminescence measurements were performed by photopumping the samples 

with vertically polarized 25 ps pulses delivered at a repetition rate of 10 Hz using an 

EKSPLA PL2143A  frequency doubled (λexc=532 nm, which is close to the absorption 

maximum of the polymer, namely 500 nm) regeneratively amplified mode-locked Nd:YAG 

(yttrium aluminum garnet) laser.  Pumping was performed perpendicular to the plane of the 

waveguide.  Because the excitation pulse duration is short relative to the PL decay time of 

MEH-PPV, which is ~200-300 ps,
37,38

 the experiment was performed under non-steady-state 

conditions.  Two spherical plano-convex lenses with focal lengths of 80 and 200 mm 

collected the emission from the edge of the films (i.e. parallel to the plane of the waveguide) 

and focused it onto the entrance slit of an Acton Research 2150i spectrograph coupled to a 

Princeton Instruments Spec-10 LN2-cooled charge-coupled device operating at -100
o
C.  The 

collection lens was positioned at a distance of 80 mm (the focal length of the lens) from the 

sample edge. The energy of the pulses was controlled using a set of calibrated neutral density 

filters and measured using a pyroelectric energy sensor attached to a Coherent 3sigma meter.  

A cylindrical lens (focal length f = 100 mm) was used to shape the pump beam into a stripe, 

which was then spatially filtered through a fixed metal slit to create a narrow, 100 μm x 1 

mm, excitation stripe on the sample.  The excitation stripe was oriented perpendicular to the 

polarization direction of the pump pulses with one end of the stripe positioned at the cleaved 
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edge of the sample.  The stripe length was varied by superimposing an adjustable shield 

directly over the fixed metal slit.  To minimize diffraction effects,
39

 the fixed metal slit was 

placed in close proximity, ~100 µm, to the sample surface. Using the method described by 

Negro et al,
40

 we have confirmed that the excitation intensity profile and collection efficiency 

were effectively constant across the lengths of stripe used. All of the experiments reported 

here were performed under ambient conditions. 

 
3.4 Results and Discussion 

 
 Figure 3.1 shows the ultraviolet-visible (UV-Vis) absorption spectra of the 130-140-

nm-thick MEH-PPV films spin-coated on glass substrates as a function of the thermal 

annealing temperature.  The investigated films exhibit a broad and featureless absorption 

spectrum, the result of  an inhomogeneous superposition of absorptions from chain segments 

with different conjugation lengths, and thus, different π-π* energy gaps.  In addition to the 

main absorbance band centered near 500 nm, there is also a less pronounced peak in the 

ultraviolet region.  This peak corresponds to the di-substituted phenyl rings along the 

polymer backbone, which absorb at approximately 335 nm.    
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Figure. 3.1. Absorption spectra of MEH-PPV films cast from THF-solution on glass as a function of 

thermal annealing temperature.  Inset shows chemical structure of MEH-PPV.  The spectra have all 

been normalized to the maximum absorption wavelength λmax and vertically offset for clarity.  

Vertical broken line is a guide to the eye.  

 

All films were spun from the same solution at the same spin speed, which implies that film 

properties should be the same except for the differences in annealing temperature. Note that 

the main optical transition of the as-cast polymer film stored at 22
o
C is centered at 499 nm 

and shifts towards progressively lower energy (higher wavelength) with increasing annealing 

temperature.  This spectral redshift can be understood as follows.  During the spin-coating 

process, the conformational states of the polymer chains in solution are kinetically frozen 

into the film due to the rapid evaporation of the solvent.
41-43

  The conformation and final 

packing arrangement of the polymer chains in the condensed phase are, therefore, not the 

most thermodynamically stable states.
44

  Thus, when heated to sufficiently high temperatures 
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the polymer chains will relax into more energetically favorable conformations, which are 

then retained upon cooling.  As the energy of a conjugated chain segment is inversely 

proportional to its effective conjugation length, the final packing arrangements should consist 

of relatively open and well extended polymer chains with enhanced degrees of interchain 

interaction.  The observed spatial dependence  of the absorption spectra on the thermal 

annealing temperature (Fig. 3.1) can therefore be explained in terms of an effective increase 

in the average conjugation length of the polymer chains with increasing annealing 

temperature, which lowers the energy spacing of the π-π*  transition resulting in a spectrally 

redshifted peak absorption wavelength.
45-47

  Spectral changes arising from variations in film 

thickness
23

 have been ruled out. 

 The atomic force microscope images of the thermally annealed MEH-PPV films, 

depicted in Fig. 3.2, provide direct evidence of the topographical changes in surface 

morphology that occur with increasing annealing temperature.  For example, a reduction of 

the average surface roughness Ra is observed, indicating that the films become progressively 

smoother at higher annealing temperatures.  The average surface roughness of the as-cast, 60, 

80, and 200
o
C annealed films are 8.3 nm, 6.2 nm, 5.1 nm, and 3.3 nm, respectively.  These 

observations are consistent with a picture in which polymer chain mobility is greatly 

enhanced when heated above the glass transition temperature Tg,
33

 which is approximately 

70
o
C for bulk MEH-PPV used in the present work. Thus, smoother films most likely result 

because the polymer chains become well extended and well packed, which promotes order in 

the films. This picture is also consistent with the spectral characteristics observed in the 
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optical absorption spectra (Fig. 3.1), namely an absorption edge that shifts towards 

progressively lower energy (higher wavelength) with increasing annealing temperatures.  

 

 

Figure. 3.2.  Atomic force micrographs of MEH-PPV films that were as-cast (a) and thermally 

annealed at 60
o
C (b), 80

o
C (c), and 200

o
C (d) taken over a 30 µm x 30 µm scan area.  Average 

surface roughness Ra values are provided.  

 

We should emphasize again that the spectral redshift with temperature indicates that the 

conjugation length of the chains increases with increasing temperature. It is also worth 

mentioning that polymer films thermally annealed below the glass transition temperature also  

exhibit clear indications of structural relaxation as well as temperature dependent PL 

(discussed below); see, for example, the AFM micrograph in Fig. 3.2 for the 60
o
C film 

compared to our control as-cast film.  In fact, Reiter and Napolitano
48

 have reported that 
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structural relaxation can occur for thin polymer films aged or stored below Tg.  Similar 

observations have been reported by Liu and co-workers,
49

 in which polymer thin films 

formed from MEH-PPV on ITO/glass were also found to exhibit a temperature dependent PL 

at sub-Tg annealing temperatures (e.g. 50
o
C, with a reported bulk Tg ~ 75

o
C).  These findings 

emphasize the fact that the glass transition temperature is a dynamic phenomenon heavily 

dependent on experimental conditions and sample geometry. For example, neglecting 

interfacial interactions
50,51

 between the polymer film and underlying substrate, depression of 

the glass transition temperature relative to the measured bulk value is not uncommon for 

polymer films with decreasing thickness.
43,46-48

 It has also been proposed that the presence of 

microvoids formed by the rapid evaporation of solvent molecules in spin cast polymer films 

could also lower the onset temperature of the glass transition.
49

  We note that our samples 

were spin-cast from solutions of THF, which has a boiling point of only 65
o
C.    

 It is well known that the structural relaxation that occurs with thermal annealing of 

thin conjugated polymer films results in open, extended chain conformations that promote 

interchain interactions.
33,47,52

 The increased formation of aggregates with annealing is thus 

believed to influence the photophysics in these films due to the formation of resultant 

excimer states that can reduce or quench the photoluminescence.
53

 Figure 3.3 shows the edge 

collected low pump energy (3 µJ/cm
2
) photoluminescence (PL) spectra acquired from 

waveguides formed with THF-cast films of MEH-PPV that were thermally annealed at 60 

and 80
o
C compared to our control as-cast film.  The PL spectra exhibit a purely electronic 

peak at 585 nm (0-0) followed by vibronic progressions at 640 nm (0-1) and 695 nm (0-2).  
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The well defined vibronic structure is due to the coupling of electronic excitations to a series 

of normal vibrational modes of the polymer’s electronic ground state, namely, the stretching 

vibrations of the carbon-carbon double bonds along the polymer backbone.  These vibronic 

progressions have characteristic frequencies, each of which corresponds to the relaxation of 

excited pi-electrons from the purely electronic excited state to a different vibrational sublevel 

of the electronic ground state.  

 

 

Figure. 3.3. Low pump energy PL spectra collected from the edge of waveguides formed with THF-

cast films of MEH-PPV as-cast and annealed at 60 and  80
o
C with a constant pump energy density of 

3 µJ/cm
2
 and pump stripe length of 0.1 cm.  

   

As the thermal annealing temperature increases, there is a gradual change in the PL lineshape 

with the zero vibration 585 nm (0-0) peak intensity diminishing relative to the peak at 640 
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nm (see also Fig. 3.4). Similar behavior has also been observed in thin films of MEH-PPV 

depending on the solvent quality
54

 and solution concentration
33

 from which the films were 

cast. It should be noted that when the sample emission  is collected from the edge of the 

waveguide self-absorption can distort the PL spectral lineshape, particularly at the blue edge 

of the luminescence where overlap with the absorption band is greatest.
55

 However, the 

degree of spectral overlap between absorption and emission is minimal, and essentially the 

same for the as-cast and thermally annealed films, as is the distance the emitted light travels 

along the waveguide.  Thus, any spectral artifacts arising from self-absorption should be 

systematic in nature, which would not influence our comparison of the PL lineshape with 

increasing annealing temperature. Selective spectral enhancement arising from leaky-mode 

emission
56

 has also been ruled out due to the non-transparent substrate used in this 

investigation.  These changes in the low density PL spectral lineshape are therefore attributed 

to the relative intensity contributions arising from single chain exciton emission and 

interchain aggregate species, in which each is in direct competition with the other.  A basic 

premise of this two emitter model is that the 0-0 peak intensity at 585 nm stems from de-

excitation of single chain excitons, whereas the peak at 640 nm is a superposition of the 

highest energy interchain aggregate emission band and the 0-1 vibronic replica associated 

with the intrachain exciton.
45,57-59

  An increasing aggregate concentration will therefore alter 

the spectral lineshape by enhancing the intensity of the peak at 640 nm relative to the peak at 

585 nm, as is observed in Figs. 3.3 and 3.4.  A dramatic reduction of the integrated PL 

intensity accompanied by a spectral redshift is also observed with increasing annealing 
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temperature.  The polymer films are approximately the same thickness (135 +/- 5 nm) and of 

comparable optical density (0.92 +/- 0.06 OD) at the pump wavelength, which suggests that 

the reduction of the integrated PL intensity with increasing annealing temperature can be 

attributed to a reduction in PL quantum yield.  This point is discussed in detail later; 

basically, we attribute the drop in PL yield to enhanced aggregate formation with increasing 

temperature. We note that the emission spectra displayed in Fig. 3.3 were collected at a low 

pump energy density of 3 µJ/cm
2
, which corresponds  to a maximum excitation density of 

Nexc ~ 1 x 10
18

 cm
-3

 (Nexc = αE/hν , where E is the pump energy density and α is the 

absorption coefficient at the pump laser frequency), which falls well below the threshold at 

which the PL quantum yield  typically drops due to exciton-exciton annihilation.
33,60,61

 

Consistent with previous work on interchain interactions in high concentration solutions and 

solid films of MEH-PPV,
20,22,33,35,47

 the relative drop in PL quantum yield, spectral redshift, 

and accompanying change in PL lineshape are all a direct consequence of the increased 

concentration of interchain aggregates present in thermally annealed films.   
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Figure. 3.4. Pump energy dependence of emission spectra for MEH-PPV films that were  as-cast (a) 

and thermally annealed at 60
o
C (b)  and  80

o
C (c).  The spectra have been normalized to facilitate 

comparison.  PL/ASE spectra were collected from the edge of the waveguides and recorded using a 

constant excitation pump stripe length of 0.1 cm.  The inset plots show the dependence of the PL 

linewidth for the 0-1 transition on the pump energy density.  

