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ABSTRACT

Efficient and high light amplification of optical resonator in organic laser is one
of the critical factors for high performance organic laser. It can be achieved by using
microcavity and DFB structures, which are commonly adopted methods to enhance
light amplification in specific wavelength. Both of them are the more widely used
structures in inorganic and organic lasers. In this work, we employed nearly 100%
reflection (at 450 nm) DBR and Al to act as reflected mirror inside the microcavity
device. The function of microcavity has been examined to show the ability of device
in tuning laser emission wavelength and overcoming the loss of organic-metal
interface. DFB structure was used to demonstrate different laser emissions with
respect to different grating periods. The finding clarifies the role of the structure in
enhancement of light amplification leading to lower threshold, which was half of that
of amplified spontaneous emission from single layer of PFO. As designed laser mode
is also an important factor to get a high performance organic laser, those laser modes
of structures have been designed and estimated by simulations and consistent with the
experimental results.
Color tunable light source has great potential for display, lighting and
bio-imaging. Current broadband light sources, however, have their own limitations in
beam divergence and device size. In this work, we demonstrated a spatially variant
light source with tunable color emission property by using two cascaded organic thin
films, which emit blue and green ASE respectively under optical pumping. By
spatially selecting the overlapping of the directional ASE from the cascaded films, we
show that the color of light emission can be continuously tuned from blue, white to
green.
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CHAPTER 1 INTRODUCTION TO LIGHT AMPLIFICATION

1.1

History and development of light amplification
We live in an instant information world. This is supported by the advance in

electronic technology leading to better live with positive impact to us. However, the
resources and methodologies used to manufacture that electronic raise serious
problems arising from negative environmental impacts of the manufacture, such as
use and disposal of electronic devices. Thus, the use of organic materials including
small molecules and polymers to construct the novel electronic devices can offer a
more environmental friendly and affordable world. Also, organic light amplification is
included to be a promising organic electronic device.
In 90s, the first demonstration of lasing in organic conjugated polymer showed
that the materials have the ability for lasing and possibility to have organic lasers [1].
Further development in few years later, the first solid-state optically pumped organic
polymer laser was demonstrated [2].Since that, the great interest in organic
semiconductor lasers has rapidly increased. There are in a number of research articles
in this field [3-5] in the following years. Moreover, the organic lasers have been
demonstrated by using several of designed resonators, including microcavities [6-8],
distributed feedback [9-10], and microrings [11].
The first solid-state organic polymer lasing was demonstrated under optical
pumping. And it was using simple waveguide structures to produce low gain
narrowing threshold in organic thin films. After that several more polymers were used
in the waveguide structures showing the ability for lasing. The simple waveguide
structures with polymers and suitable substrate (e.g. fused silica) also exhibit
Amplified Spontaneous Emission (ASE). Hence, ASE with simple waveguide
1

structures is commonly used to examine the gain coefficient of materials. It allows the
identification of variations in materials inherent behavior, rather than the effect of the
resonant cavity. Moreover, these studies allow establishing structure-property
relationships that provide important clue to scientists for the improvement of
materials design for lasing. The most importance of ASE is that it is very similar to
lasing, and it is the first step to develop organic laser and we will discuss the similar
and difference between ASE and laser later in Section 2. Fig. 1.1 showed the recent
research in ASE using pervoskites fabricated from solution process [12]. In their work,
they showed optical gain of the materials and also wavelength tunable ASE for further
development in laser.

Fig.1.1 Wide wavelength tunability of ASE wavelengths from low temperture solution
processed perovskite films [12].
Apart from the simple waveguide structures for lasing, various optical resonators
were employed to demonstrate organic laser. The microcavity and distributed
feedback structures are mostly employed in organic lasers. The first organic
2

semiconductor laser was based on Fabry-Perot microcavities to provide optical
feedback, with the organic materials in solution or solid state [1-2]. When a gain
medium is placed within a Fabry-Perot oscillator with gap matching that of the
medium emission wavelength, an active micocavity is formed. Due to the high values
of optical gain of organic polymers, a layer of only nanometer order of thickness was
required inside the cavity to achieve laser. Emitted light from cavity is coupled to the
cavity modes resulting in narrowing and a degree of control over the emission. An
advantage of the microcavity design is the ease of fabrication and the emission is
perpendicular to the substrate. Also, distributed Bragg reflector is among the most
commonly used design of microcavity; it consists of the gain medium surrounded by
alternating layers of high and low refractive indices. The strong reflection caused by
the reflector would increase the Q-factor improving the light amplification.
The incorporation of periodic structure into a polymer waveguide device
provides the geometry required for a distributed feedback laser. This is a periodic
change in the refractive index for optical feedback. Distributed feedback lasers were
introduced in the 1970s [13] and further development in coming years, such as 2D
gratings [9] and circular gratings [14]. By varying the film thickness or period of the
grating allows the emission wavelength to be varied. Fig.1.2 showed the real time
tunable lasing from plasmonic nanocavity arrays [15]. This recent research employed
both cavity and grating structures, achieving dynamic tuning of the Plasmon lasing
wavelength.

3

Fig.1.2 Scheme of a lasing device and SEM image of Au NP arrays.History and
development of light emitting polymers[15].
1.2

History and development of light emitting polymers
The main advantage of using organic semiconducting polymer to construct the

lasers is the high values of optical gain with broaden gain spectral bandwidth of the
materials. Also the flexibility of synthesis makes that the output emission can be
tunable among the whole visible range [16, 17-19]. However, the excitation of organic
semiconducting polymer lasers can only be done under optical pumping. The obstacle
for being electrical pumping is mainly due to the low charge mobility of the materials
[16, 20-21]. Thus, many scientists are still studying the organic lasers in achieving the
electrical pumping, and mainly focus on two aspects; first is materials development
improving the optical properties of materials to make light emission more efficient.
The second way is lowering the threshold of laser emission using better optical
resonators.
The key advantages of polymers are easy to process, conducting and flexibility
of synthesis. These lead to cheaper and large amount of production making that the
materials draw more and more attentions and studies in both industry and laboratory.
4

In 1977, the first report on electrical conductivity in the organic polymer
materials was synthesized by Shirakawa et al [22-23]. In 2000, to acknowledge the
importance of the new type materials, they are awarded the Nobel Prize in Chemistry
for the discovery and development of conductive polymers [24]. The discovery of
conductive polymers initiates an intense research in these materials ever now. In Table
1.1, there are some samples of light emitting polymers.
IUPAC Name

Abbreviations

Chemical structure

Polymer Materials
Poly(9,9-di-n-dodecylfluorenyl-2,7-diyl)

PFO

Poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-

F8BT

(benzo[2,1,3]thiadiazol-4,8-diyl)]

Poly(3-hexylthiophene-2,5-diyl)

P3HT

Poly[2-methoxy-5-(2-ethylhexyloxy)

MEH-PPV

-1,4-phenylenevinylene]

Table.1.1 Examples of Polymer Materials [16].
In the past few decades, organic polymer materials have been applied in organic
light emitting diodes [25-29], organic solar cells [30-31], photo detectors [32-33], and
5

organic transistors [34-36]. Fig.1.3 showed various polymer laser resonators including
microcavity, microring and distributed feedback laser [5]. The above described
organic applications are well developed following the inorganic counterparts; some of
them have even already produced into commercial products. However, the organic
light amplification or lasers are still in research stage.

Fig.1.3 Schematics of various polymer laser resonators [5].

1.3

Research focus
This work focuses on the organic laser design, fabrication and development of

measurement and uses different optical resonators to improve the organic
semiconducting laser. The optical properties of organic semiconductor lasers are
demonstrated and show how improvements can be made in the optical pumping. The
light amplification of organic thin films is first investigated with a novel idea to create
a tunable color of amplified spontaneous emission. Distributed feedback structure and
microcavity structure are also employed to demonstrate organic semiconducting lasers
by optical pumping. The better performance is expected using these optical
resonators.
6

CHAPTER 2 THEORY OF LIGHT AMPLIFICATION

In this chapter, the background theory of light amplification in organic
semiconductors is discussed, including the amplified spontaneous emission and
organic polymer laser. It will describe both electrical and optical properties that make
them being promising as an organic laser. In polymer laser, different device structure
of organic laser will be presented.
2.1

Introduction

In this chapter, the theory of light amplification in organic semiconducting
(conjugated) polymer will be focused. The light amplification, in this research, can be
separated into two parts, the amplified spontaneous emission (ASE) and laser. The
mechanism of amplification spontaneous emission is similar to laser, both having
spectra narrowing and clear threshold [37-40], but it is not lasing. Because it can only
provide a limited degree of coherence and monochromaticity, also the laser resonator
does not strongly influence the emission [41]. Laser is an acronym that stands for
“Light amplification by stimulated emission of radiation”. ASE and laser both consists
of three parts, a pumping source (laser) for providing photon energy to the sample, a
gain medium (mostly organic semiconducting polymer in this work) for processing
the optical gain and experience the light amplification and a resonator for amplifying
light in gain medium. Nevertheless, the resonator is the critical difference to identify
two of them in this study. The ASE can be achieved from neat thin film on planar
substrate, while lasing would need various structures, such as distributed feedback
structure and cavity structure. The electrical properties of organic semiconducting
polymers will be first to discuss and explains why it is so promising for electrical
pumping which is a big mile stone for organic laser.
7

2.2

Electrical properties
Since organic semiconducting polymer was discovered, these materials open the

possibility of electrical conducting organic devices including electrically pumped
organic laser [42, 43]. Those materials have the properties of electrical conductivity,
light emission and capable for charge transport. However, there are still challenges to
be overcome for electrical pumping, such as lower threshold is needed, reducing the
losses in layer absorption and the shorter excited-state lifetime of materials [16].
Nevertheless, organic semiconducting polymer is still promising materials to develop
electrical pumped organic laser. Because they compared with other organic materials,
like dyes, they showed higher photo-stability and without PL quenching [44].
2.3

Optical properties
The optical properties of organic semiconducting polymer are determined by

their electronic state, the lowest unoccupied molecular orbital (LUMO), highest
occupied molecular orbital (HOMO) energy levels and the energy difference between
both levels (band gap) [45]. These energy levels correspond to valence and
conduction bands in inorganic semiconductors. In optical characteristics, they mostly
have broad photoluminescence spectra, strong absorption coefficients and have a wide
range of color in visible light [46]. And those properties are strongly depending on
energy levels inside the polymers, so it opens various directions for scientists to
synthesis different molecular structure for light emitting across the visible spectrum.
2.3.1