  

 The spectral evolution of the PL with increasing pump energy for the as-cast, 60, and 

80
o
C annealed films is shown in Fig. 3.4.  The inset plots show the corresponding variation 

of the PL linewidth for the 0-1 vibronic transition as a function of the pump energy density.  

Notice that at a low pump energy density of 3 µJ/cm
2
 the spectra are broad and exhibit 

vibronic structure characteristic of spontaneous emission. However, as the pump energy 
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increases, the full width at half maximum (FWHM) of the spectra begin to collapse and 

become centered on the position of the 0-1 vibronic peak.  At sufficiently high pump energy 

all that remains of the once broad spectrum is a single narrowed peak (FWHM < 10 nm). 

This spectral narrowing is attributed to amplified spontaneous emission (ASE) and is 

interpreted within the framework of a four-level laser system, with stimulated emission 

occurring beyond a threshold value of the pump energy at the wavelength where the net gain 

is highest.  For the as-cast film, the ASE wavelength corresponds to 630 nm and redshifts to 

638 nm and 641 nm for the 60 and 80
o
C films, respectively. Quantitatively, we define the 

ASE threshold as the pump energy density at which the full width at half maximum (FWHM) 

of the 0-1 transition of the PL is reduced to half its initial value at low pump energy.  The 

deduced threshold values for the onset of ASE are therefore 7.0, 9.1, and 10.1 µJ/cm
2
 for the 

as-cast, 60, and 80
o
C films, respectively.  This dependence of ASE threshold on anneal 

temperature is qualitatively consistent with threshold pump energy density data for Horner- 

and Gilch-type films reported by Holzer, et al
62

 and clearly demonstrate that thermally 

annealing as-cast films is an effective means of controlling the ASE threshold.  Our as-cast 

films require 30% less pumping energy to achieve ASE threshold conditions compared to 

films that were annealed at 80
o
C.  We attribute this increase in threshold to the increasing 

fraction of interchain species in the thermally annealed films, discussed in greater detail 

below. Relative to the 0-1 vibronic peak of the low energy PL, we note that the peak 

wavelength of the stimulated emission shifts towards shorter wavelengths with increasing 

pump energy density. Femtosecond time-resolved PL measurements of MEH-PPV have 
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attributed this phenomenon to the fast ASE process, which occurs primarily before spectral 

diffusion or electronic energy transfer that occurs over the first few tens of ps following 

photoexcitation.
63-65

 

 Because of the large optical thickness at the pump wavelength, essentially all 

excitation photons incident on the polymer films are absorbed.  The spectrally integrated 

emission intensity is therefore directly proportional to the total number of emitted photons.  

Thus, although we have not directly measured the absolute PL quantum yield of each film, 

the relative dependence of the PL yield on thermal annealing temperature can be 

approximated from the change in slope of the integrated emission intensity at low pump 

energy density (Fig. 3.5).
66

   Examining the data in Fig. 3.5, in which the integrated intensity 

as a function of pump energy density is shown, a correlation is observed between the ASE 

threshold and the low energy PL yield.  Films having a higher PL yield exhibit a lower ASE 

threshold and vice versa.  At threshold, the excited state density is given by
67

 

                                                               
    

  
                                                                 (1) 

where αabs represents the absorption coefficient, h is Planck’s constant, ν the pump laser 

frequency, and Eth the pump energy density at threshold.  Since the absorption coefficient of 

the as-cast, 60, 80
o
C films is essentially the same (1.52 x 10

5
 cm

-1
 +/- 0.1),   the increase in 

threshold with increasing anneal temperature can be explained as an effective loss of 

emissive species. On the basis of the measured ASE thresholds, the calculated excited state 

densities are shown in Table 3.1.  For reference purposes, the calculated thermal population 

of the first vibronic sublevel (0-1) of the electronic ground state is estimated to be ~3 x 10
18
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cm
-3

 at room temperature.  We thus propose that increased aggregation with a resultant 

increase in interchain species in the 60 and 80
o
C annealed films reduces the PL yield by 

depleting the effective number of excitations that would otherwise contribute to achievement 

of stimulated emission.  For example, using equation 1 it can be shown that Nex(22
o
C) = 

0.63Nex(80
o
C), which implies 37% of the total number of excited states formed in the 80

o
C 

film are lost, presumably to low quantum yield interchain deactivation paths.  As a 

consequence, larger pumping energies are required to generate a sufficiently large density of 

emissive species to create population inversion for stimulated emission. This interpretation is 

further supported by analysis of the relative lifetime discussed below.  

 

 

Figure. 3.5. Dependence of the spectrally integrated, edge emitted PL intensity on pump energy 

density for waveguides formed with THF-cast films of MEH-PPV as-cast (solid squares) and 

annealed at  60
o
C(solid triangles), 80

o
C(solid circles), and 200

o
C(solid stars). The pump stripe length 

is 0.1cm.  
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In the non-steady state pumping regime, the threshold pump energy Eth is given by
68

  

                                                               
     

   
                                                               (2) 

in which h is Planck’s constant, p the pump laser frequency,  the loss, V the gain volume,  

the quantum yield,  the emission cross section, and   the length of the active gain region. 

One can clearly see that the threshold is proportional to loss in the waveguide and inversely 

related to the quantum yield and stimulated emission cross section. Wang, et al. 
68

 then show 

that the cross section is related to the spontaneous emission rate, which is inversely 

proportional to the PL lifetime, which means that Eth is proportional to the lifetime. Since we 

have experimentally determined the ASE threshold, relative PL yield, and loss as a function 

of film annealing temperature, we are able to estimate the relative change in PL lifetime 

versus Tanneal.   Using Eq. (2), we find that the PL lifetime decreases by a factor of 0.94 and 

0.69 upon increasing the annealing temperature from 22, to 60 and 80
o
C, respectively.   Note, 

however,  that the change in PL lifetime with increasing annealing temperature does not scale 

in proportion with the low density PL yield.  For example, relative to the as-cast control 

sample, the change in PL yield (Table 3.1) for the 80
o
C annealed film is a factor of 2.5x 

larger than the change in PL lifetime.  By its very nature, this observation implies that 

additional non-radiative decay pathways are introduced in the thermally annealed films that 

effectively compete with single chain exciton formation.
69-71

  That is, interchain species are 

formed that do not contribute to the photoluminescence, which is in accord with the concept 

of increased aggregation at higher annealing temperature. Similar observations have been 

reported by Jakubiak et. al.
72

, where the absolute PL quantum yields and excited state 
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lifetimes of MEH-PPV films and solutions have been measured directly.  This analysis is 

also in agreement with the threshold excitation densities determined earlier as a function of 

annealing temperature.  

 

Table 3.1. Optical parameters  of MEH-PPV waveguides;  T is the thermal annealing temperature, Eth 

the threshold  pump energy density,  Nex the maximum excitation density at threshold, and gnet,max the 

maximum net gain coefficient.  

T 

(
o
C) 

Eth 

(μJ/cm
2
) 

Nex 

(10
18 

cm
-3

) 

Loss 

(cm
-1

) 

gnet,max 

(cm
-1

) 

PL Yield 

(10
5
 cm

2
/µJ)

*
 

as-cast 7.0 2.8 36.0 460 0.83 

60 9.1 3.5 27.5 365 0.46 

80 10.1 4.4 22.0 315 0.23 

*actually the slope of the integrated intensity vs. pump energy (Fig. 3.5) which is proportional to PL 

Yield 

 

 

Again, the fact that a greater excitation density is required to reach threshold with increasing 

T simply means that a greater fraction of weakly-emissive and/or non-emissive interchain 

species are formed due to increased aggregation of the chromophore cores, which 

significantly reduces the low density PL quantum yield. Indeed, there is a 3.6x reduction in 

PL yield from as-cast to 80
o
C which offsets the 40% reduction in loss with T, giving rise to 

the observed increasing ASE threshold at higher temperatures. As shown in Fig. 3.6, loss and 

the average surface roughness have the same functional dependence with anneal temperature, 

which suggests that loss is primarily associated with scattering at the polymer/air interface.  
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Figure. 3.6. Loss (a) and AFM average surface roughness (b) of MEH-PPV films showing the same 

functional dependence with anneal temperature.  

  

Despite the marked differences in film morphology, and hence relative degrees of chain 

aggregation present in the films, it can be seen in Figs. 3.4 and 3.5 that stimulated emission 

and gain narrowing are still readily observed at relatively low threshold energies for the 60, 

and 80
o
C annealed films. Qualitatively similar results have been reported by Doan, et al,

73
 in 

which films of a PPV derivative were found to exhibit stimulated emission despite having 

been intentionally photo-oxidized by long-term exposure to high intensity fs pump pulses 

under ambient conditions.  Interestingly, the ASE decay dynamics of the oxidized sample 

were identical to the pristine non-annealed control sample indicating that the ASE process 

effectively shortcuts non-radiative decay processes.  In a more recent work, Holzer, et al
62

 

report ASE behavior from Horner and Gilch-type films of MEH-PPV at annealing 

temperatures up to 100 and 200
o
C, respectively.  These findings are all in very good 

agreement with our argument (discussed in detail later) that an extremely large fraction of 

interchain species and/or intrinsic defects are required to alter the ASE behavior and suppress 
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optical gain.  For example, in the current work, no spectral narrowing or threshold behavior 

is observed when the films are thermally annealed at 200
o
C, as reported in our earlier 

investigation on the solvent dependence of optical gain.
54

 Instead, at this temperature, the 

spectrally integrated PL intensity grows linearly across all values of the pump energy. Thus, 

the PL yield has been so severely reduced that the film is incapable of generating a 

sufficiently large excitation density to support stimulated emission. These observations are 

not surprising given the extensive amount of structural relaxation that occurs at this high 

temperature, which is well above Tg. The aggregate fraction has become so incredibly large 

that the majority of the excited states are weakly-emissive and/or non-emissive interchain 

species as opposed to singlet excitons. Although Holzer, et al
62

 report ASE thresholds at 150 

and 200
o
C for Gilch-type films, no lasing is observed for Horner-type films at these 

temperatures. Most likely, differences in details of film preparation, Tg, and aggregate 

formation at elevated temperatures are responsible.  

 The ASE behavior of the thermally annealed films was further characterized by 

performing optical gain measurements using the variable stripe length (VSL) technique.
35

   

To determine the net gain coefficient, g(λ), the peak intensity, I(λ), at the ASE wavelength 

was measured as a function of the pump stripe length, L , and the resulting curves were fitted 

to the expression 

                                                       
   

    
                                                                  (4) 

where APo describes spontaneous emission, which is proportional to the pump energy.  

Shown in Fig. 3.7 is the edge collected peak  intensity at λASE as a function of the excitation 
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stripe length for THF-cast films of MEH-PPV that were as-cast and thermally annealed at 60, 

and 80
o
C at a pump energy density of 30 µJ/cm

2
.   

 

 

Figure. 3.7. Excitation stripe length dependence of the edge emitted peak intensity at λASE for 

waveguides formed with THF-cast films of MEH-PPV  as-cast and thermally annealed at 60 and 

80
o
C. The pump energy density is 30 µJ/cm

2
.  The fitting to Eq. (1) is given by the dashed lines. The 

data are plotted on a logarithmic-linear (a) and linear-linear (b) scale to clearly make visible the 

saturation and threshold stripe length regimes, respectively.  The inset shows the normalized PL 

spectra for the as-cast film collected at three different stripe lengths with a pump energy density of 30 

µJ/cm
2
.  The threshold excitation length Lt is indicated for the as-cast film.  