Absorption and emission

When incident light excited the organic semiconducting (conjugated) polymer
molecule, absorption of photon energy which is matched to the energy gap (in
conjugated polymer, like PFO (Poly(9,9-di-n-octyfluorenyl-2,7-diyl)), is π and π*
levels). After that the electrons are pumped from ground to the electronically excited
state, and leave holes behind with a positive charge. The electron and hole are
8

bounded together by the Coulomb’s law forming excitons [45, 47]. That is the main
mechanism of optical transition inside organic semiconducting materials.
The Franck-Condon principle can be used to explain the whole picture of
absorption and emission [48-50]. The principle states that during an electronic
transition, a change from one vibration energy level to another energy level will be
more likely to happen if the two vibrational wave functions overlap more significantly.
In Fig.2.1, the inside electronic transitions are shown. The energy of photon is
absorbed by molecule; the electron is excited from the ground vibration state (S0) and
moving to the excited vibrational state (S1). Due to the time of absorption of light
(~10-15 s) is much faster than molecular vibration (~10-12 s), the transition is alike
vertical transition in figure (0-1 transition).
Principle of emission is similar to absorption, using Franck Condon principle
again. When the molecules are excited to higher energy state (S1), they will relax to
lowest energy state (S0) quickly (1-0 transition). The emission light is called
fluorescence. There is a clear Stokes’ shift between the absorption and emission
spectra due to the molecule positions changed, and thus a red-shift from absorption is
observed. Because of the energy difference of both spectra, it enhances the efficiency
of emission by decreasing self-absorption.

9

Fig.2.1 Franck Condon energy level diagram[51]
2.3.2

Gain in polymer

Organic semiconducting (conjugated) polymer is employed to be gain medium in
laser resonator to produce the stimulated emission. And the gain can be explained by
Section 2.3.1. Stimulated emission will be occurred after absorption. The details of
stimulated emission will be discussed in Section 2.3.3. The gain mechanism in
polymer can be well expressed by four-level energy scheme, especially for the
conjugated polymer [45, 52]. The energy level diagram for gain medium is shown in
Fig.2.2.

10

Fig.2.2 Four-energy level diagram for gain medium
A four-level energy system of gain medium is suitable and capable for lasing. To
achieve stimulated emission, the population inversion is needed. Population inversion
implies that more electrons excited to the higher energy state than in the lower energy
state. By using four-level energy system, the population inversion can be easier to
occur and the threshold for lasing is lower. We focus on transition (3) in Fig.2.2 for
lasing and population inversion takes place at its upper energy level and lower energy
level but not the highest energy level and ground state. Thus, the population inversion
can be much easier to achieve even though most electrons are in the ground state [53].
As a result, the organic semiconducting (conjugated) polymer is promising to be a
gain medium for lasing.
2.3.3

Spontaneous and stimulated emission

In order to study the processes for light amplification in gain medium, a simple
two-level energy system was described in Fig.2.3. Inside this system, mainly three
different processes may induced, stimulated absorption: spontaneous emission and
stimulated emission.

11

Fig.2.3 Two-levelenergy system with three processes
In Fig.2.3, the system has two energy levels E1 and E2, and population density N1
and N2 respectively. First of all, the stimulated absorption meant that there is
incoming photons which are absorbed by the molecules. The photon energy is hv =
E2-E1. An upward transition by the electrons will take place (E1→E2). The Rate of
electrons in this transition can be given as [53-55]:

dN 1

dt

  N 1 B12u (v 0)

(2.1)

, where B12 is Einstein coefficient for absorption, u(v0) is the photon density and the
negative sign is because of decreasing of population in that level.
After absorption, electrons are excited to the higher energy level (E2). The
electrons at the upper state then spontaneously fall to lower state (E1) and emit a
photon, and that is called spontaneous emission. Because of random or spontaneously
relaxation, the emission is incoherence. That is the wave function having the random
phase differences.

The total rate at this transition between two levels is:

dN 2

dt

  N 2 A21

(2.2)

, where A21 is Einstein coefficient for spontaneous emission and also is the inverse
relationship of nature lifetime of electron.
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After absorption, there is another possible may occur, stimulated emission.
Induced by incident photon, the electron moves to higher energy level (E2), and go
down to lower energy level (E1), thereby emitting an extra photon to join with the
initial photon. Both of photons are in same phase, energy and frequency. The rate of
the transition from E2 to E1 is shown as:

dN 2

dt

  N 2 B 21u (v 0)

(2.3)

, where B21 is Einstein coefficient for stimulated emission.
Using Equation 2.1 to 2.3, we can tell that amplification of light can be achieved
by stimulated emission and of course population inversion is needed (population of
E2>E1). But in this two-level energy system, most of molecules are at lower energy
state. Even when the incident light has high intensity to make rate of stimulated
emission higher than absorption and population inversion is satisfied, the high intense
light may cause damage of the materials and loss of lasing. Thus, as mentioned in
Section 2.3.2, the 4-level energy system in organic semiconducting (conjugated)
polymer is more appropriate to be the gain medium for organic laser.
2.3.4

Amplified spontaneous emission

Amplified spontaneous emission will take place if the population of electrons
from ground state is raised to the upper level is very high and the gain medium is
optically dense. For this phenomenon to take place we can consider the situation in
Fig.2.4 which can generate intense radiation without an optical cavity; however, it has
limited gain.
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Fig.2.4 Schematic diagram of optical amplifer
In Fig.2.4, an optical amplifier is pumped by a light source (mainly a laser). For
convenience of calculation, there is only considering one direction of light from z =0
to z= l. Inside the gain medium, the excited atoms will relax spontaneously, that is
spontaneous emission. However, when the excitation energy is high enough to
achieve a net gain in amplifier, the stimulated emission will take place. The intensity
of the emission which is propagating along the z-axis in Fig. 2.4 can be obtained by
[53-55]:

d
d
[I(v, z )d z ]   (v) I(v, z )d z  h v A 21 N 2 g(v)d v
dz
4

(2.4)

, where I(v, z)is intensity of radiation,  (v ) is net gain for the stimulated emission,
A21 is Einstein coefficient for spontaneous emission, g(v) is net gain for the
spontaneous emission, N2 is the population density, and

d
4

is the solid angle

which is related to the film thickness and the length of the excitation area.
It describes that a radiation I(v, z) travels along the z-axis, with a constant solid

angle

d
4

. Between z=0 to z=l, the spontaneous emission is increased along this

direction; stimulated emission also amplifies the intensity of the out coming light in
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this lengths. On the right hand side of Equation 2.4, the first part is representing the
stimulated emission intensity and the second part is contributed by the spontaneous
emission. A solution to Equation 2.4, it is given by [53-55]:

I(v, z  l ) 

h v A 21 N 2 g(v)
d
[exp( (v)l )  1]
 (v )
4

(2.5)

From Equation 2.5, we know the contributing sources in intensity of ASE. [53,
56-59] As the ASE contains both spontaneous emission and stimulated emission, ASE
is incoherence light. Other parameters are directionality and spectrum narrowing
[37-40, 59-62]. Since Equation 2.5 showed that the intensity of the ASE is a function
of wavelength, i.e. light of the specific wavelength, was amplified into a high
intensity.
ASE is very similar to lasing. Both are having spectral narrowing, directional
emission and threshold of pumping energy. However, there are some differences
between them: first, lasing is coherence light and ASE is not. It is because that ASE
consists both spontaneous and stimulated emissions. And the other difference is
higher threshold energy is required in ASE since ASE can occur without any optical
cavity.

2.4

Polymer laser
After

investigating

the

optical

and

electrical

properties

of

organic

semiconducting (conjugated) polymers, in this section, we will introduce different
methods to manipulate the light emission to enhance the light amplification. Many
methods are employed for enhancement of polymer laser. And we will mainly discuss
these three: distributed feedback structure [24, 63], microcavity structure [21] and a
simply neat film on substrate acting as waveguiding [32, 39, 58, 59].
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2.4.1

Waveguiding

Optical waveguiding is useful to amplification of the light leading to lasing. The
simplest waveguide can be the organic polymer as the gain medium and spin-coat on
the fuse silica substrate. One of the condition in the optical waveguide is na <ns < np,
where na, ns, and np are the refractive indices of air, substrate and polymer
respectively [64]. In optical waveguides, light is channeled by the total internal
reflection along the interface of different media. These light confines together to
amplify the intensity. The modes inside the optical waveguide is strongly depends on
the refractive index and thickness of the waveguide. [64-66]
2.4.2

Distributed feedback laser

Distributed feedback (DFB) lasers are well studied in past decades. It is using of
periodic nano-structure to provide an optical feedback to enhance the light
amplification. In early 70s, the DFB lasers were demonstrated with gain medium and
the DFB interference patterns employed [67]. Later, organic semiconducting polymers
were firstly employed as a gain medium and 2D grating was also fabricated [63, 68].
The DFB lasers are promising and attractive that many parties are investigated in this
[24, 51-52]. The reasons are by using these structures the threshold can be decreased
and emission wavelength can be tuned.
The fabrication steps of DFB laser is firstly spin-coating the thin film of organic
semiconducting gain medium, such as polymer, onto the corrugated fused silica
substrate. There are several fabrications techniques of the corrugated fused silica
substrate, for example, nano-imprint lithography, electron beam lithography, soft
lithography, and ink-print lithography [73-76]. The basic idea of the laser is that the
light is creating an optical confinement in high refractive index gain medium
(comparing to refractive index of air and substrate) through reflection by the periodic
corrugations. By using the suitable periodic grating, the reflected light from each
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grating can be combined by constructive interference, known as Bragg scattered.
Those light reflected by the corrugation, will confine the light within the medium
resulting in either ASE or stimulated emission. The DFB laser is strongly depending
on frequency and resonant mode that is needed to satisfy to the Bragg condition:

m Bragg  2neff 

(2.6)

, where m is an integer of the order of the diffraction, λBragg is the wavelength of the
light, neff is the effective refractive index of the whole structure, and Λ is the
periodicity of the grating. Moreover, the incident light has an incident angle (Fig.2.5)
and Equation 2.6 is modified:

m '  Bragg  neff (sin   sin  )

(2.7)

, where α and β are the incident angle and reflected angle respectively.