 

The peak intensity at the ASE wavelength scales in proportion with the excitation stripe 

length for the as-cast film. However, an exponential increase in peak intensity at λASE is 

observed above a threshold excitation length Lt.  This exponential rise in peak intensity at Lt 

(~0.017 cm) is accompanied by dramatic spectral narrowing (see the inset in Fig. 3.7) and 

corresponds to the threshold for stimulated emission. Notice that the threshold excitation 
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length gets longer when the films are annealed at higher temperatures.  This gradual shift in 

Lt towards progressively longer stripe lengths implies a lower gain. Also note that the ASE 

peak intensity deviates from the exponential increase at longer excitation lengths due to gain 

saturation. We note that saturation of the ASE intensity is not attributed to photodegradation 

of the films as subsequent scans on the same region of the film for each value of the pump 

energy yielded no significant changes in ASE intensity at a given value of the excitation 

stripe length. Furthermore, no evidence of photooxidation was observed in FTIR 

measurements of the films after ps excitation. In determining the net gain coefficient we used 

only the exponential subset of the data, where gain saturation was not evident.   

 Figure 3.8 shows the net gain coefficient as a function of the pump energy density for 

the as-cast and thermally annealed (60 and 80
o
C) MEH-PPV films.   At a low pump energy 

density of 5 µJ/cm
2
, the net gain is negative and no amplification occurs over the 0.1 cm 

excitation stripe length.  However, the films exhibit positive net gain when the pump energy 

density is raised above ~7-10 µJ/cm
2
, which is consistent with the ASE threshold energies 

that were measured earlier (Table 3.1) for the as-cast and thermally annealed (60 and 80
o
C) 

films.  It is evident from Fig. 3.8 that as the thermal annealing temperature increases the 

films must be pumped harder to achieve similar values of net gain relative to the as-cast 

control sample.  For example, in the linear regime where the net gain scales more or less 

proportionally with the pump energy,  the 60 and 80
o
C  annealed films require, on average, 

1.4 and 1.6x more pumping energy, respectively, to achieve a comparable value of net gain 

relative to the as-cast film. 
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Figure. 3.8.  Net gain coefficient as a function of pump energy density for waveguides formed with 

as-cast and thermally annealed MEH-PPV films.  

 

Note, however, that the thermally annealed films still exhibit high magnitude optical gain at 

relatively low values of the pump energy despite the increasing aggregate fraction.  For the 

60
o
C (80

o
C) annealed film,  a large net gain coefficient of 85 cm

-1
 (70 cm

-1
) is achieved at a 

pump energy density of only 15 µJ/cm
2
 and increases by another order of magnitude  

reaching 365 cm
-1

 (315 cm
-1

) at a pump energy density  of 60 µJ/cm
2 

(maximum pump 

energy available).  The largest optical gain is realized for our as-cast film, which exceeded 

450 cm
-1 

when pumped with an energy density of 60 µJ/cm
2
.    Although the 60

o
C and 80

o
C 

annealed films exhibit gain coefficients that are lower than the as-cast film for a given value 

of the pump energy, they are still considerably larger (factor of 4) than those previously 

reported for MEH-PPV and PPV related derivatives in the steady state excitation regime.
59,74-

76
 The maximum net gain coefficients reported here are, to our knowledge, the largest values 
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reported to date for a thin conjugated polymer film using the VSL method.
74,76-79

  We note, 

however, that it may not be possible to directly compare gain values obtained under different 

optical pumping conditions.
54

 For example, we used picosecond pump pulses (non-steady-

state regime) whereas other groups have used nanosecond pump pulses (quasi-steady-state 

regime).
17,74

 The dependence of optical gain on pulse width is beyond the scope of the 

present work and will be discussed in greater detail in a subsequent publication. Returning to 

the relationship between film morphology and ASE behavior, it is quite remarkable that 

despite having been heated above the glass transition temperature for several hours, which 

implies a relatively larger proportion of aggregates, the polymer films annealed at 80
o
C still 

exhibited extremely large gain under picosecond pulse excitation.  The achievement of large 

net gain in films that contain a relatively large fraction of aggregates calls in to question the 

detrimental effect aggregate formation is believed to have on the optical gain properties of 

solution processed films of MEH-PPV. 
22,33,80

  Instead, these data indicate that an extremely 

large fraction of aggregates and/or intrinsic defects are required to significantly alter the 

optical properties and suppress the stimulated emission, as observed when the polymer films 

were annealed at 200
o
C.  These findings are consistent within the framework of radiative 

lifetime shortening upon achieving ASE,
75,78,81

 which leaves significantly less time for 

energy migration to low energy aggregate sites and subsequent quenching of the excited 

states.  Moreover, these results also demonstrate that large optical gain can still be achieved 

in spin-cast films of MEH-PPV without the need for complex processing techniques 

involving, for example, the incorporation of polymer chains in the nanopores of a silica host, 
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as has recently been proposed.
77

  These results are potentially relevant to fabrication and 

design optimization of optically and potentially electrically pumped conjugated polymer-

based optical devices.  Since thermally annealing thin conjugated polymer films in the 60-

80
o
C range does not significantly degrade optical gain, one can enhance charge carrier 

transport via annealing,
 21,31,32,36

 which is anticipated to improve injection efficiency without 

deleterious consequences on the gain.   

 

3.5 Conclusions 

 
 The morphology and optical properties of the conjugated polymer MEH-PPV can be 

altered by thermal annealing.  This is because annealing facilitates structural relaxation of the 

polymer chains resulting in an increased tendency towards molecular chain aggregation 

through energetically favorable π-π interchain interactions. We have systematically 

investigated the influence of polymer morphology and aggregate formation on the 

characteristics of stimulated emission and optical gain in as-cast and thermally annealed 

films of MEH-PPV. Annealing temperatures ranged from below to well above the glass 

transition temperature Tg, where Tg = ca. 70
o
C for our bulk MEH-PPV.  Using atomic force 

microscopy (AFM) as well as ultraviolet-visible (UV-Vis) absorption and photoluminescence 

(PL) spectroscopies, it was determined that the extent of aggregate formation in the films 

increases with annealing temperature.  Our variable stripe length (VSL) measurements and 

studies of ASE conclusively demonstrate that the annealed films still achieve threshold at 

relatively low pump energy, exhibit strong instances of stimulated emission, and retain the 



94 

 

 

 

 

ability to achieve high values of optical gain under picosecond pulse excitation.  A low ASE 

threshold of 7 µJ/cm
2
 was obtained for the as-cast (non-annealed) polymer films, compared 

to a value of 9 and 10 µJ/cm
2
 for polymer films annealed at 60 and 80

o
C, respectively.  The 

highest net gain coefficients were achieved in the as-cast films and exceeded 450 cm
-1

 at the 

peak ASE wavelength.  However, very large gain coefficients up to 365 and 315 cm
-1

 were 

also demonstrated for 60 and 80
o
C annealed films, respectively. These are the largest gain 

coefficients reported for a conjugated polymer film in the ps to ns regime and clearly 

demonstrate the suitability of these materials for laser applications.  Amplified spontaneous 

emission (ASE) and optical gain can, however, be suppressed when the films are annealed at 

200
o
C, which is well above Tg.  On the basis of these results, we conclude that large optical 

gain can still be achieved in MEH-PPV films that contain a relatively large fraction of 

aggregates; to significantly alter the ASE behavior and suppress optical gain, extremely large 

aggregate concentrations are required.  Because interchain aggregates promote enhanced 

charge transport properties,
21,31,32,36

 these results may offer a viable path for improving 

charge carrier mobility without significantly degrading optical gain, which should facilitate 

construction of a polymer-based injection laser. 
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4.1 Abstract 

 

 We report on the results of a study investigating the influence of waveguide geometry 

on net gain and amplified spontaneous emission (ASE) threshold behavior of the conjugated 

polymer poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV).  

Symmetric heterostructure waveguides, formed from a core layer of MEH-PPV sandwiched 

between an SiO2 substrate and index matched PMMA cover layer,  were found to exhibit 

40% lower ASE thresholds and approximately 50% larger net gain compared to asymmetric 

waveguides;  a low ASE threshold of 7.5 µJ/cm
2
 and an extremely large net gain coefficient 

of 500 cm
-1

 is achieved in the symmetric waveguides, compared to 12 µJ/cm
2
 and 330 cm

-1
 

for asymmetric waveguides.  The improvements in ASE performance are attributed to both 

improved optical confinement and reduced propagation loss of the guided mode in the 

polymer gain layer.  The symmetric heterostructure waveguides reported here are easy to 
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fabricate and offer a simple, low-cost approach for controlling the ASE behavior of 

conjugated polymer-based waveguides and related optical devices. 

 

 

4.2 Introduction 

 

 Conjugated polymers exhibit the optical and electrical properties of semiconductors 

while still retaining the durability and processability of plastics
1-3

.  Conjugated polymers are 

also intrinsically four-level systems with large gain cross-sections making them ideal 

candidates for cost-effective optical components integrated on silicon. To date, laser action 

has already been demonstrated in Si-polymer hybrid structures under optical excitation
4,5

.  

On the other hand, achievement of stimulated emission via direct charge injection has yet to 

be realized, primarily because organic semiconductor devices cannot yet support/sustain the 

current densities required to reach threshold
6
.  Additionally, non-radiative losses arising from 

polaron absorption
7-10

 and singlet-triplet annihilation
10-13

 as well as thermal and electrode 

related losses
6,9,14,15

 cause dramatic reductions in the net gain under direct charge injection. 

While a direct injection polymer laser remains the ultimate scientific goal
16

, alternative 

approaches are currently being explored to provide new routes to indirect electrical pumping 

schemes involving, for example, the use of LEDs
17

, microchip lasers
18

, and III-V diode 

lasers
16

 as compact and cost-effective electrically driven optical pump sources for polymer 

based laser devices. It is therefore highly desirable to understand and further improve the 

photophysical properties of these conjugated systems in an effort to lower the onset threshold 

for light amplification and improve the net gain. Doing so will facilitate the use of even 
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smaller, more cost-effective optical pumping sources as well as increase the likelihood of 

achieving optical amplification under direct charge injection
19

.  

 It has previously been shown that threshold and gain can be controlled by altering the 

packing morphology of the polymer chains.
20,21

  Alternative approaches focus on the 

fabrication and design of new and improved device architectures.  For example,  Martini et 

al.
22

 have shown that encapsulation of MEH-PPV polymer chains in the nanopores of a silica 

host dramatically improves the ASE threshold behavior in MEH-PPV waveguide structures.  

These improvements were attributed to the nanoscale positioning and  spatial alignment of 

the polymer chains.  Threshold reductions have also been achieved by increasing the optical 

confinement of the guided mode in MEH-PPV waveguides formed on high-porosity porous 

silicon (PS) substrates
19

.  Although these device architectures facilitate low threshold optical 

amplification, their fabrication is time consuming and often requires complex processing 

techniques.  Thus, one concludes that alternative approaches must be explored if conjugated 

polymers are to be adopted as low-cost optical components integrated on silicon.   

  In this work we demonstrate significant enhancement of optical gain performance in  

symmetric heterostructure waveguides of Si(100)/SiO2/MEH-PPV/PMMA under picosecond 

pulse excitation, which has not been reported before.  With index matched SiO2 buffer and 

PMMA cover layer, symmetric waveguides exhibit increased modal confinement and 

reduced propagation loss enabling lower threshold and higher gain compared to 

Si(100)/SiO2/MEH-PPV/Air asymmetric waveguides, thus offering a simple and low-cost 

approach for effectively controlling ASE behavior of  luminescent polymers like MEH-PPV.  
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These results are interpreted within the framework of a four-level system and good 

agreement is found between theory and experiment. 

 

4.3 Experimental Procedures 

 

 Gilch type MEH-PPV (Mn = 286,712 g/mol, Mw/Mn = 4.1, as determined by GPC) 

used in the current work was purchased from Sigma-Aldrich and used without further 

purification.  High concentration (10 mg/mL) solutions of MEH-PPV in high purity 

chlorobenzene (Aldrich, anhydrous, ≥99.8%) were prepared by dissolving the appropriate 

amount of polymer in the solvent under a high purity nitrogen environment.  To facilitate the 

dissolution process, the polymer solutions were sonicated for 30 minutes in an ultrasonic 

bath.  After stirring the solutions for 24 hours in the dark at room temperature, they were 

sonicated for an additional 1.5 hours immediately prior to film formation.  Optical quality 

planar asymmetric waveguides were fabricated by spin casting 120-125-nm-thick films from  

1.0 % (w/v) MEH-PPV/CB solution at 2,000 rpm onto cleaned SiO2(1-µm-thick)/Si(100) 

substrates.  The samples were then heated under vacuum at 80
o
C for 60 min to drive off 

residual solvent.  Nearly symmetric planar waveguides were fabricated by spin casting a 450-

500-nm-thick cover layer of poly(methyl methacrylate) (PMMA) from a 50 mg/mL 

PMMA/tetrahydrofuran(THF) solution atop the MEH-PPV films at a spin speed of 2,000 

rpm.  It has been shown that the interfacial regions between successive layers of multilayer 

spin-cast films are prone to enhanced degrees of interchain interactions, which is a 

consequence of re-dissolution of the polymer chains at the surface of  the previously cast 

film
23

.  To minimize these effects, the PMMA cladding layer was cast from solutions 
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containing THF as solvent.  THF is well known for its ability to hinder aggregate 

formation
1,24-26

.  Also, the THF solvent evaporates nearly instantaneously at a spin speed of 

2,000 rpm, which effectively limits MEH-PPV/solvent interactions.  After PMMA spin 

casting, samples were heated under vacuum at 80
o
C for 60 min to remove any residual 

solvent.  A Veeco Caliber atomic force microscope operating in tapping mode was used to 

measure the polymer film thicknesses.  Thickness measurements were performed by 

scratching the polymer layer with a razor blade and measuring the step height at different 

regions of the film. MEH-PPV and PMMA film thicknesses were chosen such that single 

mode waveguides were formed.  To avoid any possible nonuniformity in film thickness near 

the edge of the substrate, the silicon substrates were cleaved before optical measurements 

were made.  Absorption spectra of samples spun on cleaned glass substrates using the same 

procedure described above were acquired using a Cary 100 UV/Vis spectrophotometer.   

 The in-plane (ordinary) refractive index of the MEH-PPV films at 640 nm, as 

determined by spectroscopic ellipsometry, is 1.84, which agrees with values reported in the 

literature
19,27-29

. All photoluminescence (PL) and optical gain measurements were performed 

using the 90
o
 waveguide geometry, with the excitation source directed orthogonal to the 

sample surface and emission detected from the sample edge.  The samples were 

photopumped with vertically polarized pulses of 25 ps duration delivered at a repetition rate 

of 10 Hz using a frequency doubled (λ = 532 nm) regeneratively amplified mode-locked 

Nd:YAG (neodymium-doped yttrium aluminum garnet) laser (EKSPLA PL2143).  Because 

the excitation pulse duration is short relative to the PL decay time of MEH-PPV, which has 



106 

 

 

 

 

been reported to be ~200-300 ps
30,31

, this experiment was performed under non- steady-state 

conditions.  Two spherical plano-convex lenses with focal lengths of 80 and 200 mm 

collected and collimated the emission from the edge of the films and focused it onto the 

entrance slit of an Acton Research 2150i spectrograph coupled to a Princeton Instruments 

Spec-10 LN2-cooled charge-coupled device operating at 173
o
K. The collection lens was 

positioned at a distance of 80 mm (the focal length of the lens) from the sample edge. The 

energy of the pulses was controlled using a set of calibrated neutral density filters and 

measured using a pyroelectric energy sensor attached to a Coherent 3sigma meter.   

 The pump beam was focused with a cylindrical lenses (focal length = 100 mm) and 

spatially filtered through a fixed metal slit to create a narrow, 100 μm x 1 mm, excitation 

stripe on the sample.  One end of the excitation stripe was positioned at the cleaved edge of 

the sample.  The length of the excitation stripe was varied by superimposing an adjustable 

shield directly over the fixed metal slit.  To minimize diffraction effects
32

, the fixed metal slit 

was placed in close proximity to the sample surface (~100 µm).  We have verified that the 

collection efficiency and excitation intensity profile were effectively constant across the 

lengths of stripe used.
33

 All of the experiments reported here were performed under ambient 

conditions.  These samples constitute planar WGs since the refractive index of MEH-PPV (n 

= 1.84) is larger than SiO2 (n = 1.46) buffer and air (n = 1) or PMMA (n = 1.48) cover layers.  

All of the experiments reported here were performed under ambient conditions. In the 

discussion that follows, asymmetric (Si/SiO2/MEH-PPV/Air) waveguides will be referred to 
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as sample 1 and symmetric (Si/SiO2/MEH-PPV/PMMA) waveguides will be referred to as 

sample 2. 

 

4.4 Results and Discussion 

 

 Shown in Fig. 4.1a,b are the edge-emitted photoluminescence (PL) spectra for 

samples 1 and 2, respectively, collected as a function of the pump pulse energy density.  At 

low pump energy densities (< 5 µJ/cm
2
) the spectra are broad and exhibit an electronic 

transition at 590 nm (0-0) followed by two lower energy vibronic progressions at 637 nm (0-

1) and 695 nm (0-2), which is characteristic of spontaneous emission.  As the pump energy 

density is gradually increased, the PL spectra begin to collapse inwards with the 0-1 vibronic 

band growing at the expense of the 0-0 and 0-2 transitions.  As the pump energy is further 

increased the spectra continue to narrow until eventually reaching a constant line width of 

approximately 10 nm.  Under these conditions, all that remains of the once broad PL 

spectrum is a single narrowed peak.   This narrowing of the PL is attributed to amplified 

spontaneous emission (ASE), a process whereby spontaneously emitted photons are 

amplified via stimulated emission as they travel along the stripe shaped gain region of the 

waveguide (WG)
34,35

.   
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Figure. 4.1. Edge emitted PL spectra collected from asymmetric (sample 1) (a) and symmetric 

(sample 2) (b) WGs at different pump energy densities using a pump stripe length of 0.1 cm.  Spectra 

have been normalized to facilitate comparison. Inset shows chemical structure of MEH-PPV. 
 

 

 

In MEH-PPV, the achievement of stimulated emission is facilitated by the fact that the 

vibronic sublevels form an inherent four-level system, allowing population inversion to be 

established and maintained at relatively low values of the excitation pump pulse energy 

density
36

.  Narrowing of the PL is observed because ASE occurs preferentially at a 

wavelength where the net gain is a maximum
34

.  In the case of MEH-PPV, the wavelength of 

maximum amplification coincides with the spectral position of the 0-1 vibronic transition, 

which is centered at approximately 637 nm.   

 In addition to dramatic spectral narrowing, the waveguides exhibit an abrupt rise in 

spectrally integrated emission intensity above a certain threshold value of the pump energy 

density, Eth.  This dramatic increase in PL efficiency is attributed to the fast ASE process 
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which effectively shortcuts slower radiative transitions and lower quantum yield deactivation 

paths resulting in a sharp increase in slope at E > Eth, as observed in Fig. 4.2.      

 

 
 

Figure. 4.2. Dependence of edge emitted output intensity (integrated over all wavelengths) on pump 

energy density for samples 1 (solid triangles) and 2 (solid squares).  Inset shows the full width at half 

maximum (FWHM) of the 0-1 transition vs. pump energy density.  The pump stripe length is 0.1 cm.   

 

 
 

Here, we quantitatively define the onset threshold as the pump energy density at which the 

spectral linewidth (measured at full width half maximum) of the 0-1 transition is reduced to 

half its initial value.  From the FWHM vs. pump energy density plot (Fig. 4.2 inset), the 

deduced ASE threshold values for the asymmetric sample 1 and symmetric sample 2 are thus 

12 µJ/cm
2
 and 7.5 µJ/cm

2
, respectively.  That is, the symmetric waveguides require 

approximately 40% less pumping energy to achieve threshold conditions relative to their 

asymmetric counterparts.   To investigate the nature of this ASE threshold reduction, it is 
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important to carefully examine the propagation characteristics of the guided mode, in 

particular, the modal loss and spatial confinement factors for both sample configurations.  

The fundamental waveguide modes and associated modal field profiles were 

determined using a one-dimensional mode solver (Lumerical MODE Solutions).  Table 4.1 

shows the thicknesses and refractive indices of the individual layers used in the calculations 

for samples 1 and 2 while Fig. 4.3 shows a schematic of the experimental waveguide 

geometries.   

 

Table 4.1. Thicknesses and refractive indices, n, of layers in sample 1 (asymmetric WG) and sample 

2 (symmetric WG). . 

 

  Sample 1  Sample 2   

Layer Material Thickness (μm) n Thickness (μm) n 

1 Si substrate 1000 3.49 1000 3.49 

2 SiO2 1 1.46 1 1.46 

3 MEH-PPV 0.12 1.84 0.12 1.84 

4 PMMA - - 0.5 1.48 

5 Air - 1 - 1 

 

 

 
 
Figure. 4.3.  Schematic of waveguide geometries used in the waveguide calculations for sample 1 (a) 

and sample 2 (b).  Note drawings are not to scale. 
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The refractive index profile and electric field intensity distribution of the fundamental 

transverse electric (TE0) guided mode for samples 1 and 2 at the ASE wavelength are 

displayed in Fig. 4.4. Since transverse magnetic (TM) and higher order TE modes are not 

supported, only the fundamental TEo mode was considered in this study.  As shown in Fig. 

4.4 (a), the spatial distribution of the guided mode in sample 1 exhibits an asymmetric 

intensity profile with a significant fraction of the mode penetrating into the SiO2 substrate.     

 

 
 
Figure. 4.4.  Refractive index profile (blue curve, right axis) and calculated electric field intensity 

distribution (black curve, left axis) of TEo guided mode for sample 1 (a) and sample 2 (b) at the ASE 

wavelength vs. position. Inset:  Contour plot of Poynting vector (Px) vs. position, showing density of 

power flowing through the waveguides. 
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Relative to sample 1, an increase in waveguide symmetry is imposed by the addition of the 

PMMA cover layer in sample 2.  Thus, with index matched substrate (SiO2) and superstrate 

(PMMA) layers, a symmetric mode profile is formed which shifts the maximum field 

intensity of the guided mode away from the SiO2/MEH-PPV interface towards the center of 

the MEH-PPV film, as observed in Fig. 4.4 (b). As a consequence, confinement of the guided 

mode is increased
37,38

 while at the same time minimizing propagation loss (discussed below), 

which is consistent with the reduction of the ASE threshold observed in Fig. 4.2.  

   Solving the waveguide field solutions enables us to quantitatively evaluate the 

confinement of the emitted light in the plane of the films.  The confinement factor, Γ, of a 

guided mode in a one-dimensional planar waveguide structure is defined as the ratio of 

power flow in the active region relative to the total power flow in all regions and is given by 

the following expression,
19

 

                                                
    
 
 

            

    
 
  
          

                                                          (1) 

where d is the thickness of the active region and S the Poynting vector, which  describes the 

density of power carried by the TE0 mode (see Fig 4.4 insets).  In our films, the absorption 

coefficient at the excitation pump wavelength is 1.64 x 10
5
 cm

-1
, yielding an effective pump 

pulse penetration depth Λ of 61 nm, which is only a fraction of the total film thickness.  