Fig.2.5 Diagram of 1-D distributed feedback structure [16]
Considering the incident angle to be 90o, the β will also equal to 90o and by
calculating the reflected light which is providing a vertical-emitted output in first
order of diffraction second-order Bragg reflection feedback. Different from
Section2.4.1, DFB structure can dictate the output laser in vertical direction.
Therefore it is possible to avoid the rough edge of the substrate of the waveguide and
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scattering of the non-uniform edge. The structure also shows the ability to low the
threshold usefully [68, 71, 77]. Apart from the one-dimensional of DFB structure,
there is two-dimensional grating, and it can be considered by the superposition of two
1-D gratings having one rotating for 90o. As a result, 2-D grating has a stronger light
amplification leading to lower threshold of lasing. There is also three-dimensional
grating but mainly for the random laser which is not our target, so we will not discuss
about it.
2.4.3

Microcavity laser

The use of microcavity is common in light emitting devices. The design is
sandwiching the organic semiconducting materials with two planar mirrors with a
length of the order of the emission wavelength. The organic microcavity laser was
first demonstrated at 1996 using two reflected mirror [21]. After that a number of
related researches have been done [23, 78-82]. Inside the microcavity structure, the
spatial distribution of spontaneous emission from gain medium is strongly modified
by interference effects, and the total number of allowed photonic modes for
spontaneous emission is reduced. After the decreasing of photonic modes, more of the
photon emission is channeled into the lasing mode, which leading to more effectively
increases the light emission cross section and highly reduces the pumping rate
required to lower lasing threshold. The lasing mode is at the resonant wavelength, and
the resonant wavelength is determined by the condition:



2nL
m

(2.8)

, where n is the refractive index of gain medium, L is the cavity length, and m is an
integer of the interference order [20, 53, 56]. Other advantages of this structure are the
low-divergence and surface-emitted output.
In this study, we are using the microcavity structure with one metal mirror (Al)
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and one Distributed Bragg Reflector (DBR) mirror. Distributed Bragg Reflector (DBR)
is a structure formed by multiple layers of alternating materials with different
refractive index. Each layer boundary causes a partial reflection of an optical wave,
and these reflections combine with constructive interference, acting as a high
performance of reflector. In a specific region of wavelengths, light can be nearly total
reflected by the DBR mirror.

The reflectivity is given by [78]:
2N

nl  n 2 
1  
n1  n3 
R2 N  
2N

nl  n 2 
1  
 n1  n3 








(2.9)

, where nl, n1, n2 and n3 are the refractive indices of the air, the two alternation
materials and the substrate and N is the number of repeated pairs of alternation
refractive index materials. By increasing the number of pairs of the two alternation
materials, the reflectivity can be increased. It would produce a high Q-factor of cavity,
as the reflection in the wavelength can be relatively high (~100%).
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CHAPTER 3 EXPERIMENTAL DETAILS
This chapter describes the materials, fabrication processes and different
measurements which were used for this study. First, the polymer materials physical
properties and chemical structures are introduced. And each step of experimental
procedures will be presented, including cleaning and coating process. Also various
measurements for characterization of device will be given.
3.1

Materials used
The chemical structures and physical properties of all polymer materials and

solvent used in this study are showed in Table 3.1. The blue emission polymer PFO
(Poly(9,9-di-n-dodecylfluorenyl-2,7-diyl)

and

green

emission

polymer

F8BT

(Poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)])

were

employed as the active materials in this study. Those materials were purchased from
Sigma-Aldrich. The molecule weight and polydispersity index of PFO are Mw ≦
20000 and ~ 3.7. The average molecule weight of F8BT is ~10000-20000 and
polydispersity index is < 3.
IUPAC Name

Abbreviations
Polymer Materials

Poly(9,9-di-n-dodecylfluorenyl-2,7-diyl)

PFO

Poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-

F8BT

(benzo[2,1,3]thiadiazol-4,8-diyl)]
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Chemical structure

Solvent
Methylbenzene

Toluene

Table.3.1 Materials used
3.2

Substrate preparations
The sample used the synthetic quartz as substrates. The advantage of using

synthetic quartz as substrate but not glass is that the transmittance can be higher in the
ultraviolet region (Fig.3.1), since the excitation laser source used in experiment is in
UV-zone (λ = 355 nm). The substrate size is 15 mm x15 mm and 1 mm thick and it
can be easily covered completely by the polymer achieving better uniformity. Before
the materials were spun on the substrates, the surface of the quartz should be well
cleaned. This cleaning process and pre-treatment is important to ensure the sample
quality.

Transmittance(%)

100
80
60
Synthetic quartz
Glass

40
20
0
200

300

400

500

600

Wavelength (nm)

700

Fig.3.1.Transmittance of Synthetic quartz and glass
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3.2.1

Cleaning procedures

The cleaning procedures are mainly using ultrasonic baths (Bransonic Ultrasonic
Cleaner Model 1210) with Acetone, Ethanol and de-ionized water (DI water)
repeatedly for each step at least 30mins. Acetone and Ethanol were used to remove
the organic contaminants and dust on its surface and de-ionized water was used to
remove those solvent and organic contaminants. Subsequently, the cleaned substrates
were dried in the oven (Binder, Universal drying and heating ovens Model ED23-UL
benchtop) at 110℃for least one hour or above to ensure both the moisture and
solvents on the substrate surface have been removed.
3.2.2

Pre-treatment

For the pre-treatment, the cleaned substrates were subjected to oxygen plasma at
100W for 10 minutes to enhance the surface wetting on its surface. And the oxygen
plasma treatment mechanism was shown in Fig.3.2 [84]. It will ensure that thin film
coat on the substrate will be more smooth and uniform.

Fig.3.2.Oxygen plasma treatment mechanism
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3.3

Fabrication
The fabrication was separated into two parts, spin-coating and thermal

evaporation. Using two different methods for coating is due to the molecular weights
of the polymer and small molecule materials.
3.3.1

Spin-coating

For spin-coating, we should first prepare the solutions. As PFO and F8BT are
water-insoluble polymers, a water-insoluble liquid will be needed as a solvent.
Toluene was used as solvent to make solution with those two materials. It can be used
as solvent for a number of polymers. To prepare the solutions balance (OHAUS
analytical plus balance) was used to determine the weight of materials, after that
mixing with toluene to be a solution. Following that, the solution was heated by using
the hotplate (RCT basic digital magnetic stirrer hot plate) up to 80℃ for 3 hours
ensure that the polymer was totally dissolved in solution.
Spin-coating is widely used methods for polymer coating and can deposit
relatively uniform and flat thin film. Since that polymer cannot be thermal evaporated,
polymer layers of the sample were coated onto the substrates by spin-coating method.
The equipment used was a spin-coater (Specialty Coating Systems Model P6700) as
shown

in

Fig.3.3.Diagram of spin-coater
23

Fig.3.3.

It consists of two main parts, (1), the central point which provides a vacuum the
suction to hold the substrate in place. (2), a spin accelerator that spins the sample. The
processes are shown in Fig.3.1. At first, the solution of material was dropped on the
prepared substrate. The solution was squeezed through a syringe filter of 0.45μm
diameter for removing the large particle to ensure smooth surface formed on the
sample. The substrate rotated at high rotational speed (in 2000RPM and 5s RAMP for
60 second), while higher angular speed usually get thinner thin film, also the viscosity
of solution will affect the thickness of thin film too. After that the solution will spread
out under the centrifugal force and formed thin film. Finally, the sample will put into
a vacuum chamber for overnight to ensure that the solvent has been totally evaporated
and to slow down photo oxidation, and then it is ready for experiment.
3.3.2

Thermal evaporation

For coating metal layers, such as Al and Ag, the thermal evaporation was used.
The evaporator used is an eight-source Edwards’s evaporator (Model Auto 306) as
shown in Fig.3.4.

Fig.3.4.Diagram of thermal evaporator
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It consists of two parts: 1) A substrate mount named numerically; 2) A base
shutter with metal sources for separating materials and substrate. Each source has a
pair of conducting electrodes and material evaporation boat, mainly using tungsten
basket for metal. An external power supply was used to control the current passing
through the material boat and obtained a desired deposition rate. The deposition rate
and thickness were monitored by a crystal sensor. Controlling the coating rate of
materials can tune the volume ratio of two materials coated in co-deposition process.
In our experiment, those metals’ deposition rates were around 2Ǻ/s and the whole
fabrication process was done in one pump down vacuum with pressure less than 6 x
10-6 torr.
3.4

Optical Characterization
For the optical characterization, several measurements were performed, such as

spectra measurements combining some programmable measurement systems were
used. Different measurement setups were needed as different stage of emissions, like
fluorescence and lasing, will have difference of propagating directions.
3.4.1

Transmittance and Absorption measurement

The transmittance measurement of thin film was supported in the Chemistry
Department of Hong Kong Baptist University. The sample absorption/transmittance
was measured by a spectrophotometer (HP, UV-Visible Spectrophotometer Model
8453), and measuring range is between 190 nm to 1200 nm of wavelength.
3.4.2

Fluorescence measurement

Photoluminescence (PL) spectra of thin films were measured using He-Cd laser
(wavelength: 325 nm) as the excitation source. The resulting photoluminescence is
recorded by monochromator(SpectraPro-500i). After processing, the data is received
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across different wavelengths from 350 nm to 800 nm.
3.4.3

ASE measurement

Amplified spontaneous emission is an essential phenomenon for testing the
suitability of materials for lasing. When optically pumped, the material can
undergoing the population inversion, ASE would appear with spectrum narrowing
when the pumping power above the threshold. Investigation of ASE in different
materials and its properties, the easiest and common method is to perform optical
pumping the material in solid thin film.
For ASE measurement, the Ocean Optics (USB 4000-UV-VIS) was used and the
optical path from the laser and sample to the Oceans Optics is also important. The thin
film was pumped by a laser, Nd: YAG laser (Nd: YAG lasers Quantel Brilliant B) in
355 nm and 10 Hz. The laser will first be focused by convex lens. Following that
cylindrical lens was used to transform the light into a rectangular shape beam or a line.
Then an adjustable slit with 5 mm width was used to control the excitation area. And
the excitation area was 5 mm x 300 μm. The setup was shown as Fig.3.5.

Fig.3.5. Schematic diagram of ASE measurement setup
The output light from sample came from the edge of sample, and used the
convex lens to focus the output light. Though the fiber, the output light was collect to
the Ocean Optics. Ocean optics is a spectroscopy system link with computer. It can
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capture the spectra of the light from the fiber immediately. Then, it uses the averaging
method to average spectra intensity in a period of time to calculate the spectra of the
output light from sample.
3.4.4

Laser measurement
In laser measurement, all tested devices are distributed feedback laser or

cavity laser. Distributed feedback laser is using a grating fused silica substrate and
spin-coating the polymer materials onto the substrate; Cavity laser is using
DBR-metal cavity with gain medium. The measuring setup is similar in section 3.4.3.
However, due to different light propagation and device design, it will be some
difference of the focus spot which is incident on the sample surface. For DFB laser,
the measurement is using the same pumping source and was squeezed into rectangular
beam but having relatively small size of excitation area (300 μm x 300 μm). For
cavity laser, the same pumping source was focused into a small spot. Since all
samples were chosen for surface emission, the pumping laser is incident with an angle
onto the device surface. It is because the surface emitting laser beam from the device
will not overlap with incident beam or photoluminescence from itself. With the
incident angle, it is easier to detect the signal and observe the pattern and the
measurement setup can be seen in Fig.3.6.

Fig.3.6. Laser measurement setup
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3.5

Device Characterization
For the device characterization, several measurements were made to determine

the device performance and characteristic. The high sensitivity and accuracy
measurements were used, such as efficiency measurement and SEM measurements.
Through those measurements, lasing properties can be further investigated.
3.5.1

Efficiency measurement

In order to determine the devices’ efficiency and threshold, the energy efficiency
of samples were measured. The Nd:YAG laser was used for this setup, because it is a
suitable pump source for the selected materials. The setup is similar to Fig.3.6 but
adding the reference power meter and is shown in Fig.3.7.

Fig.3.7. Efficiency measurement setup
In order to monitor the pump power, a splitter with splitting ratio around 15% to
85%was added to the setup. Firstly, we measured the power at position of sample and
also the power of the light (red line in Fig.3.7) which is reflected by the splitter. The
power of reflected light was selected to be a relatively lower power for estimating the
original power that shining on sample. After that the sample was placed and by
recording the relatively power. Then, we are able to receive the excitation power by
calculation. Finally, the data of power meter was converted to energy unit. And by
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combining the optical fiber system as the output intensity, the energy dependence can
be obtained.
3.5.2

Ellipsometry measurement

Ellipsometry measurement is a useful optical technology for investigating the
dielectric properties of thin films, including testing refractive index and dielectric
function. Also, it can be used to characterize roughness, thickness and other material
properties. It is used to measure the change in different polarization of reflection light
from sample surface. The basic operating principle of this measurement is presented
in Fig.3.8.

Fig.3.8. Ellipsometry measurement
Firstly, light emitted by a light source can be linearly polarized by a polarizer. It
incidents onto the sample surface, and the reflected light pass through an analyzer and
reach the detector. In this optical technique, the incident and reflection angle is set to
be equal and both beams are polarized. The beams can be separated to two kind of
polarizations: s-polarized and p- polarized, where s-polarized is the light polarization
direction perpendicular to the plane of incidence and p-polarized is the light
polarization direction parallel to the plane of incidence.
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rp
 tan   ei (3.1)
rs

The equation 3.1 is used in ellipsometry system. It mainly include four Stokes
parameters, named complex reflectance ratio, ρ, amplitude component, , phase
difference,∆ ,and the amplitudes of the s and p components, rs and rp. Because
ellipsometry is only measuring the ratio of values, not the absolute value, it is accurate
and reproducible methods. After collecting the raw data, they are converted into
material’s optical constants and thickness by using the ellipsometer in0house software.
The software uses mainly Fresnel equations to derive those parameters.
For the experimental results, all of the thin film samples are deposited on the
silicon wafer substrate, and the incident angle is set to 75o. The major reason is the
silicon wafer having a relatively high reflectivity comparing to glass substrate for
getting higher reflective signal. By fitting the results, we can get the optical constants
and thickness.
3.5.3

SEM measurement

A scanning electron microscope (SEM) is a powerful high-resolution(less than 1
nm) imaging system. It is a type of electron microscope using a focused electrons
beam to scan sample that produces high quality images. Mainly, an interaction
between electrons and atoms at or near the surface of sample generate signals that
contain sample’s surface info including topography and composition. SEM is
operating in vacuum condition to ensure that the environment has no moisture and
other gas molecules to interfere with the electrons or sample surface interaction. All
samples must be electrically conductive to avoid charge built-up. For non-conducting
sample, they have to be coated with metal film, usually gold, on sample surface by
sputtering. In our experiment, the samples have silver-coated grating substrate, and
can produce nano-scale images.
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CHAPTER 4 TUNABLE COLOR EMISSION FROM CASCADED

ORGANIC THIN FILMS

In this chapter, we showed a device consisting of two cascaded organic thin films,
PFO and F8BT, emitting blue and green ASE respectively under optical pumping. By
spatially selecting the overlapping of the directional amplified spontaneous emission
form the cascaded films, we demonstrated the color of light emission could be
gradually tuned from blue, white and green. The device performance results were
analyzed, including lasing spectra, energy dependence and angle dependence.
4.1

Characterization of PFO and F8BT
PFO and F8BT are well established efficient light emission polymers [24-25,

80-82]. Thus, they were chosen in this work. To begin with, spin-coating conditions of
the two polymers (in solution form) were determined, and basic optical
characterization was measured.
4.1.1

Spin-coating condition of solution

As mentioned in Section 3.3.1, the sample thickness would be affected by the
conditions of solution and the rotation speeds during spin-coating. The thickness
dependence on the solution concentration of PFO and F8BT are shown in Fig.4.1 and
Fig.4.2. With different concentrations of PFO or F8BT in the solvent, the film
thickness varies. All of the samples were fabricated using the same spin-coat
conditions, which was 2000 RPM and 5 second RAMP for 60 second. In Fig.4.1 and
Fig.4.2, both of them show the linear relationship between thickness and
concentration of the solutions. By using these relationships, the solution concentration
could be determined for specific thickness.
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Fig.4.1. Film thickness as a function of solution concentration of PFO; spin-coating
condition: 2000 RPM and 5 sec RAMP for 60 sec.
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Fig.4.2. Film thickness as a function of solution concentration in F8BT; spin-coating
condition: 2000 RPM and 5 sec RAMP for 60 sec.
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4.1.2

PL and Absorption

The absorptions of the samples were measured. Since the output intensity of the
samples strongly depended on its own absorption, it was important to obtain the
absorption characteristics of PFO and F8BT in order to determine the best wavelength
region for pumping laser. The thicknesses of the tested samples were 120 nm and 164
nm for PFO and F8BT respectively, and the thicknesses are required to be thicker than
100 nm to obtain relievable results. The polymers were spin-coated on cleaned fused
silica substrates. The absorption spectra of two materials were shown in Fig.4.3. The
absorption peaks are 218 nm and 380 nm for PFO; while 210 nm, 321 nm and 461 nm
for F8BT. Fig.4.3 shows the absorbance of both materials at 355 nm. And it is
considered acceptable for energy transfer using the same pumping laser (λ= 355 nm)
to the gain mediums without incurring significant loss.
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Fig.4.3. Absorption of PFO (120 nm) and F8BT (250 nm) thin films.
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Photoluminescence (PL) spectra of PFO and F8BT are shown in Fig.4.4. The
fluorescence measurement described in Section 3.4.2 was used to obtain the PL
spectra. The PL emission peak of PFO is 423 nm and a shoulder at 429 nm; the peak
of F8BT is 545 nm. For the PL of F8BT, it was suspected that the broad emission was
indeed due to two emission peaks since the emission spectrum is not symmetric and
we will discuss more in Section 4.2. In Fig.4.4, we also observed that both polymers
have broad PL spectra and it is possible to tune the lasing emission across a wider
visible range [39, 41]. Comparing PL spectra (Fig.4.4) and absorption spectra
(Fig.4.3), obvious Stokes’ shift is observed. As mentioned in Section 2.3.1, the Stokes’
shift is due to the changing of molecule positions. And the Stokes’ shift also can

Normalized Intensity (a.u.)

enhance the efficiency of emission by decreasing the self-absorption.
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Fig.4.4. Photolunminescence of PFO and F8BT thin films optically pumped by He-Cd
laser (λ: 325 nm).
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4.2

Amplified spontaneous emission
Amplified spontaneous emission (ASE) is a phenomenon of optically dense

in the gain medium. Also, ASE is the primary method to measure gain efficiency of
materials and evaluate the possibility of the materials being used in organic laser [41].
In this section, ASE measurement (Section 3.4.3) was used to demonstrate ASE from
organic thin films. The third harmonic of Nd:YAG laser was used as the pumping
laser (wavelength at 355 nm and 10 Hz). The laser beam was focused and transformed
by the concave lens (f: -50 mm) and cylindrical lens such that it became a line shape.
A slit (5 mm) was added to control the excitation area (A: 5 mm x 300 μm). The
excitation area was fixed since the gain is strongly dependent on it. The thicknesses
were 120 nm and 164 nm for PFO and F8BT respectively on fused silica substrates,
the same as Section 4.1. The samples were excited by pulsed laser light in a
strip-shape near the edge of the substrate. The light was waveguided along the length
of the excitation area emitting from the edge, and the illustration of experimental
setup is shown in Fig.4.5.