Thus, to a first approximation, the optical gain initially “seen” by the confined mode is 

limited to the first 61 nm of the 120-130-nm-thick films.  To account for this, we have used a 
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simplified model
19

 where the fractional power propagating through the core region is 

calculated according to 

                                                
    
 
   

            

    
 
  
          

                                                            (2) 

where integration of the active layer is taken across the effective absorption length rather 

than the total thickness of the film. Using the aforementioned waveguide geometries (see 

Table 4.1 and Fig. 4.3), the confinement factors for the TE0 mode at the ASE wavelength in 

sample 1 and 2 are 0.19 and 0.25 (Table 4.2), respectively, corresponding to a 30% increase 

for the symmetric waveguide.  With a larger fraction of the emitted light confined to the 

MEH-PPV guide layer in sample 2, more spontaneously emitted photons will be present in 

the stimulating field thereby increasing the probability for stimulated emission and reducing 

the threshold incident energy density.   Although the increase in confinement factor for the 

symmetric waveguide accounts for a part of the observed threshold reduction in sample 2, we 

must also take into account the waveguide losses as discussed below. 

 To characterize the effective waveguide losses,  we performed shifting excitation 

stripe (SES) measurements
39

, which involved measuring the edge emitted emission intensity 

     as a function of the lateral displacement  x  of a fixed pump stripe (1 mm x 100 µm) 

away from the waveguide edge.  The data were then fitted assuming an exponential 

dependence on the length of the unpumped region according to                                                                                                             

                                                                                                              (3) 
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where α is the overall loss coefficient, which includes both absorption and scattering loss,  

and         is the spontaneous emission intensity.   

 

 

Figure. 4.5. Guided emission intensity of the 0-1 peak as a function of the distance x between the 

sample edge and the excitation stripe for samples 1 (triangles) and 2(squares).  Data fits (broken lines) 

using Eq. 3 yields loss values of 11.9 cm
-1

 and 8.9 cm
-1

 for samples 1 and 2, respectively.  

 

 

Fitting the experimental data (Fig. 4.5) to Eq. (3), loss coefficients of approximately 12 cm
-1

 

and 9 cm
-1

 were extracted for waveguide samples 1 and 2, respectively, corresponding to a 

25% reduction in the total loss for sample 2.  This decrease in propagation loss can be 

explained in part by the increased confinement of the guided light in the polymer gain layer. 

Further,  the propagation angle of the TE0 mode in sample 2 is less than that in sample 1, 

which would result in fewer sidewall reflections, and hence lower scattering loss per unit 

length traveled by the propagating mode (# of reflections ∝ 
    

 
, where   is the propagation 

angle of the guided mode).
40,41
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Table 4.2.  Optical parameters of waveguides formed with MEH-PPV films cast from CB solution, 

where n is the refractive index of the cover layer at the ASE wavelength, Γ is the modal confinement 

factor, α is the total waveguide loss, Eth is the threshold pump energy density, and gmax is the net gain 

coefficient measured at a maximum pump energy density of 85 µJ/cm
2
. 

 

Sample Cover Layer n Γ (%) α (cm
-1

) Eth (µJ/cm
2
) gmax (cm

-1
) 

1 Air 1.00 19.0 11.9 12.00 331 

2 PMMA 1.48 24.5 8.9 7.5 500 

       

  

 To a first approximation,
19

 we can estimate relative changes of the pump flux at the 

ASE threshold for an intrinsic four-level system like MEH-PPV using the following 

expression for φth under steady-state excitation,  

                                                               
  

     
                                                            (3) 

where α is the waveguide propagation loss, Λ the pump pulse penetration depth,    the 

confinement factor of the propagating mode, τ  the excited state lifetime, and σem the 

stimulated emission cross-section.  Using the total waveguide loss and confinement factor 

values (Table 4.2) for samples 1 and 2, a 42% reduction in the threshold is predicted for 

sample 2 based on Eq. 3, which is in good agreement with the experimentally observed 

threshold reduction of 37% for the symmetric waveguide.   

 The gain was measured using the variable stripe length (VSL) technique
42

, which 

involved exciting the films with a narrow pump stripe, the length of which was varied using 

an adjustable slit assembly.   The edge emitted peak intensity I(λ) at the ASE wavelength was 
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then monitored as a function of the excitation stripe length and the resulting curves fitted to 

the expression, 

                                                  
   

    
                                                          (4)     

where      is the net gain coefficient,   the pump stripe length, and APo  the portion of the 

spontaneous emission that is proportional to the pump energy.  Figure 4.6 shows the peak 

intensity at λASE for samples 1 and 2 as a function of the excitation stripe length at three 

different pump energy densities. 

 

 
 

Figure. 4.6. Excitation length dependence of the peak intensity at λASE for sample 1(left) and sample 

2(right).  The pump energy densities are 5 µJ/cm
2
(diamonds), 30 µJ/cm

2
(squares), and 60 µJ/cm

2
 

(triangles).  The fitting to Eq. (4) is given by the dashed lines.  Insets show the normalized PL spectra 

collected at three different stripe lengths with a pump energy density of  30 µJ/cm
2
.  The threshold 

excitation length Lt is indicated. 
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At a pump energy density of 5 µJ/cm
2
 no amplification is present and the peak intensity 

grows sublinearly with increasing stripe length.  However, an exponential increase in the 

ASE peak intensity is clearly observed for samples 1 and 2 at a pump energy density of 30 

µJ/cm
2
.  This exponential increase is accompanied by spectral narrowing (Fig. 4.6 insets) and 

occurs above a threshold excitation length Lt, which decreases as the pump energy is 

increased.  The decrease in Lt observed with increasing pump energy is a consequence of the 

higher gain.  Note that the ASE emission intensity deviates from the exponential increase at 

longer excitation lengths due to gain saturation.  In this saturation stripe length regime, the 

optical amplification factor was so overwhelmingly large that a substantial fraction of the 

excited state population density was depleted, leading to a reduction in net gain
34

.  Thus, only 

the exponential subset of the data was used in determining the gain coefficient.  Note also 

that for a given value of the pump energy the threshold and saturation of the stimulated 

emission occur at shorter lengths of the excitation stripe in the case of the symmetric 

waveguide, sample 2.  This observation is indicative of the larger net gain in sample 2 

relative to sample 1.  

 Shown in Fig. 4.7 are the net gain coefficients as a function of the pump energy 

density for waveguide samples 1 and 2.   Each gain coefficient represents the average of at 

least three separate measurements.  At a low pump energy density of 5 µJ/cm
2
 the net gain 

coefficient for samples 1 and 2 are -10 cm
-1

 and -8 cm
-1

, respectively, indicating a loss.   
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Figure. 4.7. Net gain coefficient as a function of the pump energy density for sample 1 (triangles) and 

sample 2 (squares).   

 
 

 

It is important to note that these loss values are in good agreement with the loss values 

measured using the SES technique (Fig. 4.5), which validates that our experimental setup for 

measuring the optical gain is configured properly.
33

  With increasing pump energy, positive 

net gain was achieved and scales approximately linearly with the pump energy until 

approximately 50 µJ/cm
2
 where it begans to saturate. Gain coefficients of 330 cm

-1
 and 500 

cm
-1

 were achieved for samples 1 and 2, respectively, at a maximum pump energy density of 

approximately 85 µJ/cm
2
.   Thus, in addition to reducing the ASE threshold, the increase in 

waveguide symmetry also serves to significantly improve the optical gain properties of the 

investigated waveguide structures. Again, we attribute this improvement to the increase in 

overlap between the optical waveguide mode and gain layer in the symmetric waveguide 
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relative to the asymmetric one. This is also consistent with what one would expect based on 

the expression for the net gain of a four-level system at λASE,   

                                                σ                                              (5)   

where α is the loss coefficient, Γ the confinement factor, σem the stimulated emission cross 

section, and     the excitation density.  The waveguide propagation losses are typically 

much smaller than the modal gain and can therefore be neglected.  Larger net gain is 

therefore expected from MEH-PPV waveguides exhibiting larger optical confinement.  Using 

the calculated confinement factor values (see Table 4.2), Eq. (5) predicts a factor of 1.3 

increase in the optical gain for sample 2 relative to sample 1, which is in reasonable 

agreement with the experimentally observed factor of 1.5.  It should be noted that no 

photodamage to the samples was observed under our picoseconds pulsed excitation 

conditions. 

 

4.5 Conclusions 
 

 In summary,  we have demonstrated a simple, low-cost  approach for effective 

enhancement of ASE performance in MEH-PPV planar waveguides (WGs).  Using 

symmetric heterostructure WGs of Si(100)/SiO2/MEH-PPV/PMMA,  we have achieved low 

ASE thresholds and extremely large net gains that are a factor of 4 or more larger than those 

previously reported in the literature.  Comparison with Si/SiO2/MEH-PPV/Air asymmetric 

WGs revealed that the increase in waveguide symmetry imposed by the addition of the 

PMMA cover layer plays an important role in lowering threshold and increasing optical gain;  
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Symmetric waveguides exhibited a threshold of 7.5 µJ/cm
2
 and a maximum  net gain 

coefficient of 500 cm
-1

, compared to 12 µJ/cm
2
 and 330 cm

-1
, respectively, for the 

asymmetric waveguides.   Experimental results were interpreted using a  one-dimensional 

four-level waveguide amplifier model and good agreement was found between experiment 

and theory.  The efficacy of our methodology is attributed to enhanced optical confinement 

and reduced propagation loss of gain guided light in the symmetric waveguide structures.  

Fabrication of our symmetric waveguides requires no complex processing techniques, thus 

offering simpler access to improved ASE characteristics in CP-based WGs and related 

optical devices. 
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5.1 Abstract 

 
 A strong excitation pulse width dependence on optical gain is discovered in thin films 

of the conjugated polymer MEH-PPV.  Symmetric heterostructure waveguides are fabricated 

and optically pumped using laser pulses having temporal widths shorter and longer than the 

PL decay time, resulting in transient and quasi-steady-state excitation conditions, 

respectively.  Under quasi-steady state conditions (8 ns pulses), a maximum gain coefficient 

of ~135 cm
-1

 is achieved at a fluence of 2250 µJ/cm
2
 , which corresponds to an excitation 

density of Nexc = 3.5 x 10
19

 cm
-3

.  However, when these MEH-PPV waveguides are pumped 

under transient excitation (25 ps pulses), extremely large optical gain is observed, reaching 

700 cm
-1

 at a maximum pump fluence of 85 µJ/cm
2
 ; this 5x enhancement is achieved at  
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essentially the same excitation density as that for ns pulses.  Optimization of the excitation 

pulse width is an effective method for improving optical gain without modifying device 

architecture. 

 

 

5.2 Introduction 

 
 Conjugated polymers are particularly attractive for use as the optical gain media in 

visible wavelength solid-state lasers.  One of the most distinguishing features of conjugated 

polymers is their high luminescence quantum efficiency.  In stark contrast to fluorescent 

organic molecules, which are typically used in dye-solvent lasers, conjugated polymers are 

capable of efficient light emission and light amplification in both solution and solid film 

form.  Furthermore, conjugated polymers can be directly integrated onto a silicon chip, and 

because they are solution processable, active components can be generated with high yield at 

low-cost with virtually no size restrictions or substrate limitations.  Although all conjugated 

polymer-based lasers demonstrated thus far utilize an optical pumping source, the ultimate 

goal, however, is to realize laser action under direct charge injection. 

 Despite recent progress in developing optically pumped conjugated polymer lasers, 

the fabrication of an electrically driven organic laser remains an extremely difficult task. One 

of the main obstacles is that conjugated polymers cannot yet support/sustain the current 

densities required to achieve positive net gain
1
.  Moreover, non-radiative losses associated 

with device architecture cause dramatic reductions in the net gain under electrical pumping 

and become even more problematic at higher bias.  In the interim, however, alternative 
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pumping schemes are being explored such as direct diode pumping of conjugated polymer 

lasers using integrated microchip lasers
2
 or inorganic diode lasers

3
.  To offset the large 

cumulative losses resulting from charge-induced absorption under electrical pumping and to 

enable the use of more compact and economical sources under optical pumping, CPs 

exhibiting low lasing thresholds and large net gains are highly desirable. 

  In previous reports we have shown that the threshold and net gain behavior of MEH-

PPV can be controlled by varying the packing morphology of the polymer chains
4,5

, and to a 

larger extent by optimizing the waveguide architecture
6
.  Similar techniques have been used 

by other groups.  For example, using planar waveguide structures formed by spin-casting thin 

films of MEH-PPV onto oxidized porous silicon (PS) substrates,  Lahoz et al.
7
 demonstrated 

that the ASE threshold could be controlled by changing the porosity, and hence refractive 

index, of the PS substrate layer.  Another effective approach for controlling the 

photophysical properties of conjugated polymers relies on host-guest chemistry,  whereby 

excited states initially formed in an absorbing host are transferred non-radiatively to an 

emitting guest via long-range dipole-dipole interactions
8-10

.  This cascade Forster transfer of 

energy shifts the emission spectrum to longer wavelengths, further from the absorption edge, 

leading to lower self-absorption losses and thus lower ASE thresholds. 

 Having  demonstrated extremely high gain in films prepared with different 

morphologies under ps pulsed excitation
4,5

, it is  of considerable interest to examine the 

influence of the excitation conditions on the ASE threshold and net gain. In the current work, 

we demonstrate a significant excitation pulse width dependence of the ASE threshold and net 
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gain behavior of optically pumped films of MEH-PPV.  Gain measurements were performed 

using the variable stripe length (VSL) technique
11

 on symmetric heterostructure waveguides 

formed from a thin waveguide layer of MEH-PPV sandwiched between an SiO2 buffer and 

index matched poly(methyl methacrylate) (PMMA) cover layer.  Photoexcitation of the films 

is performed using 25 ps and 8 ns laser pulses.  The data show that dramatically larger (5x) 

net gains are achievable under transient, as opposed to quasi-steady-state excitation 

conditions.  In addition, the onset energy for ASE is 30x lower under 25 ps excitation 

compared to 8 ns excitation, although the threshold excitation densities are essentially the 

same.    

 

5.3 Experimental Procedures 

 
 MEH-PPV (Gilch type, Mn = 70,000 – 100,000 g/mol, Mw/Mn ~ 5) was purchased 

from Sigma-Aldrich and used as received. High concentration (10 mg/mL) solutions of 

MEH-PPV in distilled THF (Aldrich, anhydrous, ≥99.9%, inhibitor-free) were prepared by 

dissolving 50 mg of polymer in 5 mL of solvent under a high purity nitrogen environment.  

To facilitate the dissolution process, the polymer solutions were sonicated for 30 minutes in 

an ultrasonic bath.  After stirring the solutions for 24 hours in the dark at room temperature, 

they were sonicated for an additional 90 minutes immediately prior to film formation.    

Using a Laurell Technologies WS-400 spin coater, optical quality waveguides were 

fabricated by spin casting 130-135-nm-thick films from  the MEH-PPV/THF solutions at 

2,000 rpm onto cleaned SiO2(1-µm-thick)/Si(100) substrates.  The samples were then heated 
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at 60
o
C under vacuum for 30 minutes to eliminate any residual solvent and allowed to cool 

overnight to room temperature.  Symmetric planar waveguides were formed by spin-casting a 

450-500-nm-thick cover layer of poly(methyl methacrylate) (PMMA) from 5.0 % (w/v) 

PMMA/tetrahydrofuran(THF) solution directly on top of the MEH-PPV.  Addition of the 

PMMA cover layer serves to increase the optical confinement of the guided mode and protect 

the MEH-PPV film from oxidative degradation under optical excitation
6
.  Shi et al.

12
 pointed 

out that for multilayer spin-cast films, the interfacial regions are susceptible to enhanced 

degrees of interchain interactions due to re-dissolution of the polymer chains at the surface of 

the previously cast film.  To minimize these effects, the PMMA cover layer was cast from 

solutions containing THF as solvent.  THF is well known for its ability to hinder aggregate 

formation
13-16

.  Also, the THF solvent evaporates nearly instantaneously at a spin speed of 

2,000 rpm, which effectively limits MEH-PPV/solvent interactions.  MEH-PPV and PMMA 

film thicknesses were chosen such that mono-mode waveguides were formed.  To avoid any 

possible nonuniformity in film thickness near the edge of the substrate, the silicon substrates 

were cleaved before the optical measurements were made.  

 The in-plane (ordinary) refractive index of the MEH-PPV films at 640 nm, as 

determined by spectroscopic ellipsometry, is 1.84, which agrees with previous reports
7
.  

Photoluminescence (PL) and variable stripe length (VSL) measurements were performed 

using two different laser systems.  Except for the pump lasers, all other aspects of the 

measurement systems were the same.  For the first set of measurements, samples were 

photopumped with vertically polarized 25 ps pulses delivered at a repetition rate of 10 Hz 
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using a frequency doubled (λ = 532 nm) regeneratively amplified mode-locked Nd:YAG 

(neodymium-doped yttrium aluminum garnet) laser (EKSPLA PL2143).  Because the 

duration of the 25 ps pump pulses are short relative to the PL decay time of MEH-PPV, 

which has been reported to be ~300 ps
17,18

, this experiment was performed under non- 

steady-state conditions.  In the second set of measurements , the same samples were 

photopumped with vertically polarized 8 ns pulses delivered at a repetition rate of 10 Hz 

using a frequency doubled (λ = 532 nm) Q-switched Nd:YAG laser (Continuum MiniLite II).  

In this case, the experiment was performed under quasi-steady-state conditions since the 

excitation pulse duration was longer than the PL decay time of MEH-PPV.  Two spherical 

plano-convex lenses with focal lengths of 80 and 200 mm collected and collimated the 

emission from the edge of the films and focused it onto the entrance slit of a monochromator 

coupled to a LN2 cooled charge-coupled device operating at -100
o
C.  The collection lens was 

positioned at a distance of 80 mm (the focal length of the lens) from the sample edge. The 

energy of the pulses was controlled using a set of calibrated neutral density filters.  A 

cylindrical lens (focal length f = 100 mm) was used to shape the pump beam into a stripe.  

The center portion of this stripe was then spatially filtered through a stationary metal slit to 

create a thin, 100 μm x 1 mm, excitation stripe on the sample surface.  One end of the 

excitation stripe was positioned at the cleaved edge of the sample.  The stripe length was 

varied by superimposing an adjustable shield directly over the fixed metal slit, which was 

placed in close proximity to the sample surface (~100 µm) to minimize diffraction effects.
19

  

We have verified that the excitation intensity profile and collection efficiency were 
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effectively constant across the lengths of stripe used.
20

 All of the experiments reported here 

were performed under ambient conditions and emission spectra were integrated over 1-70 

pump pulses.   

  

5.4 Results and Discussion 

 Figure 5.1 shows the evolution of the edge-detected photoluminescence (PL) 

spectrum collected from symmetric MEH-PPV waveguides as a function of the pump energy 

density under 25 ps (a) and 8 ns (b) excitation conditions.   

 

 

 
 
Figure. 5.1. Normalized photoluminescence (PL) spectra collected from MEH-PPV waveguides 

under 25 ps (a) and 8 ns (b) pulsed excitation at different pump energy densities for a fixed 0.1 cm 

excitation stripe length.  Inset shows the molecular structure of MEH-PPV. 

 

 

At low pump energy density, the PL spectra acquired under 25 ps and 8 ns measurement 

conditions are nearly indistinguishable; the spectra are broad and exhibit a purely electronic 

transition at 580 nm (0-0) followed by two lower energy vibronic replicas centered at 

approximately 634 nm (0-1) and 695 nm (0-2).   As the pump energy is gradually increased, 
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the PL spectra collapse into a narrowed peak that coincides with the spectral position of the 

0-1 transition, which is centered at 634 nm.  This spectral narrowing of the PL is attributed to 

amplified spontaneous emission (ASE) and is interpreted within the framework of a four-

level waveguide amplifier
21

 model, where population inversion is established between the  

lowest electronic excited state S1,0 and a vibronic sublevel of the electronic ground state 

S0,1.
22

  

 Figure 5.2 shows the dependence of the edge detected emission intensity at the ASE 

peak wavelength on pump energy density for MEH-PPV symmetric waveguides excited 

using 25 ps and 8 ns laser pulses.  The inset shows the corresponding variation of the PL 

linewidth for the 0-1 vibronic transition measured at full width half maximum (FWHM).   

 
 

Figure. 5.2. Dependence of ASE emission intensity on pump energy density for MEH-PPV 

symmetric waveguides under 25 ps (circles) and 8 ns (squares) pulsed excitation.  Inset shows PL 

spectral linewidth of 0-1 transition vs. pump energy density. The pump stripe length is 0.1 cm.  
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At low excitation density the emission intensity grows linearly with the pump pulse energy 

density, which is characteristic of spontaneous emission.  However, a superlinear increase in 

emission intensity is observed above a certain incident energy density.  This marked increase 

in PL efficiency and associated spectral narrowing (Fig. 5.2 inset) are an indication of 

positive net gain and signify the onset of ASE.  Note, however, that the increase in PL slope 

efficiency for 25 ps excitation is significantly higher compared to 8 ns excitation, which 

implies higher gain. Qualitatively similar observations have been reported by Kawabe et 

al.,
23

 in which a conjugated polymer-based microring laser under 100 fs excitation was found 

to exhibit substantially larger differential PL efficiency at threshold relative to that under 10 

ns excitation.  Defining threshold as the pump energy density at which the FWHM of the 0-1 

peak narrows to ½ its initial value (Fig. 5.2 inset), the deduced ASE onset energies for our 

MEH-PPV symmetric waveguides under 25 ps and 8 ns excitation are thus 8 and 240 µJ/cm
2
, 

respectively, corresponding to a factor of 30 increase in energy density when using 8 ns 

pulses.  To explain this dramatic increase in threshold pump fluence we note that the 

dynamics of the density of excited states, and hence the temporal evolution of the gain, are 

fundamentally different under 8 ns and 25 ps excitation.  For example, when using 8 ns pump 

pulses, the measurement conditions are quasi-steady-state because the temporal width of the 

pump pulse is longer than the duration of the photoluminescence (PL) lifetime of MEH-PPV, 

which is approximately 300 ps
17,18

.  The population density Nexc of photogenerated excited 

states will therefore vary according to
24

               

                                                                
      

   
                                                            (1) 
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where         is the peak power density of the pump pulse,    is the absorption 

coefficient at the pump laser wavelength,  is Planck’s constant,          is the frequency 

of the pump laser pulse, and    is the PL lifetime.  Conversely, when using 25 ps pulses, 

which are significantly shorter than the PL lifetime, population of the emissive states occurs 

on a transient or non-steady state basis which is given by
24

                                                                                      

                                                                 
   

   
                                                                (2) 

 

where   is the pump energy density,    is the absorption coefficient at the pump laser 

wavelength,  is Planck’s constant, and          is the frequency of the pump laser pulse.   

Comparison of Eqs. (1) and (2) reveals that when formed on a transient basis the density of 

excited states is directly proportional to the pump pulse energy density, whereas in the quasi-

steady state regime it is determined by the product of the pump power and PL lifetime. A 

comparison of Eqs. (1) and (2) reveals that the density of excited states is a function of pump 

energy density when formed in the transient regime, whereas in the quasi-steady-state regime 

it is determined by the product of the pump power and the PL lifetime.  Thus, for a 

quantitatively meaningful comparison of the ASE thresholds measured using different 

excitation pulse durations, the relevant parameter to be used is the excitation density     .
25

  

According to Eqs. (1) and (2), for a fixed value of the pump energy, the density of excited 

states formed under 25 ps excitation is expected to be 27x (i.e. Δtp/τPL) larger than under 8 ns 

excitation within the lifetime of the PL. This value is in excellent agreement with the ratio of 

ASE threshold energies measured under 8 ns and 25 ps excitation, which was observed to be 
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30 from the data in Fig. 2, indicating that population inversion is achieved at essentially the 

same excitation density for both pumping regimes (    
                     

     

            ).  Therefore, the increase in threshold incident pump fluence observed under 

quasi-steady state excitation is attributed to the relatively low pumping efficiency imposed by 

the 8 ns pump pulses; maximizing the generation rate of excited states, and hence the  degree 

of population inversion, requires excitation pulses that are shorter than the PL lifetime. 