Fig. 4.5 Illustration of experimental setup. The pumping laser (wavelength at 355 nm
and 10 Hz) is Nd:YAG laser and laser beam was focused and transformed by the
concave lens (f: -50 mm) and cylindrical lens. Then laser beam was become a line
shape, and added a slit (5 mm) to control the excitation area (A: 5 mm x 300 μm).
Finally ASE output was collected from the edge of sample.
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During optical pumping, the excitation area of sample was optically dense, and
the light was expected to be reflected and propagated repeatedly along the length of
the area leading to light amplification. The guided spontaneous emission including the
stimulated emission was amplified and emitted from the edge. In order to detect the
lasing emission, the convex lens (f: 30 mm) and fiber coupled Ocean optics were used.
The lasing spectra of PFO and F8BT are shown in Fig.4.6 and Fig.4.7, and the PL
spectrum is also included for comparison. With the right gain condition, the
amplification of the specific wavelength of light was larger compared to other
wavelengths with spectral narrowing. Fig.4.6 and Fig.4.7 show obvious change of
spectral shape between PL and ASE. In Fig.4.6, the ASE peak of PFO is 450 nm,
which is very close to its shoulder. At optically dense condition, the energy at 450 nm
was amplified and the intensity of that wavelength was much higher than the others.
Thus, ASE was achieved. Also, a significantly less intense PL shoulder emission peak
around 400 nm to 500 nm ranges (less than 0.1 a.u.) was obtained. It may be due to
the convex lens collecting fluorescent light. As expected, the ASE signal could be
collected from the edge, implying that the light was propagating along the length of
the excitation area. Also, the spectrum intensity is wavelength-dependent which can
be described by Equation 2.5. For F8BT, similar results were observed. The peak of
ASE is 571 nm. In the previous discussion (Section 4.1), it was suspected that the
broad PL emission of F8BT may involve two peaks and here (Fig.4.7) the positions of
the peaks were confirmed in the ASE spectrum. Comparing the PL shoulder of F8BT
and PFO ASE spectra, the PL shoulder of F8BT was relatively higher (Maximum
intensity ~0.3 a.u.). This may be caused by the convex lens collecting the fluorescent
light and also the pumping laser. The overlap of wavelength of the laser (355 nm)
with the absorption peak of F8BT is not large. Thus the energy transfer to F8BT may
not be as efficient as PFO. In summary, using these two gain mediums, PFO and
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F8BT, ASE was successfully demonstrated. Both materials have potentials to be used
as gain medium for organic semiconducting laser.
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Fig.4.6 ASE and PL spectra of PFO (120 nm); The samples were pumped by Nd:YAG
laser (355 nm, 10 Hz) and the excitation area is 5 mm x 300 µm; and the ASE output
is collected from the edge of the sample by the fiber coupled spectrometer.
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Fig.4.7 ASE and PL spectra of F8BT (164 nm); The samples were pumped by
Nd:YAG laser (355 nm, 10 Hz) and the excitation area is 5 mm x 300 µm; and the
ASE output is collected from the edge of the sample by the fiber coupled
spectrometer.
4.3

Energy dependence
Spectral narrowing is one of the clues indicating that there is a gain of the

material during optical pumping. Besides that, a considerable increase in the output
intensity can be observed when the gain medium is optically pumped with varied
energy density. Using the efficiency measurement, the energy dependence of the
tested samples was measured. In this section, the full width half maximum (FWHM)
and the output intensity as a function of pumping energy were presented to
demonstrate existence of the gain leading to ASE. The structure and thickness of the
tested samples are the same in Section 4.2.
4.3.1

FWHM as function of pumping energy

FWHM represents the width of the spectrum in half of the total intensity
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(Fig.4.8), which can indicate that the spectrum is changing from PL to ASE and show
the gain medium having a net gain.

Fig.4.8 Schematic definition of FWHM
By investigating the change in FWHM as a function of pumping energy, spectral
narrowing could be observed when the pumping energy was above the threshold.
Typically, the FWHM of ASE is in the range from 4 to 15 nm depending on different
materials and pumping source [41, 83]. The spectral narrowing from PFO and F8BT
samples can be observed in Fig.4.9 and Fig.4.10. For PFO, the FWHM is around 43
nm under low pumping energy density (<80μJ/cm2). By increasing the pumping
energy density (>80μJ/cm2), the FWHM dramatically drops to 5 nm, implying
spectral narrowing and the existence of net gain. And F8BT exhibited similar
properties as PFO (Fig.4.10) and the FWHM reduces from 66 nm to 15 nm with
increased pumping energy density.
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Fig.4.9 FWHM as a function of pumping energy density of PFO
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Fig.4.10 FWHM as a function of pumping energy density of F8BT
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4.3.2

Output intensity as a function of pumping energy

The output intensity is strongly dependent on the pumping intensity. Threshold is
one of essential parameters in lasing. In lasing, an obvious threshold in both the
output power and line width can be determined [36]. Threshold can be determined by
observing a point that the slope is changed dramatically at specific pumping intensity.
At that pumping intensity, a surge in output intensity, a sudden reduction in FWHM
can be observed. As shown in Fig.4.11, the output intensity increases slowing at low
pumping energy density below the threshold. When the energy density is above the
threshold, the output intensity suddenly increases with a more inclined slope. By
using log scale for energy density and intensity to process the data, the threshold can
be easily determined at change in gradient point of the slope. The threshold of 120 nm
PFO is 130 μJ/cm2 (Fig.4.11) while that of F8BT is 139 μJ/cm2(Fig.4.12). To conclude,
by analyzing the energy dependence of FWHM and output intensity as a function of
pumping energy, spectral narrowing and threshold were identified in both PFO and
F8BT neat films. It further supports that these samples were in net gain condition and
exhibited ASE. The thresholds which are determined from Section 4.3.1 are slightly
lower than the thresholds which are determined in this section. The reason is that the
definitions of threshold are different: one is determine at the FWHM drops by half,
one is determine at the ASE output intensity change. And the change of slope in
energy dependence takes place when the spectrum is already narrow. Also, for F8BT,
the ASE spectrum (showed in Fig. 4.7) showed relatively high intensity of the
shoulder that makes a proper determination of the FWHM difficult.
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Fig.4.11 Output intensity as a function of pumping energy density of PFO; showing
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Fig.4.12 Output intensity as a function of pumping energy density of F8BT; showing
the clear threshold at 139 μJ/cm2.
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4.4

Cascaded organic thin films
In this section, a device consisting of two cascaded organic thin films was

described. The tunability of the color of emission light due to ASE from the device
was demonstrated. Also, the angle-dependent of ASE was investigated.
4.4.1

Fabrication of cascaded organic thin films

PFO and F8BT are both efficient light emitting polymers (Section 4.2). In fact, it
is possible to combine the emission colors of PFO and F8BT (blue and green) to give
white light. In this part of the work, PFO and F8BT were dissolved in toluene solution
with a concentration of 16 mg/mL and 23 mg/mL respectively, and then deposited on
cleaned fused silica substrates by spin-coating with the same conditions in Section
3.3.1. The thickness of PFO and F8BT films were 120 nm and 250 nm respectively.
As shown in Fig. 4.13 (a), the cascaded thin film system includes PFO and F8BT
bounded together by 60 μm optically clear adhesive (OCA) [84]. The OCA is
designed to separate the two layers completely to prevent any mixing. Without the
OCA, they could mix into each other because same kind of solvent was used in the
dilution of the polymers. The refractive index of OCA is around 1.48, which is
smaller than that of PFO and F8BT [85]. The lower refractive index of OCA provides
a better condition for the device; as the active layer can have higher chance for total
reflection and thus enhancing the intensity of ASE.
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Fig.4.13 (a) Cross-section of cascaded films with fused silica (1 mm), PFO (120 nm),
optically clear adhesive (60

m), F8BT (250 nm), and fused silica (1 mm); (b) ASE

measurement configuration. The cascaded films is pumped with Nd:YAG laser (355
nm, 10 Hz) and the excitation area is 5 mm x 300 µm; and ASE output is collected
from the edge of the sample by the fiber coupled spectrometer.
In ASE experiment (Fig.4.13 (b)), the PFO/F8BT cascaded films were pumped
by third harmonic generation of Nd:YAG laser at wavelength λ of 355 nm with
repetition rate of 10 Hz and pulse width of 5 ns. The laser beam was first diverged by
a concave lens (f: 50 mm), and then squeezed into stripe beam by a cylindrical lens.
Finally, the stripe beam was focused on to the device after eliminating the
non-uniform edges of the stripe laser spot by adjustable slits (5 mm). The area size of
the rectangular laser spot is 5 mm x 300 µm. The spontaneous emission and ASE
signals from PFO and F8BT were collected at the edge of the device using the
objective lens (f: 30 mm) and analyzed by fiber coupled spectrometer (Ocean Optics,
USB 4000). In Fig. 4.13(b), D1 and D2 represents the highest intensity positions of
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PFO and F8BT respectively. The highest intensity positions were confirmed using the
peak wavelengths showing in Section 4.2 (450 nm and 575 nm). In addition, a photo
diode was used to monitor and calibrate the pumping energy of the laser.
The structure of the device was fused silica substrate/ F8BT/ OCA/ PFO/ fused
silica. The pumping laser passed through the F8BT-side first because it has lower
absorption at 355 nm. The sample could be tuned from emitting blue, white to green
light from the same device by changing the position of the receiving fiber. This design
and method used here also has a potential in designing the different emission spectra
of organic light emitting devices, or even tunable color of light source.
4.4.2

Properties of cascaded organic thin films
Fig.4.14 shows the transmission efficiency of optical clear adhesive, PFO, F8BT

and PFO/OCA/F8BT cascaded films. It shows the OCA has a high transmittance for
the whole visible range, suggesting low optically loss. For the cascaded films (open
circles) near UV-region, there are two corresponding absorption peaks at ~350 and
450 nm arisen from PFO and F8BT absorption respectively. Apart from induced
absorption of the materials, the transmittance is more than 70%, which is considered
acceptable for optical pumping.
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Fig.4.14 Transmittance of (i) PFO (120 nm, filled squares), (ii) F8BT (250 nm, filled
circles), (iii) Optically Clear Adhesive (60 m, open squares) and (iv) Cascaded PFO
(120 nm)/F8BT (250 nm) films (open circles).
4.4.3

ASE spectra

In ASE experiment, the Nd:YAG laser beam was incident at normal direction of
the sample. The ASE signals from PFO (ASEPFO) and F8BT (ASEF8BT) were separated
in the near field by the OCA, and the two directional emissions were then imaged into
the far field using an objective lens and a convex lens with focal length of 30 mm.
The spatial overlaps of ASEPFO and ASEF8BT at the detection point are determined by
the imaging system. The scanning of the signal was along the x-direction. Fig. 4.15 is
the normalized ASE spectra at different positions of the edge of the sample with the
same pumping energy density at 247 μJ /cm2. D1 and D2 were defined in Fig.4.13 (b),
the white light with Commsion Internationale d’Eclairage (CIE) coordinates (0.32,
0.35) is the white light ASE. The ASE spectra strongly depended on the spatial
distribution of the two overlapped emission beams. The ASEPFO (peak position: 450
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nm) was dominant at position D1 while ASEF8BT (peak position: 575 nm) was
dominant at D2. Two ASE intensities showed an inverse proportion to each other
during the scanning process.
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Fig.4.15 Normalized ASE spectra in different positions
(pumping energy density: 247 μJ/cm2)
The color of output ASE would change when the collection fiber moved from D1
to D2. Equation 4.1 can be used to calculate the CIE coordinates [10] in color space
based on the measured spectra (Fig. 4.16).
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where x, y, z are color matching functions.
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(4.1)

The circle symbols represent the CIE coordinates of the measured spectra. The
CIE coordinates can be tuned from (0.42, 0.55) to (0.18, 0.11) with a linear relation.
The synthesized white color of the ASE corresponded to CIE coordinates at (0.32,
0.35), which was very close to the center of CIE coordinates (0.33, 0.33) representing
white light emission.