 To determine the effective waveguide losses in different excitation regimes, we used 

the shifting excitation stripe method
26

, where the emission intensity,          , from the edge 

of the sample is measured as a function of the lateral displacement x of a fixed pump stripe (1 

mm x 100 µm) away from the waveguide edge.  The experimental data ( Fig. 5.3) were then 

fitted assuming an exponential dependence on the length of the unpumped region according 

to    

                                                                                                              (3) 

where        is the spontaneous emission intensity at the end of the pump stripe and    the 

effective waveguide loss coefficient, which includes both scattering and absorption loss.  

Loss coefficients of 20 and 26 cm
-1

 were obtained from the symmetric heterostructure 

waveguides pumped with 25 ps and 8 ns pulses, respectively.  The 12% higher excitation 

density at threshold observed for the 8 ns excitation regime can be attributed to the higher 

waveguide loss, which is related to an increase in self absorption as a result of multiple 

excitation-emission cycles over the duration of a single pulse and to an increase in excited 

state absorption at defect sites, i.e., non-radiative recombination.   
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Figure. 5.3. Edge detected emission intensity of the 0-1 transition as a function of the distance x 

between the end of the pump stripe and the edge of the waveguide under 25 ps (circles) and 8 ns 

(squares) excitation.  The dashed lines are fits of the data to Eq. 3. 

 

  

 To further characterize the pulse width dependence of the ASE behavior, optical gain 

measurements were performed on the polymer films using the variable stripe length (VSL) 

technique.  Originally developed by Shacklee and Lehney
27

 in the early 1970’s, this approach 

for measuring the net gain involves exciting the films with a narrow pump stripe, the length 

of which is varied using an adjustable slit assembly.  The peak intensity,     , at the ASE 

wavelength is measured as a function of the pump stripe length,  , and the resulting curves 

are then fit to the following expression to determine the net gain coefficient,       

                                                     
   

    
                                                             (4) 

where     describes spontaneous emission that is proportional to the pump energy.  Figure 

5.4 shows the excitation stripe length dependence of the peak intensity at     for MEH-PPV 
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waveguides at different pump energy densities under 25 ps (a) and 8 ns (b) pulsed excitation.  

Fitting of the data in Fig. 5.4 to Eq. (4) is given by the dashed lines in the figure. At low 

pump energy densities of 5 µJ/cm
2
 (Nexc = 2.04 x 10

18
 cm

-3
) and 100 µJ/cm

2
 (Nexc = 1.53 x 

10
18

 cm
-3

), for 25 ps and 8 ns excitation, respectively, the peak intensity grows sublinearly 

with the stripe length indicating net loss.  However, it is clearly observed that increasing the 

pump energy density to 30 µJ/cm
2
 (Nexc = 1.23 x 10

19
 cm

-3
) and  500 µJ/cm

2
 (Nexc = 7.66 x 

10
18

 cm
-3

) under 25 ps and 8 ns pumping, respectively, an exponential increase in the ASE 

peak intensity accompanied by spectral narrowing occurs above a threshold excitation length 

Lt (see insets in Fig. 5.4).  Note that ASE (exponential regime) is observed at significantly 

shorter stripe lengths and contains substantially less residual PL emission under 25 ps 

compared to 8 ns excitation, indicating larger gain.  Furthermore, the exponential regime in 

Fig. 5.4 under 25 ps pulsed excitation extends over three orders of magnitude, whereas it 

only extends over approximately one order of magnitude for 8 ns excitation.   
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Figure. 5.4. Emission intensity at λASE as a function of excitation stripe length for MEH-PPV 

symmetric waveguides under 25 ps (a) and 8 ns (b) pulsed excitation at different pump energy 

densities and corresponding Nexc values.  Inset plots show the normalized PL spectra collected at three 

different stripe lengths with a pump energy density of 30 and 1000 µJ/cm
2
 for 25 ps and 8 ns 

excitation, respectively.  The threshold excitation length Lt is indicated. 

 

Recall that a similar threshold behavior was observed  as a function of the pump energy 

density at a fixed length of the excitation stripe (Fig. 5.2).  The fact that threshold conditions 

are achieved based upon either a critical energy or a critical length proves that optical 

amplification is due to stimulated emission, which occurs primarily through waveguiding 

effects. At sufficiently long lengths of the excitation stripe the ASE peak intensity deviates 

from the exponential increase due to gain saturation.  In determining the gain coefficient, 

only the exponential subset of the data prior to the onset of gain saturation was used.    

 The net gain coefficients of the MEH-PPV waveguide as a function of the excited 

state density are shown in Fig. 5.5 (a) for both transient and quasi-steady-state excitation 

conditions.  For reference purposes, the net gain has also been plotted with respect to the 
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pump power density and the pump energy density, as shown in Fig. 5.5 (b) and (c), 

respectively.   

 

 
 

Figure. 5.5. Dependence of the net gain coefficient on excited state density (a), pump power density 

(b), and pump energy density (c) for symmetric MEH-PPV waveguides under 25 ps (open squares) 

and 8 ns (open circles) pulsed excitation.   

 

Again, we note that due to the transient vs. quasi-steady-state excitation conditions induced 

by the 25 ps and 8 ns pump pulses, respectively, a  quantitatively meaningful comparison of 

the pulse width dependence on the net gain requires that the excitation density Nexc be used 

as the independent variable.  Gain coefficients were determined by fitting the experimental 

VSL data to the one dimensional amplifier equation (Eq. 4), where each data point is the 

average of at least three separate measurements.  At a low excitation density of 
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approximately 2 x 10
18

 cm
-3

  the net gain coefficients for the MEH-PPV film under 25 ps and 

8 ns excitation are -16 cm
-1

 and -21 cm
-1

, respectively, indicating net loss.  These loss values 

are in good agreement with the loss values obtained using the SES technique (Fig. 5.3), 

which confirms that our experimental setup for VSL measurements
20

 is configured properly.  

Positive net gain is observed above a threshold excitation density of ~ 3.5 x 10
18

 cm
-3

, which 

is consistent with the threshold values determined earlier (    
                     

     

            ). The net gain then grows approximately linearly with the excitation density 

until eventually saturating.  Using 25 ps pulses,  an extremely large net gain of 700 cm
-1

 was 

achieved at a maximum excitation density of 3.5 x 10
19

 cm
-3

 (E = 85 µJ/cm
2
, P = 3.4 

MW/cm
2
), compared to a value of 135 cm

-1
 measured under 8 ns excitation (E = 2250 

µJ/cm
2
, P = 281 kW/cm

2
).  Thus, on the basis of the data in Fig. 5.5, our work reveals that 

dramatically enhanced (~5x) gain performance is achieved under transient (25 ps) pumping 

conditions  as opposed to quasi-steady state ones. At sufficiently high pump energy density 

where ASE dominates the decay dynamics, achievement of steady-state may occur on a time 

scale much shorter than τPL. Under 8 ns excitation, this would lead to a decrease in 

population inversion density and reduction of optical gain.  Again, this is an issue related to 

the low pumping efficiency of the 8 ns laser pulses. 

 Using the linear portion of the excitation density dependence of the material gain 

coefficient  gmat (data not shown), where gmat = σASENexc, and assuming unity quantum 

efficiency, we estimate the stimulated emission cross-sections of the symmetric waveguides 

to be 9.6 x 10
-17

  and 2.8 x 10
-17

 cm
2
  under 25 ps and 8 ns pumping, respectively.  Although 
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both values are well within the range of previously reported values for MEH-PPV
28-30

 and 

related PPV derivatives
31-33

, the induced ASE cross-section under 25 ps excitation is a factor 

of 3.5x larger than that under 8 ns excitation.  The reduction of σASE is consistent with 

decreased optical gain measured under quasi-steady state conditions and indicates additional 

non-radiative decay paths are available under 8 ns excitation. 

 To further clarify this point, analogous gain measurements were performed on 

asymmetric waveguides (i.e. Si/SiO2/MEH-PPV/Air), which enabled excitation of the MEH-

PPV films under direct exposure to air.  Interestingly, the optical gain was found to be highly 

dependent on the 8 ns pump pulse exposure conditions.  This is illustrated in Fig. 5.6, which 

shows the excitation density dependence of the net gain coefficient for asymmetric MEH-

PPV waveguides pumped using single and multiple (30) 8ns laser pulses.  Using a single ns 

pulse per spectral acquisition, a net gain coefficient of approximately 75 cm
-1

 was measured 

at a maximum excited state density of 2.7 x 10
19

 cm
-3

 (compared to 365 cm
-1 

measured with 

25 ps pulses, also at Nexc = 2.7 x 10
19

 cm
-3

), which is in excellent agreement with the values 

of 70 and 71 cm
-1

  reported by Lahoz et al.
7
 and De la Rosa-Fox

34
, also for asymmetric 

MEH-PPV waveguides measured under quasi-steady state conditions using 6-8 ns pulses.  

The lower net gain in the asymmetric waveguides compared to the symmetric waveguides is 

attributed to lower optical confinement, which was discussed in the previous chapter (Ch. 4). 

When exposed to 30 consecutive pump pulses, however, the optical gain was almost entirely 

suppressed (           ). ASE was restored upon moving to a fresh region of the film but 

would then quickly disappear after repeated exposure to the 8 ns pulses. 



141 

 

 

 

 

 

Figure. 5.6. Net gain vs. excitation density for asymmetric MEH-PPV waveguides pumped using 8 

ns pulses.  The number of excitation pump pulses used during the measurements are 1 (triangles) and 

30 (diamonds).    

 

Using Fourier transform infrared (FTIR) spectroscopy in attenuated total reflectance (ATR) 

mode, absorbance spectra were collected from the asymmetric MEH-PPV waveguides (i.e. 

Si/SiO2/MEH-PPV/Air)  as a function of exposure time to the 8 ns laser pulses.  These 

spectra are shown in Fig. 5.7 and provide insight into the underlying photochemistry 

responsible for the dramatic changes in gain.  The observed characteristic vibrational modes 

of MEH-PPV in the spectral region between 800 and 1800 cm
-1

 are given in Table 5.1,  all of 

which are in excellent agreement with the characteristic bands reported by Scott et al
35

. 
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Figure. 5.7. FTIR absorption spectra of asymmetric MEH-PPV waveguides as a function of exposure 

time to 8 ns pump pulses.    

 

 

However, there are two additional peaks at 1678 and 1735 cm
-1 

that are not characteristic of 

MEH-PPV; these peaks become more intense with increasing exposure times.  The peaks at 

1678 and 1735 cm
-1

 are associated with carbonyl absorption of aromatic aldehyde
13,35

 and 

ester groups
35,36

, respectively, both of which are well known reaction products of 

photooxidation.  We also observe an accompanying diminution of the trans double bond C-H 

wag (970 cm
-1

) and the alkoxy stretching mode associated with the phenylene group (1352 

cm
-1

) with increasing carbonyl absorption, which implies a loss of conjugation with increased 

exposure to the 8 ns pump pulses.   
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Table 5.1. Characteristic IR active vibrational modes of MEH-PPV across 800-1800 cm
-1

 spectral 

range. 
 