Fig.4.16 The color coordinates (black circle symbols) mapping onto the CIE chart and
the center of CIE (0.33,0.33, white circle symbols); showed the linear relationship of
CIE shifting calculated from the spectra in different positions; and D1, D2 also
located in CIE chart.
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4.4.4

Energy dependence
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Fig.4.17 Energy dependence of PFO (circles) and F8BT (triangles), and symbols
represent the peak value of the ASE spectra under various energy density; showing
the clear threshold at 174 μJ/cm2 and 203 μJ/cm2 respectively.
Fig.4.17 shows the energy dependence of ASE at maximum intensity,
corresponding to the ASE from PFO and F8BT respectively in cascaded films. Below
the threshold, the spontaneous emission in PFO and F8BT are dominant. By
increasing the pumping energy above threshold, the emission spectra exhibited ASE
with thresholds 174 μJ /cm2 for PFO and 203 μJ /cm2 for F8BT. Comparing the results
in Section 4.2, the single layer of PFO and F8BT had relatively lower threshold (130
μJ /cm2 and 139 μJ /cm2). It is mainly due to the absorption of the device itself
including the two active layers and the scattering loss due to roughness at each
interface. As shown in Fig.4.13 the overall transmittance of the cascaded device is
around 75% excluding the transmittance dips due to the active materials), the
efficiency of the pumping laser reaching the active layers were dropped. Thus the
threshold was larger for the device.
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4.4.5

Angle dependent of tunable color emission

The cascaded thin films device in this work demonstrated tunable emission color
in far field, At the same time, the device was also sensitive to the distance from the
fiber coupled spectrometer in x and y directions. To further investigate this effect, a
moveable detector was used in the measurement setup (Fig.4.18). The lasing emission
first passed through an objective lens (10x), and was focused by the focus lens (f: 30
mm), then collected by the fiber coupled moveable spectrometer. It was moved along
the x and y direction for detecting output intensity.

Fig.4.18 Illustration of experimental setup with the moveable fiber coupled
spectrometer.
4.4.5.1

x-direction

As mentioned in Section 4.4.3, the intensities of ASEPFO and ASEF8BT had an
inverse proportional relating in the x-direction. The peak intensity ratios between PFO
and F8BT were used to evaluate the change of the distance along x-direction. The
intensity ratio was obtained by dividing the peak intensity of PFO by that of F8BT
(Fig.4.19). The distance was calculated for lens correction. The effective range is
147± 7.3 μm from 26 μm to173 μm in distance. The effective range is the
distinguishable intensity between PFO and F8BT ratio, and the resolution is 15 μm.
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Fig.4.19 The ratio (the peak intensity of PFO/the peak intensity of F8BT) as a
function of distance having effective range: 147 μm

(from 26 μm to 173 μm,

bewteen the red straight line).
4.4.5.2

y-direction

For y-direction, original ASEPFO and ASEF8BT peak intensities were used but
not the ratio as a parameter for the conversion to distance. It is because in this
direction the peak intensities both decreased as the distance increased. Thus, the ratio
between the intensities remained the same, and it was no longer effective for the
evaluation. Besides, the lens correction was not needed, as the size of lasing spot was
not affected. Fig.4.20 shows the PFO and F8BT intensities as a function of distance
along the y-direction. It shows that the effective range was 60 mm from 6 mm to 66
mm. After calculation, the accuracy is ±3.8 mm and the defined resolution is 8 mm. In
y-direction, both ASE peak in the lasing spectra was decreased when the detector was
moved away from the sample (Fig.4.21).
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Fig.4.20 The peak intensity of PFO and F8BT as a function of distance having the
effective range: 60 mm (from 6 mm to 60 mm, bewteen the red straight line).
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Fig.4.21 Normalized ASE spectra in different position along Y direction
(pumping energy density: 247 μJ/cm2)
These results demonstrated a device made of cascaded organic thin films. The
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ASE from the two materials, PFO and F8BT, can be obtained simultaneously when
optically pumped by solid state laser. ASE was achieved in the far field of the device
with tunable color. And in the study of the relationship between measurement position
and distance in both x- and y-directions in terms of ASE peak intensity; this device
could be used for distance measurement and vibration detection of distance
measurement.
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CHAPTER 5 DISTRIBUTED FEEDBACK LASER

Distributed feedback (DFB) structure is a common technique in organic
semiconducting lasers [24-25, 64, 66-67]. DFB structure was first employed by
containing the organic dyes and using inorganic laser design [62, 86]. In this section,
we used three 2D grating having different periods (270 nm, 290 nm, and 310 nm) as
the DFB structure. The gratings were designed by us and fabricated by commercial
company on 1 mm fused silica substrate covering an area of 1.5 mm x 1.5 mm. With
the DFB structure, the threshold was reduced and the wavelength of the lasing
emission could be controlled effectively.
5.1

Simulation of DFB structure
The simulation was carried out using finite-difference time-domain (FDTD)

numerical analysis software [87] to evaluate the transmittance of the samples in order
to identify the Bragg wavelength. DFB lasers were made by spin-coating 134 nm thin
films of PFO on the grating substrate. The grating depth is about 50 nm. The structure
of the sample for FDTD simulation is shown in Fig.5.1. The parameter in the
simulation was the period of gratings (270 nm, 290 nm, and 310 nm). In the modeling,
a Gaussian incident light beam with wavelength 355 nm was directed from the top of
the sample. The monitor was designed to locate at the bottom of the sample to obtain
transmittance and electric field strength.
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Fig.5.1 The design of DFB structure in FDTD; showing the incident light on the top
of the sample, also using transmittance monitor to simulate the results.
The lasing wavelength is related to Bragg wavelength, and Bragg wavelength
can be calculated using Equation 2.6. The calculated Bragg wavelength of the gratings
were around 450 nm, taking 1.7 and 1.5 as the refractive index of the organic polymer
and the substrate respectively, and the order of diffraction is 2. As the lasing
efficiency is strongly dependent on the overlapping between Bragg wavelength and
emission of the gain medium, PFO was used as the gain medium in this experiment,
since the calculated Bragg wavelength is within PFO emission (Fig. 4.4). Bragg
wavelength was observed in the transmittance graph obtained by simulation (Fig.5.2).
The overall transmittance in visible range is ~70%, and the drop near 420 nm was due
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to PFO absorption. In Fig.5.2, observable transmission dips located at 430 nm, 446
nm and 467 nm. These peaks represent the positions of lasing mode and Bragg
wavelength. The result was consistent with the calculated Bragg wavelength using
Equation 2.6.
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Fig.5.2 Calculated transmittance of DFB laser with grating period 270 nm,
290 nm and 310 nm.
The mode profile of those samples were also simulated (Fig.5.3). It is confirmed
that only one optical mode occurred inside the active layer. However, the result with
310 nm of grating period is different from the others. Fig.5.3 (c) shows less intensity
contrast between the centre of emission and the peripheral region suggesting that the
DFB laser (310 nm) may not be efficient, in fact the intensity of the emission was
closer to that of PL intensity.
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Fig.5.3 Calculated mode profile of DFB laser (a)with 270 nm periods; (b)290 nm
periods; (c)310 nm periods.
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SEM images of grating structures are shown in Fig.5.4, where the 2-D gratings
and their periods are confirmed.

Fig.5.4 SEM images of 2-D grating patterns, (a)with 270 nm periods; (b)290 nm
periods; (c)310 nm periods.
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5.2

Laser spectra
DFB structure draws much attention because it can provide long gain lengths,

high optical confinement of waveguide mode and modulation of emission peak,
leading to lower threshold and opening possibility for electrical pumping [20]. Fig.5.5
shows the normalized laser emission spectra of the three samples, with devices
structure of fused silica substrate/ gratings (periods: 270 nm, 290 nm, and 310nm)/
PFO (134 nm). Each sample was optically pumped with the same energy density 120
μJ/cm2. As mentioned in Section 2.4.2, DFB lasers are able to manipulate the output
emission in vertical direction, thus the position of the receiving optical fiber was
moved to the back of samples for measurement. Among the distinct periodic
corrugation, the significant change of laser emission was observed. The peaks of laser
spectra are 441 nm, 457 nm, and 478 nm for grating period 270 nm, 290 nm, and 310
nm respectively. The experimental laser emission peaks are consistent with the
calculated transmittance peaks (Fig5.2 and Fig. 5.5). Owing to the influence of DFB
structure, the laser emissions were controlled at specific wavelengths. Spectral
narrowing is also observed. The FWHM of the three DFB lasers is 1.5 nm which was
slightly higher than other semiconductor diode lasers [20]. Comparing to the ASE
spectrum of PFO neat film (Fig.4.7), the FWHM of the devices using DFB structure is
further narrowed. To quantify of the DFB laser, quality factor (Q-factor) can be
introduced, which is:

Q



o

[4.1]

, where λ0 is the peak emission wavelength from DFB laser, and ∆λ is the FWHM of
the laser spectra. The calculated Q-factor was around 300, which is comparable to
conventional lasers [20, 48, 51].
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Fig.5.5 Noramlized laser emission spectra from DFB with grating period 270 nm, 290
nm and 310 nm.
5.3

Energy dependence of DFB laser
Energy dependence of DFB laser was also investigated. Efficiency measurement

(Section 3.5.1) was used to determine the threshold energy.
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Fig.5.6 Output intensity as a function of pumping energy density of DFB laser with
(a) 270 nm periods; (b)290 nm periods; (c)310 nm periods.
Fig. 5.6 shows the output intensity of the three DFB lasers as a function of
pumping energy density. As observed, the intensity increases with increasing pumping
energy density and a clear abrupt change occurred when the pumping energy density
is above the threshold. The thresholds of the DFB lasers are in the range 70-80 μJ/cm2.
With different periods of gratings, the laser emission peaks varied but the thresholds
remained unchanged. Comparing to Section 4.3.2, the thresholds of DFB laser using
PFO as the gain medium were about half that of ASEPFO , showing that the threshold
can be greatly reduced by DFB structure. The largest output intensity achieved was
3242 a.u. for the device using 270 nm period of grating while the performance of the
one with 290 nm period was comparable (2894 a.u.). However, the sample with
grating period 310 nm gave the lowest intensity (450 a.u.), about six times less than
the others.
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These results have confirmed the ability of manipulating light emission using
DFB structure to tune the location of emission peak. However, the peak intensity is
strongly dependent on the overlapping between PFO emission and lasing mode (the
peak in Fig.5.2). From the PL emission spectrum of PFO (Fig.4.4), the dominant
intensity ranges from 420 nm to 460 nm. Thus, even though the light amplification by
DFB structure with grating period 310 nm could increase the intensity of light, the
output light intensity at wavelength 480 nm would still be relatively low comparing to
the others. Therefore, it is important to select appropriate grating period (i.e. lasing
mode) to match the emission of gain medium, in order to achieve sufficient lasing
intensity. In contrast, the other two DFB laser peaks are located exactly in the range of
the dominant intensity of PFO emission, thus resulting in higher output intensity.
These results also agreed with the simulation (Fig.5.3). In short, lasing emission was
demonstrated using 2D DFB structure, which could provide strong light amplification.
The laser emission peak can be tuned, and the threshold can be reduced using DFB
structure.
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CHAPTER 6 UNPOLARIZED LASING EMISSION FROM ORGANIC
MICROCAVITY
In this chapter, lasing was demonstrated using microcavity structure. Laser
emission was produced by an optically pumped active layer, PFO, sandwiched
between a distributed Bragg reflector (DBR) and an aluminum (Al) mirror. The
threshold of this microcavity organic laser was 145 µJ/cm2 and the line-width was 5
nm. The polarization of the laser emission was also investigated that non-polarized
lasing signal was observed.
6.1

Distributed Bragg mirror
A DBR-metal mirror was employed in the microcavity structure. DBR mirror is

able to provide high reflectance in visible region to increase the Q-factor of laser
cavity. The DBR substrate was composed of multi-layers of SiO2 (60nm) and Ta2O5
(75nm) on amorphous glass. This DBR was designed by us and fabricated by a
commercial company. There were 15 pairs of alternating SiO2 and Ta2O5, where the
number of pairs was determined by simulation. In Section 2.4.3, we showed that an
increase in the numbers of alternating layers yielded improved reflectance with more
well-defined band width. Therefore, it is necessary to have sufficient pair layers to
achieve high-quality cavity.
Simulation was carried out to determine the optimum conditions of the DBR in
for fabricating the laser cavity. The simulation was based on transfer matrix method
(Section 2.4.3) modeling with varied numbers of pairs of alternating SiO2 (60nm) and
Ta2O5 (75nm) layers using MATLAB software. The refractive indices of Ta2O5 and
SiO2 were measured by the ellipsometry (section 3.5.2). The calculated transmission
spectra of DBR with 5, 10 and 15 pairs are presented in Fig. 6.1. Considering the
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spectral range from 440 nm to 530 nm, it is obvious that increasing the number of
pairs would decrease the transmission of the stop-band (i.e. the region with relatively
low transmittance) and resulted in sharper transmission cut-off. Moreover, compared
to 5 and 10 pairs the transmittance of the DBR with 15 pairs approaches 0% and has
longer stop band, which implies high reflection within this stop-band assuming no
absorption in Ta2O5 and SiO2 layers. Beyond the region of the stop-band the rippling
transmission curves are due to constructive interference of multiple reflections in each
layer. These results demonstrated that using 15 pairs of alternating Ta2O5 and SiO2
layers for the DBR substrate would give high reflection (nearly 100%). So it would be
suitable to be used as a high quality reflected mirror. Since PFO was used as the gain
medium of the microcavity organic layer in this work, it would be important that the
emission peak of PFO (~450nm) lies within the stop-band of the DBR.
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Fig. 6.1 Calculated transmittance of DBR with varied numbers of pairs (5, 10, and 15)
of alternating Ta2O5 and SiO2 layers.
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The transmission spectrum of the prepared DBR substrate with 15 pairs of
alternating Ta2O5 and SiO2 layers was measured to compare with simulation (Fig.
6.2). The measured spectrum agrees very well with the calculation, especially in the
stop-band. Beyond the stop-band, the interference patterns of the measured and
calculated spectra are almost identical. The wavelength of the pumping laser in this
work was 355 nm. From the measurement, the transmittance of the DBR at 355 nm
is 84%. It is considered acceptable for the incident laser beam to reach the gain
medium without significant loss.
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Fig. 6.2 Measured and calculated transmission spectra of DBR with alternating Ta2O5
and SiO2 layers.
6.2

Cavity design
Microcavity techniques are widely used in solid state laser devices [21-23,

73-77]. The aim of this study was to enhance light-matter interaction via microcavity
laser to achieve high power density. This would facilitate-electrical pumping. The
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most common approach is to enhance the Q-factor of the device [23, 88]. That is,
increasing the reflectivity of the dielectric or metal mirror in the laser cavity to
enlarge the path length of effective photon and lower the threshold energy.
Apart from optimizing the number of alternating layers in the DBR, it was
necessary to determine the optimum thickness of the active medium (i.e. PFO)
because it would affect the cavity mode for lasing in the microcavity laser. The
structure in simulation was glass / DBR / PFO / Al. The thickness of PFO was the
varying parameter while the DBR was fixed with 15 pairs of alternating Ta2O5 and
SiO2 layers and the thickness of Al was 30 nm. There is purpose of using 30 nm Al. It
is to ensure the device having sufficient reflection to act as reflected mirror, while the
laser emission can be barely emitted from the device. The refractive indices of Ta2O5,
SiO2 and Al were measured by the ellipsometry. For simplification, it was assumed
that the extinction coefficient of Ta2O5 and SiO2 equal to zero. But it may lead to
varied overall transmittance in simulation and experiment. The level of transmittance
may have ~30% difference between simulation and experiment. And the purpose of
using simulation is to confirm the position of cavity mode, so the difference of
transmittance will not affect the comparison.
The calculated transmission spectra of the designed structure are depicted in Fig.
6.3(a). The thickness of PFO is 70 nm, 90 nm and 110 nm. Similar to Fig. 6.2
constructive interference appears beyond the stop-band. Besides that, the overall
transmittance of the constructive interference region decreases with increasing PFO
thickness. It is due to increasing absorption of PFO. The variation in PFO thickness
also affects the stop-band. Because of cavity effect, cavity mode was induced in the
designed structure, which is represented by the peaks within the region of the
stop-band of the spectra. Laser emission is strongly depended on cavity mode. It is
important that the cavity mode sufficiently overlaps with the emission of the gain
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medium for lasing. The emission peak of PFO is 450 nm (Section 4.1.2). Therefore, it
is desirable to tune the cavity mode at or near 450 nm. In Fig. 6.3 (a), the cavity mode
alters by the thickness of PFO. The peaks of the cavity mode are 430 nm, 450 nm and
478 nm corresponding to PFO thickness 70 nm, 90 nm, and 110 nm respectively.
Therefore 90 nm of PFO would have the best overlapping between the cavity mode
and PFO emission.
However, 90 nm is not the only thickness of PFO for a cavity mode occurring at
450 nm. When the thickness of PFO is increased to 235 nm, the cavity mode appears
at 450 nm as well (Fig. 6.3(b)). In fact, the cavity mode at 450 nm would occur
repeatedly with specific thicknesses. Compared to Fig. 6.3(a), similar results are
obtained as shown in Fig. 6.3(b) where the peaks of the cavity mode are 431 nm, 450
nm and 471 nm corresponding to PFO thickness 210 nm, 235 nm, and 260 nm
respectively. The repeated cavity mode with different thickness can be explained by
the equation 2.8 in Section 2.4.3. The equation 2.8 shows that by increasing the cavity
length, that is the gain medium thickness, the cavity mode wavelength can be the
same while the orders of the mode are different.
The thickness of 235 nm was selected for the PFO layer in this work for two
reasons; comparing the two cavity modes corresponding to PFO thickness 90 nm and
235 nm, the latter would give a cavity mode with narrower full-width half-maximum
(FWHM), which suggests a higher Q-factor of the device. Thus the quality and
efficiency of the device would be improved when using 235 nm of PFO. Besides that,
there are other thicknesses of PFO (>235 nm) inducing cavity mode at 450 nm. But a
thick gain medium would lead to multiple modes for laser emission (Fig.6.3(c)). In
Fig.6.3(c), there are multiple modes inside the stop band. It will lead to decreased
efficiency of laser emission, because the output intensity will distributed in several
modes. Therefore, the thickness of the PFO layer should be constrained to 235 nm.
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Fig. 6.3 Calculated transmission spectra of microcavity with PFO thickness
(a) 70 nm, 90 nm, and 110 nm; (b) 210 nm, 235 nm, and 260 nm;
and 400 nm, 500 nm, and 600 nm.
A microcavity device was fabricated for laser measurement. A layer of PFO (220
nm) was deposited by spin-coating onto the surface of tailor-made DBR substrate,
followed by a 30 nm Al mirror deposited by thermal evaporation. The thinner PFO in
experiment was due to the spin-coating variation, while the experiment results did not
show sufficient difference comparing to the simulation. The structure of the
microcavity is depicted in Fig. 6.4.
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Fig. 6.4 Illustration of experimental setup and the structure of the microcavity laser.
Sturcture: glass / DBR (15 pairs of Ta2O5/SiO2) / PFO (220 nm) /Al (30 nm).
The pumping laser mentioned in Section 3.4.4 was used in this experiment. In
order to obtain strong signal, the setup was modified (Fig. 6.4). The position of the
optical fiber to collect the laser signal was placed behind the Al mirror. That is, the
pumping laser was first incident on the glass substrate and then passed through the
DBR pairs into the PFO layer. Finally, the laser signal was received behind the Al
mirror.
The transmittance of the cavity device was also investigated. The structure of the
device was glass / DBR (15 pairs of Ta2O5/SiO2) / PFO (220nm) /Al (30 nm). Fig. 6.5
compares the measured and simulated transmission spectra. The measured cavity
mode in fact occurs at 440 nm within the stop-band, which would overlap well
enough with PFO emission. The transmittance of the measured cavity mode is only
5%, which is favorable for laser emission. Since a low transmittance at 440 nm
implies high reflection at that wavelength, the cavity would reflect the laser emission
and so amplifying the light. The simulated cavity mode is consistent with the
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experiment (Fig. 6.5). The higher transmittance in simulation may be due to
assumption of zero materials absorption. In fact there are other losses arisen from
metal and metal-organic interface, but these losses were not included in the
simulation.
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Fig. 6.5 Measured and simulated transmittance of cavity device. Sturcture: glass /
DBR (15 pairs of Ta2O5/SiO2) / PFO (220 nm) /Al (30 nm).
6.3

Lasing emission from microcavity laser
To evaluate the quality of laser emission of the microcavity laser, laser

measurement with power dependence was used. These measurements were able to
show the consistency of the device by optical pumping and the relationship between
the transmission spectrum of the device and laser spectrum. The results showed the
lasing characteristics of the laser emission, i.e. spectral narrowing and existence of
threshold. Also, the polarization of lasing emission was investigated.