Frequency (cm
-1

) Peak Assignment 

858 Out of plane phenyl CH wag 

970 Trans double bond CH wag 

1041 Alkyl oxygen stretch 

1200 Phenyl oxygen stretch 

1352 Alkoxy stretch of phenylene group 

1384 Symmetric alkyl CH2 deformation 

1412 Semicircular phenyl stretch 

1463 Anti symmetric alkyl CH2 

1504 Semicircular phenyl stretch 

1596 Semicircular stretch mode of phenyl ring 

 

 

 

Quantitative analysis showing the evolution of these modes as a function of exposure time is 

shown in Fig. 5.8.  These observations are all consistent with an oxidation reaction, in which 

singlet oxygen preferentially attacks the vinyl double bond along the polymer’s backbone 

resulting in chain scission and subsequent carbonyl formation at the end of each cleaved 

chain segment.
37

  Due to their high electron affinity, carbonyl groups are efficient 

photoquenchers and dissociate excitons into charge separated polarons, which effectively 

compete with stimulated emission.
38,39

   On the basis of our FTIR measurements, we 

therefore conclude that the rapid reduction of optical gain measured on asymmetric 

waveguides under repeated exposure to the 8 ns pump pulses (Fig. 5.6)  is attributed to 

defect-mediated dissociation of the emissive states due to oxidation of the films.  
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Figure. 5.8. Absorbance as a function of exposure time for the peaks at 1735 (solid squares), 1678 

(open squares), 1352 (solid circles), and 970 cm
-1

 (open circles).  

 

Note that the asymmetric waveguides were found to be highly stable under 25 ps excitation 

and exhibited no evidence of photochemical degradation over the course of the 

measurements; furthermore, enhanced optical gain was also observed in these samples.  

These results indicate that the susceptibility of thin films of MEH-PPV to  

photodisintegration is highly dependent on the duration of the laser pulses used to excite the 

films; relatively long duration, high energy 8 ns pump pulses induce significantly more 

damage than do 25 ps pulses. This is not surprising considering the sample-laser interaction 

time per 8 ns pump pulse is 320x longer than that for a 25 ps pulse. 

 While photochemical degradation is expected to be dramatically reduced for our 

symmetric waveguides, which have a protective layer of PMMA, the net gain measured 

under ns excitation is still considerably less than that under ps excitation. Transient 

absorption studies of MEH-PPV and related PPV derivatives have demonstrated that 
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oxidation can still occur under pulsed excitation even in an evacuated cryostat.
40

 Excessive 

heating (photoinduced annealing) can also occur in polymer films irradiated with intense 

laser pulses, leading to non-reversible structural relaxation of the polymer chains 

accompanied by the formation of defects  that exhibit the same spectral signatures as 

photooxidation.
14

  It is generally well accepted that thermal heating only becomes an issue 

when the duration of the pump pulse is larger than the characteristic relaxation time, τr, of the 

irradiated material which is given by
41

 

                                                
     

  
                                                (5) 

where Λ is the penetration depth of the pump pulse, ρ the density,   the specific heat 

capacity, and k the thermal conductivity.  Note that the thermal relaxation time for MEH-

PPV is approximately 4-5 ns, which is nearly a factor of 2 less than the duration of an 8 ns 

pump pulse.   Thus, an apparent explanation for the drop in ASE cross-section and 

accompanying reduction of net gain is consistent with a mechanism in which the relatively 

long duration, high energy ns pump pulses induce localized chemical and/or morphological 

changes in film, even in samples not in direct exposure to air.
14,42

   Further investigations 

using fs excitation are planned, which should provide more insight on this issue.  The ASE 

cross section obtained from the ns experiments (discussed above) can therefore be viewed as 

an effective parameter, which drops below the measured value under ps excitation due to 

increased contributions of excited state absorption.  Pulse width dependent photothermal and 

photooxidative effects have also been reported by Frolov et al. 
42

 and Kawabe et al.
23

  For 

example, using BEH-PPV-based microring laser structures (τPL ≅ 50 ps) , Kawabe et al.
23
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reported sample degradation under 10 ns quasi-steady state pulsed excitation but not under 

100 fs transient excitation, where both sets of measurements were performed in vacuum.  

These same authors observe a much more pronounced threshold behavior under 100 fs, as 

opposed to 10 ns excitation,  which implies  higher gain under fs excitation although optical 

gain was not reported by these authors.   In a separate investigation, Frolov et al.
42

 

demonstrated laser action from DOO-PPV-based microdisk structures using 10 ns and 100 ps 

pump laser pulses.  A pronounced spectral broadening of the laser emission was observed 

under 10 ns pumping conditions, which the authors attributed to either laser-induced heating 

of the films or increased absorption losses from accumulation of triplet excitons.  This is 

consistent with our results (Fig. 5.1 and 5.2 insets) in which the saturated linewidth of the 

ASE transition is broadened under 8 ns (FWHM ~ 12 nm) excitation compared to 25 ps 

excitation (~ 10 nm).  However, spectral broadening under 8 ns excitation could also be 

attributed to the superposition of multiple ASE emission events recorded per 8 ns pulse, each 

with a slightly different peak wavelength. 

 The results presented here raises the question to what extent have previously reported 

gain values measured for MEH-PPV (and potentially other conjugated polymers) been 

influenced by the excitation conditions.  For example, a great deal of the controversy 

surrounding the photophysics of conjugated polymers have been reconciled based on 

previously reported work having been done on unintentionally photooxidized samples.
39,43-45

  

Thus, one cannot rule out the possibility that in past investigations reporting gain values for 

MEH-PPV under ns pumping
22,23

, the values are mistakenly low due to partial oxidation of 
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the films, even for measurements performed in vacuum.   Our results clearly demonstrate that 

considerably higher net gain is achievable for MEH-PPV under transient excitation 

conditions, which provide a new route towards optimizing the optical properties of MEH-

PPV and related PPV derivatives.  Transient measurement conditions should also provide a 

more accurate assessment of the true optical gain properties without the deleterious 

consequences of sample degradation. 

 

5.5 Conclusions 

 
 In conclusion, we have investigated the excitation pulse width dependence of the 

ASE threshold and optical gain for the conjugated polymer MEH-PPV.  Symmetric 

heterostructure waveguides were fabricated and characterized using excitation laser pulses 

having temporal widths shorter (25ps) and longer (8 ns) than the PL decay time of MEH-

PPV, which is approximately 300 ps.  While ASE and spectral line narrowing were achieved 

under both 25 ps and 8 ns pumping, threshold behavior was highly dependent on the 

pumping conditions.  A low ASE threshold of 8 µJ/cm
2
 was demonstrated under transient 

excitation using 25 ps pulses, compared to a value of 240 µJ/cm
2
 under 8 ns, quasi-steady 

state conditions although the  excited state densities at threshold were essentially the same. 

This demonstrates that the pumping efficiency, and hence generation rate of excited states in 

a gain medium, can be dramatically increased by using laser pulses that are relatively short 

compared to the characteristic excited state lifetime. 
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 An extremely large net gain of 700 cm
-1

 was achieved using 25 ps pulses  at a 

maximum excited state density of 3.5 x 10
19

 cm
-3

 (corresponding to a pump energy density E 

= 85 µJ/cm
2
 or a pump power P = 3.4 MW/cm

2
), which is nearly an order of magnitude 

larger than what has previously been reported for MEH-PPV and related conjugated 

polymers.  High net gain was also observed using 8 ns pulses, reaching a value of 135 cm
-1

, 

also at a maximum excited state density of 3.5 x 10
19

 (2.25 mJ/cm
2
 or 281 kW/cm

2
).  Clearly, 

considerably larger gain is obtained under transient excitation conditions, which we attribute 

to improved pumping efficiency and thermal/oxidative stability of MEH-PPV under 25 ps 

excitation.  These results should facilitate realization of an electrically pumped polymer laser 

more readily by providing a route by which lower ASE threshold and enhanced net gain can 

be achieved.   
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Chapter 6:  Conclusions and Future Directions 
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 The photophysics of conjugated polymers are highly dependent  on the degree of 

conformational order/disorder of the polymer chains and the manner in which they are 

packed together in a solid film.  In this thesis we have closely examined the relationship 

between polymer morphology and the amplified spontaneous emission (ASE) threshold and 

optical gain behavior of MEH-PPV.  Film characterization was performed using various  

techniques including atomic force microscopy (AFM), ultraviolet-visible (UV-Vis) 

spectroscopy, Fourier transform infrared (FTIR) spectroscopy, transient and quasi-steady-

state photoluminescence (PL) spectroscopy, and polarized optical microscopy.  In Chapter 2, 

polymer morphology was altered by changing the chemical nature of the solvent from which 

the MEH-PPV films were cast.  Chlorobenzene (CB) and tetrahydrofuran (THF) solvents 

were chosen based on their known ability to promote and effectively limit aggregate 

formation, respectively.  Using the data obtained from PL and  variable stripe length (VSL) 

measurements, it was shown that the chain conformation dependence of the degree of 

aggregation in the films, as controlled by the solvent, has minimal influence on the onset 

energy for amplified spontaneous emission (ASE) and net gain;  both CB- and THF-cast 

films exhibit low ASE thresholds and large net gain despite having markedly different 

morphologies.  In Chapter 3, control over the polymer morphology was achieved by 

thermally annealing the films at various temperatures.  UV-Vis, PL, and AFM measurements 

indicated enhanced packing morphology and conformational order of the polymer chains 

with increasing annealing temperature.   These results are consistent with our VSL 

measurements and studies of ASE, which show an increase in threshold accompanied by a 
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reduction of net gain with increasing annealing temperature, which is associated with an 

increase in the number of low quantum yield interchain deactivation pathways.  Although 

aggregate formation is observed to attenuate optical amplification with increasing annealing 

temperature, we were still able to achieve net gains that were quite high relative to previously 

reported values.  The results presented in Chapters 2 and 3 thus question the common 

perception that chain aggregation has a detrimental effect on the ASE behavior of conjugated 

polymer waveguides and related optical devices. Our results clearly demonstrate that large 

optical gain can still be achieved in MEH-PPV films with a relatively large fraction of 

interchain aggregates.  In fact, it was determined that an extremely large fraction of 

interchain aggregate species and/or exciton dissociating defects are required to significantly 

alter the optical properties and suppress stimulated emission, as was found to be the case 

when the polymer films were annealed far above the glass transition temperature. 

 For laser applications, conjugated polymers exhibiting low thresholds and large gain 

are highly desirable, as they enable the implementation of smaller, more practical optical 

pumping sources and increase the likelihood of achieving positive gain under electrical bias.  

In Chapters 4 and 5, we explored various techniques for lowering the ASE threshold and 

improving the optical gain.  It was shown in Chapter 4 that optimization of the waveguide 

architecture is an effective route towards improved optical performance.  In particular, MEH-

PPV symmetric waveguide structures exhibited 50% increase in optical gain compared to an 

asymmetric architecture. In Chapter 5 we demonstrated that one can also effectively control 

the threshold and gain by varying the temporal width of the excitation pulses used to excite 
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the films.  Combining the techniques reported in Chapters 4 and 5, we have achieved net gain 

coefficients that are nearly an order of magnitude larger than what has previously been 

reported for MEH-PPV and PPV-based derivatives.  To the best of our knowledge, the gain 

coefficients that we have achieved are the largest reported to date for thin conjugated 

polymer films. 

 While our results provide significant insight into the structure-property relationship of 

MEH-PPV, there is still considerable effort that must be expended towards the achievement 

of a comprehensive understanding of the role that polymer morphology plays on the optical 

and electrical properties of π-conjugated systems.  For future work, it is crucial that a more 

quantitative understanding of interchain aggregates and their impact on the device related 

performance parameters be established.  For example, what is the functional dependence of 

aggregate concentration on the threshold and gain?  What is the critical amount of 

aggregation that is required for suppressing stimulated emission?  Since successful 

demonstration of an electrically pumped laser is dependent on both carrier mobility and 

optical gain, which have an opposite dependence on aggregation, a systematic study designed 

to identify the optimum balance between carrier mobility and optical gain in MEH-PPV is 

critical. Furthermore, additional experimental work is required to more fully understand the 

pulse width dependence of the optical gain and to de-convolute contributions arising from 

photo-thermal, photo-chemical, and lifetime-related effects.  We have already planned a 

follow-on investigation to address this latter area by performing fs optical measurements. 

 