72

6.3.1

Lasing emission
The characteristics of lasing emission were investigated. The sample image

captured by a microscope (20X) is shown in Fig. 6.6. The image is in orange-red color
due to the reflection of the device because most of the color in blue and green regions
is reflected (Fig. 6.5) Also the image shows uniform color distribution suggesting
smooth sample surface.

Fig. 6.6 Optical image of the cavity device. Sturcture: glass / DBR (15 pairs of
Ta2O5/SiO2) / PFO (220 nm) /Al (30 nm).
As mentioned before, the Al reflected mirror was designed to 30 nm in purpose
to balance both transmission and reflection of the device. Actually, for proving the 30
nm of Al is the optimized thickness, 20 nm and 40 nm of Al devices were also
fabricated. For DBR/ PFO (220 nm)/ Al (40 nm) device, using the same experimental
setup, the laser signal was hard to be detected but only noise signal. It may because of
too thick Al mirror, and the laser emission was difficult to transmit through the metal
thin film. For the device with 20 nm Al, the signal can be received. However, the
device performance was relatively low comparing to 30 nm Al. The FWHM of
emission spectrum was around 10 nm (in Fig. 6.7) and the output intensity did not
show a clear dramatically change. Device with 30 nm of Al showed better
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performance with narrower FWHM and clear threshold. The performance of device
with 20 nm of Al may affected by the thinner metal, and leading to lower reflection.
Thus, the Q- factor of device was decreased and the efficiency was dropped. As a
result, 30 nm of Al was chosen to be the thickness of reflected mirror.

Laing emission
from DBR/PFO/AL (20 nm)

1.0

Intensity (a.u.)

0.8
0.6
0.4
0.2
0.0
400

425

450

475

500

Wavelength (nm)
Fig. 6.7 Lasing emission spectrum (E= 204 µJ/cm2) from the microcavity DBR/PFO
(220 nm)/Al (20 nm).
Apart from the thickness of metal, the kind of metal was studied. Ag was also
chosen to be the reflected mirror, as its high reflection in visible range. The fabricated
device was DBR/PFO (220 nm)/ Ag (30 nm). The result showed the threshold was
140 µJ/cm2, which is comparable to device with 30 nm Al. But for the convenience of
fabrication, the Al thin film was still chosen.
In device DBR (15 pairs of Ta2O5/SiO2) / PFO (220 nm) /Al (30 nm), the
transmission spectrum of the microcavity (Fig. 6.5) is used to compare with the
measured laser spectrum above the threshold energy (pumping energy E = 204 µJ/cm2)
74

(Fig. 6.8). The laser emission was dominated by the high gain with the peak at 444
nm, which was correlated to the cavity mode at 441 nm; and spectral narrowing is
observed with FWHM reducing from 16 nm to 5 nm.
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Fig. 6.8 Transmission and lasing emission spectrum (E= 204 µJ/cm2) from the
microcavity DBR/PFO (220 nm)/Al (30 nm).
The laser emission spectra of the cavity device with varied pumping energies
(from 64 µJ/cm2 to 240 µJ/cm2) are shown in Fig. 6.9. All emission peaks locate at
444 nm. At low pumping energy (below 145 µJ/cm2), no lasing spectra were
measured. The rapid change in the spectra with the cavity mode (λ = 441 nm) at the
emission peak (λ = 444 nm) is dominating the laser emission at higher pumping
energy (above 145 µJ/cm2). The spectral width corresponds to a Q-factor of 89. It is
not considered a high Q-factor comparing to conventional laser [20, 48, 51]. It may be
due to using thin layer of Al (30 nm) as one of the reflected mirrors since the Al
mirror has relatively low reflectivity in comparison to the DBR pairs. Nevertheless,
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the Q-factor was improved comparing to the approach to induce laser emission in
Section 4.2 in which fused silica substrate and air were used as the cavity resulting in
relatively low Q-factor. Here, in the microcavity structure DBR-metal mirror was
employed, where the DBR could give high reflectance in visible region leading to
increased Q-factor. Besides, the stimulated emission was dominating and hence the
emission of the cavity device was considered lasing. Because the spectra are not
simply proportional to pumping energy and the laser emission is mode-dependent. If
there was no gain or simulated emission, there would have been no dramatic change
and mode-guided emission.

Fig. 6.9 Lasing emission spectra from the microcavity at different pumping energy.
The polarization of the laser emission was also studied, as there is not much
discussion on polarization state of cavity laser. The polarization of light was measured
in transverse electric (TE) and transverse magnetic (TM). While the laser emission
was measured in both TE and TM polarizations, the pumping laser was in TM
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polarization. The laser emission of the device was non-polarized as suggested by Fig.
6.10, i.e. nearly identical laser emission spectra in TE and TM polarizations. In our
device, since there was no polarized element or structure inside the cavity, the gain
medium was uniformly excited and emitted light with random polarization and
direction.
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Fig. 6.10 Laser emission spectrum in cavity device in TE and TM polarization.
6.3.2

Energy dependence
The efficiency measurement described in Section 3.5.1 was used to measure the

power dependence of the cavity device. The power dependence of the laser output and
input for excitation was used to determine the threshold energy of the microcavity
laser and how efficient it is. Fig. 6.11 is the output intensity of the cavity laser as a
function of pumping energy density. The threshold of the pumping energy density is
145 µJ/cm2, which is confirmed the existence of the laser emission. Comparing to the
edge-emitting organic lasing device in Section 4.3.2, the threshold is comparable to
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each other. It is expected that the cavity device would have lower threshold than the
edge-emitting organic lasing device, because the Q factor of the cavity laser is larger
than that of edge-emitting organic lasing device (the Q factor of edge-emitting organic
laser device is near zero, as one of the reflected mirror is air.). However, it was not the
case. It is due to higher optical loss in the cavity device and a short gain length in the
cavity structure in this part of the work. Moreover, using metal as the reflected mirror
would lead to higher optical loss. So, the higher pumping energy density was required
to overcome the optical loss. Although the higher pumping energy density was
required in the device, by adding the metal still can open the possibility of organic
laser in electrical pumping. The thin metal may used to be the electrode of the laser to
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Fig.6.11 Output intensity as a function of pumping energy density of the microcavity
laser.
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CHAPTER 7 CONCLUSION

In this thesis, we investigated the amplified spontaneous/ stimulated emission
characteristics of organic laser under optical pumping using designed structure. DFB
and cavity structures were used to enhance Q factor and lower the threshold. Various
measurement techniques were developed in order to explore the lasing properties of
the organic laser.
In this study, PFO and F8BT were used as the gain medium in organic lasers
since they can achieve ASE under optical pumping relatively easy. DFB and cavity
structure were employed to improve the lasing properties. Both methods can increase
the Q factor of the laser up to ~300. Besides, it was demonstrated that using DFB and
cavity structure can give precise control on the laser emission wavelength. Also,
FDTD simulation was used to predict the wavelength of laser emission and consistent
with the experimental results.
Using DFB and cavity structures in the organic lasers, the threshold was reduced.
The laser with cavity showed comparable energy level of threshold comparing with
neat film of PFO. It was because of the high optical loss in metal-organic interface. In
contrast, DFB organic laser showed significant reduction of threshold by two times
from 130 μJ/cm2 to 70 μJ/cm2comparing with the neat film of PFO. Without the
interface loss, the grating has highly enhanced the light amplification leading to lower
threshold.
Moreover, the polarization characteristic of laser emission from cavity laser was
investigated, which is not emphasized in other similar research. With DBR-metal
mircocavity, the laser emission is non-polarized. It is because there is no polarized
element or structure was inserted, and thus having a randomly polarized laser
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emission. For DFB laser, the polarization of output laser beam has been studied by the
other groups [89]. With the periodic and directional structures, the laser beam showed
the polarization which was parallel to the designed directional structure. So we did not
focus in polarization of DFB laser, but cavity laser.
A novel sample design was developed to study the tunability of laser emission.
The design consisted of two cascaded organic films, PFO and F8BT. Both polymers
were shown that in optical pumping they showed efficient performance. The device
has spontaneous twin ASE and the overlapping of two emission allows the tuning
ASE color from blue, white and green continuously through the spatially selection of
the directional ASE. The continuously tunability of ASE has a linear relationship in
CIE coordinates. Furthermore, the device is sensitive to vibration along the optical
path between device and the detector showing the potential to be a vibration detector.
In conclusion, organic lasers and organic amplified emission have been
demonstrated using different structures, including neat thin film of polymer, DFB
structure and DBR-metal cavity structure. The characterizations of each laser were
investigated, showing that the threshold can be decreased by using different laser
resonator and lead to the possibility of electrical pumping. Also a novel structure for
tunable color of laser emission was proposed. For future work, it is possible to use the
cavity design with DFB structure to the basis of organic laser using electric current
injection. While the Q factor can be further improved by DBR cavity, using the DFB
structure in the cavity with ultra-thin metal could significantly reduce scattering loss.
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